
Advances in Experimental Medicine and Biology 773

Eric C. Schirmer
Jose I. de las Heras    Editors 

Cancer Biology 
and the Nuclear 
Envelope
Recent Advances May Elucidate Past 
Paradoxes



Advances in Experimental Medicine and Biology

Editorial Board:

IRUN R. COHEN, The Weizmann Institute of Science, Rehovot, Israel
ABEL LAJTHA, N.S. Kline Institute for Psychiatric Research, Orangeburg, NY, USA
JOHN D. LAMBRIS, University of Pennsylvania, Philadelphia, PA, USA
RODOLFO PAOLETTI, University of Milan, Milan, Italy

For further volumes:
http://www.springer.com/series/5584

http://www.springer.com/series/5584


     



Eric C. Schirmer  •  Jose I. de las Heras
Editors

Cancer Biology  
and the Nuclear Envelope

Recent Advances May Elucidate  
Past Paradoxes



ISSN 0065-2598	 ISSN 2214-8019 (electronic) 
ISBN 978-1-4899-8031-1        ISBN 978-1-4899-8032-8 (eBook)
DOI 10.1007/978-1-4899-8032-8
Springer New York Heidelberg Dordrecht London

Library of Congress Control Number: 2014931492

© Springer Science+Business Media New York 2014
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed. Exempted from this legal reservation are brief excerpts in connection 
with reviews or scholarly analysis or material supplied specifically for the purpose of being entered and 
executed on a computer system, for exclusive use by the purchaser of the work. Duplication of this 
publication or parts thereof is permitted only under the provisions of the Copyright Law of the Publisher’s 
location, in its current version, and permission for use must always be obtained from Springer. 
Permissions for use may be obtained through RightsLink at the Copyright Clearance Center. Violations 
are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
While the advice and information in this book are believed to be true and accurate at the date of 
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for 
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with 
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)

Editors
Eric C. Schirmer
University of Edinburgh 

Wellcome Trust Centre for Cell Biology
Edinburgh, UK

Jose I. de las Heras
University of Edinburgh 

Wellcome Trust Centre for Cell Biology
Edinburgh, UK

www.springer.com


This book is dedicated to the memory  
of Sir Kenneth and Noreen Murray  
whose devotion to science has been  
a major support for research at the 
University of Edinburgh.



     



vii

Preface

It used to be said that “All roads lead to Damascus,” and this was subsequently 
changed to “Rome.” Today, it might be more appropriate to say “All roads lead to 
cancer.” Half a century of focused modern research efforts have failed to find a 
“cure” for cancer because of the plethora of causes and mechanisms that can insti-
gate tumorigenesis. Despite these many roads, the resultant tumor cells nonetheless 
share a handful of characteristics. To proliferate, cancer cells must have reactivated 
the cell cycle and often cell cycle regulators and signaling pathways that maintain a 
differentiated state are altered in tumors. Loss of genome integrity may or may not 
be causative in the progenitor cell, but it clearly becomes a characteristic within the 
tumor with chromosome translocations, DNA damage, and significant changes in 
transcriptional profiles all characteristic of pretty much all tumors. Moreover, the 
degree of metastasis is often correlated with the extent of DNA damage and chro-
mosome translocations. Component cells of metastatic tumors migrate to spread 
and so cytoskeletal changes that enable cell migration are highly characteristic of 
more malignant tumors.

Even before any of the above-mentioned characteristics of tumors were identi-
fied, it was noted that most tumor cells exhibited changes in the shape and size of 
the nuclear envelope. Thus in the modern era as soon as the first nuclear envelope 
proteins were discovered—the nuclear lamins—they became a focus of research. 
Many correlations between lamin levels and increasing cancer grade were observed, 
and so lamin levels were added to nuclear size and shape changes in tumor diagnos-
tics and prognostics. However, in some tumor types increased metastasis correlated 
with increases in certain lamins, while in other tumor types it correlated with 
decreases in the lamins. Therefore, the nuclear envelope was dropped as a major 
focus of cancer research.

In recent years, the nuclear envelope has been found to play important roles in 
cell cycle regulation and signaling, genome organization, the regulation of gene 
expression, DNA damage repair pathways and genome stability, and cytoskeletal 
organization, cell mechanical stability, and cell migration—all of the above noted 
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general characteristics of cancer cells. Many recent studies revisiting the nuclear 
envelope as a player in tumorigenesis and cancer metastasis have found cancer asso-
ciations through the above-mentioned central mechanisms/characteristics as well as 
several unexpected links. On this basis alone it is clearly time to make the nuclear 
envelope a major focus of cancer research. However, there may be an even more 
compelling reason in recent findings that nuclear envelope protein composition is 
highly tissue specific. Indeed, with the many general cancer functions already linked 
to the nuclear envelope this finding could be the Rosetta Stone that explains much 
of the tissue/tumor type-specific aspects of cancer and the reason that in the early 
studies certain nuclear envelope characteristics correlated with increased metastasis 
in one direction or another based on the tumor type.

This volume brings together many different researchers and perspectives cover-
ing the historical and current use of the nuclear envelope in cancer diagnosis and 
grading, clear and potentially relevant functions of the nuclear envelope in cell cycle 
regulation and signaling, chromatin organization and gene expression, genome sta-
bility, nucleocytoplasmic transport, cell mechanical stability and migration, as well 
as unexpected links between the nuclear envelope and tumorigenesis. We have tried 
to collect some divergent viewpoints as well as representing both clinical and basic 
research and both facts and conceptual ideas. Our hope is that this collection will 
inspire new directions in cancer research as well as a new focus on the nuclear enve-
lope. We now know that the nuclear envelope is as complex a signaling node as the 
plasma membrane and perhaps the next phrasing of that old quote will be “all roads 
lead to the nuclear envelope.”

Edinburgh, UK� Eric C. Schirmer
Jose I. de las Heras

Preface
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               Introduction  

 Reports of differences in cell morphology in tumor cells go back to at least the mid- 
1800s, and many consider Sir Lionel Beale at this time to be the true father of cytol-
ogy, when he described the aberrant morphology of cancer cells in various tumor 
types and ascribed a diagnostic and prognostic value to nuclear size and shape dif-
ferences [1, 2]. Over 150 years later, nuclear size and shape are still used extensively 
in the clinic with clear statistical correlations having been observed in particular 
tumor types between nuclear size and shape defects and worse clinical outcomes. 
Eukaryotic cells tend to maintain a roughly constant ratio of nuclear to cell volume, 
the karyoplasmic ratio [3, 4], and changes in this nuclear size ratio are used as a 
prognostic indicator for the clinical outcome of various tumor types (e.g., [5, 6]). 
However, increased malignancy is linked to increased nuclear size for some tumor 
types, while it is linked to decreased nuclear size for other tumor types [7]. For 
example, increased nuclear volume is linked to malignancy for invasive meningio-
mas and bladder carcinoma [8, 9], while smaller nuclear volumes correlated with 
malignancy for squamous cell carcinoma of the lung [10]. In contrast, greater 
nuclear shape changes tend to always correlate with increased metastasis. 

 It would seem intuitive that the nuclear envelope is a nexus for such changes in 
nuclear size and shape, but this could not even begin to be tested until over 100 
years later when the fi rst nuclear envelope proteins were discovered. These were the 
lamins, among the most abundant proteins in the nucleus besides histones, at ~3 
million copies per average mammalian nucleus [11]. There are three lamin genes, 
A, B1, and B2, and, of these lamin A was strongly reduced in certain cancers (e.g., 
[12, 13]). The subsequent fi nding that lamin A only appeared at later stages in dif-
ferentiation [14] birthed the hypothesis that loss of lamin A refl ected a dedifferen-
tiation event in tumorigenesis [15]. However, it was soon noted that, in other tumor 
types, increases in lamin A expression, instead of decreases, correlated with worse 
clinical outcomes [16]. Other lamins have also been observed to change levels or 
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phosphorylation state in particular tumor types. For example lamin B1 is reduced in 
colon carcinomas, colon adenomas, and gastric cancers [17], while lamin B2 is 
hyperphosphorylated in leukemia [18]. 

 Other nuclear envelope proteins besides lamins may play roles in nuclear size 
and shape changes in tumors, and these are covered in later sections of this book. 
Other sections also address the molecular mechanisms behind these changes and 
other cellular functions infl uenced by the nuclear envelope that when perturbed can 
lead to pathogenesis. This fi rst section focuses on the historical and current clinical 
use of lamin levels, nuclear shape and size changes, and nuclear envelope markers 
to better detect nuclear shape and size changes in cancer diagnostics and prognos-
tics. The fi rst chapter is more of a short introduction, starting with the work of 
Professor Müller, Professor Bennett, and Dr Beale in the 1800s, focusing on the 
long history of using nuclear characteristics in cancer diagnosis and the technologi-
cal developments that made this possible, and providing an overview of the nuclear 
envelope as a hub of connections to cancer biology. In the second chapter Jos Broers 
and Frans Ramaekers of Maastricht University, who have truly led the way for 
understanding differences in the individual lamin subtypes in different cancer types 
and tissues, present a beautifully detailed history of the use of expression levels of 
different lamin subtypes in cancer diagnosis and prognosis, starting right at the time 
that lamins themselves were discovered. Regulation of apoptosis is also critical in 
cancer pathology and, as a lamin A mutant intransigent to cleavage delayed apopto-
sis [19], the role of lamins in apoptosis and its relation to cancer are also 
   discussed. The remaining chapters in this section are contributed by three clinical 
world leaders who are studying and perfecting the use of the nuclear envelope in 
cancer diagnosis and prognosis. In the third chapter Andrew (Andy) Fisher from the 
University of Massachusetts Memorial Medical Center gives a delightful discussion 
of the value of different characteristics of the nuclear envelope including size, chro-
mothripsis, and various types of shape changes in cancer prognostics. He presents a 
very insightful view on the appropriate grouping and weighting of these parameters 
as well as theories on how they refl ect the processes of tumorigenesis and malig-
nancy. In the fourth chapter Robert (Bob) Veltri and Christhunesa Christudass of 
Johns Hopkins Hospital delve into the history of the modern fusion between micro-
scope and computer in developing methods to evaluate nuclear morphometry and 
applying this to clinical grading of prostate tumors for optimizing treatment. Their 
chapter brilliantly conveys the practical aspects of quantifying nuclear envelope dif-
ferences in cancer pathology. The fi fth and last chapter in this section by Gianni 
Bussolati and colleagues from the University of Turin pushes for changes in the 
methods used for assessing nuclear shape differences. They clearly demonstrate that 
enormous improvements in resolution are obtained when staining for nuclear enve-
lope markers by immunofl uorescence compared to standard approaches of hema-
toxylin and eosin staining [20]. This new approach enables different thyroid cancers 
and diseases to be distinguished based on biopsy that could not be before and 
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increases the confi dence of clinical grading for breast cancer. Together these chap-
ters provide a solid overview and discussion of the existing methods and future 
directions in using the nuclear envelope for cancer grading and prognostics.
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   4.    Wilson EB (1925) The karyoplasmic ratio. In: The cell in development and 
heredity, 3rd edn. The Macmillan Company, New York, pp 727–733   
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    Abstract     Cancer has been diagnosed for millennia, but its cellular nature only 
began to be understood in the mid-nineteenth century when advances in microscopy 
allowed detailed specimen observations. It was soon noted that cancer cells often 
possessed nuclei that were altered in size and/or shape. This became an important 
criterion for cancer diagnosis that continues to be used today. The mechanisms link-
ing nuclear abnormalities and cancer only started to be understood in the second 
half of the twentieth century, with the discovery of nuclear lamina composition dif-
ferences in cancer cells compared to normal cells. The nuclear envelope, rather than 
providing a mere physical barrier between the genetic material in the nucleus and 
the cytoplasm, is a very important functional hub for many cellular processes. In 
this review we give an overview of the links between cancer biology and nuclear 
envelope, from the early days of microscopy until the present day’s understanding 
of some of the molecular mechanisms behind those links.  
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  Abbreviations 

   H&E    Hematoxylin and eosin   
  NET    Nuclear envelope transmembrane protein   
  NPC    Nuclear pore complex     

        The Nature of Cancer: From Ancient Egypt Until 
the Early Twentieth Century 

 We often talk about efforts to cure cancer as if they had only been going on for the 
past 60 years or so, but several papyri dating from roughly 2000 to 1500 BC indicate 
that the ancient Egyptians were able to distinguish between benign and malignant 
tumors and described the surgical removal of tumors, cauterization, and pharmaco-
logical as well as magical treatments for the disease [ 1 ]. Hippocrates (460–370 BC), 
father of Western medicine, used the word karkinos (crab) to name the disease that 
he described as producing hard swellings that were of a noninfl ammatory nature 
and had a tendency to spread through the body, causing death. At the time, all dis-
eases were attributed to an imbalance in the body’s four elemental humors: blood, 
phlegm, yellow bile, and black bile. The humoralist theory remained popular until 
the mid-1800s, when the cellular nature of cancer was identifi ed. The reason for this 
change in attitude is simply a technical one: the improvement in the microscope’s 
optics allowed much more detailed examination of specimens. 

 Microscopy was well established and used in biology for nearly 200 years before 
it became of assistance to cancer biology [ 2 ]. However, early microscopes suffered 
from chromatic and spherical aberrations that made detailed observations diffi cult. 
The modern microscope was born when the English physicist Joseph Lister (1786–
1869) showed that spherical aberration could be minimized by a careful combina-
tion of lenses. He published his work in 1830 [ 3 ], and by the 1840s his microscope 
was used widely around the world. This microscope represented a signifi cant 
improvement over previous models, bringing down the resolution to about 1 μm. 
Improved optics and development of differential staining techniques facilitated the 
examination of cancer cells (as well as from other pathologies) with a degree of 
detail unimaginable merely decades earlier. It was soon recognized that microscopic 
study of pathological specimens provided a very useful tool for the diagnosis of 
diseases, including cancer. 

 In the early 1890s the German zoologist Theodor Boveri recognized the genetic 
basis of cancer [ 4 ]. Boveri is principally credited with the discovery of chromosome 
territories, but he made some of the biggest and most signifi cant leaps in cancer 
theory in history. He postulated that chromosomes were distinct from each other 
and transmitted heritable traits. He suggested that chromosome mutations could 
give rise to a cell with the ability to grow without limits and that this cell could pass 
on this ability to its descendants. He also proposed that there could be checkpoints, 
tumor-suppressor genes and oncogenes, and that cancers could be caused by radia-
tion, physical or chemical insults, or pathogenic microorganisms.  

J.I. de las Heras and E.C. Schirmer
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    The Early Observations of Cancer Cells 

 Although cancer had been diagnosed as a disease and studied for at least four 
millennia, its diagnosis remained relatively basic, with no signifi cant advancement 
in understanding until the mid-1800s. Suddenly, improvements in microscopy led to 
a fl urry of activity between the late 1830s and the 1860s that completely changed 
modern medicine and its attitude to cancer. 

 The German scientist Johannes Peter Müller (1801–1858) is considered to be the 
father of medical microscopy and pioneer of clinical cytology. In his 1838 “Über 
den feineren Bau und die Formen der krankhaften Geschwülste” (which translates 
as “On the Nature and Structural Characteristics of Cancer, and of Those Morbid 
Growths Which May Be Confounded with It”) he was the fi rst to describe cancer 
cells in detail and to note how they lose adherence when compared to normal cells 
[ 5 ]. Based on the physical characteristics he observed, such as altered cell morphol-
ogy, reduced cell adherence, and altered tumor mass rigidity compared to the sur-
rounding tissue, Müller developed criteria to diagnose benign and malignant 
neoplasms as well as to distinguish between sarcomas (tumors with abundant con-
nective tissue) and carcinomas (tumors with little or no connective tissue). He ran a 
state-of-the-art laboratory at the Humboldt University in Berlin, with the best 
microscopes of the day that could resolve down to 1 μm. Many of his assistants 
became prominent microscopists themselves: these included Friedrich Henle who 
developed the early germ theory of disease, Robert Koch who founded the fi eld of 
bacteriology and received the Nobel Prize in Physiology or Medicine in 1905 for his 
work on bacterial pathogens, Theodor Schwann who developed the cell theory, and 
Rudolf Virchow who built on Schwann’s work and became the father of modern 
pathology, rejecting the notion of spontaneous generation with his “omnis cellula e 
cellula” (which can be translated as “every cell comes from another cell”) and 
bringing an end to the humoralist theory of human disease that had been prevalent 
for the previous 2,000 years. 

 Müller’s monograph in 1838 appears to have had the effect of turning the atten-
tion of physicians and scientists sharply on to cancer. In the next few years, several 
very important scientifi c articles were published that marked the path for pathologi-
cal cytology. 

 Illustrations in scientifi c journals during most of the nineteenth century consisted 
generally of drawings carved in wood blocks that were subsequently stained and 
used to print the illustrations. In the 1840s the French physician Alfred Francois 
Donne (1801–1878) was the fi rst person to apply photography to microscopy. He 
invented the photoelectric microscope, which enabled the projection of microscopy 
images onto a wall. These projections could then be captured as a daguerreotype, an 
early form of photography. In 1844 he published his “Cours de Microscopie 
Complementaire des Etudes Medicales,” the fi rst atlas of microscopic anatomy, 
illustrated with numerous photographs [ 6 ]. Donne was the fi rst to describe leukemia 
and show photographs of blood cells from both autopsy specimens and living 
patients. The following year, in 1845, leukemia was recognized as a blood disorder 
by the English physician John Hughes Bennett (who had been a student of Donne’s), 
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in Edinburgh [ 7 ]. Microphotography did not become popular until nearly 50 years 
later, and despite Bennett’s relationship with Donne, his publications only contained 
relatively basic drawings. 

 The fi rst detailed and comprehensive description of the altered morphologies of 
cancer cells, as well as tumor anatomy and the different behavior of cancers in a 
variety of organs, came from the Irish physician and Edinburgh University graduate 
Walter Hayle Walshe (1812–1892) in 1846 [ 8 ]. His work is also one of the earliest 
examples of statistical analysis of cancer frequency according to age and gender, 
looking at lung cancer, which was already by then recognized as one of the most 
common forms of cancer. Unfortunately, despite the great detail of description, 
Walshe included no illustrations in his work, thus limiting its impact and utility to 
train other physicians. 

 A year later, in 1847, the physician Julius Vogel, a disciple of Müller, published 
his pioneering book on pathological anatomy [ 9 ]. He was one of the fi rst to diagnose 
cancer using a method that later became known as exfoliative cytology (the micro-
scopic examination of cells that are shed with a gentle scrape from various surfaces 
of the body, such as the inside of the mouth), rediscovered and brought to the fore 
by George Papanicolaou 80 years later, in the early twentieth century. 

 Then, in 1849, Professor Bennett published “On cancerous and cancroid growths” 
where he described cancers of a variety of organs [ 10 ]. In this work Bennett experi-
mented using acetic acid treatment to aid the visualization of specimens, in which 
he noted cancer cell polymorphism and presence of multinucleated cells as well as 
cells with an increased number of nucleoli, which we now know to be a refl ection 
of the increased ploidy level that is frequently observed in cancer cells (Fig.  1 ). This 
work was published with the publishers advertizing “190 illustrations, copied from 
nature, and drawn on wood by the author.”

   In 1851, Hermann Lebert (1813–1878) published a treatise [ 11 ] where he 
described the characteristics of malignant cells, their variation of sizes, and noted 
the commonly increased size of the nucleus compared to the cytoplasm (later known 
as the “karyoplasmic ratio” [ 12 ]). This is the fi rst description of altered karyoplas-
mic ratios in cancer cells. Alteration of karyoplasmic ratios is a morphometric cri-
terion still used today in diagnostics, well over 100 years later, and is only now 
beginning to be understood. 

 By the early 1850s, barely over a decade after Müller’s monograph, the literature 
on cancer anatomy and pathology had multiplied and commonly included very 
 useful—if still a bit crude—drawings of cancer cells. This was in great part due to 
the rapid advances in light microscopy that took place in those days. However, the 
microscopes were not easy to use and without stains to aid visualization, diagnosis 
remained a diffi cult and time-consuming task, as Lebert had noted in 1845 [ 13 ]. 

 Sir Lionel Smith Beale (1828–1906) was an English physician and microscopist 
at King’s College in London and is now considered the true father of cytology. 
He learnt from Professor Bennett that some acid or alkali treatments of specimens 
resulted in differential staining of cells. He further developed the differential staining 
technique to improve microscopic observations, noticing that active nuclei stain 
intensely using basic dyes whereas dead cells could be stained with acid dyes. In 1854 
Beale published “The microscope and its application to practical medicine” [ 14 ]. 
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  Fig. 1    Cell and nucleus size polymorphism in cancer cells. Adapted from Bennett [ 10 ]. ( a ) Cancer 
cells from a breast tumor, showing cellular and nuclear size polymorphism. ( b ) Same sample as 
( a ), after treatment with acetic acid, which renders cytoplasm partially transparent. ( c ) Cells from 
a recurrent breast tumor, from a different individual than ( a ). ( d ) Same as ( c ), after treatment with 
acetic acid. ( e ) Uterine cancer cells, with cell and nuclear size and shape polymorphism. ( f ) Cancer 
cells from a liver tumor. ( g ) Same sample as ( f ), after treatment with acetic acid       

In the fi rst part of this volume Beale describes various types of microscopes 
available at the time and staining techniques that can be used to improve the visual-
ization of clinical specimens. In the second part of the volume he describes a wide 
range of pathologies, diagnosis, and treatments and includes many illustrations of 
microscopic observations. In particular, he goes on to describe cancer cells of a 
variety of tumors, noting as diagnostic features the differences in their cell sizes and 
shapes, number and sizes of nuclei, and loss of adherence to adjacent cells in the 
biopsies. He discussed in detail ways in which cancerous cells could be distin-
guished from benign growths that may have a similar clinical appearance in a variety 
of tissues (Fig.  2 ). On the surface, these observations are not very different from 
those that Müller had noted and published 16 years earlier. What made Beale’s work 
stand out was the quality of his illustrations and descriptions. His drawing abilities 
coupled to the use of basic specimen preparation and staining techniques meant that 
he was able to demonstrate with clarity what he saw under the microscope. In 1860, 
Beale published his now classic illustration of cells from sputum from a patient with 
pharyngeal cancer [ 15 ] (Fig.  3 ). His drawings were of such quality that a diagnosis 
can be derived from them today: the prominent cytologist Bernard Naylor stated 
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about this illustration: “It is obvious to us today that the patient died of keratinizing 
squamous cell carcinoma” [ 16 ]. Although Lionel Beale’s work was perhaps not the 
most important in volume, he clarifi ed the importance of cytological diagnosis and 
effectively communicated this to the rest of the scientifi c community. One of his 
most prominent supporters was Rudolf Virchow, whose greatest achievements were 
in microscopic pathology. Virchow published several major pathology textbooks, 
including “Cellular Pathology” in 1858 and a three-part series on tumors in 1863–
1865 [ 17 – 20 ].

  Fig. 2    Epithelial cancer cells, and diagnostic criteria to distinguish between malignant (cancer-
ous) and benign (cancroid) growths. Adapted from Beale [ 14 ]       
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    During the rest of the nineteenth century and early twentieth century, the advances 
in cancer diagnostics were mostly due to the development of specimen treatment 
techniques, such as formaldehyde fi xation of tissues, and of novel stains, which 
helped physicians all over the world to publish their observations, as well as the 
development of microphotography. One of the most notable advances in staining 
was the development of the hematoxylin and eosin (H&E) stain in 1876 by 
A. Wissowzky [ 21 ], which is still in wide use today. With this method the nuclei are 
overstained dark blue in alum mordanted hematoxylin, followed by destain in dilute 
acid alcohol and blue color developing in slightly alkaline water. The cytoplasm is 
then stained orange-pink with eosin. H&E staining remains the gold standard for 
diagnosis of many cancer types. 

 The advances in cancer diagnosis developed in the mid-1800s resulted in the 
general public becoming more aware of cancer as a disease. Moreover, the increas-
ing number of cancer diagnoses resulted in the perception of cancer as a rapidly 
growing disease and some degree of public fear. That the advances in diagnosis 
were not coupled with advances in treatment also gave the term cancer and its diag-
nosis the appearance of a death shroud, as can clearly be observed in the literature 
of the period. In response to this rising public fear and ignorance concerning cancer 
special research agencies dedicated to the investigation, education, care, and eradi-
cation of cancer were instigated in both the UK and the USA in the early 1900s.  

  Fig. 3    Cancer cells in a sputum sample from a patient with cancer of the larynx. From Beale [ 15 ]       
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    The Early Modern Era of Cancer Diagnostics 

 Cytology as a scientifi c discipline developed and fl ourished in the twentieth century. 
The modern era of cytological pathology started with George Papanicolaou (1883–
1962), working at the Anatomy Department of Cornell University, New York. In his 
1928 paper “New cancer diagnosis” he proposed using vaginal smears to detect 
uterine cancer, using a polychromatic stain technique [ 22 ]. Papanicolaou described 
cancer diagnosis using cells gently scraped from the cervix of the uterus, based on 
a combination of changes in staining, size, shape, and characteristics of nuclear 
chromatin, assigning a numeric grade to each sample based on these parameters. 
This paper, a true hallmark of cancer diagnosis, was not received with much interest 
initially. Many pathologists were sceptical about the ability to diagnose cancer from 
scraped cells, when one of the most important features of cancer is tissue invasion, 
which cannot be inferred from loosened cells. Eleven years later, in 1939, Joseph 
Hinsey became the new director of the Anatomy Department and together with 
Henricus Stander, the director of the Gynecology Department, encouraged 
Papanicolaou to pursue his cancer research full time. The importance of 
Papanicolaou’s work did not go unnoticed the second time, publishing mostly the 
same results in his commonly referenced 1942 Science article and two more papers 
written together with Herbert Traut [ 23 – 25 ]. Papanicolaou’s smear test became 
known as the “Pap test” with its usage spreading rapidly during the 1940s, arriving 
in Europe after the end of World War II and becoming established as a routine check 
for uterine and cervical cancer. As a result of the establishment of such routine 
checks, cervical cancer mortality has greatly decreased from being the leading 
cause to the eighth most common cause of death from cancer in women [ 26 ]. 

 Pap staining is not only used for uterine and cervical cytology. It was quickly 
discovered that it could be used for oral specimens [ 27 ,  28 ], and today it is used for 
a wide range of specimens, such as urine samples, cerebrospinal fl uid, abdominal 
fl uid, synovial and pleural fl uid, fi ne needle aspiration biopsies, and many others. 

 The reason the Pap staining was such a success is that it retains nuclear detail and 
defi nition and cytoplasmic transparency and can indicate cellular differentiation of 
squamous epithelium. It is a polychromatic staining method that depends on the 
degree of cell maturity and metabolism, resulting in very detailed and distinct cel-
lular staining. The basic Pap stain is derived from the classic H&E but contains 
several other ingredients:

    1.    Hematoxylin: Stains cell nuclei and allows a coarse observation of chromatin 
compaction.   

   2.    Orange G: Stains keratin effectively. It stains small cells of keratinizing squa-
mous cell carcinoma that may be present in sputum and other samples. The 
counterstain Orange G is high in alcohol and provides cytoplasmic transparency, 
enabling clear visualization of overlapping cells.   

   3.    Eosin Y: Stains in pink superfi cial epithelial squamous cells, nucleoli, cilia, and 
red blood cells.   

   4.    Acid Green: Stains cytoplasm.   
   5.    Bismarck Brown Y: Stains cartilage and is nowadays often omitted.      

J.I. de las Heras and E.C. Schirmer



13

    The Late Modern Era: Automation and Computer-Assisted 
Image Analysis 

 The proper recognition of normal and cancerous cells is fundamental to diagnostic 
cytopathology, but the morphology of normal cells can vary greatly, depending on 
the tissue, and this can overlap with features of cancer cells. There is normally a 
continuum in the tissue variability. Diagnosis becomes critically dependent on both 
the availability of a marker for “abnormality” and the recognition of what is normal, 
typically by the eye of a well-trained pathologist. 

 The cytopathologist Stanley Patten (1924–1997) was one of the pioneers in the 
fi eld of automation of diagnostic methods using a slit-scan cytofl uorometer. Patten’s 
initial interest centered around standardizing morphometric measurements of diag-
nostic potential to better defi ne pathology and establish reliable and reproducible 
diagnostic criteria [ 29 ,  30 ]. George Wied (1921–2004), a disciple of Papanicolaou, 
also worked towards a standardization of cytologic terminology and morphological 
measurements, using acridine orange-stained material to obtain fl uorescence inten-
sity measurements that could be used to objectively calculate sample metrics [ 31 – 34 ]. 
With Wied and Patten the fi eld of quantitative cytology was born. The morphometry 
parameters used include nuclear size, karyoplasmic ratio, and nuclear contour 
shape. Because microscope-based diagnosis is a demanding yet tedious task, the 
idea of automating screening of cervical smears and other samples soon arose. Wied 
was very interested in the possibility of automating sample analysis, but in the 
1950s and 1960s computers were not yet widely used and were of minimal com-
puting power. Despite that, by the late 1960s Wied had established a program to 
acquire and process cytological data. In 1970, his TICAS-MLD device was able to 
analyze cytological samples and produce an output with various cellular parameters 
that used clinical probability data for diagnosis [ 35 ]. As computing power and 
robotics rapidly increased in subsequent decades, full automation became possible, 
allowing the analysis of much larger samples for increased statistical power. 

 Wied and Patten are the pioneers in the fi eld of automated diagnostics. 
 Today the work they started continues in the exciting research of clinicians such 

as Dr. Bob Veltri at the Johns Hopkins Hospital in Baltimore, Professor Gianni 
Bussolati at the University of Turin, and Professor Andy Fischer at the University of 
Massachusetts. Bob Veltri’s team patented and commercialized, in 1996, the fi rst 
statistical based algorithm to predict prostate cancer postoperative stage based on 
pretreatment biopsy data and quantitative digital image analysis. Professor 
Bussolati’s laboratory has developed a cell nucleus 3D-reconstruction image analy-
sis system, using the nuclear envelope protein emerin, to greatly aid the diagnosis of 
papillary thyroid carcinoma and breast cancer. Besides his interest in the molecular 
aspects of cancer diagnosis, Andy Fischer has invented the Cellient Automated Cell 
Block System, which automatically recovers small tissue fragments from a speci-
men container, using an improved microbiopsy needle, and delivers them rapidly to 
an indexable plane in paraffi n for histologic sectioning. 

 These automated and/or computer-assisted diagnostic protocols outperform 
standard diagnostic procedures by pathologists in certain situations. It is interesting 
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that the diagnostic parameters employed are still largely morphological and nucleus 
centric, essentially the same type of features that cytologists have been looking at 
for the past 160 years.  

    The Use of Nuclear Morphometry in Cancer Diagnosis 

 Cytopathologists have long been using nuclear morphology alterations in cancer 
cells for diagnostic and prognostic purposes. Nuclear size changes, in particular, 
have a great diagnostic value for many cancer types. Tumor cells were often 
observed to have enlarged nuclei, although in a few cases the opposite is true and a 
reduction of nuclear size correlates with a worse prognosis (Table  1 ).

   However, nuclear size observations alone are not enough for a reliable diagnos-
tic. For example, in osteosarcoma a reduction in nuclear size is an indicator for poor 
prognosis, but only if accompanied by a reduction of the round appearance of the 
nucleus [ 53 ]. In general, cancer is diagnosed by a pathologist using a combination 
of morphological features. Nuclear size is only one of the nuclear metrics used in 
cancer diagnosis. There are other visible nuclear changes that the trained eye of the 
cytopathologist can use to diagnose, classify, and even differentiate between tumor 
types with different prognoses. Principal among these are the karyoplasmic ratio, 
nuclear roundness, nuclear envelope smoothness, chromatin distribution as 

   Table 1    Nuclear size alteration correlates with grade and poorer prognosis in many cancer types   

 Cancer type  Nuclear size change  References 

 Breast cancer  +  [ 36 – 38 ] 
 Male breast cancer  +  [ 39 ] 
 Cervical cancer  +  [ 40 ,  41 ] 
 Small-cell cervical carcinoma  +  [ 42 ] 
 Colorectal cancer  +  [ 43 ] 
 Epidermal squamous carcinoma  +  [ 44 ] 
 Cutaneous soft tissue sarcoma  +  [ 45 ] 
 Gastric carcinoma  +  [ 46 ] 
 Lung squamous cell carcinoma  −  [ 47 ] 
 Liver cancer  +  [ 48 ] 
 Melanoma  +  [ 49 ,  50 ] 
 Invasive meningioma  +  [ 51 ] 
 Oral squamous carcinoma  +  [ 52 ] 
 Osteosarcoma  −  [ 53 ] 
 Ovarian cancer  +  [ 54 ] 
 Pancreatic cancer  +  [ 55 ] 
 Prostate adenocarcinoma  +  [ 56 ] 
 Papillary thyroid carcinoma  +  [ 57 ] 
 Urinary bladder carcinoma  +  [ 58 – 60 ] 

  In most cases, an enlargement of the nucleus is associated with worse prognosis. The “+” symbol 
denotes nuclear enlargement in cancer, and conversely, the “−” symbol denotes nuclear size reduction  
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visualized with hematoxylin and other stains, and presence of nuclear envelope 
invaginations and grooves. 

 Though it is often diffi cult to pinpoint the original cause of a tumor because of 
the myriad of changes that occur, one general feature is that faulty control of cellular 
growth allows a particular “rogue” cell to proliferate in situations where it should 
not normally proliferate and which often develops the ability to invade surrounding 
tissue and ultimately migrate—metastasize—to other tissues. The genetics of can-
cer have been the focus of intense research for the past several decades. Tumor- 
suppressor genes, a class of genes that restrict cell proliferation, are often mutated 
or epigenetically silenced in cancer. Oncogenes can be abnormally activated, pro-
moting cellular division. Mutations in checkpoint genes can allow a damaged cell to 
escape apoptosis and to continue to proliferate. DNA repair pathways can be 
impaired and promote further mutations and genome instability. However, despite 
all we have learned about the many mechanisms behind cancer, invariably a cytopa-
thologist still makes the offi cial diagnosis based on microscopic observations of 
biopsy material that are principally focused on nuclear morphological features. 

 Why is the nuclear envelope so good at diagnosis and predicting clinical out-
comes for cancer? Francis Crick is alleged to have said: “If you can’t study function, 
study structure.” There are many structural ways that nuclear shape and size could 
provide tumor cells with an advantage in cancer. 

 The fact that very different cancers can arise by a variety of mechanisms and 
originate in different tissues, yet they tend to share a substantial number of the 
nuclear abnormalities mentioned earlier, suggests that these structural alterations 
have a signifi cant functional consequence. The structure of the nuclear envelope is 
that of a double-membrane system with two completely separate lipid bilayers sepa-
rated by a relatively uniform luminal space of ~50 nm in human cells. The two 
membranes are connected at sites where nuclear pore complexes (NPCs) are 
inserted, which direct the regulated transport of macromolecules in and out of the 
nucleus. The outer nuclear membrane contains integral proteins that connect it to 
the cytoskeleton, and in the luminal space these connect to the luminal parts of inner 
nuclear membrane proteins that in turn connect to the nucleoskeleton and chroma-
tin. The primary structural support to the nucleus comes from the specifi c lamin 
nucleoskeleton that underlies the inner nuclear membrane and should be considered 
distinct from the nuclear matrix that supports chromatin inside the nucleus. Over the 
past decade or so it has become apparent that cancer cells have reduced stiffness and 
are strongly infl uenced by their biomechanical environment (reviewed in [ 61 ]). We 
now know that the nucleoskeleton is interconnected with the cytoskeleton. Thus, 
these biophysical/structural properties could also be involved in signaling to the 
nucleus through mechanotransduction, which could be very important in the unique 
microenvironment of a tumor that is very distinct from that of the surrounding nor-
mal tissue. It is also possible that an altered, less rigid, nuclear envelope could 
confer a signifi cant advantage to metastasizing cells so that they can more easily 
migrate and invade surrounding tissue. The nucleus is the largest and most rigid of 
subcellular organelles, so a smaller or a less rigid nucleus would allow cells to 
squeeze through constrictions smaller than the diameter of their nucleus such as 
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between adjacent cells to escape from the vasculature endothelium or the epithelium 
surrounding a tissue. Disruption of nucleoskeletal–cytoskeletal connections has 
profound effects on nuclear positioning, nuclear migration, and cell migration [ 62 ,  63 ]. 
An advantage of increased nuclear size could be to provide a greater surface area 
for sequestration of regulatory factors. The lamins and several NETs have been 
shown to sequester proteins such as the tumor-suppressor retinoblastoma protein [ 64 ] 
and transcriptional regulators involved in tissue differentiation (e.g., Smads [ 65 ,  66 ]). 
Thus in theory a larger nucleus could sequester more of the tumor- suppressor or 
other transcription factors important for both cell cycle regulation and differentia-
tion state of a cell.  

    From Microscopy to Biochemistry 

 The question “what is different in the nuclear envelope between a normal and a 
cancer cell?” was addressed initially by means of microscopy observations, but 
what is different between the nuclear envelopes of cancer and normal cells at a bio-
chemical level? 

 Professor Ilya B. Zbarsky began to address this question in his laboratory by 
electrophoretic analysis of the proteins fractionated and extracted in different ways 
from crude nuclear preparations. In 1964 Zbarsky and co-workers identifi ed a num-
ber of differences between the electrophoretic patterns obtained with normal and 
cancer cells [ 67 ]. Over the following decades his laboratory improved extraction 
procedures, using various nonionic detergents and nucleases to aid the extraction of 
proteins tightly bound to the nuclear membrane. In the meantime other laboratories 
specifi cally studying the nuclear envelope, particularly that of Nobel Laureate 
Günter Blobel at the Rockefeller University, developed procedures to specifi cally 
isolate nuclear envelopes [ 68 ]. It had been observed that there was a thick protein 
layer resistant to most chemical extractions used in biology that underlay the nuclear 
envelope and had been referred to as the fi brous layer or the nuclear lamina. From 
these studies with isolated nuclear envelopes they found that the most abundant 
proteins by far, almost certainly those of this lamina layer, were three polypeptides 
of around 65–70 kDa that were named lamins and corresponded to lamin A, lamin 
B1, and lamin B2 [ 68 ]. This enabled the Zbarsky laboratory in 1984 to identify 
lamins as the most prominent bands changing when comparing electrophoretic pro-
fi les of rat hepatoma against quiescent and regenerating normal liver cells. 
Furthermore, they found that proliferating cells showed an increase in lamin B and 
reduction of lamins A/C compared to non-proliferating cells [ 69 ]. 

 Despite the biochemical identifi cation of lamins in the mid-1970s, they were not 
known to be relatives of cytoskeletal proteins until a decade later. In 1984 Bob 
Goldman’s laboratory isolated lamins from cultured cells and characterized them as 
keratin-like proteins, but did not himself realize that they were from the protein 
polymer underlying the inner nuclear membrane [ 70 ]. Finally in 1986 Frank 
McKeon, Marc Kirschner, and Daniel Caput [ 71 ] and Daniel Fisher, Nilabh 
Chaudhary, and Gunter Blobel [ 72 ] separately identifi ed the lamins as intermediate 

J.I. de las Heras and E.C. Schirmer



17

fi lament proteins. As such, the lamins have short N-terminal head domains (~33 
amino acids) followed by a long rod domain (~350 amino acids) that homodimer-
izes to form four separate coiled coils separated by linkers for a linear length of 
~52 nm followed by a large globular and variable C-terminal domain. The homodi-
mers assemble into strands by head-to-tail interactions, and these strands then layer 
in an antiparallel fashion until there are 32 molecules in cross section to generate 
10 nm wide fi laments [ 73 ]. This assembly gives the lamins and other intermediate 
fi laments unique properties compared to the other cytoskeletal proteins. Microtubules 
and actin fi laments are built like stacked cinder blocks in a wall, whereas intermedi-
ate fi laments are more like the entwined fi bers of a rope, yet they are more tensile as 
the fi bers can potentially move relative to one another—thus, it is not surprising that 
intermediate fi laments are the primary components of spider’s webs. Accordingly, 
actin fi laments and microtubules will break under compression or stretching forces 
that leave intermediate fi laments undamaged [ 74 ]. These characteristics are more 
important as the lamins are the only one of the three major cytoskeletal proteins 
giving structure to the nuclear envelope. However, even among the different lamin 
subtypes there are large differences in their contributions to mechanical stability. 
Lamin A was found to exhibit stronger binding in assembly assays compared to 
lamin B1, and lamin B2 was much weaker than both [ 75 ]. Correspondingly, lamin 
A has been found to be the most critical for mechanical stability [ 76 ]. Thus, though 
it provides the primary structural support for the nucleus, the nuclear envelope can 
nonetheless bend considerably in a migrating cell invading tissues and more so if 
lamin A is absent. This observation is more prescient in light of the fact that the 
most common observation with lamin levels in tumors is that lamin A is reduced, 
linking lamin abnormalities to the morphometric parameters used by cytologists. 

 While lamins initially received a great deal of attention, there are many other pro-
teins in the nuclear envelope. The NPCs are large structures of >60 MDa in mammals 
containing around 30 different proteins in multiple copies (reviewed in [ 77 ]), and an 
average mammalian nucleus contains 2,000–3,000 NPCs. In addition to the NPCs, 
both outer and inner nuclear membranes contain a host of integral transmembrane 
proteins called NETs (for nuclear envelope transmembrane proteins). Just a decade 
ago, only a handful of NETs were known; however, in 2003, 67 novel NETs were 
identifi ed in the laboratory of Larry Gerace by Eric Schirmer and colleagues [ 78 ]. 
A large proportion of the NETs were largely uncharacterized proteins of unknown 
function, with many of them exhibiting a marked tissue specifi city in their expression. 
Today, close to 1,000 NETs have been identifi ed [ 79 – 81 ], and a recent study compar-
ing the nuclear envelope proteome of liver, muscle, and white blood cells showed that 
up to 60 % of the NETs may be preferentially expressed in a subset of tissues [ 81 ]. 

 The tissue specifi city of many NETs may contribute to the tissue-specifi c patholo-
gies that occur with a set of nuclear envelope-linked diseases termed laminopathies. 
Many of these disorders manifest in a restricted number of tissues. For example, 
defects in the NETs emerin and the nesprins SYNE1 and SYNE2 as well as in lamins 
may result in Emery–Dreifuss muscular dystrophy. Intriguingly, different mutations 
in the  LMNA  gene (which encodes lamins A and C) can result in a variety of com-
pletely distinct diseases, each with different tissue-specifi c pathologies that can affect 
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heart (dilated cardiomyopathy), motor and sensory nerves (Charcot–Marie–Tooth 
disease), skeletal muscle (Emery–Dreifuss muscular dystrophy), fat (familial partial 
lipodystrophy), or skin (restrictive dermopathy). Lamin A mutations can also be 
associated with various forms of premature ageing, such as Werner’s syndrome and 
Hutchinson–Gilford Progeria syndrome. How can mutations in a single ubiquitously 
expressed protein give rise to disease in some tissues and not others? The simplest 
answer would be through interaction with other factors that are tissue specifi c, a role 
for which many of these newly identifi ed NETs stand out as good candidates. 

 These tissue-specifi c NETs could also contribute to the tissue-specifi c nuclear 
characteristics of many tumor types. In addition to the unexpected degree of tissue 
specifi city present in the nuclear envelope proteome, NETs and lamins are being 
found to have functions in a variety of cellular processes, many of which can be 
linked to tumorigenesis (Fig.  4 ). Proteins of the nuclear envelope participate in cell 
cycle regulation, mitosis, apoptosis, DNA repair, ageing, nuclear architecture, sig-
naling, chromatin organization, gene expression regulation, and cell migration. 
All these various functions are critical for processes of tumorigenesis, tumor growth, 
and metastasis (reviewed in [ 82 ,  83 ]).

   We have recently investigated the gene expression profi les of nuclear envelope 
proteins in a microarray of tumor and normal samples from nine tissues available at 
the BioGPS database [ 82 ]. The microarrays contained probes for lamins A, B1, and 
B2 and for 29 NETs that had been verifi ed by our lab and others [ 78 – 80 ,  84 – 94 ]. 
Most of the genes showed small and/or inconsistent levels of misregulation between 
and within tissues, but other genes showed some general tendencies. For instance, 
 LMNB1 ,  LMNB2 , and  NUP210  were generally upregulated, and  METTL7A ,  SYNE1 , 
and  SYNE2  were generally downregulated (Fig.  5a ). These tendencies were not 
absolute.  LMNB1  and  LMNB2  were not upregulated in prostate tumors, and in kid-
ney tumors only  LMNB2  was upregulated. Additionally, we observed that in most 
gastrointestinal tumors  METTL7A  was upregulated rather than downregulated (de 
las Heras and Schirmer, unpublished results). Different tissues express lamins with 
subtype ratios that are characteristic of each tissue [ 95 ]. This coupled with the 
marked tissue-restricted patterns of NET expression may account for the tissue vari-
ability in the lamin and NET misregulation observed between tumors and suggests 
that some of these expression patterns may be exploited for diagnostic purposes. 
Some NETs show a particular potential to be used as markers for particular tumor 
types, such as  LPCAT3/MBOAT5  among a few others.  LPCAT3  does not show sig-
nifi cantly consistent misregulation in eight of the nine tumor types studied but 
appears to be strongly upregulated in all of the ovarian cancer samples studied 
(Fig.  5b ). We have also observed that some NETs were only strongly misregulated 
in a subset of tumors of only one type of cancer, such as  SLC22A24 ,  NCLN , and 
 FAM105A , which were all upregulated in a subset of breast tumors (de las Heras and 
Schirmer, unpublished results). These differences may additionally refl ect differ-
ences in tumor subtype or grade, but the BioGPS data did not contain enough infor-
mation about the tumor samples to explore this possibility.

   One area of study that is already showing translational promise is the targeting of 
nuclear import/export of proteins and RNAs through the NPC. Nucleocytoplasmic 
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  Fig. 4    Nuclear envelope functions with cancer links. The nuclear envelope comprises a double- 
membrane system studded with nuclear pore complexes and an underlying layer of intermediate 
fi laments: the nuclear lamina. The nuclear envelope is connected to the cytoskeleton on the one 
side and chromatin on the other and acts as a powerful signaling node including pathways that are 
very relevant to cancer, such as Wnt and MAPK signaling. In addition, the nuclear envelope has 
been shown to play a role in many other functions that are relevant to cancer, such as control of 
nuclear architecture, cell migration, DNA repair, ageing, apoptosis, mitosis, and cell cycle regula-
tion as well as genome organization and regulation of gene expression       

transport is essential for cell growth and is often upregulated in tumors. Accordingly, 
the key nuclear export protein exportin 1 (XPO1/CRM1) has been found to be 
expressed at abnormally high levels in a number of cancers, and its inhibition pro-
moted apoptosis and cell cycle arrest in cancer cells in vitro [ 96 – 99 ]. Clinical trials 
with initially promising results are currently under way using XPO1 inhibition in 
Philadelphia chromosome-positive (Ph+) leukemias, which are refractory to tyro-
sine kinase inhibitor therapy but appear to respond to an XPO1 inhibitor by trigger-
ing apoptosis of leukemic but not normal CD34+ progenitors [ 99 ].  
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  Fig. 5    Many nuclear envelope proteins are misregulated in tumors. ( a )  Boxplot  showing the dis-
tribution of log2(tumor/normal) microarray signals for 29 nuclear envelope genes in nine tissues. 
The majority of the genes do not show a clear general misregulation in most tumors, but the genes 
that are most strongly misregulated are generally the same. Lamins B1 and B2 ( LMNB1  and 
 LMNB2 ) and the nucleoporin  NUP210  are usually upregulated in tumors, while the protein meth-
yltransferase  METTL7A  and nesprins  SYNE1  and  SYNE2  are almost always downregulated. 
However, some NETs, such as  WFS1 , are strongly downregulated in some tumors but not others, 
while  SLC39A14/NET34  is strongly upregulated in lung, kidney, and breast tumors and downregu-
lated in liver cancer. ( b ) Heatmap illustrating the expression of 29 nuclear envelope genes in indi-
vidual lung and ovary cancer patients, compared to their normal counterparts. A gradient of  reds  
and  blues  indicate relative levels of up- and downregulation, respectively. The overall gene expres-
sion pattern is reasonably similar in lung and ovary patients; however, the tissue-specifi c NET 
 LPCAT3  ( red arrowhead ), which is normally expressed in the majority of normal tissues but not in 
ovary, is strongly upregulated in all ovarian tumors and downregulated in most lung tumors. 
Reproduced with permission from [ 82 ]       
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    Concluding Remark 

 The more we learn about the nuclear envelope and its component proteins, the more 
it becomes apparent that the nuclear envelope, rather than representing an inert bar-
rier between the cytoplasm and the nucleus, is at the center of many central cellular 
functions and processes, many of which have direct relevance to cancer biology. 
Over the past few years, the nuclear envelope has been shown to contain hundreds 
of NETs that are poorly characterized and of unknown function, many of which are 
altered in expression in various cancers. Many NETs showed altered expression 
patterns in cancer that suggest correlations with tissue and tumor grade. Together 
with the many clear links between lamins and NPC proteins and various cancers, 
this indicates that the nuclear envelope represents a novel, largely untapped, and 
potentially huge source for diagnostic and prognostic markers as well as for thera-
peutic intervention.     
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    Abstract     Not long after the discovery of lamin proteins, it became clear that not all 
lamin subtypes are ubiquitously expressed in cells and tissues. Especially, A-type 
lamins showed an inverse correlation with proliferation and were thus initially 
called statins. Here we compare the fi ndings of both A- and B-type lamin expression 
in various normal tissues and their neoplastic counterparts. Based on immunocyto-
chemistry it becomes clear that lamin expression patterns are much more compli-
cated than initially assumed: while normally proliferative cells are devoid of A-type 
lamin expression, many neoplastic tissues do show prominent A-type lamin expres-
sion. Conversely, cells that do not proliferate can be devoid of lamin expression. 
Yet, within the different types of tissues and tumors, lamins can be used to distin-
guish between tumor subtypes. The link between the appearance of A-type lamins 
in differentiation and the appearance of A-type lamins in a tumor likely relates the 
proliferative capacity of the tumor to its differentiation state. 

 While lamins are targets for degradation in the apoptotic process, and accord-
ingly are often used as markers for apoptosis, intriguing studies on an active role of 
lamins in the initiation or the prevention of apoptosis have been published recently 
and give rise to a renewed interest in the role of lamins in cancer.  

      The Role of the Nuclear Lamina in Cancer 
and Apoptosis 

                Jos     L.    V.     Broers          and     Frans     C.    S.     Ramaekers        

        J.  L.  V.   Broers,   Ph.D.      (*) 
  Department of Molecular Cell Biology , 
 CARIM School for Cardiovascular Diseases, Maastricht University , 
    P.O. box 616 ,  6200 MD   Maastricht ,  The Netherlands   
 e-mail: jos.broers@maastrichtuniversity.nl   

    F.  C.  S.   Ramaekers,   Ph.D.      
  Department of Molecular Cell Biology ,  GROW—School for Oncology 
and Developmental Biology, Maastricht University ,     P.O. box 616 , 
 6200 MD   Maastricht ,  The Netherlands   
 e-mail: f.ramaekers@maastrichtuniversity.nl  



28

  Keywords     Lamins   •   A-type lamins   •   B-type lamins   •   Immunocytochemistry   
•   Epidermis   •   Skin cancer   •   Normal blood   •   Hematologic malignancies   •   Male germ 
line tumors   •   Cervical tissues   •   Lung cancer   •   Apoptosis  
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   SCLC    Small cell lung cancer   
  CIS    Carcinoma in situ   
  CIN    Cervical intra-epithelial neoplasia   
  EBV    Epstein–Barr Virus   
  HPV    Human papillomavirus   
  HSV    Herpes simplex virus   
  HIV    Human immunodefi ciency virus   
  GFP    Green fl uorescent protein   
  FTI    Farnesyl transferase inhibitor   

          Introduction 

 The number of detailed studies on lamin subtype expression in normal tissues is 
remarkably low. The fi rst studies on differential A-type lamin expression came from 
the group of E. Wang [ 1 ,  2 ], who used an antibody against a protein initially called 
statin. They stated that statin in general is absent in proliferating cells, while non- 
proliferating cells, induced to senescence, showed a pronounced statin expression 
[ 1 ]. Later studies confi rmed that statin was in fact lamin A [ 3 ]. The differential 
expression of A-type lamins in cancer is remarkable. In a variety of epithelia and 
corresponding carcinomas several attempts have been made to correlate prolifera-
tion with the absence of A-type lamins. Also a positive correlation between the 
degree of differentiation and the presence of A-type lamins has been suggested. A 
refi ned insight into differences in protein expression has been obtained by generat-
ing antibodies that specifi cally recognize the main splice variants of the LMNA 
gene, lamin A or lamin C, as well as antibodies that differentiate between the prod-
ucts of the two different B-type lamin genes, lamin B1 and lamin B2. Older studies 
did not differentiate between these B-type lamins and just mentioned the expression 
of lamin B protein. In addition, antibodies that recognize different phosphorylation 
states of lamins have enabled studying altered lamina associations in the nucleus at 
the cellular level [ 4 ]. 

 In contrast to A-type lamins, there is a general consensus that B-type lamins are 
ubiquitously expressed in epithelial tissues and carcinomas. Yet, also B-type lam-
ins, and especially lamin B1, are often downregulated in a subset of tumor cells 
within the same tumor. 
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 In this review we discuss (mainly immunocytochemical) lamin expression stud-
ies performed in different normal epithelia and their corresponding carcinomas and 
discuss the impact of these fi ndings for disease diagnosis. 

 Programmed cell death or apoptosis is a key mechanism in maintaining a balance 
between tissue growth and shrinkage. Consequently, suppression of apoptosis is a 
major process enabling tumor development. However most tumors display exten-
sive apoptosis; especially tumors with high proliferation rates show prominent lev-
els of apoptosis. A main challenge in cancer treatment is shifting the balance in 
favor of the apoptotic process. Since long it is known that cleavage of lamin proteins 
by caspases is a necessary step in apoptosis allowing for nuclear membrane degra-
dation to proceed, followed by chromatin condensation [ 5 ]. Now, there is mounting 
evidence that, in turn, abnormal lamina organization can lead to apoptosis. However, 
knowledge about the exact mechanisms supporting the relationship between the 
lamina and apoptosis is as yet merely speculative.  

    Normal Epidermis and Skin Cancer 

    Epidermis 

 Comparing the expression of A-type lamins as reported by different groups, one can 
immediately observe that there is a discrepancy between fi ndings of different 
research groups. Initial studies by Röber et al. [ 6 ] showed a gradual increase in 
A-type lamin expression in all cell layers of the epidermis of mice starting at the 
later stages of embryonic development and continuing to increase after birth. 
Expression of these proteins in all epidermal layers was confi rmed in paraffi n sec-
tions of human epidermis [ 7 ]. In contrast, several groups noticed the reduced expres-
sion of A-type lamins in a large number of (but not all) basal cells and an increase 
of expression in suprabasal cells [ 8 – 10 ]. Upon ageing, A-type lamin expression 
becomes more heterogeneous, when comparing lamin A/C expression in the skin of 
a young child (1 year) versus old people (>60 years [ 11 ]). Using A-type lamin 
subtype-specifi c antibodies the absence of lamin A from basal cells was striking. 
Nuclei were completely devoid of lamin staining. In contrast, lamin C expression 
was still present in basal cells, however often not forming a clear lamina but rather 
giving a diffuse intranuclear staining pattern [ 9 ]. Basal cells that did not express 
lamin C appeared to be resting basal cells [ 10 ]. These fi ndings are not in line with a 
recent study [ 12 ], showing an increase of A-type lamin expression in basal cells and 
a decrease in the suprabasal cells. How can these discrepancies be explained? First 
of all, the research was performed on different species (mouse vs. human). Secondly, 
different fi xation and permeabilization methods were applied (formalin fi xation, 
paraffi n embedding, and antigen retrieval vs. unfi xed frozen sections or methanol- 
fi xed frozen sections). Thirdly, different A-type lamin antibodies were used. 
Apparently, these factors can infl uence the recognition of lamin A/C epitopes. 
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To further complicate this issue, several studies have stressed the importance of dif-
ferent phosphorylation states of lamins. Several lamin A/C antibodies only recog-
nize certain phosphorylation states of lamins, while others will give a more general 
labeling [ 4 ,  13 ]. Moreover, epitope masking not due to changes in phosphorylation 
state can occur, as has been shown for lamin B1 [ 14 ]. This problem could be over-
come by applying a large panel of antibodies on tissues that were fi xed in different 
ways. Unfortunately, these studies were only performed with a limited type of tis-
sues and few antibodies (e.g., see [ 4 ,  14 ]). 

 Several groups have investigated the expression of B-type lamins in human epi-
dermal tissues. Most reports mention the presence of lamin B1 throughout the epi-
dermis [ 7 ,  9 ,  10 ], with a prevalence for decoration of the lower, proliferative layers 
of the epidermis and the absence of lamin B1 in a subset of the basal cells [ 8 ]. Most 
groups demonstrate the uniform staining of all epidermal layers with lamin B2 anti-
bodies [ 8 – 10 ], whereas sometimes a decrease of lamin B2 expression was found in 
granular cells [ 7 ].  

    Skin Cancer 

 In basal cell carcinomas most studies found a reduction of A-type lamins. For 
instance Oguchi et al. [ 7 ] showed a reduction in most of the basal carcinomas exam-
ined, using an antibody that did not differentiate between lamin A and lamin C. 

 Using A-type lamin subtype-specifi c antibodies, Venables et al. [ 10 ] showed a 
reduced expression of lamin A in the majority of tumors. These tumors appeared to 
be hyperproliferative based on the expression of the proliferation marker Ki67. 
Downregulation of lamin C was less common in these carcinomas (5/16 tumors 
[ 10 ]). Using similar antibodies, Tilli et al. [ 9 ] found more lamin A-expressing cells 
than lamin C expressing cells in basal cell carcinomas. Strikingly, both studies 
showed a nucleolar rather than a nuclear lamina staining in some basal cell carcino-
mas using a lamin C antibody. Whether this staining corresponds to the intranuclear 
foci seen in early embryonal development [ 15 ] remains to be examined. 

 In squamous cell carcinomas of the skin, a study by Oguchi et al. [ 7 ] showed that 
most tumors were strongly positive for A-type lamins, with only a minority of can-
cers showing a reduction. Another study confi rmed the expression of both lamin A 
and lamin C in squamous cell carcinomas of the skin [ 9 ]. Most of the tumors with 
reduced lamin A/C expression were poorly differentiated, confi rming the general 
notion that A-type lamin expression is decreased with loss of differentiation.   

    Germ-Line Cells and Germ Cell Tumors 

 Since in general the largest differences in lamin expression can be found upon 
changes in differentiation, one would expect a large number of studies on lamin 
expression in development of germ-line cells and in developing embryos. Noticeably, 
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this is not the case. To our knowledge only few studies have investigated lamin 
expression in germ-line tissues and tumors. In fact, only one study has been done on 
lamin expression in testis and testis tumors using human material [ 16 ]. A few more 
studies have compared lamin expression patterns in normal male and female germ 
cell types of other species [ 17 – 21 ]. Figure  1  shows an overview of lamin reactivity 
in male germ-line cells in mouse and human tissue.

      Normal Male Germ-Line Cells 

 Initial studies claimed that no lamins were present during spermatogenesis in chicken 
[ 21 ]; however, subsequent studies in mouse tissues showed that lamins are indeed 
present in several cells during sperm development [ 18 ,  20 ]. In mouse male gonads, 
lamin A/C as well as lamin B antibodies reacted with isolated prepuberal Sertoli 
cells. In addition, anti-lamin B stained the nuclear lamina of all germ-line cell types 
examined, including primitive spermatogonia, preleptotene, leptotene–zygotene, 
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  Fig. 1    Overview of reactivity of lamin antibodies in testicular germ cells. Note the prominent 
changes in lamin expression upon spermatogenesis. *epitope masking? Based on the more exten-
sive studies in mouse tissues, it is likely that lamin B1 is also present in human sperm cell 
development       
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and pachytene spermatocytes and spermatids [ 20 ]. Later studies showed that lamin 
B1 and not lamin B2 was expressed in male germ cells [ 22 ]. Lamin B3, a splice vari-
ant of the lamin B2 gene, was initially suggested to be expressed in spermatocytes 
during meiosis [ 23 ], but a more recent study has challenged this observation and 
found evidence that lamin B3 is only expressed in spermatids [ 24 ]. By contrast, no 
cells at any stage of spermatogenesis showed expression of lamin A or lamin C [ 19 , 
 20 ]. In sperm cell development, however, an alternatively spliced form of lamin C, 
called lamin C2, has been detected in meiotic stages of spermatogenesis, while no 
other A-type lamins are expressed during this process [ 17 ]. The impact of the absence 
of this splice variant has been discovered in a study on the development of mouse 
cells lacking expression of the  Lmna  gene, which showed a failure of prophase I 
progression and defective sex chromosome pairing in  Lmna   −/−   spermatogenesis [ 25 ]. 

 In a study on human testes, Sertoli, Leydig, and peritubular cells were shown to 
express both A-type lamins and lamin B2 [ 16 ]. Both Sertoli and Leydig cells did 
express lamin B2 but in general showed no reaction with a lamin B1 antibody. In 
contrast, spermatogonia were positive for both lamin B1 and lamin B2. Strikingly, 
no A-type lamins were detected in these cells, despite their highly specialized com-
mitment to differentiate into spermatocytes. In some cases, reactivity with A-type 
lamin antibodies was seen, but this reaction was weak and only detectable in some 
of the spermatocytes. Based on the fi ndings in mouse spermatocytes, it was sug-
gested that this weak staining was due to cross-reaction with lamin C2 [ 16 ]. 
Spermatogonia in normal human testis were only partially and weakly positive for 
lamin B2, while in parenchyma adjacent to seminomas all spermatogonia were 
clearly positive. Lamin B2 expression in spermatogonia adjacent to seminomas 
seems, therefore, slightly increased [ 16 ]. 

 Using B-type lamin antibodies, human spermatocytes showed no reactivity. 
While the absence of lamin B2 was in accordance with fi ndings in mouse spermato-
cytes [ 22 ], the absence of lamin B1 in human spermatocytes was unexpected and 
may be due to epitope masking that has been shown to occur also with this particu-
lar antibody in heart tissues [ 14 ].  

    Male Germ Cell Tumors 

 A study by Machiels et al. [ 16 ] showed that the seminomas examined could be 
divided into two groups: one group contained a mutation in K- or N-RAS (RAS 
positive), and the second group of seminomas had no detectable mutation in the 
RAS genes (RAS negative). RAS is one of a family of small GTPases, many of 
which have been linked to cancers. Using an antibody to A-type lamins, striking 
differences were observed between these groups: the RAS-negative seminomas 
were negative for lamin A, and the RAS-positive seminomas were positive, although 
sometimes weakly. Interestingly, one case was known to contain a heterogeneous 
population of tumor cells with and without RAS mutation, and this tumor showed a 
heterogeneous staining pattern with the lamin A antibody. Most seminomas were 
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negative with another lamin A/C antibody, with only one RAS-positive seminoma 
case being positive. The lamin A antibody 133A2 showed partial reactivity with 
only two RAS-positive seminomas. None of the RAS-negative seminomas gave a 
staining reaction with the A-type lamin antibodies. 

 Most non-seminomas were positive with lamin A/C antibodies. Strikingly, 
embryonal carcinomas were found to be negative for lamin A, but positive for lamin 
A/C using two different lamin A/C antibodies. Low expression of lamin A together 
with normal or high expression of lamin C may explain this reactivity pattern, 
although epitope masking for the lamin A antibody cannot be excluded. Normally 
lamin A and C proteins are expressed to comparable degrees, but an imbalance in 
the expression ratio of lamin A over C may occur. To examine this phenomenon 
further, samples of three embryonal carcinomas were used for immunoblotting. 
When these blots were stained with the lamin A/C antibodies, it was obvious that 
the reactivity level of the lamin C bands was much stronger than that of lamin A, 
which confi rmed the immunohistochemical observations. The presence of lamin A 
in the blots was confi rmed by a weak reactivity with the lamin A antibody 133A2, 
which may even be overrepresented as a result of non-tumor components that are 
present in the tumor tissue, such as small blood vessels, and express A-type lamins. 
The very low expression level of lamin A and the imbalanced expression of lamin 
A and lamin C using two different antibodies argued in favor of the interpretation 
that embryonal carcinomas indeed did not express lamin A and were not negative 
due to epitope masking. 

 Yolk sac tumors, choriocarcinoma, and teratoma could not be distinguished from 
each other by studying A-type lamin expression. All three histologically distinct 
tumor types gave similar perinuclear staining with the lamin A antibody as well as 
the lamin A/C antibodies. 

 When a carcinoma in situ (CIS) adjacent to non-seminomas (Table  1 ) was nega-
tive for lamin B1, spermatogonia were also negative. When a CIS was positive for 
lamin B1, spermatogonia were also positive. In addition, the reaction of the Sertoli 
cells in these sections was always opposite to that of spermatogonia and CIS. In 
normal testis, Sertoli cells were negative and spermatogonia were positive for lamin 
B1, being the physiological expression pattern.

        Uterine Cervical Tissues and Premalignant Cervical Lesions 

 An extensive study was performed on expression patterns of lamins in normal cervi-
cal epithelium and premalignant epithelium lesions, known as CIN (for cervical 
intra-epithelial neoplasia) [ 8 ]. In normal ectocervical stratifi ed epithelium, lamin 
B2 is expressed in all cell layers. In contrast to other non-keratinizing stratifi ed 
squamous cell epithelia, lamin B1 is most strongly expressed both in the basal and 
in the parabasal epithelial cells, with a reduction of staining in the upper cell layers. 
Also, in contrast to other stratifi ed epithelia, lamin A/C antibodies as well as a spe-
cifi c lamin A antibody showed prominent staining of the entire epithelium. 
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    Table 1    Comparison of expression of lamin subtypes in normal tissues and their corresponding tumors   

 Tissue  Lamin A  Lamin C  Lamin A/C  Lamin B1 a   Lamin B2  References 

 Skin and skin cancer 
 Basal cell  −  ±  ±  ++  ++  [ 8 – 10 ] 
 Suprabasal cells  ++  ++  ++  +  − to ++  [ 7 – 10 ] 
  Squam. cell carcinomas   ++  ++  ++  ++  ++  [ 7 ,  9 ] 
  Basal cell carcinomas   − to +  ± to +  − to +  ++  ++  [ 7 ,  9 ,  10 ] 

 Germ cells and tumors (male) 
 Sertoli cells  +  +  +  −  +  [ 16 ,  18 – 20 ] 
 Leydig cells  +  +  +  −  +  [ 16 ,  18 – 20 ] 
 Spermatogonia  −  −  −  +  +  [ 16 ,  18 – 20 ] 
 Spermatocytes  −  − (C2 +)  −  −/+ a   −  [ 16 ,  18 – 20 ] 
 Spermatids  −  −  −  −/+ a   − (B3+ b )  [ 24 ] 
  Seminomas  
  RAS positive   − to +  − to +  +  +  ++  [ 16 ] 
  RAS negative   −  −  −  +  ++  [ 16 ] 
  Non-seminomas  
  Embryonal cell ca.   −  +  +  +  ++  [ 16 ] 
  Other   +  +  +  +  ++  [ 16 ] 

 Uterine Ectocervix and CIN 
 Basal cell  +  +  ++  ++  [ 8 ] 
 Suprabasal cell  ++  ++  ± to +  ++  [ 8 ] 
 CIN ( I → III )  ++ to ±  + to ±  ±  +  [ 8 ] 

 Lymphoid cells and tumors 
 Hematopoietic cells  −  +  +  [ 35 ] 
 Granulocytes  −  +  +  [ 35 ,  38 ] 
 Early lymphoid cells  −  +  +  [ 37 ,  39 ] 
 T-cells  −  +  +(react −)  [ 35 ,  39 ] 
 B-cells  − to + 

(CD30pos) 
 +  +(react −)  [ 35 ,  39 ] 

 Mononuclear cells  +  +  +  [ 40 ] 
 PMN cells  −  +  +  [ 40 ] 

  Malignancies  
  Lymphoid cells   −  +  +  [ 34 ] 
  Myeloid cells   − to + (diff)  +  +  [ 34 ] 
  Hodgkin’s lymphoma   − to ++  − to ++  +  +  [ 39 ] 

 Lung tissues and cancer 
 Bronchial basal cells  − to +  − to +  +  ++  [ 8 ,  44 ] 
 Bronchial columnar cells  ++  ++  − to +  ++  [ 8 ,  44 ] 
 Alveolar cells  ++  ++  − to +  ++  [ 8 ,  44 ] 
  SCLC   − to ±  − to ++  ++  [ 44 ] 
  Adenocarcinomas   − to ++ (cyt!)  − to ++  ++  [ 44 ] 
  Squam. cell carcinomas   ++  − to ++  ++  [ 44 ] 

   Squam. cell  squamous cell,  react  reactive lymph nodes,  PMN cells  polymorphonuclear leukocytes,  diff  
 differentiated tumors,  cyt!  cytoplasmic reaction 
  a Possibly negative due to epitope masking 
 b Mouse only  
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 In endocervical columnar epithelium, most cells are positive with the antibodies 
examined except for the reserve cells, which are largely negative for lamin B1. In con-
nective tissue cells of the endocervix all antibodies are positive except for the lamin 
B1 antibody, which is negative in the fi broblasts but positive with most lymphoid cells. 

 Metaplastic cervical epithelium showed expression of A-type lamins in all epi-
thelial layers, albeit that not all cells were labeled, similar to normal cervical epithe-
lia. B-type lamins showed a homogenous staining in basal and intermediate layers 
but a striking decrease in the superfi cial layers of the tissue. Especially the loss of 
lamin B1 from these superfi cial metaplastic cells was striking. 

 More than 30 cases of CIN were examined for their lamin expression patterns. 
Strikingly, metaplastic epithelium next to CIN lesions showed an aberrant lamin 
expression pattern. Expression of A-type lamins was increased in the basal layer 
and decreased in the suprabasal cell, an inversion of the “normal” A-type lamin 
expression pattern in stratifi ed squamous cell epithelia. Also, lamin B1 expression 
was largely decreased in these tissues, while lamin B2 expression was more hetero-
geneous than in comparable regions of normal epithelia. 

 From low-grade (CIN I) to high-grade (CIN III) CIN lesions the normal differ-
entiation of the squamous epithelium is increasingly lost. Expression of A-type 
lamins was highly variable within each layer with strong, weak, and even absence 
of labeling of nuclei at very close distance from each other. Lamin staining patterns 
were similar in different layers of either grade/lesion type (CIN I–CIN III) and 
lamin B2 was present in most epithelial cells, while lamin B1 expression seemed to 
remain confi ned to the lower layers of this epithelium. A-type lamins were expressed 
heterogeneously throughout all layers of the epithelium. However, an overall 
decrease in the number of cells with lamin staining, as well as an average decrease 
in intensity of staining, was noticeable in high-grade CIN lesions. 

 The heterogeneous lamin A/C staining patterns in CIN lesions invite speculation 
about the correlation between the integration and/or episomal presence of the human 
papillomavirus (HPV), occurring in nearly all of these tumors [ 26 ], and the concur-
rent loss of A-type lamin expression. Other viruses such as Epstein–Barr virus 
(EBV), herpes simplex virus (HSV), cytomegalovirus (CMV), and human immuno-
defi ciency virus (HIV) have been shown to disrupt the nuclear lamina after infec-
tion, enabling the release of virion particles from the nucleus [ 27 ]. This disruption 
can be due to conformational changes of the lamina, as shown for HSV-1 [ 28 ], 
resulting in increased solubility, but also physical disruption of the nuclear lamina 
can occur, as seen in lamin-GFP-transfected cells, infected with HSV-1 [ 29 ]. In HIV 
infections the viral protein Vpr induces perforations in the nuclear lamina, leading 
to dynamic disruptions in the nuclear envelope [ 30 ]. 

 Until now, only quantitative tissue studies were performed on the impact of the 
HPV viral proteins on lamin expression. These studies showed that HPV 16 E5 does 
cause a downregulation of lamins A/C [ 31 ], while HPV 16 E1–4 and HPV 16 E6 do 
not seem to have a prominent effect on lamin A/C expression [ 32 ]. Possibly, HPV 
integration benefi ts from a weakened lamina in cases of coinfection with HSV-2 or 
HIV, since epidemiologic studies indicate an increased risk of developing cervical 
cancer in these cases [ 33 ]. However, direct effects of HPV infections on the lamina 
structure have not yet been studied at the cellular level.  
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    Lymphoid Cells and Tumors 

    Normal Blood Cells 

 Cells, very suitable to study the correlation between lamina expression and prolif-
eration versus differentiation, can be found in the lymphoid system and tumor cells 
derived from these cells, since the different stages of blood cell development have 
been very well defi ned. An extensive review shows an overview of the most impor-
tant fi ndings in normal blood cells and hematologic malignancies [ 34 ]. 

 Initial studies indicated that hematopoietic cells were devoid of A-type lamins, 
showing that in mouse cells both T and B lymphocytes as well as granulocytes and 
monocytic cells directly isolated from spleen, thymus, blood, or bone marrow did 
not express lamin A/C but only lamin B [ 35 ]. Comparable studies in rat showed that 
thymocytes and human pre-B lymphoblasts do not express A-type lamins, while in 
purifi ed T and B lymphocytes isolated from blood samples A-type lamins could be 
detected [ 36 ,  37 ]. Human peripheral blood granulocytes express little if any lamin 
A or lamin C [ 38 ]. In a study on human lymph node tissue in patients with Hodgkin’s 
lymphoma it was shown that in most of the reactive lymph nodes investigated 
A-type lamins were absent [ 39 ]. These last fi ndings, combined with those of other 
animal studies, led us to the suggestion that both B- and T-cells express very low 
amounts of A-type lamins or no lamins at all. The positive fi ndings by Guilly et al. 
[ 37 ] on immunoblots of isolated B- and T-cells could easily have been caused by 
contamination with other blood cells that do contain A-type lamins, such as mono-
nuclear neutrophils [ 40 ]. 

 Cells expressing CD20 (a marker for B-cell differentiation and present on B-cells 
but not on plasma cells) do not express A-type lamins, while CD30-positive cells 
(a marker for activated B-cells) in the paracortex as well as in the medulla in general 
did show A-type lamin expression. These fi ndings suggest that cells with a higher 
degree of lymphocyte differentiation do express A-type lamins. Another intriguing 
observation was the absence of lamin B2 in both centrocytes and centroblasts of the 
follicle center of the lymph nodes, while the paracortex showed a high expression 
of lamin B2. A lamin B1 antibody showed reactivity with all cells in all regions of 
the lymph nodes.  

    Hematologic Malignancies 

 Cell lines derived from different lineages of hematologic malignancies in general 
showed variable A-type lamin expression. A T-lymphoblast cell line (KE 37) was 
negative for A-type lamin expression [ 36 ], while fully differentiated stages in the 
B-cell lineage such as represented by the RPMI-6666 line (an EBV-transformed 
lymphoblastoid B-cell line) and the U266 plasmacytoma line (an IgE-producing 
human myeloma) showed a strong lamina A/C labeling. In contrast, a previous study 
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showed that Ig-secreting mouse myeloma cells lack lamin A and C expression [ 41 ]. 
To explain these apparently confl icting fi ndings a detailed study was undertaken by 
Kaufmann [ 38 ], who showed that human myeloid leukaemia cell lines and marrow 
samples from patients with acute non-lymphocytic leukaemia do express low but 
detectable levels of A-type lamins. Also, lamins A and C were detected in cell lines 
of myeloid (KGla), erythroid (HEL), and megakaryocytic (Mo-7e) lineages. 
Strikingly expression of A-type lamins can be strongly enhanced in the HL-60 
human progranulocytic leukaemia cells by inducing differentiation into monocytes 
using  O -tetra-decanoylphorbol-13-myristate acetate (TPA) [ 38 ]. Samples from 
patients with chronic myelogenous leukaemia did not show expression of A-type 
lamins [ 38 ]. A study on patients with acute lymphoblastic leukaemia and non- 
Hodgkin’s lymphomas revealed that these tumors do not contain A-type lamins [ 42 ]. 

 Jansen et al. [ 39 ] have studied lamin expression in nodular sclerosing Hodgkin’s 
disease and noticed a prominent labeling of both Reed–Sternberg cells and Hodgkin 
cells with A-type lamin antibodies. They also tried to fi nd a correlation between 
proliferation (using the Ki67 antigen marker) and presence of A-type lamins. While 
in normal cells Ki67 expression was limited to cells with a reduced A-type lamin 
expression, this was not the case in neoplastic cells. Both lamin A-positive and 
lamin A-negative cells expressed Ki67.   

    Lung Epithelium and Lung Cancer 

 In normal lung as well as lung cancers the expression of lamins has been investi-
gated using different techniques, including Northern blotting, Western blotting, and 
immunocytochemistry [ 8 ,  43 ]. From these studies it became clear that both in nor-
mal and neoplastic lung tissue a dramatic reduction of A-type lamins can occur. In 
normal lung lamin A/C expression is only observed in a subset of cells, relating to 
the differentiation stage of individual cells. A wide range of lamin A/C expression 
levels is also observed in lung cancers, which may refl ect a change in the lamin 
levels or the differentiation stage of the cell that initiated the tumor or changes in 
differentiation within these tumors. 

    Normal Lung Epithelium 

 Studies on lamin expression in normal bronchial and alveolar cells [ 8 ] revealed that 
A-type lamins were expressed in bronchial columnar cells but showed large differ-
ences in expression levels between patient samples in bronchial basal cells. In some 
samples, no or few basal cells were stained with these antibodies, whereas other 
samples revealed a uniform positive staining in all bronchial cells. Since these nor-
mal lung samples were obtained from (ex-)smokers who developed lung cancers in 
other regions of the lung, it is tempting to speculate that differences in A-type lamin 
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expression between samples refl ect premalignant stages of the diseases, which are 
not yet visible upon histological examination of these samples. All alveolar pneu-
mocytes were positive for A-type lamin antibodies. 

 Lamin B2 was present in virtually all epithelial cells. In contrast, expression of 
lamin B1 was quite heterogeneous, showing a strong decoration/staining of basal 
cells of bronchi but not in suprabasal, columnar cells. A similar heterogeneity was 
revealed in alveolar cells, with only a limited number of cells stained.  

    Lung Cancer Cell Lines 

 Kaufmann et al. [ 43 ] were the fi rst to describe the prominent decrease of A-type 
lamins in small cell lung cancer (SCLC) cell lines. They showed that lamin A/C 
levels were more than 80 % lower in SCLC cell lines compared to non-SCLC lines, 
as detected by Western and Northern blotting. These fi ndings were confi rmed in 
another study using a different panel of cell lines [ 44 ]. In this latter study immuno-
fl uorescence confi rmed the absence or very weak expression of A-type lamins in 
SCLC cell lines. From Fig.  2  it becomes clear that at the individual cell level a 
pronounced variation in lamin C expression can be seen, ranging from complete 
absence of labeling, via weak diffuse intranuclear labeling, towards cells with a 
clearly visible nuclear membrane labeling. In contrast, lamin B1 expression appears 
to be quite homogenous in these cells. In general, nuclei containing a lamina with 
lamin A and/or lamin C are larger in size than those without A-type lamins (Fig.  2 , 
NCI-H82), and indeed cell lines that differentiate from the classic via the variant 
SCLC phenotype towards non-SCLC show increased nuclear size along with the 
appearance of pronounced lamin A/C staining (unpublished). Kaufmann et al. [ 38 ] 
performed an additional and very interesting study on SCLC cell lines. They com-
pared A-type lamin expression in the SCLC cell line NCI-H249 before and after 
transfection with v-Ha-RAS and found a dramatic increase in lamin A/C expression 
after transfection. How this v-Ha-RAS transfection, which alters the phenotype of 
this cell line from SCLC to non-SCLC, impacts on the expression of A-type lamins 
is not entirely clear yet. A correlation between RAS activation and increased lamin 
A/C expression has also been found in other studies. As mentioned above, a positive 
correlation between RAS expression and A-type lamin expression was found in 
human seminomas [ 16 ]. In parallel to these results, a recent study showed that in 
osteoblast differentiation by FGF3 activation, leading to RAS and ERK activation, 
expression of lamin A/C is increased [ 45 ]. As for SCLC, the mechanism by which 
increased LMNA expression is achieved upon RAS activation is unclear so far. The 
recent fi nding that phospho-ERK, a prominent downstream target of the RAS sig-
naling pathway, is increased in laminopathy cells is intriguing and suggests that not 
only A-type lamin expression can be induced by RAS signaling but also, conversely, 
the RAS signaling route can be triggered by defective A-type lamin expression in a 
feedback loop [ 46 ]. Interestingly, both RAS and lamins undergo the same posttrans-
lational modifi cations, including farnesylation, so a common expression regulation 
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pathway should not be excluded. The correlation between RAS activation and 
increased lamin A/C expression could explain why lamin A/C seems to be a marker 
for differentiation in some cell systems and a marker for increased proliferation in 
tumors. It is known that v-Ha-RAS can cause proliferation in some cells and senes-
cence induction in other cells. In the SCLC cell line NCI-H249 it seems that v-Ha- 
RAS expression leads to a cell phenotype with both increased growth and increased 
levels of differentiation [ 47 ], accompanied by an increase in lamin A/C expression 
[ 43 ], while, as mentioned above, in osteoblasts, enhanced normal RAS expression 
causes differentiation and senescence [ 45 ].

  Fig. 2    Confocal z-projections of SCLC cultures immunostained with lamin C or lamin B1 anti-
bodies ( green ). Note the large variation of lamin C immunostaining within a single clump of tumor 
cells, ranging from invisible ( arrow ) to a clear decoration of the nuclear rim. Note also that nuclei 
with lamin C in their lamina appear larger than in the neighboring lamin C-negative cells (NCI- 
H82). Lamin B2 is ubiquitously expressed in all tumor cells. Nuclei were counterstained with 
DAPI. Scale bars represent 10 μm       
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       Lung Cancer Tissue Specimens 

 A detailed study on the differential expression of A- and B-type lamins in both 
SCLC and non-SCLC revealed that A-type lamin expression is strikingly reduced in 
most SCLC. In fact, 6 out of 15 cases were scored as having no lamin A/C expres-
sion at all [ 44 ]. Cells with a higher degree of differentiation, including lung carci-
noids (4 out of 6 cases) and non-SCLC (23 out 25 cases), showed a prominent 
labeling using the A-type lamin antibodies. To our surprise, several non-SCLC 
tumors showed a pronounced cytoplasmic staining and the absence of nuclear stain-
ing. While at the histological section level no cellular or nuclear abnormalities were 
detected, lamin A/C staining was found in the cytoplasm and not decorating the 
nuclear rim of these tumors (Fig.  3 ). These fi ndings urged us to search for lamin 
abnormalities both at RNA and protein level as well as by mRNA sequencing. In the 
limited number of tumors examined, no A-type lamin mutations were found (Broers 
et al., unpublished). Thus, the cause of this cytoplasmic labeling of A-type lamins 
in lung cancer remains unresolved. Possibly, a disturbed nuclear import mechanism 
of lamins gives rise to cytoplasmic accumulation of these proteins. A study by Mical 
and Monteiro [ 48 ] showed that the presence of a correct nuclear localization signal 
is not suffi cient for nuclear translocation but that also the CAAX domain and an 
extra 42 AA central rod domain are needed. Possibly these motifs are not recog-
nized for nuclear import, or alternatively the nuclear import machinery for lamins 
itself is not functioning in these cells. A similar study in colon adenomas and gastric 
cancer also revealed cytoplasmic lamin staining [ 49 ]. Also, in this latter study no 
follow-up studies were performed explaining this aberrant lamin localization; how-
ever, in our search for lamin mutations in these tumors, we did discover a novel 
splice variant, lamin AΔ10, that appeared to be present not only in lung cancer cell 
lines and solid lung cancer but also in other tumors as well as in most normal tissues 
and cell lines. The expression level, however, was in general much lower than for 
full-length lamins A and C in the tissues examined, and in these older studies only 
a nested PCR allowed a reliable detection of the transcript [ 50 ]. However, in a recent 
study in neonatal ductal arterial tissue this transcript could be detected in a single 
RT-PCR run (35 cycles) [ 51 ]. Until now, the number of studies on this splice variant 
has been very limited. Initial attempts to generate lamin AΔ10-specifi c antibodies 
have failed. Lamin AΔ10-tagged GFP localizes normally to the nuclear membrane, 
forming a network with lamins A and C (Broers et al. unpublished). It is unknown 
whether lamin AΔ10 needs full-length lamins A and C for incorporation into the 
nuclear lamina. Since the protein is processed like lamin A, including farnesylation 
and cleavage of the C-terminus [ 50 ], independent incorporation seems likely.

   In most lung cancer specimens B-type lamins were expressed in all tumor cells, 
but in a minority of cases a reduced lamin B2 staining was found [ 36 ]. Also, lamin 
B1 was expressed in all lung cancers examined, albeit with a larger variation of 
staining intensity in general compared to lamin B2 within tumors (Broers et al. 
unpublished).   
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  Fig. 3    Immunocytochemical staining of different lung cancer subtypes using antibodies to lamin 
A/C and lamin B2. Specifi c immunostaining can be appreciated as a red-brown deposition of ami-
noethylcarbazole. Nuclei are counterstained with hematoxylin. Tumor areas (T) are indicated, next 
to surrounding (reactive) stromal areas (S) and blood vessels (BV). Small cell lung cancers (SCLC) 
in general do not express A-type lamins with a specifi c decoration of vascular endothelial cells 
(BV) only. In contrast, a lamin B2 antibody stains all (tumor and non-tumor) cells of SCLC. 
Squamous cell carcinomas (SQC) show nuclear membrane staining in virtually all tumor cells with 
a lamin A/C antibody as well as with a lamin B2 antibody. Note the absence of both lamins A/C 
and B2 in keratinizing areas (K) of the tumor. An adenocarcinoma (AC) shows next to nuclear 
staining a pronounced cytoplasmic staining in part of the tumor cells ( insert ) using an A-type 
lamin antibody. Lamin B2 is present in all tumor cells of this adenocarcinoma. Scale bar is 25 μm       
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    Lamins as Markers for Differentiation, Proliferation, 
and Tumor Progression 

 As stated in the previous sections, it has become clear that especially A-type lamin 
expression can be used as a marker for the developmental stage of a tumor. However, 
in general this only holds true within a certain group of tumors with otherwise simi-
lar characteristics. Table  1  summarizes the relationship between normal cells and 
their derived tumors as well as within tumors. The staining results of all these tis-
sues give rise to a lot of questions regarding their usefulness. How can any conclu-
sions be drawn on general expression patterns, if so many exceptions occur? As 
stated in the introductory part of this review, the general idea that differential lamin 
expression can be used for marking differentiation or proliferation is too simple. It 
is not possible to distinguish whether a decrease in A-type lamin expression in a 
tumor cell is due to local dedifferentiation of this cell or due to the fact that this 
tumor cell is derived from a particular normal cell with a lower degree of differen-
tiation. While many factors such as epitope masking and selective recognitions of 
phosphorylation state of the lamina have obscured the results of these stainings [ 4 , 
 13 ,  14 ], the impact of other factors on lamin expression has been largely over-
looked. For instance, to our knowledge, no correlation has been examined in vivo 
between RAS expression and staining with lamin antibodies. Also, the relative 
expression of the different A-type lamin isoforms (lamin A, lamin A∆10, lamin C) 
has not been addressed thoroughly in most studies.  

    Lamins in Apoptosis 

    Lamins as Target Molecules in the Execution of Apoptosis 

 While the molecular mechanisms by which the unique expression patterns of lamins 
in tumors remain obscure, the critical importance of apoptosis to the regulation of 
tumors is well established as are roles of lamins in the apoptotic process. Thus lamin 
functions in apoptosis could be a link to lamin changes observed in tumors. 
Numerous studies have been performed on the role of lamins in the execution of 
apoptosis. In cancer, apoptosis is a common event. Strikingly, most highly prolifera-
tive tumors show increased levels of apoptosis, as compared to tumors with a low 
proliferative capacity. In these former tumors even a small alteration in the percent-
age of apoptotic cells can lead to a dramatic expansion or shrinkage of tumor size. 
Lamins appear to be specifi cally targeted by caspases 3 and 6 that become activated 
both via the intrinsic and extrinsic pathway of apoptosis. Upon induction of apopto-
sis cytochrome c release activates procaspases, which cleave target molecules in an 
amino acid sequence-specifi c manner. A-type lamins are cleaved at their conserved 
VEID site, which is located in the non-helical linker region L12 at position 230. 
Cleavage is mediated specifi cally by caspase 6 and not by other caspases [ 52 ,  53 ]. 
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It was initially assumed that caspase 6 is also responsible for B-type lamin cleavage 
at their conserved VEVD site [ 54 ]; however, for complete cleavage of lamin B in 
vivo the presence of caspase 3 seems to be indispensable [ 55 ], possibly by forming 
essential components of the apoptosome complex [ 56 ,  57 ]. Several studies have 
indicated that an intact lamina can prevent or at least delay the execution of apopto-
sis, preventing chromatin condensation and fragmentation. For instance, a study by 
Rao et al. showed that an intact lamina, rendered uncleavable by caspases after 
mutating the VEVD/VEID lamin cleavage site, could delay the onset of apoptosis 
for 12 h [ 58 ]. In this way the lamina composition could prevent or delay apoptosis 
in certain tumors, depending on the amount of lamins present and the accessibility 
of lamins for caspases. Until now, however, no studies have confi rmed an altered 
sensitivity of lamins to degradation in any cancer subtypes. Absence of appropriate 
(pro-)caspases could be a mechanism to prevent apoptosis indirectly. Indeed, a 
recent study showed that a caspase-3 gene product (caspase-3s) could counteract on 
caspase 3 activity, preventing a proper apoptosome assembly [ 57 ].  

    Lamin Mutants Promote the Execution of Apoptosis 

 From the literature it is not clear whether lamins play an active role in preventing or 
promoting apoptosis in cancer. As mentioned, an intact lamina is capable of pre-
venting chromatin condensation and fragmentation. Yet, such an intact lamina does 
not warrant prevention from apoptosis. Lamin phosphorylation can cause depoly-
merization of the complete lamina network within minutes, as seen in vital imaging 
studies during mitosis [ 59 ,  60 ]. Also, in the apoptotic process the lamina becomes 
solubilized very rapidly, even before A-type lamin cleavage has been completed, as 
seen in CHO cells, transfected with lamin A [ 54 ]. In laminopathies, several studies 
speculate on the direct effects of A-type lamin mutations on the occurrence of apop-
tosis. Indeed, in cell cultures from laminopathy patients with different lamin muta-
tions increased apoptosis can be found [ 61 ]. More pronounced effects could be 
achieved by exposing patient cells to mechanical strain that elicited an increase in 
apoptosis in these cells [ 62 ]. Yet, studies in laminopathy animal models resulted in 
confl icting results. Heterozygous  lmna   +/−   mice subjected to 6 weeks of moderate or 
strenuous exercise training did not show induction of apoptosis and even seemed to 
protect these mice from developing symptoms refl ective of laminopathy diseases 
[ 63 ]. In contrast, Lu et al. [ 64 ] found a dramatic increase in frequency of apoptosis 
in the heart of transgenic mice with a human LMNA E82K mutation. They showed 
that in the heart tissue of these mice both FAS and mitochondrial pathways of apop-
tosis were activated, leading to increased expression and activation of caspases 8, 9, 
and 3. Next to mutant A-type lamins (which are not or only rarely found in cancer 
as far as is currently known), unprocessed lamins, especially progerin, could be 
responsible for the induction of apoptosis. While a study by McClintock et al. [ 65 ] 
showed that progerin can be expressed by normal cells, and can be associated with 
the normal ageing process, a recent study, investigating A-type lamin expression 
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during closure of the ductus arteriosus revealed that progerin is expressed during 
this process, at which a prominent induction of cell death via apoptosis can be seen 
in this tissue [ 51 ]. 

 How the presence of lamin mutations and/or unprocessed lamins can induce 
apoptosis is not yet clear. One route to apoptosis could be through mechanical 
weakening of cells with aberrant lamin expression. Lamin mutations lead to 
mechanical nuclear weakness [ 66 ,  67 ], which can lead to nuclear and cellular dam-
age and even nuclear ruptures [ 68 ]. These events can lead to excessive chromatin 
damage, which in turn will lead to apoptosis. Indeed, several studies have shown the 
increase in DNA repair and increased apoptosis and senescence in cell cultures of 
laminopathy cells [ 61 ,  69 ,  70 ]. Even in normal cells, overexpression of normal 
lamin A leads to increased senescence and apoptosis [ 71 ]. In cancer, the impact of 
lamin overexpression may be different since a recent study showed that in prostate 
cancer cells, transfection of A-type lamins leading to overexpression causes 
enhanced growth, invasion, and migration by activation of the PI3K/AKT/PTEN 
pathway [ 72 ], while knockdown of lamins in the same cell culture has opposite 
effects. On the other hand, knockdown of lamin B1 leads to apoptosis rather than 
necrosis after induction of cell death in the mouse mammary tumor FM3A cell line 
[ 73 ]. In this respect, it is tempting to speculate about the mechanism by which 
statins, known to block, amongst others, farnesylation of A- and B-type lamins, 
have a benefi cial effect in cancer treatment. Several studies showed that statins can 
induce apoptosis (e.g., see [ 74 ]), while also the more specifi c lamin-processing 
inhibitors (farnesyl transferase inhibitors, FTIs) can induce apoptosis in lymphomas 
[ 75 ]. Since these FTIs are also known to inhibit farnesylation of the RAS protein 
[ 76 ], a possible synergistic effect is evoked in these cancers. 

 Taken together, it can be stated that an active role of lamins in the induction but 
also the prevention of apoptosis is beginning to emerge, indicating the vital role of 
these proteins in cell survival. Clearly, the research on the role of lamins in cancer 
has only just begun.      
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    Abstract     Cancer is still diagnosed on the basis of altered tissue and cellular 
 morphology. The criteria that pathologists use for diagnosis include many morpho-
logically distinctive alterations in the nuclear envelope (NE). With the expectation 
that diagnostic NE changes will have biological relevance to cancer, a classifi cation 
of the various types of NE structural changes into three groups is proposed. The fi rst 
group predicts chromosomal instability. The changes in this group include pleomor-
phism of lamina size and shape, as if constraints to maintain a spherical shape were 
lost. Also characteristic of chromosomal instability are the presence of micronuclei, 
a specifi c structural feature likely related to the newly described physiology of chro-
mothripsis. The second group is predicted to be functionally important during clonal 
evolution, because the NE changes in this group are conserved during the clonal 
evolution of genetically unstable tumors. Two examples of this group include 
increased ratio of nuclear volume to cytoplasmic volume and the relatively fragile 
nuclei of small-cell carcinomas. The third and most interesting group develops in a 
near-diploid, genetically stable background. Many of these (perhaps ultimately all) 
are directly related to the activation of particular oncogenes. The changes in this 
group so far include long inward folds of the NE and spherical invaginations of 
cytoplasm projecting partially into the nucleus (“intranuclear cytoplasmic inclu-
sions”). This group is exemplifi ed by papillary thyroid carcinoma in which RET and 
TRK tyrosine kinases, and probably B-Raf mutations, directly lead to diagnostic 
longitudinal folds of the lamina (“nuclear grooves”) and intranuclear cytoplasmic 
inclusions. B-Raf activation may also be linked to intranuclear cytoplasmic inclu-
sions in melanoma and to nuclear grooves in Langerhans cell histiocytosis. Nuclear 
grooves in granulosa cell tumor may be related to mutations in the  FOXL2   oncogene. 
Uncovering the precise mechanistic basis for any of these lamina alterations would 
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provide a valuable objective means for improving diagnosis, and will likely refl ect 
new types of functional changes, relevant to particular forms of cancer.  

  Keywords     Criteria of malignancy   •   Histogenetic classifi cation   •   Hallmarks of 
 cancer   •   Relation between oncogenes   •   Nuclear envelope morphology  

  Abbreviations 

   H&E    Hematoxylin and eosin   
  N:C ratio    Nuclear volume compared to cytoplasmic volume ratio   
  NE    Nuclear envelope   
  PTC    Papillary thyroid carcinoma   

          Introduction 

 In spite of major progress in cancer research, the actual diagnosis of cancer is still 
made by pathologists who visually inspect cells and tissues for alterations at the 
light microscope level. The criteria that pathologists use to diagnose cancer are 
called the “criteria of malignancy.” The large-scale organization of the nuclear enve-
lope (NE) defi nes nuclear shape, and alterations of nuclear shape are a very impor-
tant subset of the criteria of malignancy. The underlying thesis of this review is that 
diagnostic alterations in nuclear shape will ultimately be found to be related to 
specifi c cancer cell physiologies. With the increasing evidence for associations 
between NE proteins and physiologies that appear relevant to cancer, and the 
increasing number of NE proteins that can be manipulated to alter shape, it is clear 
that nuclear shape changes are relevant to cancer [ 1 ]. 

 It is not a simple problem, though. There are many forms of cancer, with many 
different types of NE changes, different genetic underpinnings, and different clini-
cal manifestations (different prognoses, doubling times, risk of metastasis, patterns 
of spread, response to therapies, etc.). It is clearly not useful to make generalizations 
about “the” cancer cell or “the” NE change in cancer cells. The relevance of the NE 
to cancer is likely to be manifest in many different ways in different forms of cancer. 
Tumors have been historically named according to the cell of origin—the histoge-
netic classifi cation. However, the histogenetic classifi cation provides only a very 
limited representation of the biologic features of a tumor, and various NE abnor-
malities in cancer do not segregate neatly with histogenesis. Tumors are subclassi-
fi ed by the “grade” or the “differentiation,” yet these two terms also do not directly 
relate to NE alterations. Thus, researchers are typically unable to fi nd information in 
pathology reports or tumor bank databases that may correlate with a specifi c change 
in the NE. Another problem is that a spherical (normal) nuclear contour is actually 
typical of some forms of cancer, and a wide variety of nuclear shape changes can be 
seen in some normal cells, sometimes overlapping with the appearance in some 
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cancer cells. Finally, when carefully studied, at least some, if not many, diagnostic 
changes in the NE do not appear to refl ect any existing Hallmarks of Cancer physi-
ologies [ 2 ,  3 ]. The Hallmarks of Cancer are the expected changes that can theoreti-
cally account for the accumulation of more cells over time in a tumor. For example, 
the hallmarks include more rapid cell division, resistance to apoptosis, ability to 
induce a blood vascular supply, ability to escape the immune system, autonomy 
from the need for exogenous growth factors, and several other hypothetical changes. 
Since diagnostic changes in the NE may not be able to be explained by existing 
Hallmarks, it appears that researchers interested in NE changes in cancer should 
expect to uncover new cancer physiologies [ 4 ]. The goal of this review is to sort 
through these diffi culties and construct a framework to help dissect specifi c 
NE-based cancer-associated physiologies. A three-tiered classifi cation of the vari-
ous diagnostic NE abnormalities in cancer is proposed as an important start. 
Ultimately, it is argued that attention will have to be restricted to particular measur-
able NE alterations within particular cell types and their specifi c microenviron-
ments, probably with dynamic live cell imaging in order to uncover what will likely 
be unpredicted cell physiologies involving the NE in various cancers.  

    It Should Be Expected That Diagnostic Changes 
in the NE in Cancer Refl ect Important Physiologies 

 At all levels of biology—from the molecular level to the level of the whole organism 
and its ecology—there is a fundamental reciprocal relation between structure and 
function. We recognize that altering the function of a protein often requires that its 
structure be modifi ed. Reciprocally, an alteration in the structure of a protein— 
particularly an alteration conserved in evolution—is readily accepted to refl ect the 
existence of an important functional attribute. This essential accommodation 
between structure and function is also obvious at the level of the whole organism. 
For example, it is obvious that changes in the wing structures of different insect spe-
cies enable differences in fl ight physiologies. At the cellular level, the reciprocal 
relation of structure and function should be viewed in the same manner as any other 
level of biology, but our understanding of this level remains very limited. Many of 
the diagnostic features of cancers are found at the cellular level, involving the NE 
(Fig.  1 ). Cancer is a cellular-level biological process whereby Darwinian natural 
selection acts on heritable variation (whether genetic or epigenetic) to result in 
expansion of cells into new microniches [ 4 ]. The unit of natural selection in cancer 
is the whole cancer cell, and therefore it should be expected that abnormal physiolo-
gies of cancer cells will be refl ected in altered cellular-level morphology. The crite-
ria of malignancy span the tissue level to the subcellular level evident by light 
microscopy: electron microscopy has not generally been able to expose more spe-
cifi c, fi ne-scale structural features that defi ne malignancy [ 5 ], supporting the notion 
that key physiologies operate at the cellular–subcellular level.
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   The reciprocal relation between structure and function is not exactly cause and 
effect, but generally structure must fi rst be altered to alter function rather than the 
other way around. In accordance with our view at any other level of biology, cell 
structural features that distinguish normal from cancer cells should not be viewed as 
being merely a consequence of a preconceived notion of a cancer “hallmark.” In 
general, new physiologies are only able to be characterized when structure is 
accounted for. For example, without studying human anatomy, it was hard to dis-
prove the theory of the four humors of the ancient Greeks. Since some of the best 
diagnostic traits of cancers involve alterations in the NE, it seems imperative to fund 
research on the structural basis of diagnostic NE changes in order to gain insight 
into the functional changes of cancer cells.  

  Fig. 1    NE structural changes are key diagnostic traits of some cancers. On the  left  is an alcohol- 
fi xed, Papanicolaou-stained fi ne-needle aspirate of normal thyroid epithelial cells. The 
Papanicolaou stain is a modifi ed hematoxylin and eosin stain that is still used for cancer diagnosis 
by cytopathologists. Note the rigidly  round -to- ovoid shape  of the normal thyroid nuclei, and the 
presence of small aggregates of heterochromatin, many of which are positioned against the nuclear 
lamina. On the  right  is a fi ne-needle aspiration biopsy with diagnostic features of papillary thyroid 
carcinoma (PTC), fi xed and stained in the same manner as normal thyroid epithelium. Diagnostic 
features include the long linear infoldings of the NE (referred to in the literature as “nuclear 
grooves” (e.g.,  short thin arrows )). Also very important diagnostically are the spherical invagina-
tions of cytoplasm into the nucleus termed “intranuclear cytoplasmic inclusions” ( long thick 
arrows ). Two intranuclear inclusions are present in one nucleus in this case. In addition to the 
lamina changes, PTC shows a relative dispersal of heterochromatin. PTC such as this is relatively 
genetically stable and commonly bears only a single detectable mutation in B-RAF, RET, or TRK 
(see text). A prediction is that B-RAF, RET, or TRK function by altering NE (and chromatin) 
organization to enable a new physiology (see text)       
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    Relation of the Histogenetic Classifi cation of Cancer 
to the Criteria of Malignancy 

 Neoplasms are still mostly classifi ed according to the cell from which the neoplasm 
arises. For example, pathology reports and cancer registries list “lung cancer” and 
distinguish it from “pancreatic cancer” because lung cancers arise from one or 
another normal cell within the lung, and pancreatic cancers arise from a pancreatic 
cell. The histogenetic classifi cation has been important for predicting the existence 
of carcinogens (e.g., cigarette smoke in lung cancers) and for envisioning that can-
cer is a multistep process and predicting that premalignant phases should exist in the 
development of some cancers. In fact there remains uncertainty about whether there 
is one particular cell in any organ that gives rise to cancers within that organ or 
whether multiple cell types in one organ each have the potential to give rise to a 
cancer [ 6 ]. What is clear, however, is the same histogenetic type of cancer can have 
widely different morphologic features. This is true even if one restricts attention to 
tumors that share evidence of a common lineage or show evidence for a similar pat-
tern of differentiation. For example, small-cell lung carcinomas (carcinomas are 
tumors that show evidence of epithelial differentiation, possibly because they arise 
from an epithelial cell) are defi ned in part by the presence of a fragile-appearing NE, 
whereas non-small-cell lung carcinomas show a relatively more rigid-appearing 
though often irregularly shaped NE (Fig.  2 ).

   On the other hand, morphologically similar features are sometimes seen in can-
cers that arise from different cell types. For example, morphologically distinctive 
and diagnostically important “intranuclear cytoplasmic inclusions” are rarely exhib-
ited by normal cells but are highly characteristic of papillary thyroid carcinoma 
(PTC) (Fig.  1 ), early stages in the development of some pancreatic adenocarcino-
mas (Lee PJ, Owens CL, Hutchinson L, Fischer AH, manuscript in press, Journal 
American Society of Cytopathology) (Fig.  3 ), some lung adenocarcinomas, mela-
nomas and benign melanocytic nevi, and in some other tumors.

   Thus the actual morphologic features that are diagnostic of a cancer are not nec-
essarily related to the name given the tumor, and sometimes different histogenetic 
“types” of cancer seem to have more in common than two different cancers that can 
be given the same name. 

 The histogenetic classifi cation is increasingly recognized to be incongruous with 
a characterization of tumors based on their genetic alterations: Similar genetic 
changes can be shared by tumors of diverse histogenesis, and different genetic 
changes can be seen in different forms of cancer that arise from the same cell type. 
In general, when the morphologic features are distinctly different for tumors arising 
from the same cell type, the underlying genetic abnormalities and clinical features 
are found to differ. In sharply demarcated examples, the distinctive tumors are given 
different names. For example, thyroid epithelial cancers include two principal types: 
follicular and papillary. These two types have different morphologic features (the 
former has a round nucleus similar to normal thyroid—see Fig.  1 ), different non- 
overlapping sets of mutations [ 7 ], and different clinical behaviors (the former 
metastasize by the bloodstream, whereas the latter metastasize early via 
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lymphatics) [ 8 ]. Thus, the behavior of a cancer cell is refl ected at least partly by its 
morphology which in turn is related to its genetic alterations, and the behavior is not 
always related to the histogenesis.  

    Nuclear Grading, the Degree of Differentiation, 
and the Relation to NE Changes 

 The “grade” of a tumor is based on the pathologist’s qualitative assessment of how 
aggressive the tumor will be. Grading evolved based on the correlation of morpho-
logic impressions with autopsy or other follow-up data. A higher grade denotes a 
more aggressive tumor. The criteria for grading differ for different histogenetic types 
of cancers. For renal cell carcinomas, grade is largely based on nucleolar 

  Fig. 2    Lung cancer NE changes. Fine-needle aspirations of small-cell lung cancer ( left ) and non-
small- cell lung cancer ( right , at slightly higher magnifi cation) were prepared and stained as in 
Fig.  1 . Small-cell carcinoma and non-small-cell carcinoma have a similar or an identical histogen-
esis, yet their morphology is distinctly different. Note the relatively fragile-appearing NE of small- 
cell carcinoma with rupture of one nucleus ( long thick arrow ) and nuclear molding in which the 
shape of one nucleus conforms passively with the shape of an adjacent nucleus ( short thin arrows ). 
In comparison, non-small-cell carcinoma shows more rigid-appearing nuclei that do not crush eas-
ily in biopsy preparations, but show stochastic nuclear shape abnormalities. Other important fea-
tures that distinguish small-cell carcinoma include the scant cytoplasm, tendency for small-cell 
carcinomas to have internal foci of heterochromatin that seem to lack an affi nity for the lamina, and 
inconspicuous nucleoli. These two morphologically distinguishable tumors, both highly geneti-
cally unstable, have different clinical features and different underlying patterns of cancer gene 
activations (see text)       
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prominence, with a smaller contribution from a subjective assessment of the irregu-
larity of the NE [ 9 ]. For breast cancer, the grade is a composite of three features [ 10 ]: 
architectural features (how well the tumor cells produce glandular structures), the 
mitotic rate, and a “nuclear grade.” The nuclear grade is the most subjective of the 
three, and it includes primarily a consideration of overall nuclear pleomorphism 
(which correlates very closely with measures of chromosomal instability and may or 
may not include loss of round-to-oval shape of the nuclear contour [ 11 ,  12 ]). The 
three features are given a score of 1–3, and the sum of all three is used to determine 
grade, where 3–5 points are Grade 1 (good prognosis), 6–7 points are Grade 2, and 
8–9 points are Grade 3 (worst prognosis). Some Grade 1 tumors may have nuclear 
shape abnormalities (for example, some near-diploid lobular carcinomas that can 
show deep infoldings of the NE), and some Grade 3 tumors may have relatively 
round–oval nuclei. Thus, nuclear shape change is only a component of breast cancer 
grading, and the grade does not specify an exact phenotype. Pathology reports that 
include a histogenetic classifi cation and a grade may not be able to disclose impor-
tant associations between morphologic changes in the NE and particular NE proteins 
or functional measures. Therefore, it will be useful to engage pathologists in studies 
of NE proteins or physiologies to identify correlations with NE morphology.  

  Fig. 3    Similar diagnostic structural features are often seen in tumors of different histogenetic 
origins. Fine-needle aspirations, fi xed and stained as in Fig.  1 , are shown with normal pancreatic 
ductal cells on the  left , and the earliest known stage of a pancreatic adenocarcinoma is shown on 
the  right  (in this case an “intraductal papillary mucinous neoplasm”). Note the intranuclear cyto-
plasmic inclusions ( long thick arrows ) and nuclear grooves ( short thin arrows ) similar to the fi nd-
ings in PTC. By Papanicolaou staining, this pancreatic neoplasm is predicted to be chromosomally 
stable and diploid (see text). Both images are at identical magnifi cation       
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    A Classifi cation of the NE Structural Changes Diagnostic 
of Cancer 

 There are many varied interpretations of the biologic signifi cance of the criteria for 
diagnosing cancer (the “criteria of malignancy”) [ 13 ,  14 ]. The American Society of 
Cytopathology assembled a Cell Biology Liaison Working Group to interpret the 
criteria from the perspective of the relevant cell biology literature [ 15 ]. The Working 
Group derived a classifi cation of all of the criteria in a manner that was hoped to 
provide a common perspective between the cell biologists studying cancer and the 
cytologists who actually diagnose cancer. The present review is an extension of this 
concept, focusing on just alterations of the NE. The classifi cation is shown in 
Table  1 , and it includes three main classes of diagnostic abnormalities.

      Group 1: NE Alterations Associated with Chromosomal Instability 

 An important subset of the criteria for diagnosis of cancer appears to simply relate 
to the identifi cation of genetic instability. An unpredictable cell-to-cell variation 
within a population (“pleomorphism”) in any morphologic feature is an indication 
for instability in the phenotype of the cells, and an unstable phenotype predicts 
some form of genetic or epigenetic instability. This group of cytologic criteria is the 
most familiar to non-pathologists, and it usually includes prominent pleomorphism 
in the size and shape of nuclei (Fig.  4 ). The type and degree of nuclear shape change 
can differ in different chromosomally unstable tumors (for example, see Fig.  2 ).

   Table 1    Classifi cation of NE abnormalities in cancer cells   

 Group 1. Changes associated with chromosomal instability. 
 • Cell-to-cell variation in NE size and shape. Deep infoldings, aneurismal outpouchings, and 

polylobulation that vary unpredictably from cell to cell, accompanied by unpredictable variation 
from cell to cell in total DNA content and variation in other cellular features.  

 • Presence of micronuclei. Probably functionally related to chromothripsis. 
 Group 2. Conserved NE structural features within a genetically unstable population, of unknown 

functional signifi cance. 
 • Increased nuclear lamina surface area or nuclear volume compared to cytoplasmic volume 

(“increased N/C ratio”). Frequently associated with nucleolar prominence.  
 • Fragile nuclear lamina of small-cell carcinoma. 
 Group 3. NE alterations that occur in the absence of chromosomal instability, directly linked or 

possibly linked to activations of specifi c cancer genes, all of unknown functional signifi cance. 
 • Long nuclear infoldings (“grooves”) induced by RET/PTC, TRK/PTC, and probably activated 

B-RAF in papillary thyroid carcinoma. 
 • Intranuclear cytoplasmic inclusions induced by RET/PTC and possibly TRK/PTC and 

activated B-RAF in papillary thyroid carcinoma. 
 • Nuclear grooves in granulosa cell tumor, possibly mediated by FOXL2. 
 • Nuclear grooves in Langerhans cell histiocytosis, possibly mediated by activated B-RAF. 
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   The major form of genetic instability directly recognized by pathologists corre-
sponds to the cell biology concept of “chromosomal instability,” present in about 
90 % of solid tumors [ 16 ]. Chromosomal instability was recognized in the nine-
teenth century using stains and microscopy techniques that are still in use today, 
before the chromosomal basis of inheritance was fully articulated [ 17 ]. In studying 
the morphology of cancer cells, von Hansemann noted that the variation in the 
degree of chromasia and the size and shape of interphase nuclei correlated with 
variation in the numbers of chromosomes segregated per daughter cell through 
mitosis [ 18 ]. Within the decade, Theodor Boveri demonstrated that abnormal num-
bers of centrosomes could induce abnormal segregation of chromosomes in the 
mitotic progeny of early-developing sea urchin embryos, and he later postulated the 
link between centrosome abnormalities and chromosomal instability [ 19 ]. 
Centrosome abnormalities and asymmetries in the mitotic spindle apparatus still 
provide strong evidence for diagnosing a chromosomally unstable cancer. 
Chromosomal instability is a complex heterogeneous phenotype involving poten-
tially many specifi c defects [ 16 ,  20 ]. Micronuclei are one particular manifestation 
of chromosomal instability, commonly representing mis-segregated chromosomes 

  Fig. 4    Normal breast ductal cells and ductal carcinoma. Fine-needle aspiration samples prepared 
and stained as in Fig.  1  to show a comparison of normal ductal cells ( left ) with a “high-grade,” 
chromosomally unstable, and aneuploid ductal carcinoma ( right ). Note the wide variety of nuclear 
shapes of the aneuploid carcinoma. Some nuclei are relatively spherical, while others show various 
lobulations, aneurismal like outpouchings, and some longitudinal infoldings. In addition to unpre-
dictable variation in nuclear shape and variation in total amount of hematoxylin (refl ecting chro-
mosomal instability) there is also unpredictable variation in heterochromatin patterns, possibly 
representing an “epigenetic instability.” Both images are at identical magnifi cation       
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that acquire an independent NE from the bulk of the chromosomes [ 16 ]. They can 
be detected with hematoxylin and eosin (H&E) staining [ 21 ]. Recent studies have 
implicated an aberrant DNA damage response within micronuclei that results in the 
phenotype of chromothripsis [ 22 ]. Thus, distinctive structural changes in the NE of 
chromosomally unstable cells have distinct functional signifi cance. Other subtleties 
of chromosomal instability have not been obvious from just classical histopatho-
logic observation, and in the following discussion the phenotype is simplifi ed and 
considered to be homogeneous. 

 In interphase, chromosomal instability is manifest as a cell-to-cell variation in 
the total amount of hematoxylin (variable degree of chromasia, refl ecting variable 
numbers of chromosomes) per nucleus. The total amount of hematoxylin that stains 
an interphase nucleus bears a reasonably close approximation to total DNA content, 
as evidenced by parallel Feulgen staining (a quantitative DNA stain for light micros-
copy) or by restaining pathology samples with fl uorescent in situ hybridization 
probes to enumerate chromosome numbers. The estimation of total DNA content 
per cell is diffi cult in paraffi n-embedded samples because the sections do not neces-
sarily include the full diameter of the nucleus. Cytopathology preparations are bet-
ter suited for disclosing this particular diagnostic feature because whole cells are 
deposited on a slide without any sectioning. On the other hand, sectioning of cells 
and tissues is helpful for disclosing other types of diagnostic changes, particularly 
changes in the architecture of tissues. There are stable forms of aneuploidy that can 
probably be predicted just on H&E staining. For example, a distinct subset of breast 
cancers have an aneuploid but stable chromosome content and lack centrosome 
abnormalities [ 23 ]. Other measures of chromosomal instability besides FISH or 
measurement of total DNA content are being developed for diagnosis and prognos-
tication [ 24 ]. Such new techniques may be easier to apply than FISH and would 
likely be more sensitive and reproducible than the estimates that are obtained with 
the unaided human eye. 

 Polyploidization is biologically distinct from aneuploidy [ 25 ], and it is also man-
ifest as a variation from cell to cell in total hematoxylin staining. However the varia-
tion from polyploidization results in discrete stepwise, geometric doublings of total 
hematoxylin or DNA content. Polyploidization is also accompanied by a predict-
able approximate doubling of cytoplasmic volume such that the ratio of nuclear to 
cytoplasmic volume does not change. For most cell types, polyploidization is not 
associated with an alteration in the texture of the cytoplasm or in the pattern of het-
erochromatin formation in the nucleus compared to corresponding diploid cells: 
Polyploid cells look like big variants of normal cells. Importantly, polyploid cells 
usually have the same overall nuclear shape as their diploid counterparts (generally 
round to oval). Megakaryocytes are an important exception to this rule, since these 
cells characteristically develop irregularly shaped nuclei during polyploidization, 
along with maturation of the cytoplasm to enable formation of platelets. 
Polyploidization is physiological in megakaryocytes and trophoblastic cells, it is 
common in cardiac myocytes that have been mechanically stressed, it is well docu-
mented in aging hepatocytes, it is common in several endocrine tissues such as 
adrenal and thyroid, it is common in umbrella cells of the bladder [ 26 ], and it 
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appears to be an occasional fi nding in cervical squamous cells in Pap tests [ 15 ,  25 ]. 
Polyploidization should predispose cells to the development of aneuploidy [ 25 ]; 
however, it is paradoxical that polyploidy appears very commonly in clinical sam-
ples, and polyploidization is documented to lack prediction of a risk for subsequent 
tumor development [ 26 ]. 

 Microsatellite instability is another form of genetic instability, and microsatellite 
unstable carcinomas commonly have a grossly diploid DNA content [ 27 ]. 
Nevertheless, microsatellite unstable carcinomas can have highly irregular nuclear 
shapes [ 28 ]. 

  Dissecting the signifi cance of NE irregularity that accompanies chromosomal 
instability —Most chromosomally unstable malignancies can show extensive varia-
tion in the size and shape of the nucleus (Figs.  2  and  4 ). The degree of variation in 
nuclear size and shape persists at a grossly similar level during the natural history of 
chromosomally unstable cancers. Nuclear shape does not appear to become pro-
gressively more irregular or less irregular over time, or in different metastatic sites, 
at least not to a degree that can be discerned with the unaided human eye. Thus, 
nuclear shape pleomorphism is not used by pathologists to distinguish the degree of 
invasiveness of a sample or to determine whether a sample is from a primary site or 
a metastasis. The diagnosis of invasion is based generally on large-scale tissue 
architectural features (reviewed in [ 15 ]), whereas the diagnosis of a metastatic focus 
is based on knowing where the biopsy comes from rather than on any specifi c 
cellular- level structural change. Conservation of structure through evolution pre-
dicts that the particular structure is functionally signifi cant. In the evolution of meta-
zoans, a rounded to ovoid nuclear shape seems to be selected for. Yet, in the clonal 
evolution associated with chromosome instability, nuclear shape is apparently NOT 
conserved, as if there were no Darwinian selective pressure at all for a particular 
shape! Genetically unstable cancer cells seem to lose control over the retention of a 
normal round-to-ovoid shape. At the same time, many cancer cells may also remain 
relatively rounded, and there is no indication from classical pathologic examination 
that cells with rounded or irregular shapes have different properties. Extracting bio-
logical signifi cance from the NE pleomorphism associated with chromosomal insta-
bility seems like a diffi cult prospect, and the evolutionary argument can easily be 
raised that there may be NO biological signifi cance to NE pleomorphism accompa-
nying chromosomal instability. 

 On the other hand, classical pathologic examination is subjective and qualitative. 
Improved objective measures of NE alterations in cancer cells could help disclose 
structural features that have physiologic signifi cance (e.g., objective measurements 
that may be able to predict a higher risk of metastasis). Classical pathologic exami-
nation has been limited to snapshot images of cells, hindering identifi cation of any 
associations between morphology and subsequent cellular behavior. Techniques for 
visualizing the lamina in living explants of human cancer cells (i.e., in their native 
tissue environment) have only become available within the past 10–15 years, but 
these techniques have not yet been widely applied to studying human tumor dynam-
ics in their native microenvironment. Experience at all other levels of biology sug-
gests that observation of the dynamic features of a system provides much greater 
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insight than static observations. Dynamic studies of the NE in transient cultures of 
human microbiopsy samples would seem likely to expose biologically relevant 
associations that cannot be predicted or identifi ed in static images. The tremendous 
biological variation and pleomorphism of the nuclear lamina in chromosomally 
unstable tumors provides an easy opportunity (a veritable biological library of phe-
notypes) to scan for correlations between NE morphology and cell behaviors. 

 In vitro studies of the NE have shown unexpected dynamics, including transient 
rupturing of the NE in interphase [ 29 ]. We performed live cell imaging of chromo-
somally unstable DU-145 prostate cancer cells, growing in monolayer cultures and 
expressing GFP lamin A. Unexpectedly, some cells had statically irregular nuclei 
whereas other cells showed dynamic interphase defl ections of the lamina [ 30 ]. 
While we did not observe an obvious correlation between dynamic interphase 
defl ections of the NE and cell migration, it seems possible that within tissue, nuclear 
shape pleomorphism could be relevant to cell migration. The extremely lobulated 
nuclear contour of a normal mature neutrophil is likely to have functional signifi -
cance by allowing the nucleus to fi t through tight spaces between cells [ 31 ]. Lamin 
B receptor (LBR) is required for complete lobulation of the neutrophil nucleus, and 
LBR mutations in humans give rise to the Pelger–Huet anomaly characterized by 
hypolobulated neutrophil nuclei and potential defects in neutrophil migration [ 32 ,  33 ]. 
We were able to show that neither cytochalasin nor nocodazole (drugs that block 
polymerization of actin and microtubules, respectively) arrested the dynamic defl ec-
tions of the lamina suggesting that biomechanical forces that deform the NE are not 
based on actin microfi laments or microtubules. Further, the appearance of cells with 
a collapsed cytoskeleton suggested the unanticipated presence of an intranuclear, 
possibly chromatin-based, force that actively deforms the interphase NE in a subset 
of chromosomally unstable DU145 cells. Taking a dynamic approach can permit 
many questions to be asked: Are dynamic NE shape changes restricted to particular 
phases of the cell cycle? Are the dynamics of NE reassembly or smoothening 
altered in cells with particular forms of interphase NE irregularity? Do cells with 
dynamic interphase NE irregularities have a greater or a lesser degree of sensitivity 
to chemotherapeutic drugs? Do transient NE disruptions [ 29 ] occur with different 
frequencies in NEs with statically irregular, dynamically irregular, or statically 
round shapes? 

 In interpreting studies that attempt to identify prognostic implications of NE 
changes, it will be important to be aware that chromosomal instability and NE pleo-
morphism are tightly correlated. As noted above, low-grade carcinomas tend to be 
genetically stable whereas high-grade carcinomas tend to show evidence of chro-
mosomal instability. Many low-grade tumors also tend to have relatively more 
rounded nuclear shapes than high-grade tumors (see below in Group 3 for the 
important exceptions). It is well established that the “grade” of a tumor is closely 
related to the clinical or the biological aggressiveness of the tumor. Thus, a priori, 
one expects that cancers with high degrees of NE irregularity will yield an excess of 
high-grade chromosomally unstable tumors that have a worse prognosis. Separating 
any effects of NE irregularity per se from other consequences of the various types 
of chromosomal instability is a very diffi cult problem. 
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 Certain changes in NE confi guration are sometimes conserved in spite of the 
accelerated evolution of tumor cells conferred by genetic instability. The conserva-
tion of a structural feature in evolution is usually an indication that the structural 
feature has functional signifi cance. Two such conserved NE structural features in 
chromosomally unstable tumor cells are included in the next group of diagnostic NE 
changes in cancer.  

    Group 2: Diagnostic NE Alterations That Are Conserved 
in Chromosomally Unstable Tumors, as if They Refl ect 
an Important Physiology 

     (a)     Nucleocytoplasmic ratio —An increased nuclear volume compared to the cyto-
plasmic volume (the so-called N:C ratio, often called karyoplasmic ratio) is com-
monly observed in cancer cells compared to normal cells [ 34 – 36 ]. Increased N:C 
ratio is particularly prominent in tumors with morphologic features suggestive of 
chromosomal instability, but its conservation within the genetically unstable 
population is a compelling evidence that it has an important functional relation. 

 The ratio of the size of the nucleus to the amount of cytoplasm for particular 
normal cell types is highly conserved through evolution (   reviewed in [ 37 ,  38 ]), 
as if the N:C ratio has functional signifi cance in normal cells. Nuclear size can 
be thought of as being dependent on DNA content and average DNA density 
[ 39 ,  40 ]. In addition to these two factors (which can both vary within a popula-
tion of tumor cells), nuclear size bears an uncharacterized relation to cytoplas-
mic volume. Experimental manipulations that alter overall cell size in yeast, 
 Drosophila , and  Caenorhabditis elegans  are associated with commensurate 
changes in nuclear volume (apparently through changes in DNA compaction) to 
preserve a relatively constant ratio of nuclear volume to cytoplasmic volume 
[ 41 ] (reviewed in [ 37 ,  39 ,  42 ]). It is important to point out that different types of 
normal human cells have different N:C ratios, and the same cell type can have 
widely different N:C ratios depending on physiologic changes. For example, 
during activation of a fi broblast in a healing wound, there is enlargement of the 
nucleus associated with conversion of their abundant heterochromatin to 
euchromatin, but there is an even greater increase in the amount of cytoplasm. 

 The increased nuclear volume is clearly related to the fact that tumor cells 
with chromosomal instability generally have a mean DNA content that is higher 
than diploid. If average DNA density is otherwise similar between hyperdiploid 
cancer cells and a normal diploid cell, then necessarily the nuclear volume 
would be increased. Nuclear enlargement per se could therefore be a function-
less, passive consequence of a selection for increased DNA content in chromo-
somally unstable tumors. Several explanations for the apparent selection for a 
hyperdiploid DNA content of tumor cells have been offered [ 16 ]: (1) Increasing 
the chromosome number decreases the chance that all copies of a vital chromo-
some would be lost in the asymmetric cell divisions of chromosomal instability. 
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(2) Larger chromosome numbers also tend to stabilize relative transcript and 
protein abundances when cells lose or gain an extra copy or two of a chromo-
some. Thus, hyperdiploidy reduces “proteotoxic stresses” such as overactivity 
of proteasome degradation pathways and unfolded protein responses [ 16 ]. 

 N:C ratio by itself is less important for cancer diagnosis than the combina-
tion of an inappropriately scant cytoplasm compared to the signs in the nucleus 
of activation [ 36 ]. During physiological activation, cells acquire a euchromatic 
appearance accompanied by overall nuclear enlargement including enlargement 
of nucleoli and an increase in the total cytoplasm and basophilia of the cyto-
plasm (the basophilia or the weak hematoxylin staining of the cytoplasm refl ects 
increased numbers of ribosomes as evidenced in electron micrographs). In con-
trast, the phenotype of cancer cells with an increased N:C ratio includes the 
increased euchromatinization and enlargement of nuclear and nucleolar size but 
without signs of increased protein production in the cytoplasm. This phenotype 
implies that nucleolar or ribosomal function is somehow closely related to the 
abnormal N:C ratio of cancer cells [ 30 ].   

   (b)     Nuclear fragility and rigidity —Nuclear fragility is a particularly prominent 
diagnostic trait of “small-cell carcinoma” (Fig.  2 ). Small-cell carcinoma is a 
morphologically distinctive tumor that can arise from nearly any site in the 
body. The most common site of origin is lung. Inactivating mutations in both 
p53 and Rb are found in about 90 % of small-cell carcinomas of lung, and 
amplifi cation of Myc is seen in about 20 % of cases [ 43 ]. Small-cell carcinoma 
is among the most aggressive of human malignancies, essentially always exhib-
iting metastases when fi rst diagnosed, and it is rapidly fatal if untreated. The 
tumor is highly genetically unstable, as shown by whole-genome sequencing 
[ 44 ]. In spite of the obvious genetic instability, there is a striking conservation 
of a series of morphologic characteristics (Fig.  2 ) [ 15 ,  45 ]: (1) The NE of small- 
cell carcinoma appears to lack strength, as estimated by observing how easily 
nuclei crush during the biopsy or the brushing procedure or crush during prepa-
ration of a cytologic smear of the sample. While the adjacent normal nuclei 
withstand the biopsy and smearing, small-cell carcinoma nuclei selectively are 
ruptured or crushed. (2) The nuclei seem to have so little rigidity that they easily 
“mold” or conform to each other or to other objects in their vicinity. (3) Possibly 
mechanistically related to the fragility is a peculiar chromatin organization of 
small-cell carcinoma. The NE of small-cell carcinomas appear to lack the usual 
affi nity for heterochromatin of other cell types. It is as if heterochromatin aggre-
gates are as likely to be present in a central location as they are in a peripheral 
location. (4) The chromatin of small-cell carcinomas also generally lacks con-
fl uent areas of euchromatin. (5) Another conserved feature in small-cell carci-
noma is a very high N:C ratio with scant cytoplasm. (6) Moreover, the cytoplasm 
lacks circumferential arrangement of cytoplasmic intermediate fi laments (kera-
tins and vimentin). The scant cytoplasmic intermediate fi laments commonly 
condense into a single dot-like focus. The scant cytoplasm with scant 
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 disorganized intermediate fi laments may not explain the fragility of the nuclei 
of small- cell carcinoma since the cytoplasm of many tumor types can be seen to 
easily strip away from the nuclei during preparation of a smear, yet these 
stripped naked nuclei appear relatively rigid compared to small-cell carcinoma. 
(7) A fi nal diagnostic trait of small-cell carcinomas is that they lack large nucle-
oli, a paradoxical fi nding given their extremely high turnover. 

 “Small” is relative. Most small-cell carcinomas are larger than the normal 
cells that they arise from, but other carcinomas tend to be much larger. Small- cell 
carcinomas lack lamin A/C compared to non-small-cell carcinomas of lung [ 46 ] 
(e.g., right side of Fig.  2 ). However, carcinoid tumors (a low-grade genetically 
stable tumor believed to be histogenetically related to small-cell carcinoma) also 
lack lamin A/C [ 46 ] and yet have relatively rigid round-to-ovoid nuclei.      

    Group 3: Diagnostic Changes in the NE in Near-Diploid Tumors 

 The background of genetic instability in the fi rst two classes makes it diffi cult to 
dissect particular physiologies associated with specifi c cancer genes or specifi c NE 
proteins. In contrast, the diagnostic traits in this third group appear far more 
approachable, and these changes deserve more attention.

    (a)     Papillary thyroid carcinoma —PTC is described in detail elsewhere [ 15 ,  47 – 49 ]. 
Briefl y, PTC is diagnosed on the basis of nuclear structural changes involving 
the NE as well as chromatin. Two principal types of tumors arise from normal 
thyroid epithelial cells: PTC and follicular neoplasms [ 50 ]. Both normal thyroid 
epithelium and thyroid follicular neoplasms show a round-to-oval nucleus with 
distinct aggregates of heterochromatin (Fig.  1 ), whereas PTC nuclei show vari-
ous NE irregularities [ 51 ] and dispersal of heterochromatin into fi ne aggregates. 
Nuclear size is modestly increased. Two distinctive types of irregularity of the 
NE in PTC are present. “Nuclear grooves” or long longitudinal inward folds of 
the lamina traversing half or more of the nuclear diameter are common. Often 
several folds may be present in one nucleus, intersecting at relatively random 
angles to each other. The folds in the nucleus can be very shallow or extend half 
way or deeper into the nucleus. In addition to these relatively linear infoldings 
of the NE, a highly distinctive and very diagnostically important “intranuclear 
cytoplasmic inclusion” is present in a generally small proportion of the nuclei 
of PTCs. These inclusions are rarely present in more than about 5 % of tumor 
cells [ 51 ]. The inclusions appear as a very spherical shaped invagination of 
otherwise unremarkable cytoplasm part way into the nucleus. The diameter of 
the inclusions can vary from near the limit of light microscopic resolution to 
diameter of the whole nucleus. Sometimes more than one inclusion can be 
found in one nucleus, and the inclusions sometimes merge with a relatively 
straight line demarcating the two. Electron micrograph studies have not 
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 disclosed a specifi c cytoplasmic feature in the invaginated segment [ 52 ,  53 ]. 
One immunohistochemical study showed an accumulation of beta catenin in the 
center on the cytoplasmic side of some of the inclusions [ 54 ]. Another study has 
reported that centrosomes may be located within the center of some of the 
inclusions [ 55 ]. The nuclear lamina underlying these inclusions contains lamins 
A/C, B1, emerin, and Lap2 epitopes at the same relative intensity of staining as 
the rest of the lamina [ 48 ,  56 ]. 

 In addition to the lamina changes, chromatin changes are useful for diagnos-
ing PTC. Compared to normal thyroid epithelial cells, there is a marked disper-
sion of heterochromatin into smaller aggregates (Fig.  1 ); however, the total 
amount of heterochromatin is unaltered [ 57 ]. 

 Importantly, different clinical features and different sets of mutations are 
found in PTC compared to thyroid follicular neoplasms [ 7 ]. Translocations in 
RET or TRK tyrosine kinases and point mutations in B-RAF are restricted to 
PTC. While many other epithelial cancers progress through obvious dysplastic 
or in situ changes, there is no other histologic intermediate between normal 
thyroid and PTC. Both PTC and follicular neoplasms tend to be relatively 
genetically stable, and translocations in RET were shown to be present within 
all of the cells in some small tumors. These observations raised the question of 
whether RET translocations were suffi cient to cause PTC and led to an experi-
ment to test whether the RET oncogene would be suffi cient to induce the 
nuclear features of PTC if the tumor indeed arose in one step. Normal thyroid 
epithelium is easy to culture, and direct demonstration of the induction of chro-
matin dispersal and NE irregularity was shown after introducing the RET tyro-
sine kinase [ 58 ]. Subsequent studies showed that analogous translocations of 
the TRK tyrosine kinase found in some PTCs were suffi cient to induce the same 
nuclear fi ndings, and a phosphotyrosine docking site for SHC/FRS2 shared by 
RET and TRK was shown to be essential for nuclear restructuring [ 59 ]. 

 The time course for the development of nuclear irregularity following 
expression of RET was shown to be within 6 h, without a need for an interven-
ing mitosis and post-mitotic nuclear reassembly [ 60 ]. Thus RET induces NE 
irregularity within interphase. 

 Point mutations in B-RAF were later found to be present, mutually exclusive 
with RET translocations, at an early time in the development of many PTCs, 
and mouse transgenic models of B-RAF activation in the thyroid suggest that 
B-RAF functions identically to RET or TRK in altering the NE. Activating 
mutations of H-RAS do not alter nuclear shape in normal thyroid epithelium 
[ 58 ]. This is paradoxical because RAS may be required to transduce a signal 
between tyrosine kinases RET or TRK and B-RAF [ 7 ]. H-RAS is an uncom-
mon mutation in the thyroid, but it is specifi cally associated with follicular neo-
plasms that do not show nuclear contour irregularities of PTC. 
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 B-RAF mutations are also found as an early event in melanocytic neoplasia, 
present in over half of benign moles (“melanocytic nevi”) and a similar propor-
tion of melanomas. Benign nevi and melanomas both show intranuclear cyto-
plasmic inclusions identical to those of PTC. Compared to the clean genetic 
background of PTCs, melanomas can have many complex abnormalities and, 
according to the classifi cation of NE in cancers, intranuclear inclusions in 
melanocytic neoplasms therefore would appear to belong in the second group 
of diagnostic NE changes in cancers. Intranuclear cytoplasmic inclusions are 
uncommon in any nonneoplastic cells, but they can be seen in ostensibly nor-
mal hepatocytes. They are common in hepatocellular carcinoma, some lung 
adenocarcinomas, and particularly pulmonary adenocarcinomas with EGFR 
mutations [ 61 ]. Recently, intranuclear inclusions were shown to be present in 
about one-third of cases of the earliest known stage of development of pancre-
atic neoplasia (Fig.  3 ). Understanding the precise structural basis of intranu-
clear cytoplasmic inclusions would improve the diagnosis of thyroid and other 
tumors. 

 The actual targets of RET or TRK that effect the alteration in chromatin and 
NE are completely unknown. Regarding the functional signifi cance of the 
changes induced by RET (and probably B-RAF), there are some important 
observations: (1) Transcription patterns change relatively little compared to 
either follicular-type neoplasms or normal thyroid tissue [ 62 ,  63 ], yet the change 
in the chromatin is quite dramatic compared to differences between other cell 
types. (2) The distribution of active RNA Pol II, distribution of splicing factors, 
and intranuclear distribution of nuclease hypersensitive sites are not grossly dif-
ferent between PTC and follicular neoplasms (reviewed in [ 15 ]). There is there-
fore essentially no evidence that the nuclear restructuring associated with 
oncogene activations functions to alter transcription. (3) Measurements of cell 
cycle kinetics and apoptotic rates do not distinguish PTC from the histogeneti-
cally related follicular neoplasms, suggesting that the functional changes are 
independent of these central “hallmark” cancer traits [ 64 ,  65 ] (reviewed in [ 15 ]).   

   (b)     Langerhans cell histiocytosis —Langerhans cell histiocytosis is a relatively 
genetically stable tumor with a variable but usually indolent clinical course. 
B-RAF mutations are found in a majority of cases (Fig.  5 ) [ 66 ]. A key diagnos-
tic feature is the presence of long nuclear grooves very similar to PTC: 
 intranuclear cytoplasmic inclusions are not a common feature of this tumor.

       (c)     Adult granulosa cell tumor —Adult granulosa cell tumor is a rare type of ovar-
ian cancer with a mutation-free background except for a point mutation in 
 FOXL2  gene [ 67 ]. This tumor is clinically unpredictable and can metastasize. 
“Coffee bean”-shaped nuclei in which there is a modestly deep and long nuclear 
groove is a key diagnostic trait (Fig.  6 ). Normal granulosa cells have relatively 
round nuclei. A direct test of whether FOXL2 induces nuclear grooves in granu-
losa cells has not been done.
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  Fig. 5    Fine-needle aspiration sample of Langerhans cell histiocytosis. The neoplastic cells ( long 
thick arrows ) are characterized by the presence of long nuclear grooves similar to papillary thyroid 
carcinoma. One lymphocyte is present ( short thin arrow ) along with a couple of degenerated cells. 
Red blood cells are stained  orange  in this and the other images. B-RAF mutations are present in a 
majority of cases of Langerhans cell histiocytosis (and were present in this case)       

  Fig. 6    Fine-needle aspiration sample of a metastatic granulosa cell tumor. This diploid tumor is char-
acterized by “coffee bean”-shaped nuclei bearing long nuclear grooves similar to Langerhans cell 
histiocytosis and papillary thyroid carcinoma. Mutations are restricted to a single gene ( FOXL2 ) in 
this tumor. The hypothesis that  FOXL2  mutations directly induce NE irregularity has not been tested       
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            Dissecting the Functional Signifi cance of the NE Changes 
in Group 3 

 Nuclear grooves and intranuclear cytoplasmic inclusions are not seen in every sin-
gle cell in a given tumor. It is not as if a cancer gene like RET was acting like Gregor 
Mendel’s famous wrinkled pea gene. Pathologist’s observations suggest that cancer 
genes loosen the otherwise tight requirement for a rounded or an ovoid NE shape, 
releasing the constraint in a particular and reproducible manner in at least a portion 
of cells. In spite of the indirect nature of cancer genes’ effects on the NE, the anal-
ogy with conventional Darwinian evolution is compelling. NE structural changes in 
this third group are akin to the “speciating” characteristics that a fi eld biologist 
would use to identify differences between related species [ 4 ]. Evolutionary biolo-
gists widely recognize that the structural differences that distinguish related species 
are due to the genetic differences that were functionally relevant to their speciation. 
From this same perspective, the NE structural changes in Group 3 that distinguish 
normal cells from neoplastic cells should be expected to be induced by cancer 
genes, and the structural changes should, in some manner (possibly very indirectly), 
refl ect the functional effects of the cancer genes. 

 Of all these models, PTC is the most manipulable. Relatively abundant normal 
human thyroid tissue is frequently excised as part of the treatment of thyroid nod-
ules, and cultures of normal human thyroid epithelium are easy to establish [ 60 ]. 
Normal melanocytes, Langerhans cells, or granulosa cells are relatively scarce, and 
protocols for culturing these cells are not well established. 

 Caution needs to be taken in adapting studies to in vitro models. While RET induces 
nuclear shape/size changes that are essentially identical to PTC when expressed tran-
siently in normal thyroid cells growing in monolayers, we and others [ 68 ] have consis-
tently observed that cultures become dominated within a few passages by cells that 
lose the characteristic nuclear morphology of PTC (in spite of selecting for expression 
of the transgene). It is as if the artifi cial environment of a plastic dish selects against 
the phenotype of an irregular NE of PTC. Likewise, PTC cell lines established from 
patients do not show nuclear features of PTC in our experience. This author has little 
experience with other cell lines such as small-cell carcinomas, but based on the differ-
ences observed between patient samples of PTC and in vitro models of PTC, research-
ers should be careful about using monolayer culture systems to model the NE changes 
of in vivo neoplasms. This caveat is understandable from an ecological or an evolu-
tionary perspective: changes in evolutionary fi tness are always closely dependent on 
the particular environment in which the fi tness change is selected.  

    Sparse Association of NE Lamina Features with Tissue-Level 
Diagnostic Changes 

 The criteria of malignancy include important tissue-level architectural changes. 
Most fatal cancers in humans are carcinomas (derived from epithelial cells), and 
normal epithelial cells bear a strict dependence on a basal lamina (not to be 
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confused with nuclear lamina) connection for their survival. Even if mitotic rates 
went through the roof, cell growth is constrained by this requirement and cells 
quickly run out of room for clonal expansion. The tissue-level criteria of malig-
nancy expose constraints on cell growth, and these criteria appear to relate directly 
to the mechanisms by which normal cells overcome the various growth constraints. 
One change that takes place at an early stage is that epithelial cells become more 
crowded on the available basal lamina. Such crowded cells develop a more colum-
nar shape, and the nucleus becomes elongated. This is a prominent feature of the 
earliest stage of colon cancer development (“cigar-shaped nuclei”). The nuclear 
elongation could easily be considered to be a consequence rather than a cause of the 
crowding. Still, the nucleus must be able to accommodate the change in shape dur-
ing crowding, and such an accommodation may place a selection pressure on a wide 
variety of NE physiologies. For example, the spacing between genes and the NE 
would have to alter, and either the lamina surface area or the nuclear volume must 
adapt to crowding. Further, the stage of crowding seems to put a selection pressure 
for the acquisition of the NE-associated pathophysiology of “pseudostratifi cation” 
or the loosening of the otherwise strict basal positioning of nuclei. 

 Another early mechanism for clonal expansion is refl ected in the tissue-level 
criterion of “true stratifi cation,” probably a manifestation of the cell biology concept 
of resistance to anoikis. Anoikis refers to the death of cells that detach from a basal 
lamina connection (from the Greek, meaning “without a home”). The main diagnos-
tic feature of true stratifi cation is identifi cation of epithelial cells that grow freely 
whether or not they are attached to a basal lamina. A lesser diagnostic feature of true 
stratifi cation is that elongation of nuclear shape tends to diminish (nuclei tend to 
become more rounded) and nuclear size tends to increase along with some increase 
in the amount of euchromatin. Pathologists describe this diagnostic change as the 
acquisition of “room to breathe” for the nucleus. 

 The ability to grow independent of a basal lamina connection is not suffi cient to 
allow a clone of epithelial neoplastic cells to “invade” or metastasize. The diagnostic 
feature of “invasion” is very specifi cally the loss of responsiveness of epithelial cells 
to normal stromal tissue landmarks, as described in detail in [ 15 ]. Importantly, there 
are not any NE shape changes that reliably distinguish an in situ from an invasive 
cancer, and there are not any NE shape changes that reliably distinguish an early inva-
sive cancer from a metastasis, at least not with conventional morphologic techniques.  

    Nuclear Shape Changes That May Be Seen in Normal Cells 

 Poorly preserved cells often have a shriveled appearance, as though the nucleus has 
lost volume, and the NE of such cells is irregular but with a characteristic “raisin- 
like” appearance [ 36 ]. Pathologists know to ignore such shriveled-appearing nuclei. 
During differentiation, the spherical nuclear shape of a promyelocyte becomes con-
verted over a period of days into the multiple-lobed heterochromatinized nucleus of 
the terminally differentiated neutrophil. The shape of the neutrophil nucleus appar-
ently permits migration through tight intracellular junctions. During lymphocyte 
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activation, the nucleus can become irregular, accompanied by massive chromatin 
reorganization. The exact timing of the NE irregularity during lymphocyte activa-
tion is not well characterized but is presumed to coincide with precise stages of 
differentiation. The functional signifi cance has not been well explored, but lympho-
cytes share with neutrophils the requirement to migrate between cell junctions. 
Despite abundant research on lymphocyte activation, the morphologic features of 
this process are surprisingly obscure. 

 For reasons that are not at all apparent, various epithelial cells can uncommonly 
show dramatic NE irregularity. For example, normal and physiologically activated 
mesothelial cells generally have a very round nuclear shape, but occasionally highly 
lobulated nuclear contours may be encountered with no obvious clinical signifi -
cance (Fig.  7 ). Irregularity such as this can lead to diagnostic errors. The pathologist 
must develop familiarity with the occurrence of such anomalies and be able to use 
more than one diagnostic feature to justify a diagnosis of malignancy.

   Any hypothesis for a functional signifi cance of NE irregularity in cancer needs 
to account for observations such as these. One reasonable hypothesis is that normal 
cells sometimes require an irregular NE shape for a transient physiology; the physi-
ology in normal cells can then switch off, whereas in malignant cells the physiology 
is locked in. Other explanations can invoke peculiarities of the particular cell of 
origin (e.g., NE irregularity is only associated with an altered physiology in some 
cell types, such as nuclear shape changes in neutrophils to accommodate cell 

  Fig. 7    Nuclear shape changes in normal cells. Normal mesothelial cells usually have a  round -to- 
ovoid   nuclear  shape, but on occasion (with unclear clinical correlation), mesothelial cells can show 
long nuclear grooves and polylobulations essentially identical to papillary thyroid carcinoma or 
other malignant tumors. Any hypothesis for a functional signifi cance of NE changes in cancer 
needs to account for observations such as these       
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migration). Until there is a better explanation for the precise structural basis of NE 
irregularities, it also remains possible that there are different physical bases for the 
NE irregularities sometimes encountered in benign cells compared with morpho-
logically similar diagnostic irregularities in tumor cells.  

    Relation of the Criteria of Malignancy to the “Hallmarks 
of Cancer” Model 

 The “Hallmarks of Cancer” [ 2 ,  3 ] are the known or expected (i.e., hypothetical) physi-
ological changes that could explain clonal evolution, but they offer no explanation for 
why there are criteria of malignancy or what the criteria may signify. Objective mea-
sures of mitotic rate have diagnostic value in only very specifi c cellular contexts (e.g., 
for distinguishing endocervical adenocarcinoma from benign endocervical cells 
[ 69 ]). It may at fi rst seem paradoxical, but the presence of apoptotic cells is actually a 
feature that predicts the presence of a clonal neoplastic expanding population [ 35 ]. 
Also seemingly paradoxical, mitotic rates bear little relation to tumor progression. For 
example, the percentage of mitotic fi gures, or the percent labeling of cells by Ki67 
(a label for cells that are not in G0), is not useful for distinguishing invasive carcino-
mas from clones that are still growing in situ. The Hallmarks of Cancer concept has 
shifted interest away from studying what we know are real diagnostic structural 
changes in cancer cells toward trying to fi nd evidence in support of a hypothesis. 

 Limitations of the Hallmarks of Cancer model are evident from a classical 
Darwinian perspective: cancer is a microevolutionary process in which mutations 
(mutations can be epigenetic or genetic) that confer a “growth advantage” are natu-
rally selected for. What is clear from classic Darwinian evolution is that the mecha-
nisms for altering fi tness are essentially infi nite in scope and cannot be classifi ed 
into a handful of “hallmarks of evolution.” For example, increased fi tness in the 
Darwinian sense has little predictable relation to alterations in reproductive kinetics 
or longevity per se. We should fully expect a wide range of different mechanisms 
for increasing “cellular fi tness,” and morphology remains an essential guide for 
pointing us toward such new physiologies. Experimental evidence is showing that 
NE proteins can affect cell physiologies in completely unexpected ways, for exam-
ple, several nuclear pore complex proteins can alter gene expression independent of 
their roles in transport of mRNAs [ 70 ].  

    Future Prospects 

 At this point, there are tantalizing clues that diagnostic NE alterations have a func-
tional signifi cance, but the full evidence for the proof of this hypothesis is lacking. 
A handful of cancer genes seem to “signal” for loss of nuclear regularity, but virtu-
ally nothing is known about the intermediates in the signaling pathway or the targets 
in the NE. There are more than enough candidate nuclear lamina proteins that can 
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produce NE irregularity that could be relevant to cancer [ 1 ], but there are still no 
precisely characterized changes or specifi c probes (e.g., an antibody against a 
phospho- epitope of an NE protein) that can be applied to a human tumor sample to 
predict whether a cell will show a diagnostic NE irregularity. Even more diffi cult 
will be the demonstration that any particular NE protein or protein complex is 
responsible for a selectable phenotype that relates in some manner to the diagnostic 
large-scale alteration of the NE. It would not be a proof to show that a particular NE 
protein or complex is relevant to cancer just because its alteration affects a “Hallmarks 
of Cancer” physiology, since the hallmark physiologies themselves remain hypo-
thetical and may not be relevant to a particular cell in a particular environment. 

 A problem in trying to establish links between particular NE proteins and func-
tional changes has been the lack of documentation of model systems in which 
 particular NE proteins are manipulated. The expectation that cancer genes will 
sometimes function by impacting NE shape is diffi cult to test because documenta-
tion of the cellular level  morphologic effects of expression of various cancer genes 
is frequently lacking in the literature. It is not actually diffi cult to have a cytologist 
document the morphologic features of most model systems [ 15 ]. The criteria of 
malignancy are based on transmitted light microscopy, using H&E, or modifi ed 
H&E, staining. Since cell biologists are accustomed to using immunofl uorescence, 
it can be useful to create a surrogate H&E image using fl uorescence in order to cre-
ate a common platform that can be shared with pathologists. Fluorescence can be 
used to re-create an H&E image if DAPI is used to stain the DNA (like hematoxy-
lin) and Sypro ruby is used to stain proteins (like eosin); the emissions from these 
dyes can be digitally inverted and pseudocolored to re-create an H&E stain. H&E 
staining is crucial for diagnosis because it discloses such a broad range of cellular 
level structural changes [ 71 ]. 

 What would it take to prove that a diagnostic NE morphologic change is func-
tionally signifi cant and evolutionarily selected for in a cancer? This diffi cult ques-
tion needs to be broken into several parts (Table  2 ). An alteration in an NE protein/
complex would need to be found in association with spontaneous human tumors in 
which a diagnostic NE morphologic change is seen. The alteration could be a direct 
mutation of a component of the NE protein/complex, or it could be the end result of 
a signaling pathway to the NE protein/complex from a cancer gene active in the 
tumor, among other possibilities. Identifying such correlations may be facilitated by 
collaborations between pathologists and basic scientists because pathology reports 
will not be able to convey what specifi c NE changes may be present in a particular 
sample. There will then be a need to demonstrate that the alteration in the NE pro-
tein/complex leads to the putative NE diagnostic structural change. Such manipula-
tions may need to occur within a particular cell type or even a particular tissue 
microenvironment. Arriving at a clear functional signifi cance is most diffi cult. It 
may require direct time-lapse observation of cells with an inducible alteration of the 
NE protein/complex to study cellular behavior within the exact native microenvi-
ronment. Fortunately, we are at a point in time in which such techniques are feasi-
ble, using human tissue samples and gene transfer techniques in transient ex vivo 
microbiopsy/tissue cultures.
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    Abstract     Nuclear structure alterations in cancer involve global genetic (mutations, 
amplifi cations, copy number variations, translocations, etc.) and epigenetic (DNA 
methylation and histone modifi cations) events that dramatically and dynamically 
spatially change chromatin, nuclear body, and chromosome organization. In pros-
tate cancer (CaP) there appears to be early (<50 years) versus late (>60 years) onset 
clinically signifi cant cancers, and we have yet to clearly understand the hereditary 
and somatic-based molecular pathways involved. We do know that once cancer is 
initiated, dedifferentiation of the prostate gland occurs with signifi cant changes in 
nuclear structure driven by numerous genetic and epigenetic processes. This review 
focuses upon the nuclear architecture and epigenetic dynamics with potential trans-
lational clinically relevant applications to CaP. Further, the review correlates 
changes in the cancer-driven epigenetic process at the molecular level and corre-
lates these alterations to nuclear morphological quantitative measurements. Finally, 
we address how we can best utilize this knowledge to improve the effi cacy of 
 personalized treatment of cancer.  

  Keywords     Prostate cancer   •   Epigenetics   •   Nuclear morphology   •   Nuclear roundness  
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  CCD    Charge coupled device   
  HGPIN    High-grade prostate intraepithelial neoplasia   
  IHC    Immunohistochemistry   
  NE    Nuclear envelope   
  NET    Nuclear envelope transmembrane protein   
  NMD    Nuclear morphometric descriptor   
  NRF    Nuclear roundness factor   
  NRV    Nuclear roundness variance   
  PRC2    Polycomb repressive complex 2   
  PSA    Prostate-specifi c antigen   
  QNG    Quantitative nuclear grade   
  RP    Radical prostatectomy   
  TSA    Trichostatin A   

          Introduction 

 Rudolf Virchow [ 1 ] published his famous aphorism “omnis cellula e cellula” (“every 
cell stems from another cell”), and he launched the fi eld of cellular pathology and 
stated that all diseases involve changes in normal cells, that is, all pathology ulti-
mately is cellular pathology. Further, for over 140 years it has been shown that 
nuclear morphology is often disrupted in cancer. In the 1860s, Lionel S. Beale [ 2 ,  3 ] 
of King’s College Hospital examined unstained sputum from a patient with cancer 
of the pharynx and observed nuclear morphology variations in the cancerous cells. 
Lionel Beale also established a private laboratory near the King’s College Hospital 
and gave a course of lectures on “The Microscope in Medicine” which included 
practical demonstrations in clinical pathology. He also wrote books on infectious 
disease theory and the practical value of the microscope in medicine to exam urine, 
blood, tumor tissue, and infectious agents. Subsequently, with many advances in 
microscopy, cytologic and anatomic pathologists recognized the importance of cell 
as well as nuclear structure in cancer diagnosis and prognosis. 

 In terms of early advances in cell biology, Theodor Boveri (1862–1915) was the 
fi rst to use the term “chromosome territory” (CT). Although Boveri was able to 
observe nuclear dynamics, he was reliant solely on fi xed materials and inferior 
microscopic instrumentation, whereas many decades later the efforts of Cremer 
et al. [ 4 ,  5 ] gave additional meaning to CT. In Boveri’s 1909 publication, he 
described chromatin movements and organization in three observational hypotheses 
[ 6 ]. First, CT arrangements are stably maintained during interphase. Second, that 
chromosome stability is lost during prometaphase and there are greater movements 
of CTs. Finally, the daughter nuclei exhibit symmetry with each other and the gen-
eral radial CT positioning between mother/daughter nuclei is maintained. Chromatin 
is organized into specifi c structural domains, likely by association with distinct 
nuclear compartments that are enriched in regulatory or nuclear structural proteins 
such as the nuclear matrix and associated attachment proteins as well as nuclear 
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envelope transmembrane protein (NET)/lamina proteins, etc. [ 4 ,  5 ,  7 ]. Importantly, 
gene activity is modulated by interactions with several of these subnuclear compart-
ments and specifi c protein elements of the nuclear envelope (NE). The organization 
of the chromosomes is based on CT positioning and allows late replicating genes 
and gene-poor chromosomes to be located at the nuclear periphery, while early 
replicating genes and gene-rich chromosomes are more centrally disposed, suggest-
ing that many inactive genes are located at the periphery of the normal cell nucleus 
[ 8 ]. In spite of our increased understanding of how genomes are organized into CTs 
and where genes tend to be spatially expressed in normal cells; once cancer is initi-
ated and progresses the chromosomes often become disorganized with either 
approximately the same amount of chromosomal material observed after the genetic 
alteration (balanced) or a major loss and/or gain of chromosomal material involved 
after the alteration (unbalanced) [ 4 ,  5 ,  7 ]. 

  The  “ gold standard ”  for detection of cancer remains the pathologist ’ s detection 
of gross changes in cellular  ( nucleus and cytoplasm )  and tissue structure and 
organization . 

 Today, nuclear morphology measures include nuclear size, shape, DNA content 
(ploidy), and chromatin organization. The microscope and several improvements in 
the microscope lens, lighting, charge-coupled device (CCD) digital cameras, and 
novel software for analyzing images over the years have allowed for the detailed 
observation and study of nuclear size, shape and chromatin texture in cells, which 
clearly indicated abnormalities in cancer cells [ 7 ,  9 ]. Also, the development of his-
tochemical stains provided signifi cant improvements to study cancer cell and tissue 
morphology [ 10 ]. Hematoxylin was demonstrated to form a dye–metal complex 
with arginine-rich basic (cationic) nucleoproteins such as histones. Eosin dye is 
acidic in nature and tends to bind to more eosinophilic cellular structures (cyto-
plasm, collagen and muscle fi bers) producing various shades of pink. Combining 
hematoxylin and eosin (H and E) enabled study of nuclear structure and its internal 
organization. George Papanicolaou developed a stain that enables visualization of 
many cytoplasmic and nuclear structural features of cells in the 1930s, and applied 
the stain to cervical cells to test for cancer—the so-called “Pap test” [ 11 ]. The Pap 
stain for cytology combines hematoxylin stain for tissues with phosphotungstic 
acid-Orange G solution and two sulfonic groups (SO 3 Na) and the eosin with two 
auxochromic groups (COONa and NaO). The latter are acid dyes that demonstrate 
an attraction to basic proteins, such as prekeratin. H and E staining is usually per-
formed on paraffi n-embedded formalin fi xed tissues and is read and interpreted by 
an anatomic pathologist, while the Pap stained slides are fi xed in alcohol prepara-
tions and read and interpreted by a cytopathologist. 

 Also, the Feulgen staining reagent was developed for nuclei because it specifi -
cally and quantitatively stoichiometrically binds to DNA. The Feulgen reagent 
binds to DNA by uncovering the free aldehyde groups in DNA during the acid 
hydrolysis process, which then reacts with the reagent via a Schiff-Base interaction 
to form a stable, bluish/purple colored compound that absorbs light at 560 nm [ 12 , 
 13 ]. In order to best interpret the Feulgen stained nuclei, a microspectrophotometer 
microscope fi tted with a 3CCD color camera is employed to capture the information 
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based on equations that calculate nuclear size, shape, texture and DNA content with 
DNA ploidy based on a single step pixel map of each nucleus [ 13 ]. Our laboratory 
employs the AutoCyte Pathology Workstation (APW, TriPath Inc., Burlington, NC, 
USA) with QUIC-DNA V1.201 software that is capable of measuring several 
nuclear morphometric descriptors (NMDs) to calculate a quantitative nuclear grade 
(QNG) from the NMDs in. An example of the Feulgen stain and an artifi cially col-
ored 3D single nucleus is shown for a normal, high grade prostate intraepithelial 
neoplasia (HGPIN) and prostate cancer (CaP). The information collected on about 
150 cancer epithelial cells can be used to predict grade, stage, biochemical recur-
rence, metastasis, and survival for CaP [ 7 ,  9 ].  

    Clinical Translational Relevance of Nuclear Structure 
in Prostate Cancer 

 It is imperative to be aware that the Gleason System for CaP histopathological grad-
ing is not based at all on nuclear grading; rather it is based on the assessment of 
dedifferentiation of glandular tissue architecture in CaP area (their altered size, 
shape, and distribution) when viewed under a low power microscope (fi nal magni-
fi cation 100–200×) by an expert pathologist. Donald Gleason devised the original 
scheme that established fi ve patterns (Grade 1–5) to describe well differentiated to 
moderately and poorly differentiated cancer glands that has held up for the most 
part [ 14 ,  15 ]. Prognosis is based upon the fact that less aggressive prostate tumors 
have more of an appearance of normal glandular tissue, whereas more aggressive 
tumors that are more likely to invade and metastasize differ signifi cantly from nor-
mal tissue owing to a loss of benign glandular architecture in terms of their size, 
shape, and distribution (poorly differentiated), as well as other histological features 
of tissue architecture including changes in the nuclear chromatin structure seen with 
H and E staining. To assign a Gleason score, the pathologist fi rst looks for a domi-
nant (primary) pattern of tumor cell growth or grade (the area where the cancer is 
most prominent) and then looks for a less widespread pattern or grade (secondary), 
and gives each one a grade number. The Gleason score is the sum of the dominant, 
or primary, tissue pattern grade (representing the majority of tumor) and the less 
dominant, or secondary, tissue pattern grade (assigned to the minority of the tumor). 
Today, pathologists tend to describe a Gleason score of 5 or 6 as a low-grade cancer, 
7 (3 + 4 or 4 + 3) as medium-grade, and 8, 9, or 10 as high-grade cancer and then 
interpret a prognosis that includes the Gleason score as well as additional clinical 
information [ 16 ]. Occasionally, a pathologist may note a small area of a higher 
grade pattern in a biopsy or radical prostatectomy (RP) specimen known as a “ter-
tiary pattern” and may record this result, because it may be prognostically relevant 
with time [ 16 ,  17 ]. A lower-grade cancer tends to grow more slowly and is less 
likely to invade and spread than a cancer with a higher grade pattern. Some limita-
tions for the Gleason score system involve interpretations when comparing a biopsy 
to RP specimens, reproducibility of Gleason grading due to subjective interpretation 
amongst multiple pathologists and diffi culty in diagnosing small acinar atypical 

R.W. Veltri and C.S. Christudass



81

lesions [ 17 ]. Our research has been focused on extracting information from the 
cancer and the benign adjacent nucleus, which can exceed the subjective evaluation 
of the CaP patient glandular architecture (Gleason grade patterns) as a variable to 
predict CaP outcomes and be used for intervention decisions [ 7 ,  9 ,  16 ,  17 ]. 

 Alternative approaches to assess cancer involve characterization of nuclear struc-
ture through several approaches including manual, semi-automated, or automated 
machine vision techniques to assess architecture from H and E formalin-fi xed 
paraffi n- embedded tissue preparations. Diamond et al. [ 18 ] utilized a manual 
Graphpad software with a microscope to trace up to 300 malignant and benign nuclei 
from each CaP patient. Next, they compared nuclear size and shape in a set of pros-
tate organ-confi ned CaP cases that had long-term follow-up and determined that they 
could distinguish those with a good prognosis from those with a poor prognosis 
(metastasis) with high accuracy ( p  < 0.005). Defi ning a circle as 1.0, they calculated 
the nuclear roundness factor (NRF) as follows: NRF = ( C /2 π )/( A / π )1/2 ( C  = circum-
ference and  A  = area), whereas the circularity form factor = 4 πA / C  2 . The text below 
illustrates several applications of this technology; however, it has not been commer-
cialized for practical use by pathologists. Dr Donald Coffey’s laboratory and 
Dr. Mitchell Benson compared the use of fl ow cytometry (where the nuclei were 
labeled with acridine orange) to measure light scatter (forward and perpendicular) 
with the nuclear roundness factor performed on the same nuclei to assess tumor 
aggressiveness and heterogeneity of several well to poorly differentiated rat Dunning 
prostate tumor cell lines [ 19 ,  20 ]. The correlation between fl ow cytometry and nuclear 
roundness factor variance (NRV) using nuclear tracing was exceptional. Later, others 
using commercially available hardware and software validated the clinical value of 
NRV measurements using a microscope. The images were analyzed with the DynaCell 
Motility Morphometry Measurement workstation (JAW Associates, Inc., Annapolis, 
MD, USA). With this method, measurements varied by less than 5 % among examin-
ers, and the authors confi rmed that this NRV shape variable readily predicts progres-
sive disease and mortality of CaP [ 21 – 23 ]. Finally, Veltri et al. [ 24 ] showed that the 
accuracy of NRV assessed by DynaCell technology is signifi cantly higher than the 
Gleason score to predict metastasis and CaP-specifi c death in men with long-term 
follow-up (median follow-up of 17 years). Therefore, nuclear architecture (irregular-
ity of nuclear shape) when accurately quantifi ed is a signifi cant variable to predict 
aggressive CaP outcomes and NRV exceeds the prognostic value of Gleason grade 
patterns or score to predict the long-term survival in this patient sample. 

 Another alternative digital imaging approach described by Veltri et al. [ 7 ] used 
the APW and Feulgen stained prostatic nuclei to study the CaP in biopsy and RP 
specimens [ 7 ,  9 ]. Our laboratory uses these nuclear images and the ~40 NMDs cap-
tured by the APW using DNA QUIC DNA V1.201 software to process the nuclear 
images and then calculate a QNG illustrated in Fig.  1  determined from the NMDs to 
make predictions of grade, stage, metastasis, and survival [ 7 ,  9 ]. The technology was 
also used by Badalament et al. [ 25 ] to create a nuclear morphometric QNG signature 
combined with serum prostate-specifi c antigen (PSA) to predict stage using ROC 
analysis with an AUC = 86 % (sensitivity = 85.7 %; specifi city = 71.3 %). This was at 
a time when the staging of CaP based on biopsy informatics was about 50 % accu-
rate. A limitation of this early algorithm was the number of nuclear features 
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  Fig. 1    Automated analysis of nuclear pathology in prostate cancer ( a ) General Description of the 
AutoCyte Pathology Workstation’s operation. ( b ) Images of single 2D Feulgen stained prostate 
benign, high grade prostate intraepithelial neoplasia (HGPIN), and prostate cancer nuclei ( left to 
right ,  upper panels ). These  blue  colored epithelial nuclei are captured by the APW software (QUIV 
DNA) and 40 nuclear morphometric descriptors (NMDs) are used to calculated image- based solu-
tions for CaP outcomes. In the  bottom panel  is a 3D construction of the nuclear pixel grey level map 
(made using Mathcad) shows variations in nuclear chromatin labeled with the Feulgen DNA stain       
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available and the stringency for the Multivariate Logistic Regression (MLR) model-
ing. However, when the model was applied to incoming biopsy specimens at a urol-
ogy pathology company, the algorithm performed within 5 % of specifi cations. 
Veltri et al. [ 26 ] also studied the biopsies of 557 consecutive men that underwent RP 
at Johns Hopkins Hospital from October 1998 to January 2000. Combining QNG, 
the Gleason score and complexed PSA density (complete model) yielded a ROC 
AUC = 82.4 % (sensitivity = 73.5 %; specifi city = 83 %) to predict non-organ- 
confi ned CaP from a biopsy. Next, Veltri et al. [ 27 ] used the APW system and 
Feulgen stained nuclei to capture 38 nuclear morphometric descriptors to predict 
CaP biochemical progression. The patient cohort included 115 patients with clini-
cally localized CaP, and the mean follow-up period in 70/115 patients without dis-
ease progression was 10.4 ± 1.7 years. Using backward stepwise MLR and the 
variances of 11/38 of the nuclear morphometric descriptors to calculate QNG were 
found to be signifi cant for predicting biochemical progression ( p  = 0.00001; ROC 
AUC = 86 %; sensitivity = 78 %; specifi city = 83 %). Furthermore, the QNG and the 
postoperative Gleason score, when combined, created a MLR model for the predic-
tion of biochemical progression, yielding a ROC AUC = 92 % and having a sensitiv-
ity of 89 % and specifi city of 84 %. These two parameters (QNG and Gleason score) 
separated the 115 patients into three statistically signifi cant risk groups based upon 
Kaplan–Meier plot analysis. Predicting aggressive CaP effectively depends on hav-
ing a suffi cient sample size and long-term follow-up data for the successful applica-
tion of nuclear morphometry as a variable in addition to routine pathological and 
clinical variables. In order to assess aggressive CaP using QNG Khan et al. [ 28 ] 
successfully predicted progression to metastasis and/or CaP mortality in 227 RP 
surgical specimens by employing the APW imaging system and applying the QNG 
analysis. The combined pathology-QNG model retained lymph node status, prosta-
tectomy Gleason score, and QNG, yielding a ROC AUC = 86 % with an accuracy of 
76 % at 90 % sensitivity. Next, Veltri et al. [ 29 ] employed the same digital imaging 
technology and the APW to calculate a QNG solution using a tissue microarray 
made from 0.6 mm tissue cores of 182 patients (cancer and adjacent benign areas) to 
evaluate the use of QNG alone and with pathological and clinical variables to predict 
metastasis and death due to CaP. The pathology model yielded a ROC AUC = 72.5 %. 
We assessed the QNG solution determined by MLR statistical models for the adja-
cent benign and cancer areas and yielded a ROC AUC = 81.6 % and 79.9 %, respec-
tively. Hence, semi-automated digital image analysis can use nuclear NMDs to make 
clinical outcome predictions; however, the technology requires time and expertise to 
perform reproducibly whether or not it is a manual or semi- automated NRV single 
variable or a QNG signature methodology. Hence, commercialization continues to 
be a challenge unless automation can be readily accomplished.

   Other applications for quantitative nuclear morphometry based on the APW sys-
tem permit studies that correlate alterations in nuclear structure with biological and 
clinical aspects of CaP. Using a NCI Cooperative Prostate Cancer Tissue Resource 
tissue microarray of 92 cases with long-term follow-up (56 non-recurrences and 36 
recurrences), our laboratory [ 24 ] demonstrated that the histone acetyltransferase 
p300 protein (p300, HAT) alters CaP cancer cell nuclear structure and predicts bio-
chemical progression. In this study we also demonstrated that specifi c nuclear 
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features, i.e., circular form factor (rho = −0.26;  p  = 0.012) and minimum Feret 
(rho = −0.21;  p  = 0.048) exhibited signifi cant correlations with p300 protein expres-
sion. The quantitative immunohistochemistry (qIHC) of the p300 protein expres-
sion in high grade tumors (Gleason score ≥ 7) was signifi cantly higher compared to 
low grade tumors (17.7 % versus 13.7 %, respectively,  p  = 0.03). Further, p300 
expression remained signifi cant in the Cox multivariate model independent of 
Gleason score ( p  = 0.03). Also, CaP patients with a Gleason score ≥ 7 and p300 IHC 
expression >24 % showed the highest risk for CaP biochemical recurrence 
( p  = 0.002) in a Kaplan–Meier plot. Using the same imaging technology we showed 

  Fig. 2    Statistical contribution of nuclear morphometry in predicting prostate cancer. Bar graph of 
the statistical contribution of nuclear morphometry ( a ) and clinical pathological features combined 
with morphometry ( b ) based on boot strapping (200×) a cox proportional hazards model analysis 
to predict organ-confi ned prostate cancer. Notably DNA Ploidy is retained in a multivariate predic-
tion model for organ-confi ned PCa       

 

R.W. Veltri and C.S. Christudass



85

that nuclear features predict non-organ-confi ned CaP [ 26 ]. In Fig.  2a  we show the 
nuclear morphometric features correlate with organ-confi ned disease status in CaP. 
Note that DNA ploidy was the most frequently included feature in a MLR bootstrap 
model and that several nuclear shape factors were also useful. In Fig.  2b  using the 
same MLR method, we compared the contribution of clinical and pathological fea-
tures to make the same decision and of note is that DNA ploidy was very compa-
rable to clinical stage in this patient cohort ( n  = 370) and when combined in a 
clinicopathological model discriminates organ confi ned from non-organ-confi ned 
CaP [ 26 ]. Another application is the correlation of nuclear morphometry changes to 
demonstrate the response of CaP cells to histone deacetylase Inhibitors (e.g., 
Valproic acid; VPA) [ 30 ]. In vitro tissue microarrays consisted of CaP cell lines that 
were treated for 3, 7 or 14 days with 0, 0.6 or 1.2 mM VPA. In vivo the tissue micro-
arrays consisted of cores from CaP xenografts from nude mice treated for 30 days 
with similar concentrations of VPA achieved in drinking water. Digital images of at 
least 200 Feulgen stained nuclei were captured and nuclear alterations were mea-
sured. Both in vitro and in vivo VPA treatment of CaP cells resulted in signifi cant 
dose- and time-dependent changes in nuclear structure. Hence, quantitative nuclear 
morphometry may be useful as a biomarker to assess pathological status of men 
with CaP, and pave the way for therapeutics based on the proteins or genes that alter 
chromatin structure and nuclear morphometry [ 7 ,  9 ].

   Today, the emergence of the rapid scanning microscope image analysis and the 
development of novel machine vision imaging techniques is aiding pathologists to 
analyze histologic tissue images and distinguish cancer grades. Automated image 
applications have been the recent focus for CaP and other cancers [ 31 ,  32 ]. 
The development of machine vision techniques has been applied to H and E stained 
tissue sections, aiding pathologists to analyze CaP tissue images and evaluate the 
grade patterns of CaP, which has made steady progress during the past decade. As 
the CaP malignancy is manifested by the loss of the normal glandular architecture 
(i.e., shape, size, and differentiation of the glands, i.e., Gleason grade patterns) [ 16 , 
 17 ], applications of image analysis to improve segmentation and texture analysis to 
assess different Gleason grading patterns based on H and E and Feulgen stained tis-
sue images have been reported [ 7 ,  13 ,  33 ,  34 ]. Numerous machine vision approaches 
to nuclear size, shape and texture analysis of these images have been applied. 
Wavelet and multiwavelet transforms, fractal analysis, texton forest/random tree, 
and cell network cycles have been utilized for texture feature extraction and classi-
fi cation in studies of the automated Gleason grading [ 33 – 43 ]. Collaborating with 
Dr. Anant Madabhushi at Case Western Reserve University, we codeveloped an 
image computational method to assess nuclei in Gleason graded CaP. Dr. Madabhushi 
applied a novel adaptive active contour scheme (AdACM) machine vision method 
that combines nuclear segmentation boundary and a solid geometry graphic term 
that includes shape etc. (Fig.  3 ) [ 35 ]. The technique reduces the computational time 
required in half (250 s for 120 nuclei), measured in seconds; the approach uses the 
nuclear shape “prior term” in the variational formula and is only invoked for those 
instances in the image where nuclear overlaps between objects are identifi ed. By not 
having to invoke all three nuclear feature terms (shape, boundary, and region) for 
segmenting every nuclear object in the image, the computational expense of the 
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integrated active contour model is dramatically reduced. The AdACM [ 35 ] method 
was employed for the task of segmenting nuclei on CaP tissue microarray core 
images. Morphological, architectural and textural features extracted from these seg-
mented nuclei were found to able to discriminate different Gleason grade patterns 3 
(indolent) and 4 (aggressive) with a ROC AUC = 86 % via a mathematically derived 
classifi er and using only three nuclear features. The “nuclear morphologic features” 
proved to be the best predictor of the three features captured for the study (Fig.  3 ). 
Additional collaborative machine vision computational techniques should help to 
determine if our approaches can predict time-dependent CaP outcomes such as bio-
chemical recurrence, metastasis, and survival.

   Using the same CaP tissue microarray in collaboration with Dr. Li with Yoon at 
the University of Pittsburgh Electrical Engineering department we applied wavelet 
machine vision technology called cardinal multiridgelet transform (CMRT) [ 44 ] to 
analyze CaP histological H and E images and extract nuclear texture features in the 
transform domain. CMRT provides cardinality, orthogonally, approximate transla-
tion invariance and rotation invariance of the transform. With 48 tissue microarray 

  Fig. 3    This fi gure demonstrates how AdACM computer-assisted image analysis can separate 
Gleason grade pattern 3 from 4. The graph in the  upper right  panel shows how three features can 
accurately separate 3 from 4 (Odds Ratio = 0.90). In the  top left hand  panel of the fi gure, the seg-
mentation method is described. In the  bottom right  panel of the fi gure, the plot depicts the contribu-
tion of nuclear morphology, architecture, and texture to the computational solution plot in the 
 upper right  hand space       
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images of Gleason grade 3 and grade 4 as a training set and using nuclear texture 
features extracted there from, a support vector machine with Gaussian kernel was 
trained to classify grade 3 and grade 4. The leave-one-out cross-validation assess-
ment showed the model accuracy was 93.75 % and a ROC AUC = 0.96 to make this 
critical pathological separation. Please note this wavelet approach produced similar 
results to AdACM in terms of time and accuracy. At this point we realize the value 
of an automated approach to nuclear morphometry in a clinical setting, but yet we 
do not clearly understand why and how the nuclear shape may be altered in normal 
differentiation versus cancer dedifferentiation to a malignant state. Hence, in the 
future we can apply automated computer machine vision technology to process tis-
sue images and extract pathologically relevant prognostic features such as a new 
cancer grade concept and combine this data with molecular biomarkers.  

    Why Does Nuclear Architecture Change in CaP? 

 Epigenetics involves alterations in gene expression or cellular phenotype that are 
caused by other mechanisms beyond changes in the DNA sequence through muta-
tions, amplifi cations, deletions, copy number variations, etc. Examples of epigenetic 
change include chemical modifi cations of the histone tails as well as DNA methyla-
tion, which over time have often been mired in controversy regarding the heritability 
of such changes. It is diffi cult to sort out the concept of heritability in this review. 
However, we need to accept the premise that environment may be playing an impor-
tant role in “phenotype plasticity” through transcription of genes that alter cellular 
and tissue phenotype. Hence, rather than argue this point I have chosen the option to 
accept the concept in order to address the question of epigenetic events that play key 
roles in altering the cancer phenotype during initiation and progression [ 7 ,  9 ,  24 ]. 

 Since the nucleus is a major focus in this review, the anatomy of the NE and its 
interactions with the key nuclear components of chromatin and DNA will be high-
lighted. Under normal conditions the NE separates nuclear and cytoplasmic func-
tions and at its inner surface it provides a docking site for chromatin via several 
NETs and the intermediate fi lament lamins [ 45 ,  46 ]. The major structural elements 
of the NE are the inner nuclear membrane, the outer nuclear membrane, the nuclear 
pore complexes, and the nuclear lamins. Notable, is the importance of alterations in 
nuclear structure in cancer and the role of the NE and its NETs and associated inner 
and outer membrane parts [ 45 ,  46 ] (i.e., lumen/perinuclear space [ 45 ], ribosomes 
[ 45 – 47 ], nuclear pores [ 45 ,  47 – 49 ], nuclear lamina (A, B, and C) [ 48 ,  49 ], nuclear 
matrix [ 50 ,  51 ], etc.) and their functional interplay during normal cell proliferation, 
cell differentiation, and carcinogenesis [ 46 ]. All of these NE components can impact 
nuclear architecture (size, shape, and integrity), genome stability (chromosome spa-
tial topology, chromatin regulation, nuclear matrix organization, and gene expres-
sion) as well as cell functions (e.g., DNA repair, cell signaling, cell cycle, and 
mitosis) during carcinogenic progression [ 45 ,  46 ,  52 – 58 ]. Additionally, histone 
modifi cations such as acetylation, methylation, ubiquitination, and phosphorylation 
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are extremely critical to regulation of gene transcription and chromatin organization 
in normal, differentiating stem and cancer cells [ 57 ,  59 ,  60 ]. Further, critical envi-
ronmentally driven factors such as occupational or behavioral exposure to carcino-
gens, diet and metabolism, infl ammation and infection, etc., can produce dramatic 
epigenetic changes that drive alterations in gene activation and suppression causing 
multiple structural changes in nuclear shape, size and chromatin organization that 
may generate valuable early diagnostic and prognostic information regarding the 
pathology and pathogenesis of malignancy [ 53 ,  59 – 63 ]. 

 One facet of the epigenetic molecular machinery that could drive cancer events 
involves chromatin remodeling by proteins in the Polycomb group (PcG) and their 
interaction with nucleosomes (linked by histone H1). Nucleosomes are composed 
of 140–145 bp of DNA wrapped around the histone octamer that consists of two 
copies each of H2A, H2B, H3, and H4 (Fig.  4 ). The enzyme-catalyzed chemical 
modifi cation of selected amino acids of histones is a mechanism used throughout 
the living world to increase and regulate the functional plasticity of gene expression. 
Such molecular plasticity involves several histone modifi cations at the N-terminal 
tails that methylate lysine or arginine, acetylate lysine, phosphorylate serine, threo-
nine, or tyrosine, and ubiquitinate lysine, each of which can infl uence specifi c gene 
expression to alter phenotypic changes via modifi cations to chromatin structure and 
architecture [ 54 ,  57 ,  59 ,  60 ]. Several residues on the tails of histone H3 (e.g., H3K4, 
H3K9, H3K27, H3K36), as well as in the core of histone H3 (e.g., H3K79) have 
been shown to be sites for such modifi cations that are involved in transcriptional 
regulation and alterations in chromatin organization. Additionally, such histone 
modifi cation–demodifi cation cycles can directly or indirectly infl uence DNA meth-
ylation. For example, high levels of H3K4 methylation correlates with low levels 
cytosine methylation at CpG dimers; levels of H3K4 methylation are infl uenced by 
other H3 modifi cations, including acetylation, which can exert an indirect effect on 
DNA methylation; and methylation of H3 at K9 or K36 can infl uence levels or posi-
tioning of DNA methylation [ 54 ,  57 ,  59 ,  60 ]. In mammals DNA methylation occurs 
at the cytosines of CpG dimers in DNA. The deamination of 5-methyl cytosine 
(meC) forms thymidine, resulting in a G-T base mismatch, the repair of which could 
result in the replacement of either base. Replacement of the G with an A results in 
a mutated DNA sequence, in which the original meC is replaced with T. Hence, 
epigenetic changes inevitably weave together chemical modifi cations of histones 
with DNA methylation events causing phenotypic changes through the infl uence of 
environmental agents, which can also produce genetic changes (i.e., mutations, 
deletions, amplifi cations, etc.) that promote cancer [ 54 ]. Clearly, in cancer, histone 
modifi cations lie at the heart of mechanisms by which a variety of functionally sig-
nifi cant nuclear proteins activate (oncogenes) or silence specifi c regions (i.e., tumor 
suppressor genes) of the human genome. These alterations involve transcription 
factors, chromatin modifying enzymes, the complexes that methylate DNA, or the 
chromatin remodelers that reposition nucleosomes along the DNA strand [ 58 ,  59 , 
 64 ]. Recently, in a breast cancer model (MCF-7), Tropberger et al. [ 63 ] have func-
tionally characterized acetylation of H3K122 and revealed that H3K122 acetylation 
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is catalyzed by p300/CBP and can be suffi cient to stimulate transcription in vitro. 
They showed that H3K122 acetylation is specifi cally enriched at active transcrip-
tion start sites and enhancers as well as on H3.3- and H2A.Z-containing nucleo-
somes. H3K122 is modifi ed by acetylation at estrogen-regulated genes and marks 
enhancers actively engaged in transcriptional regulation. Finally, the authors showed 
that mutation of H3K122 can impair transcriptional activation in vivo and have 
proposed a model for H3K122 acetylation on the lateral nucleosome surface chang-
ing chromatin structure to promote transcription in breast tumors.

   Aberrant epigenetic events such as DNA hypomethylation and hypermethylation 
and altered histone acetylation and methylation have been observed in CaP affect-
ing the expression and function of a large array of genes that can lead to tumorigen-
esis, tumor progression, and metastasis. Initially CaP is androgen dependent, but 
can eventually become androgen independent after androgen deprivation therapy. 
Androgen-independent CaP is characterized by a heterogeneous loss of androgen 
receptor (AR) expression [ 61 ,  62 ,  65 ,  66 ]. AR promoter methylation is more preva-
lent in androgen-independent CaP than in primary androgen-dependent CaP, sug-
gesting that epigenetic silencing of AR by DNA hypermethylation could be an 
alternative mechanism leading to androgen independence in a subset of advanced 
CaP patients. Similarly, in CaP the importance of histone modifi cations and pro-
gression has been studied. To be clinically applicable, an ideal prognostic tumor 
biomarker must be readily detectable in noninvasive clinical specimens. DNA 
hypermethylation and histone modifi cations alter nuclear architecture, fulfi lling this 
requirement, and thus are promising biomarkers [ 67 ]. Jarrard et al. [ 68 ] reported 
aberrant promoter methylation in AR-negative CaP cell lines. These results are con-
sistent with the results of Izbicka et al. [ 69 ] that showed 5,6-dihydro-5-azacytidine, 
an inhibitor of cytosine DNA methyltransferase, could restore androgen sensitivity 
in androgen insensitive human CaP cell lines, which then become sensitive to 
growth inhibition by anti-androgens. Human cancers almost ubiquitously harbor 
epigenetic alterations. There is strong evidence that some epigenetic alterations 
(e.g., DNA hypermethylation and hypomethylation) are heritable and can also be 
dynamically altered during CaP progression. Recent research has demonstrated 
using “cityscape plots” a wide range of epigenetic plasticity and support that DNA 
methylation alterations have the potential for producing selectable driver events in 
CaP carcinogenesis and disease progression [ 67 ]. 

 In the area of histone modifi cations and their application to CaP prognosis, 
Seligson et al. [ 70 ] conducted IHC on a tissue microarray of 226 CaP cases of which 
183/226 (81 %) showed changes in IHC expression for histones: acetylated (Ac) 
H3K9, H3K18, H4K12, and dimethylated (diMe) H4R3 and H3K4. The objective 
was to predict biochemical recurrence, defi ned as a postoperative serum PSA of 
0.2 ng/ml or greater and was seen in 61 (34 %) of all study patients, and 20 (19 %) 
of patients with low grade tumors. The median follow-up time within the recurring 
and non-recurring patient groups was 22.0 (range 1.0–115.0) and 65.5 months 
(range 2.0–163.0). In a multivariate Cox Proportional Hazards Ratio model the his-
tone modifi cation panel had a value of 3.86 (95 % CI = 1.18–12.62),  p  = 0.025. The 
two groups are identifi ed on the basis of the “simple clustering rule” involving only 
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H3K18Ac and H3K4diMe modifi cations. The study also included a validation set of 
39 cases with low grade CaP that were analyzed according to the above simple rule 
involving H3K18Ac and H3K4diMe and the IHC staining distinguishes between 
two groups of patients with risks of tumor recurrence: 4 % in group A versus 31 % 
in group B (log-rank  p  = 0.016; hazard ratio = 9.2; 95 % CI 1.02–82.2). Recent stud-
ies by Bianco-Miotto et al. [ 71 ] on global patterns of specifi c histone modifi cations 
revealed an epigenetic signature for CaP involving H3K18Ac and H3K4diMe. The 
authors studied histone modifi cations in 279 cases of CaP and they showed that 
H3K18Ac and H3K4diMe when combined are predictors of relapse-free survival, 
with high global levels associated with a 1.71-fold ( p  < 0.0001) and 1.80-fold 
( p  = 0.006) increased risk of tumor recurrence, respectively. These high levels of 
both histone modifi cations were associated with a threefold increased risk of relapse 
( p  < 0.0001). Further, the study revealed an epigenetic gene expression candidate 
gene signature for CaP that included several interesting epigenetic genes (DNMT3A, 
MBD4, MLL2, MLL3, NSD1, and SRCAP), which signifi cantly discriminated non-
malignant from CaP tumor tissue ( p  = 0.0063). Notably, of those six genes altered 
between primary and metastatic CaP, DNMT3A, MLL2, NSD1, and MLL3 were 
signifi cantly downregulated and MBD4 and SRCAP upregulated tumor in the pri-
mary prostate cancer samples with biochemical recurrence when compared with the 
primary samples without recurrence. In the metastatic samples, these same genes 
were also signifi cantly altered, with DNMT3A, MLL2, NSD1, MBD4, and MLL3 
upregulated and SRCAP downregulated when compared with the primary prostate 
tumors. The prognostic classifi cation on the validation set therefore confi rmed the 
predictive power of histone modifi cations as markers of CaP prognosis. 

 In another study Watson et al. [ 72 ] used digital texture analysis to assess global 
chromatin patterns following treatment of normal (PNT1A) and CaP (LNCaP) cell 
lines with trichostatin-A (TSA) and observed signifi cant alterations in the TSA 
induced H3K9 hyperacetylation resulting in decondensation of heterochromatin, 
which was associated with altered gene expression profi les in both the immortalized 
normal PNT1A prostate cell line and a malignant androgen-dependent CaP cell line 
LNCaP. Though some changes were TSA dose dependent and cell cycle dependent, 
fl ow cytometric analysis enabled the observation of clear differences in chromatin 
decondensation and H3K9 acetylation between the normal and tumor lines. 

 Our laboratory studied the protein expression profi ling of the Dunning rat CaP cell 
lines of varying metastatic potential [G (0 %), AT-1 (>20 %), and MLL (100 %)] 
using SELDI-TOF-MS [ 73 ]. We identifi ed a 17.5 km/z SELDI-TOF-MS peak that 
was found to retain discriminatory value in each of two separate study sets that was 
verifi ed as histone H2B. The increases in the histone H2B peak correlate with the 
metastatic potential of the Dunning cell lines, going up slightly in the AT-1 subline 
and consistently increasing more strongly in the MLL subline. Clearly, the above 
results obtained to date support that signatures of global histone modifi cations and 
histone levels are associated with prognostic features of CaP. Also, other publications 
demonstrate that alterations in the expression of histone remodeling enzymes may 
represent novel diagnostic and prognostic markers of CaP and potentially new targets 
for therapeutics [ 74 ,  75 ]. Therefore, global epigenetic modifi cations in androgen 
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sensitive and resistant CaP can activate or repress multiple genes that impact nuclear 
chromatin architecture as well as CaP progression to metastasis [ 61 ,  65 – 75 ]. 

 PcG, which is best known for its role in silencing the HOX gene cluster during 
embryonic development [ 76 ,  77 ], acts by forming multiprotein complexes that, 
through modifi cation of chromatin structure, repress target gene expression (Fig.  4 ). 
Three potential E2F regulated PcG genes, Enhancer of Zeste Homolog 2 (EZH2), 
Embryonic Ectoderm Development (EED), and Suppressor of Zeste 12 (SUZ12), 
constitute the Polycomb repressive complex 2 (PRC2) [ 78 ,  79 ] and it requires an 
intact SET domain (for methylation of histone tails) and endogenous histone deacet-
ylase activity for its function [ 80 ,  81 ]. EZH2 and EED are also essential for the 
proliferation of both transformed and non-transformed cells and are under the regu-
lation of the pRB-E2F pathway. EZH2 overexpression is associated with poor prog-
nosis in patients with metastatic disease [ 78 – 80 ]. EZH2 promotes a reduction in the 
pool of insoluble F-actin and regulates cell adhesion and migration in invasive CaP 
cells [ 82 ,  83 ] and may control gene function via regulation of nuclear actin that is 
associated with the chromatin remodeling complex. Su et al. [ 84 ] demonstrated the 
existence of a cytosolic EZH2-containing methyltransferase complex that controls 
cellular signaling via ligand induced actin polymerization. Pharmacologic interfer-
ence of EZH2 function selectively induces apoptosis in cancer, but not in normal 
cells and accessibility is dictated broadly by the degree of chromatin compaction, 
which is infl uenced in part by polycomb group proteins [ 85 ]. PRC2 catalyzes tri-
methylation of histone H3 lysine 27 (H3K27me3) [ 86 ]. H3K27me3 may also recruit 
DNA methyltransferases, and histone deacetylases, resulting in additional transcrip-
tional repressive marks and heterochromatin compaction. Hence, overexpression of 
EZH2 is a marker of advanced and metastatic disease in many solid tumors, includ-
ing prostate and breast cancer [ 86 ]. 

 As another related clinically translational event, Laitinen et al. [ 87 ] suggested 
that demonstration by IHC of low Ki-67 (0–1 %) (a measure of cell proliferation) 
and EZH2 (<50 %) identifi es a subgroup of patients with a very low risk of CaP, and 
could be candidates for active surveillance instead of immediate prostatectomy. 
Jhavar et al. [ 88 ] showed that Ki-67 expression is an independent determinant of 
very high risk among men enrolled in an active surveillance cohort. Hence, the 
degrees of expression of EZH2 combined with a measure of cell proliferation are 
potential prognostic biomarkers of the severity of CaP and other solid tumors. 

 Because our group has characterized the clinical relevance of nuclear features that 
can predict biochemical recurrence, metastasis, and CaP-specifi c survival we also 
have been studying what molecular mechanisms may cause such changes [ 7 ,  9 ,  24 –
 29 ,  89 ]. The literature supports that changes in nuclear morphology are associated 
with deregulation of nuclear matrix proteins [ 50 ,  63 ] and abnormal expression of lam-
ins [ 45 ,  47 – 49 ] and PcG [ 76 ,  90 ] genes and such changes have been found in undif-
ferentiated neoplastic cells. Nuclear size and shape factors, especially mean nuclear 
area, have been shown to correlate with the Gleason score tissue architecture [ 91 ]. 
Debes et al. [ 92 ] demonstrated that the p300 histone acetyltransferase (HAT), a tran-
scriptional regulator, is overexpressed in CaP and correlates specifi cally to nuclear 
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alterations in terms of DNA content, size, and shape. These nuclear alterations were 
seen in prostate biopsies and in CaP cell lines transfected with p300. Subsequently, 
Isharwal et al. [ 24 ] confi rmed that p300 protein expression measured by IHC signifi -
cantly correlated with nuclear alterations seen in tumor cells; specifi cally with DNA 
content ( p  = 0.016), circular form factor ( p  = 0.012) and minimum feret ( p  = 0.048). 
Nuclear size and shape factors, especially mean nuclear area, were concordant with 
the Gleason score. Activation of the PcG proteins through p300 and perhaps EZH2 
may regulate, in part, nuclear size and shape via the histone modifi cations and may 
provide a tool for evaluation of the pathological status of CaP [ 93 ]. Recently, Imbalzano 
et al. [ 94 ] have demonstrated that the SWI/SNF chromatin remodeling enzyme 
ATPase and the Brahma-related gene 1 (BRG1) contributes to the regulation of overall 
nuclear size and shape of immortalized mammary epithelial cells. Notably, they 
observed in BRG1 knockdown cells the formation of grooves at the nuclear periphery; 
however, there were no changes in levels of the nuclear structure markers lamin A/C, 
lamin B, emerin, nesprin, nurim, and the splicing speckle component SRm160. 
In addition, no changes in immunostaining for H1 or the modifi ed histones phospho-
H3Ser10 and H3triMeK4 were observed. This recent fi nding suggests that BRG1 can 
also mediate cancer nuclear shape by internal nuclear mechanisms that likely control 
chromatin dynamics. Hence, BRG1, p300, and other epigenetic histone-mediated pro-
cesses of the PcG complexes noted above can alter nuclear structure in cancer. 

 Another central aspect of nuclear architecture is the nuclear matrix [ 95 – 97 ], 
which is composed in large part of the ribonucleoprotein (RNP) network, packaged 
amongst a multitude of proteins (<400) that form a non-chromatin structure through-
out the nucleoplasm. Infrequent and specifi c matrix attachment regions (MARs) 
and scaffold-associated regions (SARs) of chromatin fi bers bind the nucleoskeleton 
and support the chromatin loop domains and high mobility group nucleosome-non- 
histone binding (HMGN) [ 98 ] proteins that play an intricate role in chromatin struc-
ture and function [ 46 ,  50 ,  91 ]. The nuclear matrix also interconnects with the nuclear 
lamina (a fi brous meshwork of intermediate fi lament lamins and associated proteins 
underlying the inner nuclear membrane) and intranuclear lamin subassemblies, 
which interact with chromatin [ 35 ,  38 ,  39 ,  41 ,  44 ,  97 ]. Since the nuclear lamins are 
attached directly to NETs in the inner nuclear membrane and are bound to the het-
erochromatin structure, they provide a scaffold for organization of numerous nuclear 
functions tied to a variety of proteins [ 45 ,  46 ,  98 – 101 ]. The nuclear lamins have 
roles in epigenetics, chromatin organization, DNA replication, transcription, and 
DNA repair, normal cellular aging, stem cell renewal, virus infections, and cancer 
[ 101 ]. Mutations in the lamin genes are linked to a variety of degenerative lami-
nopathies, whereas changes in the expression of lamins are associated with tumori-
genesis and also telomere structure, length, and function, and in the stabilization of 
the DNA damage repair response pathway [ 102 ]. The NE and its NET proteins are 
involved in maintaining and/or disrupting chromatin organization and nuclear archi-
tecture during cell division, human embryonic stem cell differentiation, and tumori-
genesis dedifferentiation, and therefore, understanding these processes has potential 
clinical translational value [ 53 ,  65 ,  95 – 104 ]. 
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 Lamins play key roles in preserving several genome functions (e.g., higher-order 
genome organization and stability, chromatin regulation, transcription, DNA repli-
cation, and maintenance of telomeres) [ 45 – 48 ,  95 – 104 ] as well as being critical for 
maintaining nuclear architecture [ 95 – 97 ]. The importance of the NE and the lamins 
are well known in tumor development and progression [ 35 ]. Lamins are associated 
with proliferation and cell motility and they can serve as prognostic biomarkers in 
solid tumors [ 104 ]. Coradeghini et al. demonstrated differential expression of lam-
ins A/C and B in CaP, with lamin B expression correlating with increasing Gleason 
grade [ 105 ]. Skvortsov et al. [ 106 ] showed that lamin-A/C expression correlated 
with the different Gleason groups. Compared to paired benign samples, lower 
Gleason score tumors showed down-regulation of lamin A/C in 60 % of CaP cases 
while higher Gleason score tumors revealed upregulation in 70 % of cases. To con-
fi rm lamin A/C regulation the authors used IHC to successfully confi rm the differ-
ences between benign tissue, lower and higher Gleason score tumors using tissue 
microarrays of an independent set of some 90 tumor cases (ROC AUC = 0.88). Kong 
et al. [ 107 ] demonstrated that lamin A/C is overexpressed in invasive CaP. Their 
data showed that lamin A/C proteins are positively involved in malignant behavior 
of CaP cells in vitro and confi rmed their data using IHC with a tissue microarray 
made up of 376 tissue cores of 94 CaP cases. Also, their data support that the mech-
anism goes through the PI3K/AKT/PTEN pathway and lamin A/C may represent a 
new and a novel therapeutic target for CaP. Though the lamins appear to be closely 
involved in the tumor biology events such as motility, proliferation, and invasive-
ness; their role in altering nuclear morphology occasionally has become controver-
sial [ 94 ,  108 ,  109 ].  

    Conclusions 

 In summary, the nuclear envelope and its numerous associated proteins (lamins A/C 
and B, emerin, LAP2, BRG1, nesprin 1 and 2, the nucleoporins NUP88, 98, 133, 
214, etc.) and key nuclear structural elements (i.e., nuclear matrix, actin, and lam-
ins) play signifi cant roles in chromatin spatial organization. Additionally, these ele-
ments maintain internal nuclear architecture, genome stability, and normal cellular 
processes (e.g., DNA repair, signaling, cell cycle, and mitosis). The human cell has 
evolved into a highly ordered biological machine driven by energy and the need to 
sustain spatial geometry of DNA and chromatin and the protein-related functions 
associated with maintenance of the nuclear apparatus. However, in disease this 
well-engineered cellular machine fails and often the built-in repair mechanisms also 
fail or may in fact accelerate the disease (e.g., autoimmune and malignant disease). 
Given all that we have discussed; where are the best molecular pathways or targets 
in either the primary cancer biopsy specimen or a benign area that identifi es a lethal 
cancer and does so early? In both androgen-dependent and -independent CaP, we 
have noted the importance of critical targets including the PcG, enzyme-driven his-
tone modifi cations, lamins A/C and B, BRG1, and p300. Also, there exists strong 
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evidence that the environment (androgens, infection, diet, metabolism, temperature, 
etc.) can produce several genetic and epigenetic changes that disrupt normal cellular 
functions related to nuclear architecture, genome stability, DNA repair mechanisms, 
and some have been noted above [ 52 ,  53 ,  55 ,  56 ,  58 ]. One certainty is that nuclear 
morphology is often disrupted early in cancer with respect to nuclear size, shape, 
DNA content (ploidy), and chromatin organization. Does the entire target organ 
possess molecular and/or structural changes (fi eld effects) that may differentiate a 
lethal and nonlethal cancer? Given the importance of nuclear shape to prognosis of 
cancer phenotypes, it is surprising and frustrating that we currently lack a detailed 
understanding to explain these changes and how they might arise and relate to spe-
cifi c molecular pathways in the cancer cell. This review offers an attempt to explain 
parts of this dilemma, at least in CaP. Finally, what are some of the NETs and their 
multiple attachments (at the periphery and internally) to chromatin, DNA, telo-
meres, etc. Additionally, how do these interactions play a role in modifi cation of 
nuclear morphometry, chromosome organization, and molecular regulatory events 
that are clinically more useful in early prognosis and identifying new potential ther-
apeutic targets of hormone-dependent and independent tumors?     
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    Abstract     Variation in both nuclear shape and size (“pleomorphism”), coupled with 
changes in chromatin amount and distribution, remains the basic criteria for micros-
copy in a cytologic diagnosis of cancer. The biological determinants of nuclear 
shape irregularities are not clarifi ed, so, rather than on the genesis of nuclear irregu-
larities, we here focus our attention on a descriptive analysis of nuclear pleomor-
phism. We keep in mind that evaluation of nuclear shape as currently practiced in 
routine preparations is improper because it is indirectly based on the distribution of 
DNA as revealed by the affi nity for basic dyes. Therefore, over the last years we 
have been using as criteria morphological features of nuclei of thyroid and breast 
carcinomas as determined by immunofl uorescence, in situ hybridization, and 3D 
reconstruction. We have translated this approach to routine diagnostic pathology on 
tissue sections by employing immunoperoxidase staining for emerin. Direct detec-
tion of nuclear envelope irregularities by tagging nuclear membrane proteins such 
as lamin B and emerin has resulted in a more objective defi nition of the shape of the 
nucleus. In this review we discuss in detail methodological issues as well as diag-
nostic and prognostic implications provided by decoration/staining of the nuclear 
envelope in both thyroid and breast cancer, thus demonstrating how much it matters 
“to be in the right shape” when dealing with pathological diagnosis of cancer.  

  Keywords     Nuclei   •   Pleomorphism   •   Papillary carcinoma   •   Breast cancer   •   3D 
reconstruction  
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  Abbreviations 

   FISH    Fluorescence in situ hybridization   
  H&E    Hematoxylin and eosin   
  NE    Nuclear envelope   
  PTC    Papillary thyroid carcinoma   
  PDC    Poorly differentiated carcinoma   
  NEP    Nuclear envelope pleomorphism   

          Introduction 

 Irregularity of nuclear shape and an increased nuclear-cytoplasmic ratio (also called 
karyoplasmic ratio) characterize most, though not all, neoplastic conditions. In fact, 
we can roughly consider, as far as nuclear shape in cancer is concerned, three types 
of events. In some tumors, nuclei are roundish, with a smooth nuclear membrane 
not dissimilar from the corresponding normal epithelium. However, in the vast 
majority of cancers most nuclei are pleomorphic, as defi ned by the presence of 
irregularities in both nuclear shape and size coupled with changes in chromatin 
amount and distribution within the nucleus [ 1 ]. Such features remain the basic 
microscopy criteria for a cytologic diagnosis of cancer: indeed, indentations, undu-
lations, and folds of the nuclear membrane, as originally reported by ultrastructural 
observations [ 2 ], occur early in neoplastic processes [ 3 ]. 

 Finally, in some types of cancer, and notably in thyroid cancer, nuclear shape irreg-
ularity presents a typical and reproducible pattern, acquiring clear diagnostic signifi -
cance. Typically, papillary thyroid carcinoma (PTC) is characterized by the presence 
of indentations, grooves (the so-called coffee-bean nuclei), pseudo- inclusions (or 
“Orphan-Annie-eyed” nuclei), and nuclear clearing. These characteristics derive from 
fi nely dispersed chromatin or deep and complex cytoplasmic longitudinal invagina-
tions into the double-membrane nuclear envelope (NE), as demonstrated by electron 
microscopy [ 4 – 7 ]. The presence of these features is the only clue to the diagnosis of 
PTC, which alone represents almost 80 % of all thyroid carcinomas [ 8 ].  

    The Nuclear Envelope and Rationale for Its Use in Pathology 

 Light microscopy appreciation of nuclear pleomorphism in cytopathology and his-
topathology is indirect, as it is currently based on staining of nucleic acids with 
basic dyes such as hematoxylin. Since peripheral chromatin is bound to the nuclear 
membrane, this provides crude evidence of nuclear shape. However, a method to 
decorate the NE could provide direct detection of the NE and its components. 
Indeed, by highlighting NE-associated proteins we could provide a more objective 
and direct appreciation of nuclear shape and defi nitively reconstruct nuclear shape 
based on the distribution of NE proteins [ 1 ]. 
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103

 Detection, appreciation, and rendering of nuclear shape are, for intrinsic reasons, 
different in cytopathology and in histopathology. In fact, while in the cytological 
approach whole nuclei are available for investigations, in histological sections only 
nuclear segments are available, which makes images partial and seldom conclusive. 
Moreover, in diagnostic cytology, the preservation of nuclear shape is heavily infl u-
enced by the technical procedure for preparations, since in liquid cytology, the 
shape of the nucleus is fully preserved. By contrast, smearing followed by cell dry-
ing is bound to produce a collapse of the nuclear shape leading to misdiagnosis. 

 With these caveats in mind, the following approaches have been followed by our 
group:

    A.    Tagging of components of the nuclear membrane by immunofl uorescence and 
immunoperoxidase staining (Figs.  1 ,  2 , and  3 )

         B.    Immunofl uorescence decoration of the nuclear membrane, associated with gene 
labeling by fl uorescence in situ hybridization (FISH) (Fig.  4 )

       C.    Confocal microscopy and image capture, followed by 3D reconstruction using 
specifi c software (e.g. Amira 3D Analysis Software for Life Sciences—  http://
www.vsg3d.com/    ) (Figs.  4 ,  5 , and  6 )

        D.    Image analysis using specifi c softwares (e.g. Image-Pro Plus, MediaCybernetics, 
  http://www.mediacy.com    , which is an image analysis software package for fl uo-
rescence imaging and for recording sequential images)     

 Following these procedures, we have been able to trace the distribution of the NE 
with immunofl uorescence and immunoperoxidase procedures by using antibodies 
targeting lamin B and another NE marker, namely, emerin [ 9 ] (approaches A, B). 
These two proteins label different structural components, since lamin B is located in 
the proteinaceous layer at the interface between the chromatin and the membrane, 
while emerin is a transmembrane protein of the inner nuclear membrane [ 9 ]. We 
also obtained a proper 3D reconstruction of the nuclear shape (approaches B, C). 
Confocal microscopy analysis allows the creation of a stack of images along the 
z-axis that can be uploaded into dedicated software for advanced 3D visualization 
and volume modeling. The nuclear outline is obtained after segmentation of sequen-
tial images of nuclear sections [ 10 ]. The segmented areas are then employed to 
generate 3D polygonal surface models using macros in the dedicated software 
(approaches A, B, C). An alternative procedure to confocal microscopy for generat-
ing sharp images from tissue specimens is provided by deconvolution technology 
(approach D). Briefl y, immunofl uorescent preparations are examined typically with 
a wide-fi eld fl uorescence microscope, equipped with either a motorized stage or a 
piezo focus lens positioner, a camera, and a dedicated software that allows 3D 
image stacks to be recorded. Subsequent deconvolution of the image stacks improves 
the clarity of images by applying an algorithm that uses pixel information in the 
adjacent sections to remove out-of-focus light [ 11 ,  12 ]. 

 With confocal microscopy a single nucleus can be observed at different and 
sequential cutting planes, and a 3D reconstruction can be obtained by adding each 
section to build up the entire nuclear volume. Similarly, after removal of the out-of- 
focus light by deconvolution, the individual sections can be reconstructed to obtain 
3D models.  
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  Fig. 1    How emerin staining in both immunofl uorescence and immunoperoxidase highlights nuclear 
shape in a spectrum of thyroid lesions. Panels ( a – c ) are a follicular adenoma stained in various ways. 
The presence of round and regular nuclei is evident. Parallel sections were stained with ( a ) hematoxy-
lin and eosin (H&E), ( b ) immunofl uorescence for emerin, and ( c ) immunoperoxidase for emerin. 
Panels ( d – h ) are an example of papillary thyroid carcinoma showing NE irregularities. ( d ) An H&E-
stained section of a thyroid proliferation with irregular nuclei and scarce pseudo-inclusions ( arrow ). 
( e ) The irregularities become extremely evident with immunofl uorescence for emerin. ( f – h ) Similarly 
immunoperoxidase staining for emerin reveals the presence of several pseudo-inclusions by marking 
nuclear shape and highlighting its foldings ( arrows  in  e – h : evident and widespread nuclear pseudo-
inclusions). Panels ( i – k ) are a case of poorly differentiated carcinoma. ( i ) H&E staining reveals nuclei 
to look quite regular with only scarce irregularities of the nuclear contours. ( j ) Immunofl uorescence 
staining for emerin reveals nuclei that can look quite regular (as in follicular lesions). ( k ) However, in 
some cells this staining reveals the so-called star-shaped or raisin-like features       
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  Fig. 2    Emerin staining in cytological specimens of papillary thyroid carcinoma. ( a – d ) Cases of 
papillary thyroid carcinoma (PTC) in alcohol-fi xed smears, ( e ) with Thin Prep, and panels ( f – h ) 
are cell blocks obtained from fi ne needle aspirations on thyroid nodules. In smears ( a ,  c ) cells are 
stained with hematoxylin and eosin (H&E), while ( b ,  d ) are the same fi elds and nuclei stained with 
immunoperoxidase for emerin. Direct comparison of the same fi elds reveals the superior ability of 
emerin staining to highlight diagnostic nuclear features, such as nuclear pseudo-inclusions ( arrows  
in  a ,  b ), even of very small size ( arrow  in  d ), grooves, and crescent-like fi gures. ( e ) On Thin Prep 
preparations, pseudo-inclusions are evident. ( f – h ) The emerin-stained sections obtained from cell 
block highlight other features typical of PTC, such as the garland-like appearance ( f ) and deep 
irregularities of nuclear shape ( g ,  h )       
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  Fig. 3    Micrographs depicting different scenarios in the evaluation of nuclear pleomorphism in 
breast cancer pathology.    Ductal carcinoma in situ (DCIS) of low nuclear grade ( a ,  b ) shows a regu-
lar lining of the nuclear envelope by immunofl uorescence for emerin ( b ). ( c ,  d ) Immunofl uorescence 
for emerin best shows fi ne irregularities of the nuclei in ductal carcinoma in situ of high nuclear 
grade. ( e ,  f ) Finally, an example of infi ltrating ductal carcinoma (IDC) of low histological grade 
shows high-grade nuclear envelope pleomorphism (NEP), as best highlighted by immunofl uores-
cence for emerin       
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  Fig. 4    3D reconstruction of nuclei with visualization of  HER2  gene. ( a ,  b ) Immunofl uorescence 
for lamin B ( green ) is performed together with fl uorescence in situ hybridization (FISH) for the 
 HER2  gene ( red  signals) in BT-474 cells ( HER2  amplifi ed, as exemplifi ed by the gene clusters). 
( c – f ) 3D reconstruction of these nuclei shows the relationship between  HER2  gene clusters and 
nuclear envelope       
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  Fig. 5    3D reconstruction of PTC nuclei. Panels ( a – d ) are images obtained from sequential cutting 
planes of a single papillary thyroid carcinoma (PTC) nucleus, while images from ( e – g ) are differ-
ent perspectives of a 3D reconstruction of another example of PTC nucleus. Immunofl uorescence 
for emerin was performed on sequential sections of nuclei from PTC cell lines, and a 3D recon-
struction was obtained using software Amira (Amira 3D Analysis Software for Life Sciences—
http://www.vsg3d.com). The models of nuclear shape here shown revealed the presence of 
irregularities of the nuclear membrane with foldings and invaginations, which corresponds to the 
so-called coffee bean (or grooves) on traditional H&E-stained nuclei       
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  Fig. 6    3D reconstruction of breast cancer nuclei. Panels ( a – d ) and ( e – h ) are images obtained from 
sequential cutting planes of two different nuclei of breast cancer. Immunofl uorescence for lamin B 
was performed on sequential sections of nuclei from breast cancer cells (BT-474). The software 
Amira (Amira 3D Analysis Software for Life Sciences—http://www.vsg3d.com) was used to 
obtain a 3D reconstruction. The 3D models highlight irregularities of nuclear contour and several 
intranuclear tubules       
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    Diagnostic and Clinical Impact of Nuclear Shape in PTC 

 Over the years, we have focused our attention on nuclear pleomorphisms and altera-
tions in shape (dysmorphisms) that occur in cancers and specifi cally in thyroid and 
breast carcinomas, two areas in which nuclear pleomorphism holds high biological 
signifi cance and great diagnostic and prognostic impact. In breast carcinoma the 
nuclear shape varies according to the histological subtype and grade, involving also 
a prognostic signifi cance. In thyroid carcinomas the nuclear shape is instead para-
digmatic and diagnostic of specifi c types of cancer. 

    Nuclear Shape in PTC and PDC Versus Other Thyroid 
Pathologies 

 A study conducted on cell lines derived from PTC and from follicular carcinomas, 
as well as on histological sections and cytological fi ne needle aspiration samples, 
showed an intense and diffuse staining for lamin B along the nuclear membrane 
irrespective of the tumor type [ 10 ]. 

 Remarkable nuclear deformities, infolding, and “tubelike” invaginations were 
evident in the vast majority of PTC nuclei, and the typical intranuclear pseudo- 
inclusions were also lined by lamin B. Moreover, PTC nuclei were larger and much 
more irregular than the corresponding control cases of follicular tumors (Fig.  1 ). The 
invaginations and indentations of PTC nuclei, as revealed by the sequential recon-
structions obtained with the use of the confocal microscope, appeared to penetrate 
into the nucleus to a variable degree from a minimal fraction up to reach an entire 
penetration, which, as a consequence, acquires a “donut-like” confi guration. Serial 
sections showed that “pouches” or “tunnels” that were seen in 3D reconstructions 
(Fig.  5 ) corresponded to the pseudo-inclusions typical of PTC nuclei and appeared 
to be always connected to the cell cytoplasm and lined by intact nuclear membrane. 

 In control cases of follicular tumors, nuclei were smaller than in PTC, with a 
round or an oval shape and a regular and smooth contour. Confocal microscope and 
3D-reconstruction images highlighted the presence of only slight and occasional 
deformities. 

 It can be thus concluded that the typical irregularities of PTC nuclei may appear 
at the light microscopy level alternatively as grooves or pseudo-inclusions accord-
ing to the viewpoint from which the cell is explored, but they are all facets of the 
same phenomenon of large-scale invaginations with reciprocal cytoplasm bulging. 

 Moreover, the study with confocal microscopy and 3D reconstructions acquired 
diagnostic usefulness, since it opened the possibility to apply knowledge on nuclear 
shape and volume to the so-called grey area of thyroid pathology, which comprises 
follicular patterned lesions with optically clear nuclei but without clear-cut features 
of PTC. Irregularly shaped nuclei in fact can also be found in thyroiditis, hyperplas-
tic lesions, goiter with degenerative changes, oxyphilic tumors or be the 
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consequence of the fi ne needle aspiration procedure or the fi xation artefacts [ 13 ]. 
These benign lesions may have nuclear irregularities that mimic those of PTC: 
besides clear nuclei, occasional grooves can be appreciated and widespread altera-
tions of nuclear contour are often present. What distinguishes these lesions from 
PTC is a combination of several factors, both histological (architecture, presence of 
vascular and/or capsular invasion) and cytological (extent, frequency, and intensity 
of nuclear irregularities, presence of nuclear pseudo-inclusions), but traditional 
staining may not be suffi cient to fully appreciate these differences and distinction 
may be challenging. For this reason, the use of immunohistochemical staining to 
improve detection of nuclear shape might be of help in this differential diagnosis. 

 In order to apply this method of nuclear stain to routine histological and cyto-
logical diagnosis, immunohistochemical staining with anti-emerin antibodies was 
evaluated [ 9 ,  14 ,  15 ]. Emerin is a protein of the inner nuclear membrane which 
appears to interact with the lamina and chromatin; it is a serine-rich nuclear mem-
brane protein involved in mediating membrane anchorage to the cytoskeleton [ 16 ]. 
Fischer et al. [ 17 ] demonstrated that its expression is not reduced or abolished in 
cytoplasmic pseudo-inclusions or grooves of PTC, but it simply conforms to nuclear 
irregularities and foldings. Thus, cases of PTC, follicular adenoma, follicular carci-
noma, Hashimoto’s thyroiditis, goiter, Graves disease, and normal thyroid tissues 
were stained with anti-emerin antibodies. 

 In PTC, emerin staining allowed an easy identifi cation of all previously described 
nuclear irregularities (invaginations, pseudo-inclusions, grooves, crescent-like 
nuclei, and deep-stellate nuclear shape) but also a peculiar pattern never described 
before, which is the presence of minute curls along the periphery of the nucleus, 
leading to a garland-like pattern (Figs.  1  and  2 ); moreover, when directly comparing 
the same nuclei stained with immunofl uorescence for emerin and subsequently 
restained with hematoxylin and eosin (H&E), it was evident that only some of the 
grooves seen with immunofl uorescence were appreciable with H&E as well. For 
this reason, emerin staining was tested on cases of follicular variant of PTC 
(FVPTC). This controversial variant is in fact characterized by follicles lined by 
cells that lack the typical features of PTC: nuclei are dark, and irregularities of 
shape are often borderline. Grooves are scarce and pseudo-inclusions rare or totally 
absent [ 6 ,  18 ,  19 ]. For this reason, the diagnosis of FVPTC is traditionally affected 
by a high rate of inter-observer discordance, even among the so-called expert thy-
roid pathologists [ 20 – 22 ]. The distinction between FVPTC on one side and benign 
lesions on the other (follicular adenoma, goiter, nodule in the context of thyroiditis) 
is based on the shape of the nucleus, presenting grooves and invaginations in the 
former while roundish in the latter. The differential diagnosis is important since it 
carries a profound therapeutic and prognostic impact, but it is sometimes diffi cult 
and problematic, because of improper preservation of the nuclear shape in histologi-
cal sections. 

 After emerin staining of cases of FVPTC, invaginations of the nuclear membrane 
were more evident than on H&E slides, and emerin tracing of the envelope allowed 
the recognition of some pseudo-inclusions that were “hidden” by the presence of 
dark nuclei in H&E preparations. 
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 Staining for emerin shows distinct and different patterns between PTC nuclei 
and other conditions, because it reveals more clearly nuclear irregularities in cases 
of PTC, while it confi rms a regular nuclear profi le in normal thyroid gland and other 
lesions (follicular lesions, goiter, thyroiditis). In fact, we have demonstrated that in 
thyroid lesions other than PTC, the vast majority of cells have smooth and round 
nuclei and only occasional cells may have irregularities of shape and invaginations 
similar to PTC nuclei [ 9 ]. Of note, such irregularities are only occasional and never 
reach the degree so typical and diagnostic of PTC. 

 The diagnosis of poorly differentiated carcinoma (PDC) is based on a diagnostic 
algorithm involving the presence of a solid, trabecular, or insular histological pat-
tern as well as of necrosis and increased rate of mitoses [ 23 ]. However, a role in the 
diagnosis is played by nuclei as well. In PDC, nuclei are small (if compared with 
PTC nuclei), round, and hyperchromatic and lack typical clear-cut features of PTC 
(pseudo-inclusions, grooves, crescent-like features). Nuclei in PDC appear as “con-
voluted” because of the presence of an irregular (“convoluted” or “raisin-like”) con-
tour membrane. Only occasional grooves are observed, and no ground-glass 
appearance or pseudo-inclusions. By decorating/staining the NE with anti-emerin 
antibodies, PDC-convoluted or raisin-like nuclei showed humps and plicae, thus 
giving the appearance of a star-shaped structure (Fig.  1 ).  

    Thyroid Cytology 

 Tracing the nuclear membrane by emerin decoration/staining could improve the 
preoperative cytological diagnosis of thyroid carcinomas. 

 In particular, one of the main issues in thyroid cytopathology is the so-called 
indeterminate category, which includes cases where the lesion cannot be clearly 
defi ned as benign or malignant based on morphology alone; these cases are collec-
tively grouped into the III and IV categories according to the Bethesda System for 
reporting Thyroid Cytopathology [ 24 ]. The categories III and IV (see Table  1a ) are 
considered a sort of “grey zone” of thyroid cytology, and several authors have dis-
cussed the issue of “indeterminate” thyroid fi ne needle aspiration diagnosis. Efforts 
to detect cytological features or ancillary procedures that could distinguish between 
benign and malignant follicular patterned lesions (in need of surgical removal) have 
been the subject of several studies, but none was found to have absolute value or 
reproducibility [ 25 – 31 ].

   Our results showed that emerin correctly traced the nuclear membrane in all 
types of cytological specimens (smear, cell block, Thin Prep) (see Table  1b ). Smears 
and Thin Preps from cases with a defi nite cytological diagnosis of malignancy (cat-
egory VI according to Bethesda System) [ 24 ] showed evident nuclear irregularities 
with foldings, grooves, and pseudo-inclusions. Comparison on the same nuclei of 
the H&E and immunoperoxidase slides (by recording H&E cytological images, de- 
mounting, and then restaining for emerin) (Fig.  2 ) clearly demonstrates the increased 
ability to defi ne the nuclear membrane and its irregularities. 
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 This approach proved particularly useful in the defi nition of unclear and prob-
lematic cases classifi ed as III/IV categories: by highlighting and amplifying nuclear 
irregularities (e.g., invaginations, true inclusions, grooves), it helped in identifying, 
among all the indeterminate cases, the malignant lesions, which, after surgery, 
proved to be PTC or FVPTC. Those nuclear irregularities which were barely per-
ceivable or borderline on H&E preparations proved instead more evident with 
emerin staining, and this helped in raising the suspicion of a malignant lesion. 

 In conclusion, emerin staining proved a useful tool to correctly identify PTC 
nuclei and to discriminate FVPTC cases among lesions classifi ed as III/IV catego-
ries according to the Bethesda System [ 24 ]. It can be performed on smears, even 
after H&E staining, thus allowing for the accurate and straightforward identifi cation 
of nuclear changes characteristic of PTC even in fi ne needle aspiration samples with 
very scant cellularity (number of cells obtained by FNA).   

    Diagnostic and Clinical Impact of Nuclear Shape 
in Breast Cancer 

 In breast cancer diagnostic pathology it is well known that irregularities in nuclear 
shape as observed by H&E staining play a crucial role in the diagnosis of both in 
situ and infi ltrative lesions. Indeed, in situ carcinomas are classifi ed using a three- 
tier system (Table  2 ) into low-, intermediate-, and high-grade lesions based on the 
degree of nuclear pleomorphism. Nuclear pleomorphism represents one of just 

Categories for reporting thyroid cytopathology (Bethesda System) (a)
Category Risk of malignancy

I Nondiagnostic or Unsatisfactory 1-4%
II Benign 0-3%

III Atypia of Undetermined Significance or Follicular Lesion of Unde-
termined Significance

5-15%

IV Follicular Neoplasm or Suspicious for a Follicular Neoplasm 15-30%

V Suspicious for Malignancy 60-75%
VI Malignant 97-99%

Cytology processing-tissue methods (b)
Smear Specimens from FNA are immediately spread thinly on a microscope slide,

air-dried or alcohol- fixed and stained for examination.
Thin Prep Specimens from FNA are put in a special fluid collection system and the slides for

cytologic examination are filtered out in one-cell-thick layers on a slide.
Cell-block Specimens  from  FNA  are  directly  fixed  in  alcohol,  centrifugated,  paraffin-

embedded, thus obtaining cell-blocks from which 3-5 µm sections can be cut.

    Table 1       Categories for reporting thyroid cytopathologies (according to Bethesda System) (a) and 
cytology processing tissue methods (b)       

  FNA = fi ne needle aspiration  
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three components to be evaluated in the grading system of invasive breast carcino-
mas, the others being the number of mitoses and architectural growth pattern [ 32 ]. 
Histological grade (Table  2 ) holds a universally acknowledged robust prognostic 
value [ 32 ]; however, regrettably intra- and inter-pathologist agreement on grading 
in breast cancer is reported between poor and moderate [ 33 ,  34 ]. Indeed, the inter- 
observer agreement ranges between 50 and 85 %, and about 40–50 % of breast 
cancers are diagnosed as grade 2 cancers [ 32 ,  33 ].

   With respect to nuclear grade, the seminal work by Elston and Ellis [ 32 ] grades 
nuclear pleomorphism by using three score values. These score values are given by 
comparing tumor nuclei with nuclei of normal breast, and at least four features are 

Growth
pattern

Mitotic count*
(applied to HPF 

diameter of 0.46 mm)

Nuclear pleomorphism

>75% of 
tubule

formation

SCORE 1

1-4 mitoses

SCORE 1

Small and roundish
nuclei with uniform

chromatin

SCORE 1

10-75% of 
tubule

formation

SCORE 2 

5-11 mitoses

SCORE 2

Variable shape and size,
vescicolous chromatin,

nucleoli present

SCORE 2 

<10% of 
tubule

formation

SCORE 3

>=12 mitoses

SCORE 3

High variability in shape
and size, prominent

nucleoli

SCORE 3

TOTAL SCORE

Score 3, 4, 5: G1
Score 6, 7: G2
Score 8, 9: G3

    Table 2    Schematic representation of how histological grade is performed in breast cancer 
 diagnostic pathology       

  Three parameters are assessed: evaluation of tubule formation, number of mitosis, and nuclear 
pleomorphism (the latter corresponding to nuclear grade) 
 Scores attributed to single parameters are summed up, and the fi nal score labels the lesion as 
G1 (low grade), G2 (intermediate grade), or G3 (high grade) 
  * Mitotic count depends on the diameter of the microscopic fi eld of the microscope used to analyze 
the tissue specimen, in the fi gure we reported values corresponding to 0.46 mm  
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considered: size, shape, uniformity of nuclear chromatin, and nucleoli. Score 1 
nuclei are little larger but very similar to normal cell nuclei, while score 3 nuclei 
show marked variation in size and a “bizarre” morphology. Yet, as noted above with 
PTC, light microscopy appreciation of foldings and indentations of the nuclear 
membrane is rough and indirect, being based on the staining of membrane-bound 
chromatin. Based on these premises it is not surprising that systematic differences 
between pathologists in scoring nuclear pleomorphism in breast cancer potentially 
contribute to differences in allocating cases to the correct grade, and the observed 
discrepancies confi rm the need for improved nuclear grading criteria [ 35 ,  36 ]. 

 Despite their considerable biological interest, the intranuclear tubular extensions 
of the NE have not gained much attention in pathology. We have therefore endeav-
oured to investigate whether direct observation of the NE could provide a more objec-
tive and direct appreciation of nuclear pleomorphism of breast cancer cells with the 
fi nal aim to ameliorate defi nition of prognosis in breast cancer diagnostic pathology. 

 First, we have carried out a project in which various cell lines (primary cultures 
of normal mammary epithelium and established breast cancer cell lines) in addition 
to isolated cells and tissue sections from primary human breast cancer of different 
grades and stages were examined. Finally, the degree of pleomorphism of the NE 
was extended to other pathological parameters (histological grade, number of meta-
static lymph nodes, vascular invasion, staging) in a series of 273 breast cancers. 
Results with in vitro-immortalized cultures showed that nuclei of “normal” breast 
epithelium when put into 2D cultures displayed a uniformly smooth  silhouette , 
while lamin B and emerin patterns in most breast cancer cell lines resulted to build 
up, upon 3D reconstruction, a complex scaffold of intranuclear tubular structures 
(Fig.  6 ). As for tumor cells in human surgical samples, we showed that high nuclear 
pleomorphism, as defi ned by staining of the NE proteins emerin and lamin (Fig.  3 ), 
may potentially recognize within the histologically low-grade cancer group (G1) 
and in tumors with low proliferation activity, those more prone to metastasize [ 37 ]. 

 Basically, from a practical standpoint, decoration/staining of the NE may be 
regarded as a novel diagnostic and prognostic parameter that may complement 
information obtained by conventional cytohistological techniques, and it can be 
postulated that fi ne detection of the nuclear shape and pleomorphism of the NE 
represents a novel parameter of interest in pathological grading, holding also a 
potential impact for planning therapy in breast cancer. Although the signifi cance of 
this complex scaffold of intranuclear tubular structures is presently unknown it can 
be hypothesized that irregularities and intranuclear tubules might be involved in or 
reactive to defects in the nuclear-cytoplasmic transport, reportedly a feature typical 
of cancer cells [ 38 ]. 

 As an additional remark, we have also investigated the possibility to visualize the 
spatial organization of gene signals with respect to the NE. This can be achieved by 
coupling immunofl uorescence for lamins (or other NE proteins) and FISH for target 
genes. In particular, for breast cancer we have investigated  HER2  gene amplifi ca-
tion in BT-474 breast carcinoma cells (Fig.  4 ). 

  HER2  gene amplifi cation is found in about 15–20 % of all breast carcinomas and 
represents the main mechanism driving HER2 activation in breast cancer, which has 
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a negative prognostic impact [ 33 ,  39 ]. Proper documentation of the presence of 
 HER2  gene amplifi cation represents the crucial step to deliver a specifi c target ther-
apy in breast carcinoma patients (the humanized antibody trastuzumab, i.e., 
Herceptin ® ) [ 33 ]. This is performed routinely by using an in situ technique, i.e., 
FISH, with specifi c probes directed against the target gene, on sections of human 
tissue samples. Usually a dual-color probe (one for the gene, the other for the cen-
tromere of the chromosome 17 (CEP17), the chromosome where  HER2  maps to) is 
employed, and results can be scored either based on  HER2 /CEP17 ratio ( HER2/
CEP17≥2= amplifi cation ) or on the basis of the absolute numbers of the  HER2  
gene (amplifi cation whenever  HER2  > 6) [ 39 ,  40 ]. For the sake of detection of 
amplifi cation, only numerical count of signals is performed and no attention is cur-
rently paid to the spatial organization of signals. 

 With our immune-FISH followed by 3D reconstruction we showed in  HER2 - 
amplifi ed  breast cancer cells a range of patterns in the spatial distribution of gene 
signals (both single and clustered) with respect to the NE, some being anchored to 
the NE and others haphazardly spaced within the nucleus. Implications of the rela-
tionship between amplifi ed regions of the genome and anchorage to the NE are 
unknown at present, but it is generally thought that interactions demonstrated 
between NE proteins and epigenetic heterochromatin marks would correlate periph-
eral localization with silencing. Nonetheless, further experimental studies would be 
warranted to properly investigate the implications in terms of activation or inactiva-
tion of genes. Indeed, the spatial localization of chromatin within the mammalian 
nucleus has been shown to be important for several genomic processes [ 41 ], includ-
ing transcription [ 42 ], RNA processing [ 43 ], as well as DNA repair and recombina-
tion [ 44 ]. In addition, studies based on 3D-immuno-FISH suggest a key function for 
the inner nuclear membrane–lamina compartment in transcriptional silencing of 
large segments of the genome [ 41 ]. Finally, very recently it has been demonstrated 
that the yeast nuclear pore complex protein Nup170p interacts with regions of the 
genome that contain ribosomal protein and subtelomeric genes, where it functions as 
a repressor of transcription [ 45 ]. These results suggest that nuclear pore proteins are 
active participants in silencing and the formation of peripheral heterochromatin [ 45 ].  

    Conclusions 

 Variation in both nuclear shape and size (“pleomorphism”), coupled with changes 
in chromatin amount and distribution, remains the basic microscopy criteria for a 
cytologic diagnosis of cancer. The biological determinants of nuclear shape irregu-
larities are not clarifi ed. It has been suggested that alterations in nuclear shape might 
be related to genetic imbalances in cancer [ 46 ], and Fischer [ 17 ] gave experimental 
evidence using in vitro models of PTC that induced gene mutations are associated 
with the structural features typical of this type of thyroid carcinoma that involve 
rearrangement of the NE and chromatin distribution [ 16 ,  17 ,  47 ]. On the other hand, 
some diseases characterized by genetically determined abnormalities in lamin 
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proteins [ 48 ,  49 ] suggest that irregularities in nuclear shape are due to the abnormal 
farnesylation of lamin proteins, perhaps through interaction of the farnesylated lam-
ins with the phospholipid bilayer [ 50 ]. This raises the possibility that both genetic 
and posttranslational events might be involved in the origin of nuclear shape 
abnormalities. 

 Indeed, small GTPases appear to represent a candidate for playing a central role 
in this process, since they are important in the nuclear envelope assembly [ 51 ] and 
are notoriously a key player in oncogenesis [ 52 ,  53 ]. Moreover, recent evidence has 
been presented [ 54 ] suggesting that prenylation of small GTPases is impaired in 
cancer cells. 

 Other reviews focus on possible mechanisms to generate nuclear shape abnor-
malities, but here we focus on using these diagnostically. Standard H&E staining 
cannot adequately distinguish fi ne abnormalities of the nuclear shape, as it is indi-
rectly based on the distribution of DNA as revealed by the affi nity for basic dyes. 

 A more objective defi nition of the shape of the nucleus can be provided by deco-
ration/staining of the NE, followed by image capture and 3D reconstruction. We 
applied this approach to two areas of tumor pathology: thyroid and breast cancer. In 
the papillary type of thyroid cancer, most nuclei show a variation in shape so typical 
as to be paradigmatic and diagnostic, while in breast cancer nuclear irregularities 
vary according to the subtype and the aggressiveness of cancer. For instance it is 
minimal in tubular carcinoma while marked in grade 3 cancers. 

 The technical approach presented here proved feasible on both isolated cells and 
tissue sections and ultimately provides a reproducible approach of diagnostic and 
clinical interest. 

 The pathological diagnosis of PTC is usually straightforward since the majority 
of cases of PTC are easy to diagnose on routine-stained preparations, with overt 
irregularities, such as grooves, pseudo-inclusions, and ground-glass appearance. 
Although these nuclear changes help to defi ne PTC, these features are only diagnos-
tic when widespread and in combination. However, in some cases both in histology 
and cytology diagnosis of PTC can be challenging, and the classical microscope 
observation of PTC nuclei (based on nucleic acid staining with basic dyes, such as 
hematoxylin) is clearly insuffi cient to appreciate the complete spectrum of PTC 
nuclear irregularities. 

 By tracing in immunofl uorescence and immunoperoxidase proteins of the NE 
(e.g., lamins, emerin), it is possible to obtain a clear, evident, and direct representa-
tion of nuclear shape, thus highlighting those microscopical features barely visible 
with H&E. 

 When shifting the attention from the “content” (chromatin) to the “container” 
(nuclear membrane), confocal microscopy and 3D reconstructions provided us 
models of nuclear structure in PTC cells, and emerin immunostaining on cytologi-
cal and histological samples proved a feasible tool to improve diagnosis in “diffi -
cult” PTC cases. 

 In breast cancer, the presence of an extensive network of invaginated projections 
of the NE inside the nucleus, as revealed by tagging lamin B and emerin in immu-
nofl uorescence preparations, opens prospects of biological and diagnostic interest. 
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Intranuclear tubules are an interesting and intriguing phenomenon, possibly involved 
in or reactive to defects in the nuclear-cytoplasmic transport, reportedly a feature 
typical of cancer cells. In addition, this scaffold might also be a drug target since 
Lee et al. [ 55 ] already demonstrated a selective binding of doxorubicin to intranu-
clear tubules. Moreover, the combined 3D detection of the spatial distribution of 
genes and intranuclear invaginations, as exemplifi ed in the present study, might 
provide a novel interpretation on active versus inactive genes. Indeed, other studies 
based on 3D-immuno-FISH seem to suggest the inner nuclear membrane–lamina 
compartment as a key player in transcriptional silencing of large segments of the 
genome [ 41 ]. 

 Finally, we gave evidence that immunofl uorescence decoration/staining of the 
NE provides a reproducible and objective evaluation of nuclear shape irregularities 
associated with pleomorphism and provides prognostic information to parallel and 
enhance that provided by routine histological procedures.     
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               Introduction 

 A central mechanism by which the nuclear envelope could influence cancer 
progression is through infl uencing the cell cycle, which typically loses critical 
controls in tumorigenesis. The fi rst link between the nuclear envelope and the cell 
cycle was the observation by Larry Gerace and Gunter Blobel that the intermediate 
fi lament lamin polymer was depolymerized by hyperphosphorylation at the begin-
ning of mitosis [1]. Ten years later it was found by the McKeon, Nigg, and Kirschner 
labs that mitotic kinases direct this hyperphosphorylation [2–4]. Moreover, mutating 
critical residues in lamin A to prevent their phosphorylation blocked both lamin 
disassembly and mitotic progression [2]. Thus, just the inability to disassemble the 
nuclear envelope yields a physical barrier to progression through mitosis. It follows 
logically that even intermediate defects in nuclear envelope disassembly could 
have negative consequences for successful mitosis—for example partial maintained 
connections between nuclear envelope fragments and chromatin could block 
proper chromosome segregation, resulting in micronuclei and aneuploidy. Defects 
in nuclear envelope proteins also adversely affect nuclear envelope reassembly at 
the end of mitosis as this process is thought to be driven by binding of certain 
nuclear envelope proteins to mitotic chromosomes. In this light it is perhaps not 
surprising that disruption of both the nuclear envelope transmembrane proteins 
MAN1 and emerin or their chromatin-binding partner BAF in  Caenorhabditis 
elegans  resulted in defects such as anaphase chromatin bridges [5, 6]. 

 Although one might think that nuclear envelope proteins would become irrele-
vant during mitosis since the nuclear envelope is gone, it turns out that many nuclear 
envelope proteins have separate functions during mitosis. Major functions described 
thus far are supporting the mitotic spindle [7–10] and associating with kinetochores 
[11], presumably to strengthen the complex binding to spindle microtubules. 

 Interphase functions of the nuclear envelope can also affect the ability of cells to 
enter the cell cycle, and evidence exists for interactions of both lamins and nuclear 
envelope transmembrane proteins with signaling pathways controlling cell cycle entry. 

     Part II
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The most investigated nexus for this is the interaction between lamin A and master 
cell cycle regulator and tumor-suppressor protein pRb, fi rst observed in 1994 [12]. 
In the fi rst chapter in this section, Juniper Pennypacker and Brian Kennedy, President 
of the Buck Institute for Research on Aging and among the fi rst to characterize 
lamin-pRB interactions, address what is known about pRb interactions with lamins 
in regulation of the cell cycle. They also address aspects of the lamin–pRb nexus in 
aging. They present a body of data that strongly argues that accumulation of the 
progerin form of lamin A with aging could impair p53 networks and enable tumori-
genesis. Next Roland Foisner, discoverer of the LAP2 family of NETs and Deputy 
Director at the Max F. Perutz Laboratories, and Andreas Brachner from the Medical 
University of Vienna address the function of a variant of the lamin–pRb nexus that 
also includes the alpha soluble splice variant of the nuclear envelope transmem-
brane protein LAP2β. This particular complex sequesters pRb from its target genes 
in the nuclear interior, but at the same time it stabilizes pRb so that in some cell 
types levels can build up. This means that when the cell cycle is activated it can 
proceed in these cell types in a much more robust manner. Thus depending on cell 
type and circumstances this lamin–LAP2α–pRb complex can either inhibit cell 
cycle progression or enhance it. Next, Eric Schirmer and colleagues discuss the role 
of nuclear envelope transmembrane proteins and NPC proteins during mitosis and 
also interphase roles of nuclear envelope transmembrane proteins in regulating the 
cell cycle. Interestingly, roughly 20 % of nuclear envelope transmembrane proteins 
tested have some roles in the cell cycle [13]. Finally, signaling pathways are critical 
for achieving and maintaining tissue differentiation and often additionally exert 
controls on the cell cycle, and so in the last chapter Jason Choi and Howard Worman 
from Columbia University, discoverer of one of the fi rst NETs -LBR- and of many 
aspects of lamin and NET functions in disease, discuss this function of the nuclear 
envelope. In particular, NF-κB, Wnt, and TGFβ signaling cascades from the plasma 
membrane get several additional layers of regulation from the nuclear envelope 
before they can activate transcription: fi rst getting into the nucleus through the 
NPCs and second having cascade proteins β-catenin and smads sequestered at the 
nuclear envelope by multiple nuclear envelope transmembrane proteins.
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    Abstract     While speculation has centered on a role for nuclear lamins in tumor pro-
gression for many years, most of the diseases that have been linked to lamin mutation 
are dystrophic in nature, often limiting the proliferation potential of affected cells in 
vivo and in vitro. Nevertheless, these lamin mutations, particularly in the  LMNA  
gene that encodes A-type lamins, have provided an interesting tool set to understand 
functions of nuclear intermediate fi lament proteins in cell cycle progress and various 
means of exit, including quiescence, senescence, and differentiation down various 
lineages. The picture that has emerged is complex with lamins controlling the activ-
ity of key cell cycle factors such as the retinoblastoma protein (RB) and interacting 
with several important signal transduction pathways. Here we describe the current 
state of knowledge and speculate that lamins may be intimately involved in the 
 regulation of cell proliferation, acting at the interface between cancer and aging.  

  Keywords     A-type lamins   •   B-type lamins   •   Retinoblastoma protein   •    LMNA  gene   
•   Lamins   •   Aging   •   Progerin   •   Senescence   •   Cancer   •   Cell cycle progression   • 
  Telomeres   •   p53  
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  DCM1A    Dilated cardiomyopathy type 1A   
  ERK    Extracellular signal-regulated kinases   
  HGPS    Hutchinson–Gilford Progeria syndrome   
  LAP2α    Lamina-associated polypeptide 2α   
  MDM2    Mouse double minute 2 homolog   
  ROS    Reactive oxygen species   
  RB    Retinoblastoma protein   
  SASP    Senescence-associated secretory phenotype   
  SIRT1    Silent mating-type information regulation 2 homolog 1   
  VHL    von Hippel–Lindau gene   

          Introduction 

    Since the discovery of A-type and B-type lamins as components of the nuclear 
lamina [ 1 ], they have been the subject of intense scrutiny regarding possible roles in 
a range of nuclear functions. The fi nding that they are targets for mutation in degen-
erative and progeroid diseases has further driven research in the area [ 2 ]. Partially 
overlapping research threads for nearly three decades have implicated lamins in the 
control of cell proliferation and differentiation, leading to speculation that lamins 
may have roles in cancer progression. One obvious connection between lamin func-
tion and cell cycle progression comes from the fact that the nuclear envelope breaks 
down during mitosis in mammalian cells, leading to a dissociation of the lamin 
intermediate fi lament structure that exists between the chromatin and the envelope 
[ 3 ]. Upon reformation of the nucleus after mitosis, the lamina also reassembles, and 
numerous studies have been performed to defi ne a role for A- and B-type lamins in 
this process. 

 A full description of A- and B-type lamins is provided in other reviews. Here we 
provide basic facts relevant to lamin roles in cell cycle regulation and aging. All 
A-type lamins (lamins A and C in most settings) are encoded by the  LMNA  gene, 
which is targeted for mutation in a wide range of pathologies [ 2 ]. Among these, 
forms of dilated cardiomyopathy and muscular dystrophy are generally associated 
with reduced A-type lamin function and can be phenocopied by knockout of the 
 LMNA  locus in the mouse [ 4 ]. In contrast, dominant gain-of-function or neomorphic 
mutations in  LMNA  can lead to progeroid syndromes [ 5 – 7 ]. The most common of 
these is Hutchinson–Gilford Progeria syndrome (HGPS), which is most often asso-
ciated with the  LMNA  G608G mutation, which is silent with respect to coding 
sequence but activates a cryptic splice site leading to the production of progerin, a 
variant of lamin A that lacks 50 amino acids in the C-terminus [ 6 ,  7 ]. Whether pro-
gerias are mechanistically linked to normal aging has been an ongoing debate in the 
aging research fi eld for decades with no consensus yet emerging [ 8 ,  9 ]. Interestingly, 
however, alternative splicing of  LMNA  can occur in normal cells leading to low- 
level production of progerin, and recent studies have demonstrated progerin accu-
mulation with organismal age or with increasing passage in cell culture [ 10 – 13 ]. 
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These fi ndings at least raise the possibility that progerin may in part promote the 
normal aging process. 

 B-type lamins, encoded by  LMNB1  and  LMNB2 , are also linked to disease states 
and have been implicated in cell cycle progression. Interestingly, recent studies 
indicate that lamin B expression may be altered as cells approach senescence [ 14 ], 
a topic discussed in Sects.  3  and  4 . One major difference between A- and B-type 
lamins is their expression patterns. While B-type lamins are expressed in all cell 
types, A-type lamins are regulated during development and differentiation. In a 
mouse, for instance, A-type lamin expression is not evident until mid-gestation, 
when it can be detected in cells committing to different lineages [ 15 ]. This fi nding 
has led to the possibility that A-type lamins are cell commitment factors, being 
expressed when cells adopt certain fates and perhaps ensuring gene expression pro-
grams that defi ne those fates. A-type lamins are also not expressed in stem cells (or 
at least at very low levels), a fact made particularly evident in studies aimed to gen-
erate induced pluripotent stem cells from fi broblasts of HGPS patients [ 16 – 18 ]. 
These fi broblasts have proliferation defects and altered nuclear shape but can be 
induced to become stem cells. Upon this transition, the cells lose A-type lamin 
expression (including that of progerin) and no longer display proliferation or nuclear 
shape abnormalities. When induced to differentiate again, they resume progerin 
expression and regain abnormal behavior. 

 A deeper role for lamins in cell cycle regulation was proposed when the discov-
ery was made that lamin tethering of many cell cycle regulators, including c-Myc 
and retinoblastoma protein (RB), was important for their function [ 19 – 23 ]. This has 
stimulated investigation by many laboratories into the role of lamins in coordinating 
the transit through the G1 phase of the cell cycle. Lamins have also been linked to 
the control of DNA replication (below) and checkpoint pathways, including those 
involved in repair of DNA lesions [ 24 ]. 

 If lamins control cell cycle progression and exit, then their function might be 
impaired during cancer progression, either through direct mutation or through other 
events during cancer expression that affect their activity. This theory is augmented 
by fi ndings in several tumors that nuclear shape and organization are commonly 
altered in cancer cell lines [ 25 ,  26 ]. Many investigators have examined the possibil-
ity of lamin impairment in cancer progression, and, particularly with regard to 
A-type lamins, expression patterns often change in cancer although few mutations 
have been identifi ed. This fi nding has led to the possibility that lamins may be used 
as biomarkers for cancer progression, and in many different tumor types the expres-
sion of A-type lamins or lamin B1 changes during different stages of tumor devel-
opment. However, there are no clear generalizations to be made, with expression 
pattern changes often complex and specifi c to tumor type [ 27 ]. 

 In this review, we focus on the role of A-type lamins in cell cycle progression and 
exit, discussing how these specifi c functions may relate to both cancer and aging. 
The answers to these questions remain unresolved, but a number of tantalizing fi nd-
ings have been reported in the last few years that may fi nally lead to the primary 
functions of lamins in the nucleus, as well as how they relate to disease progression, 
both those of a dystrophic and hyper-proliferative nature.  
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    Cell Proliferation 

 The G1-to-S phase transition of the mammalian cell cycle is tightly regulated in 
normal cells and a primary target for dysregulation in cancer. Many of the regula-
tory factors have been associated with the nuclear matrix. Rather than cover a com-
pendium of these factors, which in many cases interact with nuclear lamins, the 
focus of this section will be to defi ne the phenotypic roles of nuclear lamins in cell 
proliferation and, wherever possible, to connect these roles to regulation of prolif-
erative factors. In general, proliferative effects of  LMNA  mutations will be separated 
into those associated with reduced A-type lamin function and those associated with 
the expression of progeria alleles, which are either hypermorphs or neomorphs. 

  Lmna   −/−   mice develop skeletal muscle dystrophy and dilated cardiomyopathy 
[ 4 ], succumbing between 6 and 8 weeks of age likely due to cardiac conduction 
defects [ 28 ]. To clarify, recent fi ndings suggest that  Lmna   −/−   mice may not be true 
nulls for the  LMNA  locus, as a truncated allele of lamin A appears to be expressed 
in these mice [ 29 ]. The most likely scenario is that this mouse is actually a hypo-
morph, a theory supported by the phenotype of another  Lmna  disruption in a mouse 
that results in lethality before weaning [ 30 ] and the one known case of a homozy-
gous nonsense mutation of  LMNA  identifi ed in human patient who died shortly after 
birth [ 31 ]. For purposes of clarity and consistency, the term  Lmna   − / −   will still be 
applied to the original mouse generated by Sullivan et al. [ 4 ]. 

 While speculation about reduced A-type lamin expression and cancer has a long 
history, none of the mouse models or human patients with  LMNA  mutations linked 
to striated and cardiac muscle have been associated with oncogenesis. However, 
there is strong evidence that A-type lamins regulate key factors involved in control-
ling the G1-to-S transition, and the most evidence exists for lamin A effects on the 
RB [ 32 ]. The connection between A-type lamins and RB has been examined in a 
variety of settings, and, while there may be differences, the general consensus is that 
A-type lamins are required for normal RB function. 

 One of the fi rst tumor suppressors identifi ed, loss of both copies of the  RB  gene 
leads to a range of different cancers including retinoblastomas and osteosarcomas 
[ 33 ]. More broadly, RB activity is deregulated in a wide range of tumors, generally 
through unchecked activity of cyclin-dependent kinases (CDKs) [ 34 ]. RB has myr-
iad binding partners and has been ascribed to a number of functions in the nucleus 
[ 35 ]. Most notably, RB acts as a repressor of the transcriptional factor E2F, which 
controls a range of genes important for entry into S phase of the cell cycle. When 
hypophosphorylated and active, RB binds to E2F complexes and acts as a repressor 
of S-phase genes, retaining cells in G1. CDK-dependent phosphorylation promotes 
release of RB from E2F and cell cycle progression. Along with p53 (discussed 
below) and telomere regulation, the RB pathway is a major determinant of cell 
senescence and also plays a role in cell differentiation in multiple lineages. Finally, 
control of G1-dependent gene expression is but one function ascribed to RB, which 
is also linked to DNA replication, mitosis, and checkpoint pathways, including 
those initiated by DNA damage where its roles are still being fully defi ned [ 34 ]. 
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 Both A-type lamins and their binding partner, lamina-associated polypeptide 2α 
(LAP2α), have been reported to interact with RB [ 21 ,  36 ], repress E2F-dependent 
transcription, and promote cell cycle arrest [ 37 ]. Consistently, loss of LAP2α or 
lamin A/C impairs normal cell cycle regulation leading to inappropriate S-phase 
entry. Mouse cells lacking A-type lamins or LAP2α have altered cell cycle profi les 
with premature S-phase entry and in some contexts enhanced proliferation [ 38 – 40 ]. 
In contrast, one study in human primary fi broblasts indicated that reduced lamin 
A/C or  LAP2 α expression led to cell cycle arrest [ 41 ]. The reason(s) for these dif-
ferent observations remains unknown. 

 In addition to promoting RB-dependent transcriptional repression of E2F target 
genes, A-type lamins regulate RB by at least three other mechanisms by coordina-
tion of RB phosphorylation, localization, and protein stability [ 39 ,  42 ]. Some 
aspects of control of RB protein stability are beginning to be understood. For 
instance, in cells lacking lamin A/C, enhanced levels of RB degradation occur 
through a proteasome-dependent mechanism [ 39 ]. Reduced RB levels make  Lmna  −/−  
fi broblasts insensitive to p16 INK4A -mediated cell cycle arrest [ 38 ]. However, the E3 
ligase responsible for RB degradation remains to be identifi ed and appears to be 
independent of the MDM2 and gankyrin pathways that have been linked to RB 
turnover in other contexts [ 43 ]. A number of other proteins are destabilized by loss 
of RB, including the RB-related protein p107 [ 39 ], emerin [ 44 ], and ATR kinase 
[ 45 ]. These fi ndings raise the possibility that A-type lamins might coordinate 
nuclear proteasome function, and altered activity of ubiquitin ligase components 
has been detected in cells expressing mutant forms of lamin A [ 45 ]. 

 Other A-type lamin functions may promote G1 maintenance. Serum stimulation 
of G1 arrested cells promotes ERK1/2 mitogen-activated protein kinase-dependent 
phosphorylation of c-Fos, leading to its association with c-Jun- and AP-1-dependent 
transcription [ 46 ]. Prior to stimulation, c-Fos and ERK1/2 were found to be in a 
complex with lamin A/C at the nuclear periphery preventing premature activation of 
AP-1, which occurred in  Lmna  −/−  fi broblasts [ 47 ,  48 ]. Independent studies have 
reported enhanced ERK1/2 activity in cells with reduced A-type lamin expression, 
and this has been linked to cardiac pathology in dilated cardiomyopathy type 1A 
(DCM1A) laminopathy patients [ 49 ]. Interestingly, a more recent study indicates 
that ERK1/2–lamin A/C and RB–lamin A/C complexes are mutually exclusive and 
fi nds that ERK1/2-dependent lamin A/C binding upon serum stimulation displaces 
RB, thereby promoting cell cycle progression [ 50 ]. If ERK1/2 levels are elevated in 
cycling cells, this may lead to RB dysregulation and underlie some of the altered 
cell cycle parameters evident in  Lmna  −/−  cells. 

 A number of reports have implicated lamins in regulation of DNA replication. For 
instance, early studies showed that disruption of the lamin structure impaired initia-
tion of DNA synthesis [ 51 – 53 ]. In immortalized cells, lamin B was localized to 
intranuclear sites of late S-phase replication [ 54 ], whereas in primary fi broblasts, 
intranuclear A-type lamins associate with initial sites of DNA synthesis upon S-phase 
entry [ 55 ]. The impact of lamins on S-phase progression in mammalian cells is less 
clear. S phase is elongated in fi broblasts lacking A-type lamins, although this could 
be an indirect effect of premature S-phase entry due to defective RB function [ 39 ]. 
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A recent study has shed light on a different aspect of replication by comparing the 
response of  Lmna  −/−  cells to forms of DNA damage-induced cell cycle arrest, fi nding 
that lamin A/C was required for restart of stalled replication forks and genome main-
tenance after hydroxyurea-induced replication stress [ 56 ]. While the roles of A-type 
and B-type lamins in DNA replication remain to be fully elaborated, this is clearly 
an important area for further studies. 

 Mitotic defects have not been reported for cells with reduced A-type lamin func-
tion. However, a recently identifi ed novel allele of LMNA,  Lmna   DHE  , was identifi ed 
as a spontaneous mouse mutation with a subset of progeroid phenotypes [ 57 ]. 
Fibroblasts heterozygous for this  Lmna  allele exhibit, in addition to reduced levels 
of hypophosphorylated RB, a reduction in a mitosis-specifi c centromere condensing 
subunit that depends on RB activity [ 58 ]. These alterations result in a range of chro-
mosome segregation defects. It will be of interest to determine whether other  Lmna  
disease-associated alleles lead to similar defects.  

     Cell Senescence: A-Type Lamins 

 Both A-type and B-type lamins have been linked to cell senescence, the process by 
which primary cells withdraw from the cell cycle in response to extended passaging, 
irreparable damage, or unbalanced proliferative signals. Cell senescence has typi-
cally been viewed as an impedance to cancer progression and not a driving force in 
aging, but recent fi ndings paint a more complex picture [ 59 ]. Senescent cells do 
accumulate with age, and while they generally never reach a large percentage of the 
population of a tissue, recent fi ndings indicate that they adopt an altered secretory 
profi le, the senescence-associated secretory phenotype (SASP), that leads to para-
crine release of a number of infl ammatory cytokines. These cytokines may promote 
tissue aging and stimulate tumor development in neighboring cells. In this section, 
we cover links between lamins and senescence, discussing the still tenuous connec-
tions between lamins and normal aging process. 

 Several studies have implicated A-type lamins in cell senescence, although the 
phenotype is most clearly associated with the expression of progeria-associated 
 LMNA  alleles such as progerin [ 9 ]. Progerin expression, in addition to delaying cell 
cycle progression, brings about premature senescence in a variety of contexts [ 60 , 
 61 ]. Lamin A is normally farnesylated at its C-terminus but only for a short time 
because the last 18 amino acid residues are removed in two cleavage steps. The 
protease that removes the farnesyl group is Zmpste24 in mice (FACE-1 in humans). 
In HGPS the deleted exon also removes this cleavage site so that the progerin form 
of lamin A is permanently farnesylated.  Zmpste24  −/−  cells with defective lamin A 
processing also exhibit enhanced levels of senescence [ 62 ,  63 ]. The mechanisms 
behind these effects remain unclear. As cells approach senescence the p16INK4A/
RB and p53 pathways both become engaged, leading cells to stop proliferation and 
enter a permanently arrested state [ 59 ]. In addition, telomere attrition during pas-
saging in culture drives senescence, particularly as telomere ends shorten beyond 
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critical thresholds, invoking DNA damage checkpoint response pathways. All three 
of these networks (p16INK4A/RB, p53, and telomeres) are interrelated, and 
progerin has been linked functionally to each. 

 The connection between progerin expression and RB pathway is not entirely 
understood presently. In one study, where  LMNA – progerin  alleles were expressed in 
a lamin A/C-defi cient background, it was found that progerin restored RB stability 
[ 38 ]. Moreover, inactivation of the RB pathway by expression of HPV E7 failed to 
suppress the proliferation defects of human fi broblasts stably expressing progerin 
[ 64 ]. However, an analysis of global gene expression profi les in fi broblasts from 
HGPS patients identifi ed the RB-E2F pathway as dysregulated [ 65 ] due in part to 
RB gene expression. The mechanisms underlying this effect were unknown. 
Interestingly, exposure of cells to farnesyl transferase inhibitors mostly restored the 
normal gene expression profi le. 

 It is generally thought that  LMNA  mutations are not associated with tumors; 
however, two instances have been reported in progeria models. In one case, an 
osteosarcoma was identifi ed in an HGPS patient [ 66 ,  67 ]. This is intriguing since 
osteosarcomas are commonly associated with  RB  mutations [ 68 ]. Interestingly, this 
patient expressed a smaller 35 amino acid C-terminal deletion in the C-terminus of 
 LMNA  and not progerin [ 66 ,  67 ]. It would be interesting to determine the levels of 
RB and activity of the RB pathway in this context. One issue possibly limiting can-
cer progression in progeria patients is the early progression of the disease leading to 
mortality for patients usually in their teens. A recent study has identifi ed a novel 
late-onset progeria syndrome,  LMNA -associated cardiocutaneous progeria, that is 
associated with possible cancer susceptibility [ 69 ]. This syndrome is associated 
with a heterozygous novel mutation in the lamin A/C coiled-coil domain that is 
largely uncharacterized. 

 The RB pathway is not the only cell cycle regulatory network that is infl uenced 
by A-type lamins. Whereas inactivation of RB did not rescue proliferation defects 
and premature senescence in human fi broblasts stably expressing progerin, either 
inactivation of p53 (by HPV E7) or expression of telomerase did [ 64 ]. Several stud-
ies have connected  LMNA  mutation to p53 engagement due to enhanced DNA dam-
age [ 24 ], but a recent study has elaborated this connection further. In this case, 
depletion of lamin A/C in primary human fi broblasts led to dramatic destabilization 
of RB as expected; however, the cells also had proliferation defects and a senescent 
phenotype instead of the expected short G1 phase due to enhanced specifi c activa-
tion of the p53–p21 axis [ 70 ]. p53 did not display enhanced levels or activating 
phosphorylation, and many targets were not upregulated. Instead, a subset of targets 
including p21 were upregulated leading to repression of E2F targets even in the 
absence of normal levels of RB. Cross talk between the RB and p53 pathways is not 
unprecedented. Moreover, these fi ndings suggest that the A-type lamins interact 
with both pathways in a nuanced manner and whether  LMNA  mutations lead to 
altered proliferation with early G1 cell cycle exit or reduced proliferation leading to 
senescence may depend on the specifi c nature of the  LMNA  mutation. 

 Another interesting recent fi nding has connected lamins to the p53 pathway 
in a different manner. In renal carcinoma cells, where genetic inactivation of the 

RB and Lamins in Cell Cycle Regulation and Aging



134

von Hippel–Lindau (VHL) gene E3 ligase is a frequent event, progerin expression 
may play a role in controlling the p53 pathway [ 71 ]. p53 is not generally mutated in 
these tumors but is inactivated functionally. Jung et al. found that progerin was a 
target of VHL-mediated proteasomal degradation. Loss of VHL led to stabilization 
of progerin, which was otherwise bound to p14/ARF, sequestering it from MDM2 
and leading in turn to p53 degradation. Thus, progerin was required for p53 inacti-
vation in the absence of VHL. If progerin has this activity in a wide array of cell 
types, this fi nding may provide a potential link between aging and cancer:

  Accumulation of progerin with aging would lead to inactivation of the p53 network, impairing 
its tumor suppressive and checkpoint activities. More research is needed to test this intriguing 
hypothesis. 

   Recent studies have also pointed to a role for lamins in the maintenance of telo-
mere metabolism, another activity that could be closely linked to cell senescence 
[ 72 ]. For instance, HGPS fi broblasts are reported to have faster rates of telomere 
attrition [ 73 ]. This fi nding does not on its own suggest a direct role for A-type lam-
ins at telomeres; however, a number of studies have reported that telomeres associ-
ate with the nuclear matrix and more specifi cally with A-type lamins [ 74 – 77 ]. 
 Lmna  −/−  fi broblasts have shorter telomeres but no differences in telomerase activity 
[ 78 ]. Instead, the answer may be related to altered chromatin structure at telomeres 
and trace back to the reduced function of RB and its related proteins p107 and p130 
[ 72 ]. Cells lacking A-type lamins exhibit a decrease in histone H4K20me3 [ 78 ], a 
known feature of cells lacking RB family members [ 79 ,  80 ]. However, the latter 
cells have increased telomere length, leading the authors of the lamin study to sug-
gest that A-type lamins might be required for telomere elongation in the absence of 
RB family members [ 81 ,  82 ]. A relocalization of telomeres from peripheral to cen-
tral regions of the nucleus has also been reported in  Lmna  −/−  cells, through at present 
unknown mechanisms [ 83 ]. 

 HGPS fi broblasts have altered telomere chromatin as well, although the changes 
are distinct from those in  Lmna  −/−  cells [ 83 ,  84 ]. In this case, decreased H4K20me3 
and increased H4K20me were found. This fi nding suggests that, not unexpectedly, 
progerin infl uences telomere metabolism in a manner distinct from hypomorphic 
mutation of  LMNA . Recently, it was reported that progerin-induced DNA damage is 
localized specifi cally to telomeres [ 85 ]. Expression of telomerase resolves this DNA 
damage, and, once repaired, HGPS fi broblasts regain full potential to proliferate. It 
will be intriguing to see how DNA damage is restricted in the genome by progerin. 

 Finally, the proliferative defects leading to senescence with expression of 
progerin and/or unprocessed lamin A appear to extend to adult stem cell popula-
tions. Studies in mesenchymal stem cells have indicated that progerin expression 
leads to elevated Notch signaling, causing perturbations in stem cell differentiation 
and maintenance of stem cell identity [ 13 ]. In addition, adult bone marrow-derived 
stem cells from  Zmpste24  −/−  mice have decreased  SIRT1  function due to its dissocia-
tion from the nuclear matrix and leading to reduced proliferation and premature 
senescence [ 86 ]. This phenotype may be relevant for aging as restoration of  SIRT1  
function was associated with improved stem cell function and enhanced survival. 
Studies in fi broblasts and other cell culture models have provided important insights 
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into lamin function; however, more emphasis needs to be placed on the role of 
 lamins in adult stem cell populations, which could be central to a subset of the 
pathologies associated with laminopathies.  

     Cell Senescence: B-Type Lamins 

 Lamin B1 has also been tightly associated with cell senescence, with altered expres-
sion in either direction possibly having deleterious consequences [ 87 ]. Initial sug-
gestions of altered lamin B expression came from studies of HGPS cells, where 
lamin B1 was found to be reduced [ 87 ]. Two virtually contemporaneous recent 
reports have shown that loss of lamin B1 expression is a marker for cell senescence 
induced by a variety of causes, including replicative exhaustion. Loss of lamin B1 
expression was not dependent on many molecular inducers of senescence but was 
driven by activation of either the p53 or the RB pathway [ 88 ]. Changes in lamin B1 
could be traced back to reduced mRNA stability, although reduced protein stability 
could be detected as well in mouse liver induced to senescence by irradiation. In the 
second study, Shimi et al. also reported loss of lamin B1 as a much needed bio-
marker of cell senescence [ 14 ]. Shimi et al. also examined the consequences of 
RNAi-mediated knockdown of lamin B1 expression, fi nding that this was suffi cient 
to both slow proliferation and reduce senescence. The proliferative delay was 
dependent on p53, and the senescent phenotype was dependent on both p53 and RB. 
Yet a third very recent study has confi rmed and extended the observed reduction in 
lamin B1 expression to senescent keratinocytes and to chronologically aged human 
skin tissue [ 89 ]. However, in this study enforced reduction in lamin B1 expression 
failed to lead to senescence. The disparities between the two studies are not known 
[ 14 ,  89 ]. Together these fi ndings (1) indicate that loss of lamin B1 may serve as an 
effective biomarker of in vivo senescence and (2) suggest the existence of a complex 
regulatory loop connecting B-type lamins to the RB and p53 pathways. 

 Whereas mutations affecting the  LMNB1  coding sequence have not been reported, 
overexpression is linked to at least two diseases, suggesting that too much lamin B1 
may be as deleterious as too little. Duplication of the  LMNB1  locus results in adult-
onset autosomal dominant leukodystrophy (ADLD) [ 90 ], and lamin B1 overexpres-
sion has been detected in lymphoblasts and fi broblasts from ataxia telangiectasia 
patients [ 91 ]. Interestingly, lamin B1 overexpression also drives cell senescence, a 
phenomenon also observed in ataxia telangiectasia cells, which are rescued by res-
toration of normal lamin B1 expression. Induction of senescence by overexpression 
of lamin B1 has been repeated in a second study [ 89 ]. In this case, the senescent 
phenotype could be rescued by expression of telomerase or inactivation of p53, 
paralleling observations for progerin-induced senescence [ 64 ]. Finally, senescence 
induced by overexpression of lamins is not restricted to B1. Increased levels of 
lamin A also reduce the replicative life-span of primary human fi broblasts [ 92 ]. 

 Several studies indicate a connection between A-type and B-type lamins in the 
formation of intermediate fi lament networks, and there appears to be an interplay 
between the two nuclear intermediate fi lament families with respect to cell 
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senescence. For instance, reduced expression of A-type lamins exacerbates the 
senescent phenotype of cells overexpressing lamin B1 [ 89 ]. In the context of senes-
cence in normal cells, one thing that needs to be resolved is whether increased 
progerin levels and reduced lamin B1 expression are related. Does one family of 
nuclear intermediate fi laments regulate the other during aging and senescence? 

 Whether reactive oxygen species (ROS) drive aspects of the aging process 
remains highly debated [ 93 ]. Both A- and B-type lamins have been linked to reac-
tive oxygen production and sensing in recent years, and while the details remain 
murky, these fi ndings represent another promising set of leads as the relationship 
between lamins and aging is elucidated [ 87 ]. There may be a direct connection as 
conserved cysteines in the C-terminal tail of lamin A have been found to be oxi-
dized in senescent cells [ 94 ]. This led to the formation of intra- and intermolecular 
disulfi de bonds and perturbation of the lamina. These cysteine residues may serve 
as a reservoir or a sensor for oxidation, as mutating the cysteines to alanine led to 
oxidative stress sensitivity and premature senescence. In the case of B-type lamins, 
a number of confl icting results have been reported. In some contexts, increased ROS 
has been reported to lead to elevated and reduced lamin B1 levels [ 14 ,  88 ,  91 ]. 
Similarly, both higher and lower levels of lamin B1 lead to reduced ROS levels [ 14 ]. 
Further studies with ROS and lamins will likely clarify this complex and potentially 
mechanistically rewarding relationship.  

    Conclusions 

 While nuclear lamins have been speculated to control cell cycle progression for 
decades, this area of research has exploded in recent years and many labs have 
investigated the effect of laminopathy-associated mutations in  LMNA  and diseases 
associated with  LMNB1  overexpression. These studies have linked nuclear lamins 
to virtually every major aspect of cell cycle progression and, more recently, cell 
senescence. This latter connection may be particularly interesting given that  LMNA  
mutations are associated with progeria as well as the fi ndings that both progerin and 
lamin B1 have altered expression with normal aging. 

 However, several big questions remain to be resolved: Does altered lamin expres-
sion promote tumor progression? Are lamins important regulators of the aging pro-
cess? With respect to cancer, an increasing number of studies have linked altered 
expression of both A-type and B-type to different tumors, but the relationships are 
complex and causal links are generally lacking. It is critical to resolve these issues 
in more detail to determine for which tumors lamins might be effective biomarkers 
and perhaps more importantly to understand why changes in lamin expression may 
promote tumorigenesis. 

 With respect to aging, the fi ndings are certainly becoming more intriguing. That 
 LMNA  mutations cause HGPS is not suffi cient to ascribe A-type lamins a role in 
normal aging. That progerin is expressed in aging and/or senescent cells is also not 
suffi cient, but together the data certainly justify further analysis of lamin roles in the 
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normal aging process. To provide convincing evidence, it will be necessary to 
manipulate A-type (or B-type) lamins in a manner that leads to enhanced organismal 
longevity. For instance, it would be informative to apply technologies developed to 
reduce progerin expression in HGPS models to wild-type mice to determine whether 
suppression of progerin in this context leads to longer life-span. Experiments such 
as these will begin to answer the critical questions surrounding aging and lamins. 

 Progress in understanding disease-relevant functions of lamins has escalated dra-
matically in recent years, and the next few years will without a doubt provide excit-
ing new fi ndings relevant to cancer and aging. Perhaps the most exciting aspect of 
the fi eld is that researchers are beginning to understand the roles of lamins at the 
mechanistic level. Further progress on this front will likely yield effective therapeu-
tic approaches for treatment of laminopathies and, importantly, an increasingly 
elegant understanding of the organization of the mammalian nucleus.     
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    Abstract     The LEM proteins comprise a heterogeneous family of chromatin- 
associated proteins that share the LEM domain, a structural motif mediating inter-
action with the DNA associated protein, Barrier-to-Autointegration Factor (BAF). 
Most of the LEM proteins are integral proteins of the inner nuclear membrane and 
associate with the nuclear lamina, a structural scaffold of lamin intermediate fi la-
ment proteins at the nuclear periphery, which is involved in nuclear mechanical 
functions and (hetero-)chromatin organization. A few LEM proteins, such as 
Lamina-associated polypeptide (LAP)2α and Ankyrin and LEM domain-containing 
protein (Ankle)1 lack transmembrane domains and localize throughout the nucleo-
plasm and cytoplasm, respectively. LAP2α has been reported to regulate cell prolif-
eration by affecting the activity of retinoblastoma protein in tissue progenitor cells 
and numerous studies showed upregulation of LAP2α in cancer. Ankle1 is a nucle-
ase likely involved in DNA damage repair pathways and single nucleotide polymor-
phisms in the  Ankle1  gene have been linked to increased breast and ovarian cancer 
risk. In this review we describe potential mechanisms of the involvement of LEM 
proteins, particularly of LAP2α and Ankle1 in tumorigenesis and we provide evi-
dence that LAP2α expression may be a valuable diagnostic and prognostic marker 
for tumor analyses.  

  Keywords     LEM-domain   •   Lamina associated polypeptide   •   Retinoblastoma pro-
tein   •   Lamin A   •   Cell cycle   •   Ankyrin and LEM domain containing   •   DNA repair   • 
  Telomere   •   E2F   •   TMPO   •   Thymopoietin  
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   Abbreviations 

  CMV    Cytomegalovirus   
  HPV    Human papilloma virus   
  INM    Inner nuclear membrane   
  ONM    Outer nuclear membrane   
  PARP    Poly(ADP-ribose) polymerase   
  SNP    Single nucleotide polymorphism   

         Introduction 

    The nucleus of eukaryotic cells is surrounded by a specialized internal membrane 
system, the nuclear envelope [ 1 ], which is composed of two membrane sheets, the 
inner (INM) and outer (ONM) nuclear membranes (Fig.  1 ). INM and ONM merge 
at the sites where nuclear pore complexes are inserted into the nuclear envelope, and 
the ONM is continuous with the endoplasmic reticulum [ 2 ]. In metazoan organisms, 
the nuclear envelope also includes the nuclear lamina that underlies the INM and 
serves as a structural scaffold for the nucleus [ 3 ,  4 ]. It is formed by the type V inter-
mediate fi lament proteins, the A- and B-type lamins, and by a number of integral 
and associated proteins of the INM. The nuclear envelope and in particular the 
nuclear lamina are involved in nuclear architecture and nuclear mechanical func-
tions [ 3 ,  5 ], in chromatin organization and gene regulation through tethering and 
silencing heterochromatic regions [ 6 – 8 ], and in signaling through recruiting 

  Fig. 1    Schematic overview of the mammalian LEM-protein family. Protein localization and 
domains are indicated       
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transcription regulators, epigenetic modifi er enzymes and signaling molecules to 
the nuclear periphery [ 9 ,  10 ]. In view of the multitude of functions of the nuclear 
envelope, it is not surprising that several components of the nuclear lamina have 
been linked to various diseases ranging from muscular dystrophies and cardiomy-
opathies over lipodystrophies to systemic diseases like the premature aging syn-
drome Hutchinson–Gilford progeria [ 11 ].

     LEM-Domain Containing Proteins: A Prominent Family 
of Nuclear (Envelope) Proteins 

 Mass spectrometric approaches revealed that the INM of mammalian cells contains 
over 80 integral proteins that are expressed in a tissue specifi c manner [ 12 ,  13 ]. The 
 L AP2- E merin- M AN1 (LEM)-domain containing proteins (Fig.  1 ) represent one of 
the best studied family of INM proteins [ 14 ]. These proteins share the LEM domain, 
a 40 aa long bi-helical structure motif, which mediates binding to an abundant and 
essential chromatin protein in metazoan species termed Barrier-to-Autointegration- 
Factor (BAF) [ 15 – 18 ]. Therefore, all LEM-proteins can associate with chromatin via 
BAF and it is generally assumed that they are involved in tethering chromatin to the 
nuclear periphery during interphase [ 19 ]. Most characterized INM LEM proteins 
bind lamins in the lamina and link the membrane to the lamina scaffold. In addition, 
several LEM proteins were shown to recruit and regulate signaling molecules [ 20 ] 
such as Smads involved in transforming growth factor beta (TGFβ) and bone morpho-
genetic protein (BMP) signaling [ 21 ,  22 ], β-catenin, a transcriptional co-activator of 
the Wnt signaling pathway [ 23 ], the Lmo7 transcription factor [ 24 ], the germ cell less 
(GCL) transcriptional repressor [ 25 ,  26 ], and histone deacetylase 3 (HDAC3) [ 27 ]. 

 Mammalian genomes contain seven individual genes that encode LEM-domain 
proteins (Fig.  1 ): Lamina-associated polypeptide 2 (LAP2), Emerin, MAN1, LEM2, 
LEMD1, Ankle1, and Ankle2 [ 14 ,  28 ,  29 ]. In addition, Ankle1, LAP2 and LEMD1 
generate various isoforms by alternative splicing. Most LEM proteins contain either 
one or two transmembrane domains and are integral components of the INM. 
However, two isoforms of the LAP2 gene (LAP2α and ζ) and Ankle1 lack a 
membrane- spanning domain and localize to the nucleoplasm and cytoplasm [ 14 ]. In 
this review we describe and discuss evidence that the LAP2 isoform LAP2α and 
potentially other LEM proteins may be involved in cancer development or may 
serve as useful diagnostic and prognostic markers for some types of cancers.   

   LAP2 Proteins in Cancer 

 The mammalian  LAP2  ( TMPO ) gene,  also known as thymopoietin , encodes six 
splice isoforms (α, β, γ, δ, ε, ζ), all sharing a common ~180 aa long N-terminal 
domain including the LEM-motif (interacting with the chromatin protein BAF) and 
an additional LEM-like motif in the very N-terminus, which interacts with DNA 
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directly [ 15 ] (Fig.  2 ). While most LAP2 isoforms differ in their up to ~300 aa long 
C-terminus only due to the inclusion/exclusion of small, alternatively spliced 
domains, the ~500 aa long LAP2α C-terminus is encoded by a single exon unique 
for LAP2α [ 30 ]. Unlike the other major LAP2 isoforms, LAP2α’s C-terminus lacks 
a C-terminal transmembrane domain and folds as an extensive four-stranded anti-
parallel coiled coil dimer [ 31 ] that can also form higher oligomers [ 32 ]. In addition, 
while the membrane bound LAP2 isoforms localize at the INM and interact primar-
ily with B-type lamins of the peripheral lamina [ 33 ], LAP2α specifi cally binds 
A-type lamins via its unique C-terminus [ 34 ] in the nucleoplasm [ 35 ]. Furthermore, 
LAP2α’s C-terminus mediates interaction with the cell cycle regulator and tumor 
suppressor, retinoblastoma protein (pRb) [ 35 – 37 ]. Recent observations that LAP2α 
may be involved in the regulation of pRb localization and repressor activity led to 
the hypothesis that LAP2α may play a role in tumorigenesis.

     Potential Role of LAP2α and A-Type Lamins in pRb-Mediated 
Cell Cycle Control 

 The retinoblastoma protein (pRb) is one of the three pocket proteins (pRb, p107, 
p130) [ 38 ], which regulate cell cycle transition from G1 to S-phase, cell cycle exit, 
and differentiation in multicellular eukaryotes [ 39 – 42 ]. A plethora of data has shown 
that pRb is one of the major tumor suppressors by preventing cell proliferation in the 
absence of strong mitogenic signals, and concordantly, in the majority of tumors the 
pRb pathway was found deregulated [ 43 ]. However, impaired pRb functions in can-
cer cells are rarely linked to mutations in the  RB1  gene (except in the hereditary form 
of the childhood retinoblastoma disease), but are caused by defects in the expression 

  Fig. 2    LAP2α, lamin A/C, and pRb interact directly and may form a trimeric complex. Domain 
organization of human LAP2α and pRb and interaction domains are shown       
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or activity of upstream regulators or downstream effectors of pRb. Also certain 
human viruses, e.g., human papilloma virus (HPV) or cytomegalovirus (CMV), 
impair pRb function by expressing proteins (HPV-E7 and CMV-IE86) that bind pRb 
with high affi nity and affect binding and activity of normal cellular pRb regulators. 

 In non-tumor cells pRb is regulated by posttranslational modifi cations (Fig.  3 ), 
among which phosphorylation by cyclin D/cyclin-dependent kinase (cdk) 4 at the 
G1/S phase transition, and cyclin E/cdk2 during S-phase, are the best studied ones. 
Only hypophosphorylated pRb binds to and represses the cell cycle-activating E2F 
transcription factors (E2F1, E2F2, E2F3), to allow cells to effi ciently exit the cell 
cycle. Hyperphosphorylation of pRb by mitogen-activated cyclin-dependent kinases 
inhibits its repressor function, since E2Fs are released from the complex, leading to 
transcriptional activation of E2F target genes required for S-phase progression (e.g., 
cyclin E, PCNA, thymidine kinase) [ 44 ]. This basic cell cycle-dependent regulation 
of pRb and E2Fs is fi ne-tuned by a complex network of proteins with pro-and anti- 
proliferative activities, which feed into reinforcing and attenuating signaling loops 
(Fig.  3 ). Cell cycle entry initiated by cyclin D/cdk4-dependent pRb phosphorylation 
and activation of E2F1 is reinforced by a positive feedback loop through 

  Fig. 3    The pRb/E2F pathway regulates cell cycle progression. The scheme depicts major upstream 
regulators of pRb and downstream effectors, as well as important pro-proliferative and anti- 
proliferative feedback mechanisms upon transition from a resting (G0) to a proliferating state and 
during G1 to S-phase progression. The potential role of nucleoplasmic LAP2α-lamin A/C com-
plexes in the pRb regulatory network is indicated       
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E2F- dependent upregulation of E2Fs themselves and cyclins, maintaining hyper-
phosphorylated pRb during S-phase [ 45 ]. On the other hand, E2Fs activate also 
negative cell cycle regulators [ 46 ], which provide a negative feedback loop to pre-
vent uncontrolled proliferation. Among others, E2F1 activates transcription of  RB1 , 
anti- proliferative factors like p19 ink4d  (an inhibitor of cdk4) [ 47 ], various checkpoint 
and DNA repair genes (e.g., p73 and ATM) and pro-apoptotic genes (e.g., APAF1, 
caspases) [ 44 ], as well as the transcriptional repressor E2F7 [ 48 ] which together with 
E2F4-6 silence promoters of cell cycle promoting genes independently of pRb [ 49 ].

   How does LAP2α fi t into this complex regulatory network modulating pRb func-
tion? Both LAP2α [ 36 ,  37 ] and its nucleoplasmic binding partners lamins A and C 
(A-type lamins) [ 50 ] bind pRb directly. Several studies have revealed different 
mechanisms by which these proteins may affect pRb regulation (Fig.  4 ). LAP2α 
was found to preferentially interact with hypophosphorylated pRb and is required 
for pRb anchorage in the nucleus [ 37 ]. LAP2α overexpression in cells caused down- 
regulation of E2F-dependent reporter gene activity and repressed endogenous E2F 
target genes [ 36 ], suggesting that LAP2α promotes pRb-mediated repression of tar-
get genes. Accordingly, overexpression of LAP2α in pre-adipocytes promoted cell 
cycle exit and initiation of differentiation to adipocytes in vitro [ 36 ]. In contrast, 
fi broblasts derived from LAP2α-defi cient mice showed impaired pRb repressor 
activity, upregulated E2F/pRb target gene expression, and delayed cell cycle exit 

  Fig. 4    Hypothetical model of the functions of the peripheral lamina and the nucleoplasmic 
LAP2α-lamin A/C complex in the regulation of the pRb/E2F pathway in non-proliferating and 
proliferating cells. In arrested cells the lamina may tether and stabilize hypophosphorylated pRb 
and serve as platform for effi cient PP2A-dependent dephosphorylation of phospho-pRb. The 
nucleoplasmic LAP2α-lamin A/C complex activates repressor activity of pRb leading to E2F tar-
get gene repression. In proliferating cells, ERK may release pRb from the lamina, favoring its 
cdk-mediated phosphorylation. LAP2α-lamin A/C complexes dissociate from phospho-Rb, allow-
ing E2F activation and E2F target gene expression       
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upon contact inhibition. Also at the tissue and organismal level, progenitor cells in 
proliferative tissues showed impaired cell cycle regulation in the mouse model. 
Proliferating progenitors in the paw epidermis, in colon crypts, and in skeletal mus-
cle were signifi cantly upregulated, leading to epidermal hyperplasia, increased 
crypt length, and an increased number of fi ber-associated satellite cells, respectively 
[ 35 ]. Overall, LAP2α seems to be important for an additional level of pRb regula-
tion on top of the basic regulatory machinery, allowing an effi cient activation of pRb 
repressor activity and pRb target gene repression to promote cell cycle exit (Fig.  3 ). 
Upon loss of LAP2α, pRb activity is not lost but impaired, which may explain the 
observation that LAP2α-defi cient mice did not show a clearly increased incidence 
of cancer during their life time [ 35 ]. However, these mice have not been challenged 
yet with cancer promoting agents or treatments.

   A-type lamins have been suggested to be required for pRb protein stabilization 
(Fig.  4 ) by preventing its proteasomal degradation [ 51 ,  52 ]. Another study has sug-
gested that A-type lamins form a platform allowing effi cient PP2A-dependent 
dephosphorylation of pRb, which is required for effi cient TGFβ-induced cell cycle 
arrest of fi broblasts [ 53 ]. Yet another study reported a complex of pRb-lamin A in 
non-proliferating cells, keeping pRb in a hypophosphorylated state [ 54 ]. Mitogenic 
signal-dependent activation of MAPK signaling leads to translocation of ERK to the 
nucleus, where it displaces pRb from lamin A, which in turn becomes hyperphos-
phorylated by cyclin/cdks. Interestingly, displacement of pRb from lamins did not 
require ERK’s kinase activity. 

 Overall, these results indicate that LAP2α and A-type lamins can activate pRb 
repressor activity and thereby act in an anti-proliferative manner (Figs.  3  and  4 ). 
The molecular mechanisms how these proteins affect pRb activity are not yet clear. 
One could imagine various ways, such as stabilization of pRb protein, stable tether-
ing of pRb to chromatin and/or promoters, preventing pRb phosphorylation or 
mediating effi cient pRb dephosphorylation. Interestingly, lamin A has been shown 
to have repressive activity when artifi cially tethered to reporter gene promoters [ 55 ]. 
Furthermore, a recent study in  Caenorhabditis elegans  showed that a muscular 
dystrophy- linked lamin mutant impaired tissue-specifi c gene regulation during 
worm development [ 7 ]. Thus, lamin A may not only increase pRb-dependent gene 
repression, but may have more general roles maybe through recruiting epigenetic 
modifi ers or changing overall chromatin state at promoters. 

 Another open question concerns the functional relationship between LAP2α and 
A-type lamins in pRb-mediated gene regulation. A-type lamins are assumed to exist 
in two different sub-compartments in the nucleus: An estimated 90 % of total A-type 
lamins localize to the nuclear envelope as a component of the nuclear lamina scaf-
fold in a LAP2α-independent pool, while ~10 % localize throughout the nucleo-
plasm in a mobile and dynamic pool, most likely in association with LAP2α [ 35 ,  56 , 
 57 ]. It is unclear whether pRb binds preferentially to a LAP2α–lamin complex in 
the nucleoplasm or to the peripheral lamina network (Fig.  4 ). Most studies on the 
role of A-type lamins in pRb-mediated cell cycle control do not discriminate 
between these two lamin pools, or assume, without clear experimental evidence that 
the peripheral nuclear lamina is involved. We favor a predominant role of 
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nucleoplasmic lamins in the regulation of pRb-dependent gene expression for the 
following reasons: (1) Peripheral localization of pRb, as predicted by a preferential 
docking of pRb to the lamina, has not been observed [ 58 ]. (2) Both knockout of 
LAP2α in mice, which leads to specifi c loss of the nucleoplasmic lamin pool only, 
and total lamin A/C knockout, which affects both the peripheral and nucleoplasmic 
lamin A, showed the same misregulation of pRb and hyper-proliferation phenotype 
in epidermal progenitor cells [ 35 ].  

   LAP2α Expression During the Cell Cycle and in the Context 
of Tumorigenesis 

 A number of studies have shown that LAP2α is highest expressed in proliferating 
cells and is down-regulated upon cell cycle exit and differentiation [ 35 ,  37 ,  59 ,  60 ] 
or is differentially expressed during the cell cycle in proliferating cells [ 61 ]. LAP2α 
transcripts were also upregulated during liver [ 62 ] and muscle regeneration in vivo 
[ 63 ,  64 ], processes that involve transient controlled proliferation of progenitor cells. 
Independent studies on the LAP2α promoter, based on chromatin immunoprecipita-
tion and microarray techniques identifi ed E2F1 and c-Myc [ 65 ], E2F1 and E2F4 
[ 66 ], E2F3b [ 67 ], and E2F7 [ 68 ] on the LAP2 promoter, suggesting that the expres-
sion of the LAP2 gene is under direct control of major cell cycle regulators, such as 
E2Fs. Interestingly both, cell cycle driving (i.e., c-Myc, E2F1) and repressing tran-
scription factors (i.e., E2F3b, E2F4, E2F7) seem to regulate the LAP2 promoter, 
which points to a complex feedback mechanism. From these studies it remains 
unclear, though, whether all LAP2 isoforms are similarly regulated. In line with its 
high expression in proliferating cells, LAP2α was found to be overexpressed in vari-
ous human tumor samples and cancer-derived cell lines at transcript and protein 
levels (examples summarized in Table  1 ).

    Table 1    Tumors and tumor derived cell lines, which show upregulated LAP2 expression   

 Cancer samples and cell lines with upregulated LAP2 expression  References 

 Cervix carcinoma; human  [ 78 ,  111 ] 
 Colorectal cancer cell lines; human  [ 112 ] 
 Colon cancer; human  [ 70 ] 
 Hepatocellular carcinoma; TKO mice  [ 71 ] 
 Breast cancer cell line (MCF7); human  [ 73 ] 
 Myeloma; human  [ 69 ] 
 Pancreatic cancer; human  [ 113 ] 
 Gastric cancer; human  [ 114 ] 
 Medulloblastoma; human  [ 115 ] 
 Lymphoma; human  [ 81 ,  97 ] 
 Larynx, stomach, colon, lymphoma, sarcoma; human  [ 116 ] 
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      Is Cancer-Related LAP2α Overexpression Cause 
or Consequence of Proliferation? 

 Numerous studies found LAP2 or LAP2α overexpressed in tumor cells (Table  1 ), 
frequently correlated with the upregulation of tumor-relevant signaling pathways 
such as the NEK2 [ 69 ], Gli [ 70 ], Notch [ 71 ], and Estrogen [ 72 ,  73 ] pathways. Thus, 
many studies have shown a consistent correlation between active proliferation and 
upregulation of LAP2 transcription during physiological processes and in a variety 
of cancers. These results are inconsistent with an anti-proliferative activity of 
LAP2α, predicted from the studies in mice and several cell lines mentioned above. 
On the one hand, LAP2α seems to be upregulated in most if not all proliferating, 
particularly cancer cells: on the other hand, LAP2α expression is predicted to 
have an anti-proliferative function. How can one solve this apparent discrepancy? 
Is LAP2α causally involved in promoting proliferation of cancer cells or is its 
upregulation a consequence of the high proliferation activity of these cells? 

 A potential causal positive relation between LAP2α levels and proliferation is 
only supported by a handful of reports consistent with a pro-proliferative effect of 
the LAP2α-lamin A complex. Both RNA interference-mediated knockdown of 
lamin A and LAP2α caused cell cycle arrest in primary human dermal fi broblasts 
[ 58 ]. Furthermore muscular dystrophy-linked homozygous mutations in the  LMNA  
gene in patient-derived fi broblasts, leading to loss of lamin protein expression, 
severely impaired cell proliferation [ 74 ]. Additionally, fi broblasts derived from 
Hutchinson–Gilford progeria patients expressing the very different lamin A variant 
progerin, lacking 50 amino acids and permanently farnesylated, caused passage- 
dependent proliferation defects in culture [ 75 ]. Similarly postnatal fi broblasts, but 
not embryonic fi broblasts, from a progeria mouse model showed proliferative arrest 
and cell death [ 76 ]. However, in all these cases, it seems likely that the anti- 
proliferative effect is caused indirectly by DNA damage and/or deregulation of sig-
naling pathways, which lead to the activation of cell cycle checkpoints. For example, 
progeria cells have been shown to accumulate DNA damage during in vitro passage 
[ 75 ], and mouse fi broblasts from a progeria model have a defective Wnt signaling 
causing misregulation of extracellular matrix components [ 76 ]. 

 Overall, it seems very likely that LAP2α and lamin A have an anti-proliferative 
activity through promoting pRb repressor activity as described above. The increased 
LAP2α protein levels in proliferating versus non-proliferating cells and in tumor 
versus normal cells may simply be a consequence of the mitogen-induced increase 
in E2F1 activity. We propose that in normal cells the E2F1-dependent upregulation 
of LAP2α provides a negative feedback loop that ensures effi cient LAP2α-mediated 
activation of pRb repressor activity causing inhibition of E2F-dependent transcrip-
tion and cell cycle exit. Cancer cells acquire multiple changes impacting on the pRb 
and p53 checkpoint pathways. If these changes impair the pRb pathway, LAP2α 
overexpression would be unable to activate the pRb-mediated negative cell cycle 
feedback loop. In line with this hypothesis, several studies reported that viral onco-
proteins affect LAP2 expression levels via inactivation of pRb [ 77 ,  78 ] and p53 
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pathways [ 78 ]. For example, expression of HPV proteins E6 and E7, which are 
known to inhibit p53 and pRb by direct binding [ 79 ], is linked to an upregulation of 
LAP2α in cervical cancer cells [ 78 ]. Knockdown of E6 or E7 in these cells restored 
p53 and pRb activity, respectively, and caused down-regulation of LAP2α. 
Conversely, knockdown of p53 in normal human fi broblasts increased LAP2α levels 
[ 78 ]. Similarly, expression of CMV IE86, an inhibitor of pRb led to upregulation of 
LAP2 levels [ 77 ], and the LAP2 promoter was shown to be regulated by the pRb- 
p16ink4a pathway [ 80 ] and by E2F7, which is a target of p53 [ 68 ]. Unfortunately, 
these studies did not look at the relationship between p53/pRb-mediated LAP2 
expression control and tumorigenic behavior of cells. 

 Overall we conclude that LAP2α overexpression in cancer cells is possible only 
upon additional changes that promote cell cycle progression, like amplifi cation of 
c-myc, hyperactivity of mitogenic signaling, or loss of repressive factors. This may 
also explain why overexpression of LAP2α was linked to a worse patient prognosis 
[ 81 ,  82 ]. LAP2α may thus be a useful diagnostic and prognostic gene in 
tumorigenesis.  

   LAP2α at Telomeres: A Link to DNA Damage Repair? 

 Several microscopy studies revealed that LAP2α is highly dynamic and changes its 
localization during the cell cycle. While it localizes throughout the nucleoplasm in 
interphase and disperses in the cytoplasm upon nuclear envelope breakdown in pro-
phase, it associates with (sub-)telomeric regions on chromosomes during late ana-
phase and telophase [ 56 ] (Fig.  5 ). In addition, a proteomic approach identifi ed 
LAP2α in a complex with the telomere repeat binding factor 1 (TRF1) [ 83 ], a com-
ponent of the telomeric shelterin complex that protects and regulates telomeres. The 
physiological relevance of these fi ndings is still unclear, but several recent observa-
tions are consistent with a potential role of LAP2α in a DNA damage-response 
pathway at telomeres, which is known to be required for functional telomeres [ 84 ].

   Several studies showed that lamin A is involved in DNA repair and telomere 
maintenance [ 85 – 87 ]. LAP2α was found to associate with Werner helicase, WRN 
[ 88 ], a protein well known for its role in telomere maintenance and DNA repair 
[ 89 ]. Both Werner helicase and LAP2α were found in two independent studies in a 
complex with Ku86 [ 90 ], a key protein involved in non-homologous end joining 
DNA repair pathways and in telomere protection [ 91 – 93 ]. LAP2α also appeared 
among the top hits in an interaction screen of proteins modifi ed with Poly(ADP- 
ribose) scaffolds [ 94 ], which are generated by poly(ADP-ribose) polymerases 
(PARPs) at sites of DNA damage and serve as docking site for DNA damage signal-
ing and repair proteins. Interestingly, the PARP tankyrase localizes to telomeres and 
targets TRF1 in S/G2 phase, thereby triggering the release of TRF1 from telomeres 
and allowing access for telomerase and telomere-processing enzymes. 

 Overall, LAP2α may be involved in telomere maintenance or protection pathways. 
However, as LAP2α defi cient mice did not show any of the phenotypes associated 
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with dysfunctional telomeres (e.g., premature aging, infertility, increased occurrence 
of tumors), it seems unlikely that LAP2α is essential for telomere maintenance. 
Having said this, one has to take into account that telomere biology is substantially 
different in rodents and humans, including the broader expression of telomerase in 
mouse versus human cells and tissues and the about fi ve to ten times longer telomeres 
in murine versus human cells. Therefore, it is still possible that aberrant LAP2α 
 function may have an impact on telomere maintenance in human cancer.  

   The Potential Relevance of Other LAP2 Isoforms in Cancer 

 Two studies have reported a potential link between cancer and LAP2β, the largest 
membrane-bound LAP2 isoform. LAP2β was upregulated in various digestive tract 
cancers (stomach, liver, pancreas, and bile duct) [ 95 ]. Knockdown of LAP2β in 

  Fig. 5    LAP2α transiently localizes to telomeric regions during late anaphase-telophase ( top ) and 
is detected on the chromosome tips in metaphase spreads ( bottom ). Confocal fl uorescence images 
showing the localization of ectopic, fl uorescently tagged LAP2α and Histone 2B ( upper panel ) or 
stained for LAP2α and DNA (courtesy of T. Dechat and A. Gajewski, MFPL). Bars, 5 μm.  Arrow  
indicates localization of YFP-LAP2α at chromosome tips in late anaphase.  Right panel  shows a 
hypothetical involvement of LAP2α in telomere stability based on recently reported protein inter-
actions. See text for details       
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cancer cells reduced—whereas ectopic expression of LAP2β increased—cell motil-
ity, but had no effect on cell proliferation. LAP2β knockdown also induced signifi -
cant changes in gene expression [ 95 ], which is likely linked to the previously 
reported interaction of LAP2β with histone deacetylase 3 (HDAC3) and its involve-
ment in gene regulation at the nuclear envelope [ 96 ]. LAP2β upregulation was also 
reported in lymphoma patient samples and in normal human lymphocytes upon 
mitogenic stimulation with phytohemagglutinin [ 97 ]. Since also LAP2α was found 
upregulated in phytohemagglutinin stimulated cells, this is likely a consequence of 
proliferation-dependent activation of the LAP2 promoter.   

   Links of Other LEM Proteins to Cancer 

   LEMD1, a Germ line LEM Protein Is Reexpressed 
in Cancer Cells  

 LEMD1 is a mammalian-specifi c LEM-protein of the INM expressed exclusively in 
testis as six alternatively spliced isoforms. Interestingly, LEMD1 was initially 
described as a component overexpressed in colorectal tumor samples [ 98 ], prostate 
cancer [ 99 ], and lymphoma cells [ 100 ]. Hence, LEMD1 was postulated to belong to 
the cancer/testis antigens [ 98 ], a group of about 40 germ line-specifi c genes that are 
reexpressed in tumors originating from unrelated cell types [ 101 ]. However, neither 
the biological functions of LEMD1 nor its contribution to tumorigenesis is known.  

   Polymorphisms in the Ankle1 Gene Are Linked to Breast 
and Ovarian Cancer Risk 

 In breast and ovarian cancer, female and male carriers of mutant alleles of the breast 
cancer associated genes BRCA1 and BRCA2 bear a dramatically increased risk to 
develop cancer compared to the reference population. Inherited BRCA1 and BRCA2 
mutations account for approximately 5 % of all cases of breast and 14 % of ovarian 
cancers [ 102 ]. In families with inherited predisposition for breast cancer or with a 
combined risk for breast and ovarian cancers, the frequency of BRCA mutations is 
40 % and >80 %, respectively [ 103 ]. Some other cases of families with an inherited 
predisposition for breast cancer show no mutations in the coding sequences of BRCA1 
and BRCA2. Therefore, it is assumed that other high risk breast cancer genes exist, or 
that a combination of genetic variants of low penetrance genes exerts additive effects 
manifesting in a signifi cantly increased risk to develop breast or ovarian cancer [ 102 ]. 
Several recently published studies employed high-throughput genomic analyses of 
breast and ovarian cancer patient samples aiming at the identifi cation of loci contain-
ing such low penetrance genes that may modulate cancer risk [ 104 – 108 ]. 
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 Intriguingly, two single nucleotide polymorphisms (SNPs) locating at chromo-
somal locus 19p13.11 consistently appeared in all of these studies showing a statis-
tically signifi cant link to breast cancer susceptibility. These SNPs are localized 
within the coding sequence of the gene encoding Ankyrin and LEM-domain con-
taining protein 1 (Ankle1) and lead to amino acid changes within the polypeptide. 
Ankle1 is a conserved gene in metazoan species encoding an unusual LEM protein 
described in two recent studies in  C. elegans  and mammalian cells [ 109 ,  110 ]. 
Ankle1 lacks a transmembrane domain and shuttles between the nucleoplasm and 
cytoplasm in human cells [ 109 ]. Intriguingly, Ankle1 contains a GIY-YIG-type 
endonuclease domain, which was shown to cleave DNA in vitro and in vivo [ 109 , 
 110 ]. While Ankle1 overexpression in mammalian cells activates DNA damage 
response pathways, a  C. elegans  strain carrying a point mutation in the  lem-3  gene—
the  C. elegans  ortholog of Ankle1—was hypersensitive towards DNA damaging 
agents. Altogether, these studies suggest that Ankle1 may be an enzyme involved in 
DNA repair pathways. 

 Considering that the vast majority of mutations predisposing carriers to breast 
cancer were identifi ed in genes involved in DNA damage signaling and repair (e.g., 
BRCA1, BRCA2, Rad51, Chek2, ATM, p53), the endonuclease Ankle1 may indeed 
be a relevant factor for tumorigenesis.      
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    Abstract     There are many ways that the nuclear envelope can infl uence the cell 
cycle. In addition to roles of lamins in regulating the master cell cycle regulator pRb 
and nuclear envelope breakdown in mitosis, many other nuclear envelope proteins 
infl uence the cell cycle through regulatory or structural functions. Of particular note 
among these are the nuclear envelope transmembrane proteins (NETs) that appear 
to infl uence cell cycle regulation through multiple separate mechanisms. Some 
NETs and other nuclear envelope proteins accumulate on the mitotic spindle, sug-
gesting functional or structural roles in the cell cycle. In interphase exogenous over-
expression of some NETs promotes an increase in G1 populations, while others 
promote an increase in G2/M populations, sometimes associated with the induction 
of senescence. Intriguingly, most of the NETs linked to the cell cycle are highly 
restricted in their tissue expression; thus, their misregulation in cancer could con-
tribute to the many tissue-specifi c types of cancer.  
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  Abbreviations 

   EDMD    Emery–Dreifuss muscular dystrophy   
  FACS    Fluorescence activated cell sorting   
  NE    Nuclear envelope   
  NET    Nuclear envelope transmembrane protein   
  NPC    Nuclear pore complex   
  Nup    Nucleoporin   

          Introduction 

 Cell cycle and mitotic misregulation are major factors in both the cause and progres-
sion of many cancers. While tumor suppressor proteins like p53, pRb, p16, and p21 
are well-known proteins associated with both the cell cycle and cancer progression, 
a plethora of other kinds of cell cycle proteins from kinases and phosphatases to 
microtubules in the mitotic spindle have been linked to cancer [ 1 – 3 ]. While one 
might not think of the nuclear envelope (NE) as being involved in these processes—
especially since it is disassembled during mitosis—there are also NE links to all 
these aspects of the cell cycle. 

 To begin with, the absence of the NE during mitosis does not mean the absence 
of NE effects on mitosis, as failure to properly disassemble in prophase or reas-
semble in telophase would have profound effects on the success of mitosis. For 
example, maintained interactions with chromatin could lead to aneuploidy. 
Moreover, proteins of the disassembled NE must go somewhere during mitosis and 
indeed several have been found to interact with key cell cycle regulators such as the 
protein phosphatase 1 regulator RepoMan [ 4 ] and mitotic structures such as the 
mitotic spindle [ 5 ] and the centrosome [ 6 ]. In some of these cases the mitotic asso-
ciations are clearly functional, while others may be a storage form to prevent aber-
rant functions during mitosis. NE proteins also infl uence cell cycle in interphase by 
forming interactions with key cell cycle regulators, which can determine whether or 
not a cell will begin cycling. For example, the NE protein lamin A sequesters the 
cell cycle master regulator/tumor suppressor pRb away from its target genes, pre-
venting entrance into S-phase [ 7 – 9 ]. Lamin A similarly affects the apoptosis regula-
tor E1B 19K protein [ 10 ]; thus, linking its functions to apoptosis, another critical 
cellular mechanism in cancer biology. Thus, the consequences of these NE func-
tions can be diverse, ranging from controlling entry into S-phase to initiating cell 
proliferation or cell cycle withdrawal to disrupting various stages of mitosis. 

 Structurally, the NE is a complex double membrane system that surrounds the 
genetic material (Fig.  1 ). Historically it was thought to function simply as a barrier 
isolating and protecting the genetic material from potentially damaging cytoplasmic 
enzymatic activities such as oxidative metabolism. While it certainly serves this 
function, it also acts as the gatekeeper for the necessary translocation of proteins 
into the nucleus to regulate nuclear activities such as transcription, replication, and 
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  Fig. 1    Nuclear envelope transmembrane proteins (NETs) interconnect the NE. The nuclear enve-
lope (NE) consists of the inner and outer nuclear membranes, the latter of which is contiguous with 
the endoplasmic reticulum (ER). A plethora of interactions interconnect NE structures. Inner 
nuclear membrane (NETs) connects the NE to chromatin. The lamin B receptor (LBR) and the 
LEM domain proteins  L ap2,  E merin and  M an1 interact with chromatin via the chromatin- 
associated heterochromatin protein 1 (HP1) and barrier-to-autoinegration factor (BAF), respec-
tively. However, it is believed many more NETs also contribute to NE–chromatin interactions. 
LBR, and probably many more NETs, also interact with the nuclear lamina intermediate fi lament 
network, which lines the nucleoplasmic side of the inner nuclear membrane. By contrast, inner 
nuclear membrane SUN NETs interact with the KASH domains of outer nuclear membrane 
Nesprin NETs to form the LINC complex, connecting the NE and nucleoskeleton to the cytoskel-
eton. Collectively, the interconnectivity of these interactions, in addition to the elasticity of the 
lamina, provides the NE with both mechanical stability and fl exibility. Three NETs, NDC1, 
Pom121, and gp210, also form the core of the nuclear pore complex (NPC), a >60 MDa 
NE-penetrating channel which regulates the transport of macromolecules and out of the nucleus. 
Of the many subcomplexes that form the NPC core scaffold, the Nup107-160 complex is one of 
the most prominent and binds on both side of the NPC       
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entry into mitosis. Thus, the NE is just by its existence and physical structure a 
major regulator of the cell cycle. The gatekeeper function of the NE is controlled 
principally by the nuclear pore complex (NPC) (Fig.  1 ). In mammalian cells, NPCs 
are >60 MDa structures comprised of over 30 structural proteins which form a chan-
nel through which soluble macromolecules can pass in and out of the nucleus 
(reviewed in [ 11 ]). This passage is regulated by transport receptors that bind to 
cargo proteins and then interact with the structural proteins of the NPC to negotiate 
the channel. Aberrant NPC function could logically impact on many aspects of cell 
cycle regulation; however, more defi ned roles for several NPC proteins have been 
identifi ed in mitosis when the NPC is disassembled (reviewed in [ 12 ]).

   The NE has many more proteins besides those of the NPC. The most abundant of 
these are the nuclear lamins, intermediate fi lament proteins that line the inner sur-
face of the inner nuclear membrane. It is estimated that there are roughly 3,000,000 
copies of lamins in a typical mammalian nucleus [ 13 ]. Lamins are encoded by three 
different genes and have multiple splice variants that are present in different ratios 
in different cell types [ 14 ] and these ratios can change in certain types of cancer [ 15 ] 
(reviewed in [ 16 ]). The lamins assemble into a polymer that is connected to the 
inner nuclear membrane via many NE transmembrane proteins (NETs) (Fig.  1 ) 
[ 17 ]. Although only a small number of NETs have been directly tested for binding 
to lamins, the NE of any given mammalian cell contains likely more than 100 dif-
ferent transmembrane proteins, many of which are tissue specifi c [ 5 ,  18 – 20 ]. Only 
about a dozen of these proteins have been analyzed in detail, but in addition to bind-
ing lamins, most of those tested have been found to interact with chromatin 
(reviewed in [ 17 ,  21 ]). Importantly, it is thought that NET and NPC binding to 
mitotic chromosomes in early telophase drive NE reassembly [ 22 – 26 ] (Fig.  1 ). The 
lamin polymer and associated proteins are collectively referred to as the nuclear 
lamina, and have been shown to play critical roles in NE breakdown and assembly, 
nuclear shape and mechanical stability, nuclear anchoring/migration within the cell, 
signaling cascades, as well as support of replication, transcription, and splicing 
(reviewed in [ 17 ,  21 ]). Moreover, direct connections between the cytoskeleton and 
the nucleoskeleton across the NE could provide an alternate mechanism to the NPC 
for transducing signals between the cytoplasm and nucleus (reviewed in [ 27 ]).  

    Links Between Cell Cycle Misregulation in Nuclear 
Envelopathies and Cancer 

 Several NE proteins have been linked to a wide spectrum of inherited diseases col-
lectively known as laminopathies or nuclear envelopathies (reviewed in [ 28 ,  29 ]). 
Those caused by mutations in NETs range from muscular dystrophy to bone and 
blood disorders. One proposed mechanism for how mutations in NETs could cause 
pathology is a disruption in cell cycle regulation. 

 The fi rst indication that the cell cycle might be altered in a nuclear envelopathy 
was found by expressing mutations in the NET emerin in tissue culture cells. 
Two emerin mutations linked to Emery–Dreifuss muscular dystrophy (EDMD) 
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caused a near doubling in the length of the cell cycle, prolonging S-phase from 12 
to 22 h when overexpressed in COS-7 cells [ 30 ]. While this points to a possible role 
of the cell cycle in EDMD, four other EDMD mutations tested had no effect indicat-
ing that there must be multiple pathways to disease pathology. The function of 
emerin in the cell cycle was also investigated in  Caenorhabditis elegans , where its 
knockdown alone did not have any notable effect on cell division but a combined 
knockdown of emerin and the NET MAN1 strongly blocked cell division [ 31 ]. 

 Another potential link between EDMD and cell cycle misregulation comes from 
microarray studies in EDMD patient samples that revealed defects in the Rb path-
way [ 32 ]. The tumor suppressor pRb regulates the cell cycle at the G1/S transition 
by binding the E2F family of transcription factors (reviewed in [ 33 ]). Most emerin- 
linked EDMD patients exhibit reduced emerin levels, and in an emerin knockout 
mouse pRb pathway genes were aberrantly regulated. Genes affected included regu-
lators of protein acetylation, including histone acetyltransferases, which could 
potentially lead to hypo/hyperacetylation and altered gene expression patterns [ 34 ]. 
Separate work on lamin–LAP2 interactions with pRb revealed that misregulation of 
pRb through NE defects causes hyperproliferation of erythroid and epidermal pro-
genitor cells [ 35 ], suggesting that EDMD pathology could result from an early 
depletion of satellite cells. This is consistent with the timing of disease onset in late 
childhood and has resulted in misregulation of the cell cycle becoming one of the 
three favored hypotheses for how NE proteins can cause disease. 

 NET31/TMEM209 has also been shown to affect cell growth. This NET is upreg-
ulated in lung cancer, and its ectopic overexpression in Cos7 cells increases the rate 
of cell proliferation, while depletion blocks growth. NET31 also interacts with the 
nucleoporin Nup205. This interaction was shown to stabilize Nup205 with a corre-
sponding increase in the level of nuclear c-Myc, suggesting that the NET31 upregu-
lation in lung cancer refl ects a function as a driving force in the cell proliferation due 
to its effects on c-Myc rather than a downstream consequence of the cancer [ 36 ]. 

 Overexpression of NETs does not necessarily lead to cell cycle defects. For 
instance, LAP2β is increased in expression in a diverse range of digestive tract can-
cers and appears to interact with HA95 to mediate chromatin–NE interactions 
implicated in initiation of DNA replication [ 37 ]. However, though LAP2β was over-
expressed in several cancers, its knockdown only affected cell proliferation in pan-
creatic cancer. Separately, however, knockdown of LAP2β decreased cell motility in 
all tested cancer cell types [ 38 ]. Thus, NETs may have multiple roles besides affect-
ing the cell cycle in cancers. With many more NETs to be characterized, there is a 
good possibility that many will have various effects on cancers.  

    NE Breakdown and Reassembly 

  NE disassembly at the onset of mitosis / meiosis —NE proteins can affect the cell 
cycle most centrally in higher eukaryotes when the NE disassembles during mitosis. 
This releases chromatin from its NE anchors and enables tubulin, normally com-
pletely excluded from the nucleus, to gain access to chromatin in order to assemble 
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the mitotic spindle. Failure to properly disassemble the NE not only could block 
spindle assembly, but once chromosome segregation is complete an only partially 
disassembled NE could increase the incidence of lagging chromosomes and aneu-
ploidy, a common feature of cancer cells, and could prevent successful cytokinesis 
resulting in polyploidy. The process of NE disassembly is fundamentally driven by 
the mitotic phosphorylation of NE proteins and their binding partners resulting in 
the coordinated disruption of NE interactions and structures (Fig.  2 ). Indeed, depo-
lymerization of the NE’s structural lamina scaffold is induced by phosphorylation 
of lamins [ 39 ] which, if inhibited by mutation of certain critical residues that are 
phosphorylated at the onset of mitosis, prevents NE disassembly and blocks cell 
cycle progression into mitosis [ 40 ]. Like lamins, a number of NETs are phosphory-
lated by mitotic kinases to facilitate NE breakdown. For instance, phosphorylation 
of gp210, a transmembrane protein component of the NPC, prevents its association 
with the NPC and is suggested to promote NPC disassembly [ 41 – 43 ]. Similarly, 
both the NETs LAP2β and LBR are phosphorylated during mitosis in a manner 
which causes their dissociation from the lamina and/or chromatin, thereby breaking 
the link between the NE and chromatin and allowing disassembly [ 24 ,  44 – 46 ]. On 
the chromatin side, a chromatin binding partner of several NETs, barrier-to- 
autointegration- factor (BAF), is also phosphorylated in a manner that further breaks 
the chromatin interactions with NETs to support NE breakdown in mitosis [ 47 ,  48 ]. 
The phosphorylation of BAF is also critical for Karyosome formation during meio-
sis in  Drosophila  where the NHK-1 (Vrk-1) kinase must phosphorylate BAF in 
order for chromatin to lose its physical association with the NE much earlier than 
when NE breakdown occurs [ 49 ]. Thus, phosphorylation of lamins, NETs, and 
chromatin are all required to break the interrelated protein interaction network that 
makes up the NE and allow its controlled disassembly.

    NE reassembly —By contrast to NE disassembly, NE reassembly is driven by the 
dephosphorylation-induced binding of NETs and their associated membranes to 
chromatin during late anaphase/telophase which subsequently permits the reforma-
tion of the lamina and reassembly of NPCs (Fig.  3 ). Dephosphorylation of NETs 
restores their affi nity for chromatin and is tightly controlled to prevent NE reassem-
bly occurring too early, as happens when LBR is prematurely dephosphorylated by 
Cdk1 inhibition [ 46 ]. While this dephosphorylation is ultimately controlled by lev-
els of mitotic kinases and phosphatases, NETs can contribute to it by serving as a 
coordinating scaffold. For example, during reassembly the NET Lem4 (ANKLE2) 
serves as a signaling scaffold which promotes the dephosphorylation of BAF by 
inhibiting BAF’s mitotic kinase NHK-1/Vrk-1 and simultaneously recruiting its 
phosphatase PP2A [ 50 ].

   Many NETs are capable of binding chromatin and therefore driving NE reas-
sembly (Fig.  1 ). The LEM domain proteins MAN1 [ 31 ], emerin [ 51 ], and Lap2β 
[ 44 ,  52 ] bind chromatin via their soluble chromatin binding partner BAF [ 53 – 55 ], 
while LBR binds heterochromatin protein 1 (HP1) [ 56 ,  57 ] and histone H3 [ 58 ]. 
Some of these interactions may be more signifi cant than others in driving reassem-
bly, however, since depletion of LBR from reconstituted NE-derived vesicles pre-
vented vesicle binding to chromatin [ 24 ]. 
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  Fig. 2    Phosphorylation of NE proteins drives disassembly. During disassembly the many interac-
tions at the NE are broken in a coordinated manner by mitotic phosphorylation ( yellow circles ) of 
proteins. Lamins are phosphorylated at many residues, resulting in their depolymerization. 
Phosphorylation of LBR, and probably many more NETs, breaks their interaction with lamins and 
chromatin proteins such as HP1 and BAF, while phosphorylation of HP1 and BAF reduces their 
affi nity for both their NET partner proteins and histones/DNA. Collectively, the loss of these inter-
actions disperses NETs away from the NE, Finally, phosphorylation of gp210 and other NPC 
components promotes NPC disassembly. Dispersal of these structures then allows for disassembly 
of the NE, either by its vesiculation into mitotic vesicles or through its tubularization and absorp-
tion into the ER. These phosphorylations are maintained until the proper timing for NE reassembly 
because premature dephosphorylation causes inappropriate reassembly during mitosis       
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  Fig. 3    NET–chromatin interactions drive NE reassembly. Phosphorylated residues of NETs that 
drive NE disassembly become dephosphorylated again to regain their affi nity for their chromatin- 
binding partners and so drive the association of membranes to the decondensing chromatin. In the 
vesicularization model NET-containing vesicles derived from the previous NE bind to chromatin 
and subsequently fuse to form a new continuous NE containing NPCs. By contrast, in the tubular-
ization model, tubules from the mitotic ER (where NETs are dispersed during NE disassembly) 
diffuse until they bind chromatin. Subsequently once a connection has been made they steadily 
accumulate by diffusion–retention at the tubule-chromatin interface. At the same time non-NE 
proteins diffuse away to accumulate in the general ER. In either case, NET interactions with chro-
matin drive membrane association and NE assembly. Separately, NPC reformation is initiated by 
the recruitment of the Nup107-160 complex by chromatin-bound ELYS which then recruits 
Pom121 and begins NPC assembly. The assembled NPCs can then import additional lamins for 
lamina assembly and growth       
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 In addition to binding BAF, Lap2β can also bind core histones, indicating NETs 
may also bind to chromatin more directly [ 44 ]. Indeed, many more NETs may 
exhibit a more direct chromatin binding capability as a recent bioinformatic analy-
sis of larger sets of NETs identifi ed by proteomics revealed that the nucleoplasmic 
regions of hundreds of NETs tend to have similarly high isoelectric points (Fig.  4 ) 
[ 59 ]. Indeed, trypsinization of the vesicles used for in vitro NE assembly abolishes 
their binding to chromatin and similarly pre-clearing of the vesicle populations by 
binding the vesicles to DNA-coated beads blocks their function in NE reassembly 
[ 22 ]. Thus, at the end of mitosis, the NE reassembles through a process driven by 
the interaction of NETs with chromatin.

   NETs are also key to NE reassembly and cell cycle progression through their role 
in NPC formation. The NPC contains three known NETs, namely, Pom121, NDC1, 
and gp210, the latter of which segregates onto a vesicle population distinct from that 
shared by Pom121 and NDC1 in the  Xenopus  in vitro assembly system and is absent 
in a number of cell types indicating it is not absolutely required for NPC function 
[ 60 – 63 ]. Immunodepletion of both Pom121 and NDC1, but not gp210, prevents in 
vitro NE reassembly by inhibiting the fusion of vesicles surrounding chromatin, 
although it does not inhibit the binding of these vesicles to chromatin indicating a 
link between NPC formation and NE reassembly [ 60 ,  64 ]. However, while Pom121 
and NDC1 depletion results in similar NE fusion defects, the introduction of addi-
tional Pom121 to NDC1-depleted extracts or vice versa fails to rescue the formation 
of closed NEs indicating each serves a distinct function in NE fusion [ 60 ]. 

  Fig. 4    Many NETs likely interact with DNA directly as they tend to have nucleoplasmic domains 
with high isoelectric points. The analysis of predicted nucleoplasmic and lumenal domains of 199 
NETs identifi ed in a proteomics study of rat liver NEs indicates that NET nucleoplasmic domains 
are shorter and signifi cantly more basic than their luminal domains. The  line  represents the pre-
dicted size limit of the NPC peripheral channels through which nucleoplasmic domains must navi-
gate for NETs to gain entrance to the inner nuclear membrane. Taken with permission from Zuleger 
et al., 2011  Journal of Cell Biology , published by the Rockefeller Press [ 59 ]       
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 NPC NETs are targeted to mitotic chromosomes by the DNA binding protein 
ELYS/Mel-28. ELYS/Mel-28, present on chromatin during anaphase, recruits the 
Nup107-160 complex, and subsequently Pom121 associated vesicles to chromatin 
[ 65 – 67 ]. This ELYS/Nup107-160 complex dependent recruitment of NET NPC 
components to chromatin appears critical for successful NPC formation and NE 
reassembly since depletion of ELYS or Nup107-160 results in the formation of a 
chromatin-associated closed NE devoid of assembled NPCs [ 65 ,  68 ,  69 ]. Hence, 
NETs collectively serve to drive NE reassembly primarily by forming interactions 
with chromatin and aiding in the formation of NPCs. Defects in any of these mitotic 
functions could affect the quality of cell division and lead to aneuploidy, a common 
feature of tumors [ 70 ].  

    NET Functions During Mitosis 

 Once the NE breaks down in mitosis the NE proteins could either go into a storage 
form or they could engage in separate functions. Indeed, several soluble proteins 
associated with the NPC have critical functions during mitosis. For example, Ran, 
critical for cargo release and receptor shuttling in interphase nucleocytoplasmic 
transport (reviewed in [ 11 ]), and the transport receptor importin/karyopherinβ are 
required for aster formation in the mitotic spindle [ 71 ,  72 ]. Importinβ has a second 
mitotic function through an interaction with RepoMan [ 4 ]. As a transport receptor, 
importinβ might utilize its ability to interact with its cargos that it transports into the 
nucleus during interphase to bind them in mitosis until needed or bring different 
proteins together for assembling various complexes—for example, bringing protein 
phosphatase 1 together with its substrates. Some NPC structural components likely 
have mitotic functions as well as evidenced by the involvement of both RAE1 and 
the Nup107-160 complex in spindle formation and the additional co-localization of 
the latter with kinetochores during mitosis [ 73 – 75 ]. However, the specifi c function 
of these interactions remains unclear. 

 Notably, for the over 100 different NETs in any given cell, there would obviously 
be some restrictions on potential mitotic functions because these proteins presum-
ably must remain membrane bound. What happens to the membranes during mitosis 
remains unclear with some studies supporting NE vesiculation [ 5 ,  76 – 82 ] and others 
supporting tubular structures merged with the ER (Fig.  5 ) [ 83 – 86 ]. Consistent with 
at least some vesiculation, the distribution of certain NETs appears to be distinct 
from others in mitosis in vivo, while in an artifi cial  Xenopus  NE assembly system it 
was observed that two different vesicle types were required for reassembly with 
some NETs differentially segregating between the two populations [ 78 ,  80 ]. In tissue 
culture cells expressing NETs fused to GFP, distinct distribution patterns have been 
observed in mitosis for different NETs (Fig.  5 ). Most NETs appear to be excluded 
from the mitotic spindle while being distributed evenly throughout the rest of the 
mitotic cell, but some NETs (NET5/Samp1/Tmem201, WFS1, Tmem214, and ote-
fi n) have been observed to partially concentrate on or around the mitotic spindle and, 
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  Fig. 5    Different NETs display distinct localization patterns during mitosis. During mitosis most 
NETs are excluded from the mitotic spindle while others accumulate on mitotic structures, suggest-
ing they may have separate mitotic functions. ( a  and  b ) SUN2 concentrates at the NE during inter-
phase and during mitosis it is excluded from the spindle ( a ) while both WFS1 and NET5 (also 
called Tmem201 and Samp1) are also at the NE during interphase but localize in part to spindle 
poles during mitosis ( b ). NET-RFP fusions are stained in red whilst the DAPI stained chromatin and 
mitotic spindle are coloured blue and green, respectively. ( c ) Additionally, at least some of NET5 
appears to bind directly to a subset of chromosomes during anaphase as the membranes begin to 
bind chromatin. Together, these data indicate the likelihood of mitotic functions for some NETs, 
suggest that at least some of the NE vesiculates during mitosis, and strongly supports the idea that 
NET-containing vesicle binding to mitotic chromosomes drives NE reformation at the end of mito-
sis. Some images taken with permission from Wilkie et al., 2011  Molecular and Cellular Proteomics , 
published by the American Society for Biochemistry and Molecular Biology (ASBMB) [ 5 ]       
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in the case of the latter, the centrosome [ 5 ,  6 ,  77 ]. The function of this localization, 
if any, is not clear. Only Samp1 was tested by knockdown with no mitotic phenotype 
reported; however, it yielded an interphase defect in the distance between the NE and 
the centrosome [ 77 ,  87 ,  88 ]. These observations indicate that Samp1 binds a micro-
tubule associated protein and suggest three possible mitotic functions for NETs that 
accumulate at the spindle base. (1) Storage: mitotic vesicles containing these NETs 
use their interphase affi nity for some microtubule associated proteins to collect at the 
spindle poles in order to keep them from inappropriately interacting with the spindle 
itself. (2) Sequestration: if these NETs, particularly outer nuclear membrane NETs, 
serve as platforms to mediate interactions between multiple microtubule associated 
proteins they could sequester particular microtubule associated proteins away from 
the spindle that could alter its functionality. (3) Stabilization: the accumulation of 
vesicles at the spindle carrying NETs that interact with microtubule associated pro-
teins could potentially function like glue, acting as multifaceted adaptors to hold the 
minus ends of the multiple microtubules coming from the spindle loosely together. 
As multiple NETs with probably redundant microtubule associated protein binding 
properties would be in each vesicle, such potentially important functions would be 
consistent with the absence of a mitotic defect for just the knockdown of Samp1. 
Consistent with observations of the segregation of NETs in mitosis, an in vitro 
 Xenopus  NE assembly system also segregated NETs into two distinct vesicle popu-
lations that were both required for NE assembly [ 78 ,  80 ].

       NET Regulation of Cell Cycle Progression and Withdrawal 

 A complex between lamin A, the soluble splice variant of the NET LAP2, LAP2α, 
and pRb is well characterized in cell cycle regulation [ 8 ,  9 ,  89 ]. However, the mech-
anism by which emerin and other NETs might regulate pRb (e.g., the disruption of 
pRb pathways with defects in emerin in EDMD patients [ 32 ]) or other cell cycle 
regulators/tumor suppressors remains unclear. Nonetheless, it is certain that many 
NETs can have effects on the cell cycle. 

 After emerin, the next NET found to have effects on the cell cycle was MAN1. 
Emerin and MAN1 share a common weakly conserved domain known as the LEM 
domain because it was fi rst identifi ed from homology between the three NE proteins, 
 L AP2,  e merin, and  M AN1 [ 90 ,  91 ]. The LEM domain has since been found in addi-
tional NETs and some soluble cytoplasmic proteins [ 92 – 95 ]. Whereas emerin knock-
down alone in  C. elegans  had no notable phenotype, the combined RNAi knockdown 
of emerin and MAN1 resulted in no embryos reaching the 100-cell stage [ 31 ]. The 
cellular phenotype was mostly complete cytokinesis failure due to unresolvable ana-
phase chromatin bridges. The NET LAP2β has separately been implicated in pro-
moting cell cycle progression through an interaction with HA95, a homolog of the 
nuclear-A kinase anchoring protein AKAP95. Disruption of the interaction between 
LAP2β and HA95 abolished the initiation of DNA replication through the protea-
some-mediated degradation of a component of the pre-replication complex, namely 
cdc6, thereby preventing DNA replication and cell cycle progression [ 37 ]. 
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 The next NET to be linked to cell cycle regulation was a member of the KASH 
domain-containing nesprin family. Nesprins are proteins involved in linking the NE 
to the cytoskeleton through direct interactions with actin and potentially with inter-
mediate fi laments and microtubules through indirect interactions [ 27 ]. Nesprins also 
bind SUN family NETs and through these interactions connect the cytoskeleton 
across the NE lumen to the nucleoskeleton [ 27 ]. A  C. elegans  protein, KDP-1, was 
identifi ed in a 2-hybrid screen for SUN-binding proteins and found to contain a 
KASH domain and thus appears to be a novel member of the nesprin family. KDP-1 
targets to the NE and its knockdown in  C. elegans  embryos caused delayed cell entry 
into mitosis after replication, resulting in a notable reduction of germ line cells in the 
mitotic zone [ 96 ]. The mechanism of action for KDP-1 remains unknown. As work 
from the Noegel, Karakesisoglou, and Burke laboratories have shown a function of 
nesprins in centrosome positioning [ 97 ,  98 ], it is possible that KDP-1 could function 
through a similar mechanism in interphase to affect cell cycle progression. 

 The fi nding of cell cycle functions for these NETs inspired another study to 
screen for additional NETs functioning in cell cycle regulation [ 99 ]. Thirty-nine 
novel NETs identifi ed from proteomic studies of liver and blood cells were fused to 
monomeric RFP and expressed in HEK293T cells. The DNA was stained and the 
cells analyzed by FACS (fl uorescence activated cell sorting), which measures DNA 
content and could distinguish NET expressing cells by the monomeric RFP from 
untransfected cells in the same population. Thus, the 4/2 N ratios, representing the 
G2/M and G1/S-phase populations respectively, were separately measured within 
the NET transfected and untransfected populations and compared. Eight of the 
thirty-nine NETs tested—over 20 %—yielded notable changes with seven increas-
ing and one decreasing the 4:2 N ratio [ 99 ]. These NETs were NET4/Tmem53, 
NET11/Sccpdh, Tmub1, Fam3c, Magt1, Tmem126a, NET59/Ncln, and NET31/
Tmem209, which was separately found to be upregulated and affect cell growth in 
lung cancer [ 36 ]. 

 To determine if these cell cycle effects were mediated by classical pathways such 
as those of the p53 or pRb master cell cycle regulator/tumor suppressor proteins, the 
NETs that were positive in the screen were also tested in cell lines defi cient in these 
cell cycle regulators. For two NETs, NET4/Tmem53 and NET59/Ncln, the effects 
were signifi cantly diminished or lost when tested in cells lacking the p53 master 
regulator. Tmem53/NET4 also lost its effects in the pRb defi cient cells [ 99 ]. 

 NET59/Ncln has previously been found to indirectly affect Smad transcriptional 
regulators to modulate TGFβ signaling pathways [ 100 ]. This is particularly interest-
ing in that Smads also interact with MAN1 [ 101 ,  102 ], a NET previously linked to 
cell cycle regulation. TGFβ signaling is also affected by another LEM domain NET 
in  Drosophila , Otefi n [ 103 ]. Several other NETs have also been shown to affect 
signaling cascades: emerin can regulate β-catenin/wnt signaling [ 104 ]; NET25/
LEM2 infl uences Erk1/2 pathways [ 105 ]; and NET39/PPAPDC3 inhibits the mTOR 
signaling pathway [ 106 ]. Of these, NET25/LEM2 was not tested in the screen, and 
NET39/PPAPDC3 had no effect with the FACS profi les of the transfected and 
untransfected populations exactly overlaid [ 99 ], but these fi ndings indicate that 
NETs can yield effects on the cell cycle through interactions with likely multiple 
well-characterized signaling pathways. 
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 The effect of expression of NET4/Tmem53 on the cell cycle was unique in being 
reversed by both p53 and pRb reduction and thus being dependent on components 
of both pathways. Correspondingly, knockdown of NET4/Tmem53 yielded effects 
on both proteins. Levels of p53 were doubled with NET4/Tmem53 knockdown and 
p21 levels increased sevenfold. For pRb, overall levels remained unaffected, but its 
regulation was strongly affected with a dramatic reduction in pRb phosphorylation 
[ 99 ]. This shows that NET4/Tmem53 functions on pRb pathways in a different 
manner from lamins and LAP2α as lamin or LAP2α knockdown affected the actual 
levels of the pRb protein [ 89 ]. All of these effects depended on p38 MAP kinase, 
which is activated upon loss of NET4/Tmem53 and has been previously shown to 
be associated with stress pathways [ 107 ]. The effect on the cell cycle profi les 
observed in the FACS-based screen appears to be largely caused by cells withdraw-
ing from the cell cycle and entering senescence [ 99 ]. 

 The other NETs that affected cell cycle progression have not been further ana-
lyzed for mechanism. However, as their effects were all independent of pRb and p53 
(with the exception of NET59/Ncln) they must affect the cell cycle by distinct 
mechanisms.  

    NET Spatial and Tissue Distribution and the Cell Cycle 

 The different NETs exerted their effects on the cell cycle from discrete spatial posi-
tions. NET4/Tmem53 and NET31/Tmem209 appear to be restricted to the outer 
nuclear membrane based on data obtained from super resolution microscopy using 
the structured illumination (OMX) platform [ 19 ,  108 ]. In contrast, NET59/Ncln and 
Magt1 are in the inner nuclear membrane [ 18 ,  19 ]. Thus, NETs on both sides of the 
NE can infl uence the regulation of the cell cycle by distinct mechanisms. 

 Strikingly, most of the NETs that altered cell cycle profi les were highly restricted 
in the tissues where they were expressed. The BioGPS transcriptome database com-
pares the expression of thousands of genes over 84 different human tissues [ 109 ]. 
According to this resource, Tmub1, Fam3c, and Magt1 are all expressed more than 5× 
higher in blood compared to the median value for the 84 tissues examined while 
Tmem126A is expressed in blood at roughly 50× higher than the median. This is not 
completely surprising as these four NETs were all identifi ed in a proteomic study of 
NEs isolated from blood [ 18 ]; however, each NET was also restricted in expression to 
specifi c blood cell types. Magt1 was expressed highest in natural killer and dendritic 
cells but poorly expressed in lymphocytes, endothelial cells, and CD34+ cells. In con-
trast Tmem126A was expressed highest in lymphoblasts, CD34+ cells and CD56+ 
natural killer cells. Among the NETs identifi ed in the liver proteomic study, NET4/
Tmem53, as expected, was preferentially expressed in liver, but NET11/Sccpdh 
turned out to be expressed much higher in brain and testis than in liver [ 109 ]. Only 
NET59/Ncln was widely expressed and this is more interesting as it was the only of 
the new NETs that has been shown to intersect with the TGFβ family, like MAN1, 
which is also widely expressed and exhibits cell cycle defects when levels are reduced.  
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    Concluding Remarks 

 Prior to the explosion of NETs identifi ed in proteomic studies 10 years ago, only 
roughly a dozen NETs had been identifi ed. Among these well-characterized NETs, 
emerin, MAN1, and nesprins have been linked to the cell cycle. Screening a large 
set of NETs identifi ed by proteomics has roughly quadrupled this number, netting 
over 1/5th of those tested. While emerin, MAN1, NET4/Tmem53 and NET59/Ncln 
effects appear to be mediated through known signaling pathways, the mechanism by 
which KDP-1 affects cell cycle regulation remains unclear, and those of NET11/
Sccpdh, NET31/Tmem209, Tmub1, Fam3c, Magt1, and Tmem126a are indepen-
dent of p53 and pRb pathways. Thus, the majority of the novel NETs identifi ed 
recently by proteomics that exhibited cell cycle effects regulate the cell cycle 
through novel or less-characterized pathways. These novel NETs are generally 
uncharacterized proteins with no known functions. 

 The tissue specifi city of many of the NETs affecting the cell cycle is striking and 
also suggestive. Nuclear size (the karyoplasmic ratio) is linked to cancer prognosis 
in a tissue or tumor specifi c manner. For example, large nuclear size is linked to 
increased risk of metastasis in bladder tumors but smaller nuclear size is linked to 
increased risk of metastasis in lung cell carcinomas [ 110 ,  111 ]. Thus, tissue-specifi c 
NETs that infl uence the cell cycle could infl uence the accumulation of larger or 
smaller nuclei by increasing the population of cells in G2 as opposed to G1. Thus, 
by functions in structural aspects of mitosis as well as direct effects on pathways 
regulating the cell cycle, NETs have a clear effect on control of the cell cycle—an 
essential aspect of a tumor’s ability to proliferate. That some of these NETs can act 
directly on tumor suppressor proteins and that some are tissue-specifi c suggests that 
NETs may play roles—either through their own mutation or through mutated part-
ners losing the ability to interact—in tissue specifi c tumor formation, one of the 
least understood aspects of cancer biology.     
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    Abstract     The ultimate purpose of signal transduction is to transmit extracellular or 
cytoplasmic stimuli to the nuclear interior to elicit a cellular response, mediated 
primarily through changes in gene expression. The evolution of the nuclear envelope 
and the consequent compartmentalization of the genome, which is a defi ning feature 
of eukaryotes, introduced a physical barrier to the free access of genes. Initially 
regarded as nothing more than this, a physical barrier with selective permeability, 
recent fi ndings have transformed our view of the nuclear envelope and its diverse 
roles in various aspects of cell biology and human diseases, much of which is only 
beginning to be understood. The realization that mutations in genes encoding nuclear 
envelope proteins cause a diverse array of tissue-selective diseases often referred to 
as “laminopathies” has provided new insight into structural and regulatory functions 
of the nuclear envelope. Genetic mutations causing abnormalities in the nuclear 
envelope can lead to dysregulated signaling that underlies pathogenesis of these 
diseases. The emerging picture indicates that the nuclear envelope is a node that 
fi ne-tunes signaling output and as such it may play a role in the biology of cancer.  
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  Abbreviations 

   ECM    Extracellular matrix   
  EDMD    Emery–Dreifuss muscular dystrophy   
  ER    Endoplasmic reticulum   
  HGPS    Hutchinson–Gilford progeria syndrome   
  INM    Inner nuclear membrane   
  MAPK    Mitogen activated protein kinase   
  MSC    Mesenchymal stem cells   
  ONM    Outer nuclear membrane   

          Introduction 

 The eukaryotic nucleus is a double membrane-bound organelle that encloses and 
regulates the genome by providing a unique molecular and biochemical environment 
distinct from the rest of the cell. This is primarily achieved by the nuclear envelope, 
which consists of several discrete elements, the most prominent of which are the 
nuclear membranes. The nuclear membranes consist of three morphologically distin-
guishable but interconnected domains: the inner (INM) and outer (ONM) nuclear 
membranes and the pore membranes. The INM and ONM are separated by a 30–50 nm 
lumen also termed the perinuclear space. They periodically fuse to form pore mem-
branes adjacent to the nuclear pore complexes that occupy the channel the two adja-
cent pore membranes create [ 1 – 3 ]. Because the INM and ONM are connected at the 
nuclear pore complex by the pore membranes, they actually represent discrete 
domains of a single membrane system [ 1 ,  2 ]. This membrane system is further con-
tiguous with the rough endoplasmic reticulum (ER), which is directly connected to 
the ONM and contains ribosomes on its outer surface [ 1 ,  2 ]. Despite originating from 
a common continuous structure, the INM, pore membranes, ONM, and ER maintain 
their identities largely through the enrichment of a unique profi le of integral mem-
brane proteins and other associated proteins, as well as specifi c composition of lipids 
and cholesterols that constitute the membranes themselves [ 4 – 6 ]. Data from subtrac-
tive proteomics analysis indicate that the INM of interphase mammalian hepatocytes 
contains approximately 80 unique transmembrane proteins; however, only a few have 
been characterized in great detail [ 7 – 10 ]. Furthermore, the protein composition of the 
nuclear envelope membranes varies in different mammalian tissues [ 11 ]. 

 In metazoans, a prominent feature of the nuclear envelope is the nuclear lamina, 
a 20–50 nm thick proteinaceous meshwork lining the inner surface of the INM 
[ 12 – 15 ]. The nuclear lamina is widely accepted to provide tensile and structural 
integrity to the nucleus, as well as anchorage for chromatin and various integral 
proteins of the INM [ 16 – 18 ]. Previously regarded as a relatively inert structural 
scaffold providing mechanical support to the nucleus, recent fi ndings indicate that 
the nuclear lamina plays a much more dynamic role in regulating various cellular 
and molecular processes including nuclear architecture and size, epigenetic regula-
tion and transcription, DNA repair and stability, cellular senescence, and signal 
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transduction [ 16 ,  17 ,  19 ]. The nuclear lamina is composed of A-type and B-type 
lamins, which are members of the intermediate fi lament protein family. In mam-
malian somatic cells, primarily four lamin proteins are expressed that are encoded 
by three separate genes [ 15 ,  20 ]. Lamin B1 and B2 (B-type lamins) are encoded by 
 LMNB1  and  LMNB2 , respectively, whereas lamins A and C (A-type lamins) are 
both encoded by  LMNA  and produced by alternative mRNA splicing [ 19 ]. Germ-
cell- specifi c isoforms lamin C2 and lamin B3 produced by alternative splicing of 
transcripts from  LMNA  and  LMNB1 , respectively, have also been described [ 21 ,  22 ]. 
The expression of B-type lamins appears to be ubiquitous; it occurs early in embry-
onic development and persists through adult life in most cell types [ 23 – 25 ]. In con-
trast, the expression of A-type lamins is asynchronous, developmentally regulated 
and detected after tissue differentiation, consistent with the notion that A-type lam-
ins are a marker of differentiation [ 23 – 26 ]. In support of this idea, during murine 
gestation, the very fi rst differentiated cells to emerge from the dividing zygote 
called trophoblast cells are also the fi rst cell-type to express A-type lamins [ 26 ]. The 
expression of A-type lamins is virtually undetectable in the early phases of murine 
embryonic development and organogenesis; only after embryonic day 10 are appre-
ciable levels of A-type lamins detected in the embryo proper [ 25 ,  26 ]. 

 Reevaluation of A-type lamins as more than mere structural proteins began when 
a diverse array of human diseases, sometimes collectively called “laminopathies,” 
was connected to mutations in  LMNA  [ 27 ,  28 ]. Currently, more than a dozen dif-
ferentially named clinical diseases have been identifi ed and can be grouped by the 
affected tissues. They are striated muscle (a spectrum of overlapping clinical enti-
ties with heart involvement including Emery–Dreifuss muscular dystrophy 
[EDMD], limb girdle muscular dystrophy 1B, and isolated dilated cardiomyopa-
thy), adipose tissue (Dunnigan-type familial partial lipodystrophy and some unusual 
partial lipodystrophy syndromes), peripheral nerve (Charcot–Marie–Tooth disorder 
type 2B1), and those that involve multiple tissues systems such as mandibuloacral 
dysplasia and Hutchinson–Gilford progeria syndrome (HGPS). Mutations in genes 
encoding several integral proteins of the INM that bind to A-type lamins have also 
been shown to cause tissue-selective diseases also often referred to as laminopa-
thies. While these rare inherited diseases do not include cancer as a phenotype, 
research on their pathogenesis has shed light on the role of the nuclear envelope in 
regulating signaling cascades that are often involved in carcinogenesis and metasta-
sis. These discoveries are of potentially major signifi cance to cancer biologists, as 
nuclear envelope structural alterations frequently observed in laminopathies also 
often occur in tumors with dysregulated signaling [ 29 ].  

    A-Type Lamins 

 The presence of numerous diseases arising from mutations in  LMNA , as well as 
several mouse models that recapitulate the human diseases, have provided insights 
into and expanded on the cellular functions of A-type lamins. To understand the 
pathogenic mechanisms arising from  LMNA  mutations, it is necessary to understand 
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the organization of the protein structures as well as the mechanisms involved in 
producing a mature protein. In humans, lamins A and C are identical for the fi rst 566 
amino acid residues and diverge only at their C-termini [ 13 ,  15 ,  30 ,  31 ]. To some 
extent, lamin A and C are functionally redundant, given that mice engineered to 
express only lamin C appear to be virtually normal [ 32 ]. However, unlike lamin C, 
lamin A undergoes complicated enzymatic processing to produce a mature protein 
(see below), the dysregulation of which directly contributes to the pathogenesis of a 
subset of laminopathies. 

 Similar to other members of the intermediate fi lament protein family, lamin A (as 
well as all lamins) contains a central α-helical rod domain that is fl anked by globular 
N-terminal head and C-terminal tail domains [ 19 ,  33 ,  34 ] (Fig.  1a ). The C-terminal 
domain contains an immunoglobulin-like β-fold and a nuclear localization signal 
between the α-helical rod domain and this fold [ 35 ,  36 ]. The central a-helical rod 
domains of lamins are highly conserved among other members of intermediate 

  Fig. 1    Schematic diagram of prelamin A structure and processing. ( a ). Structural composition of 
prelamin A protein. C-terminus of prelamin A (indicated by  dashed red lines ) contains the NLS 
(nuclear localization signal), Ig (immunoglobulin-like) fold, and the CAAX box. ( b ). Catalytic 
processing of C-terminus of prelamin A to produce mature lamin A ( left ) or progerin ( right ). FT 
and ICMT denote protein farnesyltransferase and isoprenylcysteine carboxyl methyltransferase, 
respectively       
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fi lament proteins and are thought to be essential for self-assembly into higher order 
structures [ 13 ,  15 ]. All the mammalian lamins except for lamin C and lamin C2 
contain CAAX (where “C” is cysteine, “A” is an aliphatic amino acid, and “X” is a 
hydrophobic residue) motifs at their C-termini, which is a signal for farneslyation 
and other posttranslational modifi cations [ 37 – 39 ].

   Lamin A is synthesized as a precursor molecule prelamin A that undergoes sev-
eral rounds of catalytic processing to produce mature lamin A (Fig.  1b ) [ 37 ,  39 ]. 
Prelamin A contains the C-terminal CAAX motif, which serves as a primer for a 
series of sequential enzymatic processing reactions [ 40 – 42 ]. The initial reaction 
involves farnesylation of the cysteine residue by protein farnesyltransferase. The 
farnesylation reaction is followed by cleavage of the AAX residues. The exposed 
farnesylcysteine is then carboxymethylated by isoprenylcysteine carboxyl methyl-
transferase. Lastly, mature lamin A is produced following a second cleavage reac-
tion catalyzed by the metalloproteinase ZMPSTE24 that removes the last 15 
C-terminal amino acid residues on prelamin A from the carboxymethylated farnes-
ylcysteine. It is generally believed that the hydrophobic modifi cation of the CAAX 
motif followed by its subsequent removal is required for proper localization and 
assembly of lamin A at the hydrophobic nuclear envelope environment [ 38 ,  43 ,  44 ].  

    Disease-Causing Mutations in  LMNA  

 The fi rst human disease shown to result from mutations in  LMNA  was autosomal 
dominant EDMD [ 45 ]. Disorders that selectively affect skeletal and heart muscle, 
which manifest clinically as a dilated cardiomyopathy with conduction system 
defects, are the most prevalent of the laminopathies [ 19 ]. Most  LMNA  mutations 
that cause striated muscle disease are autosomal dominant missense or small in- 
frame deletions with the encoded protein exhibiting a similar half-life as the wild- 
type proteins [ 46 ]. These mutations result in alterations scattered throughout the 
protein, suggesting that they cause disease by altering the global structure of the 
nuclear lamina. However, some  LMNA  mutations causing striated muscle disease 
are splice site or nonsense, leading to haploinsuffi ciency of A-type lamins. In con-
trast, dominantly inherited missense mutations that cause Dunnigan-type familial 
partial lipodystrophy, characterized by the selective loss of peripheral subcutaneous 
adipose tissue and the subsequent development of insulin resistance and diabetes 
mellitus, are centered around the immunoglobulin-like fold domain and predicted to 
alter its surface charge [ 35 ,  36 ,  47 – 49 ]. 

 Perhaps the most unique  LMNA  mutations are those causing HGPS, which is a 
multiple system disorder with some features of accelerated aging. Although they 
appear grossly normal at birth, children with HGPS exhibit growth retardation, 
micrognathia, reduced subcutaneous fat, alopecia, osteoporosis, and skin mottling 
within the fi rst year of life [ 19 ]. They invariably develop premature vascular occlu-
sive disease, which is the most life threatening clinical manifestation of the disease. 
Most individuals with HGPS die in the second decade of life from coronary artery 
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or cerebrovascular disease. HGPS is predominantly caused by a dominant de novo 
G608G (nucleotide 1824 C>T) mutation within exon 11 of  LMNA . Although the 
amino acid sequence is unchanged, the mutation activates a cryptic splice donor 
site, causing a deletion of 150 bp within exon 11 [ 50 ,  51 ]. 

 The G608G mutation causes an in-frame deletion of 50 amino acids near the 
C-terminus of prelamin A that includes the ZMPSTE24 cleavage site (see process-
ing of prelamin A above). Therefore, ZMPSTE24 cannot catalyze cleavage of the 
C-terminal carboxymethylated farnesylcysteine and the 15 upstream amino acid 
residues, leading to the production of a truncated, permanently farnesylated variant 
of prelamin A, termed “progerin” (Fig.  1 ). Mice with genetic deletion of  Zmpste24  
accumulate farnesylated lamin A in their tissue and exhibit progeroid symptoms 
similar to those caused by the  Lmna  G608G mutation [ 52 ,  53 ]. Additionally, the 
loss of  ZMPSTE24  in humans leads to the neonatal lethal progeria syndrome restric-
tive dermopathy [ 54 ,  55 ]. Thus, progerin and unprocessed prelamin A appear to be 
“toxic” proteins responsible for cellular alterations that lead to progeria phenotypes. 
Indeed, treatment of both  Zmpste24  null mice and  Lmna  G608G/G608G  mice with inhibi-
tors for protein farnesyltransferase ameliorate progeroid phenotypes, indicating that 
the farnesylated forms of these proteins are responsible for disease [ 56 ,  57 ]. Despite 
the promising results in mice, a clinical trial with the protein farnesyltransferase 
inhibitor lonafarnib only provided a modest benefi t for patients with HGPS [ 58 ]. An 
emerging consensus from studying patients with laminopathies and mouse modes 
suggests that A-type lamins play a direct and dynamic role in regulating signal 
transduction and that the expression of mutant variants alters signaling pathways 
that underlie disease pathogenesis. The pleiotropic nature of laminopathies hints at 
a central and complex role of A-type lamins in altering the activity of signaling 
cascades, presumably acting in a cell type and tissue-specifi c fashion. Similarly, 
other proteins of the INM appear to regulate or infl uence the activity of cell signal-
ing cascades (Fig.  2 ).

       Mitogen Activated Protein Kinase (MAPK) Signaling 

 One well-characterized signaling pathway connected to lamin A is MAPK. The 
MAPK pathway consists of three main branches: extracellular signal-regulated 
kinase 1/2 (ERK1/2), c-Jun NH 2 -terminal kinase (JNK), and p38 [ 59 ,  60 ]. The 
defi ning feature of the MAPK pathway is the three-tiered “core signaling module,” 
which is a tri-layered dual-specifi city kinase cascade system. Starting from upstream 
in the cascade, a diverse group of protein kinase families collectively termed MAPK 
kinase kinases (MAP3Ks) phosphorylate conserved serine/threonine residues 
within the MAPK kinases (MAP2Ks but also referred to as MEKs or MKKs). Once 
phosphorylated, MAP2Ks in turn phosphorylate conserved tyrosine/threonine resi-
dues within the MAPKs, which are the ERKs, JNKs, and p38. The phosphorylated 
MAPKs then transit to specifi c subcellular compartments such as the nucleus, the 
localization of which is predominantly mediated by binding interactions with 
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sequestering anchors and components of the nuclear transport machinery, where 
they regulate various cellular processes including growth, differentiation, metabo-
lism, stress response, infl ammation, apoptosis, and autophagy [ 59 – 61 ]. Dysregulation 
of MAPK pathways, leading to the disruption of these diverse cellular processes 
they regulate, has been shown to be both driving and contributing factors in onco-
genesis [ 62 – 64 ]. 

 The initial evidence potentially linking lamin A with MAPKs was the fi nding 
that c-Fos, which is an ERK1/2-activated transcription factor that positively regu-
lates the cell cycle, is localized at the nuclear envelope and that this localization is 
dependent on its interaction with lamin A [ 65 ]. Under conditions of low mitogenic 
signaling, lamin A sequestered c-Fos at the nuclear envelope and this effect was 
reversed with increased mitogenic signaling. Moreover, enhanced cell proliferation 
was observed in cells lacking wild-type lamin A whereas a decreased proliferative 
capacity was noted with lamin A overexpression, demonstrating that it can function 
as a molecular switch that regulates c-Fos-dependent cell proliferation [ 65 ]. 

 The linkage between MAPKs and lamin A was further revealed with the help of 
a mouse model of a laminopathy. It was discovered that the ERK1/2 and JNK 
branches of MAPK signaling, and later p38, are enhanced in hearts of a “knock in” 
mouse model of EDMD [ 66 – 68 ]. These mice ( Lmna  H222P/H222P ) carry a point muta-
tion in which a histidine at position 222 in lamin A and lamin C is changed to pro-
line, mimicking a missense mutation that causes autosomal dominant EDMD in 

  Fig. 2    Signaling pathways regulated by proteins of the nuclear envelope. The three domains of the 
nuclear membranes are shown in the  magnifi ed box : the inner (INM) and outer (ONM) nuclear 
membranes and the pore membranes (PM). The INM and ONM are separated by the lumen and the 
ONM is contiguous with the endoplasmic reticulum (ER). The signaling pathways altered by 
lamin A, emerin, and MAN1 as described in the current review are graphically illustrated       
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humans [ 66 ]. By 8 weeks of age, male  Lmna  H222P/H222P  mice develop left ventricular 
dilatation and decreased fractional shortening and, by 12 weeks, abnormalities in the 
conduction system. Histological analysis shows left ventricular fi brosis, fi ber degen-
eration, and atrial dilatation by 16 weeks of age. Skeletal muscle dystrophy develops 
with slower kinetics relative to cardiac abnormalities and these mice die between 4 
and 8 months of age, as opposed to a ~2 years life span of a wild-type mice [ 66 ]. 

 In 10-week-old male  Lmna  H222P/H222P  mice, ERK1/2 and JNK are activated spe-
cifi cally in heart and skeletal muscle, resulting in their enhanced nuclear accumula-
tion where they activate the expression of their downstream targets genes [ 67 ,  69 ]. 
The fi rst sign of MAPK activation in hearts of  Lmna  H222P/H222P  mice occurs at 4 weeks 
of age, which is prior to the appearance of cardiac disease, strongly suggesting that 
ERK1/2 activation is a primary pathogenic mechanism rather than a consequence of 
cardiomyopathy [ 67 ]. This notion was confi rmed by showing that inhibition of 
MAPK activation by systemic administration of pharmacological inhibitors amelio-
rates cardiomyopathy in  Lmna  H222P/H222P  mice [ 68 ,  70 – 72 ]. Increased ERK1/2 signal-
ing has also been observed in human fi broblast as well as in hearts of human subjects 
carrying  LMNA  mutation causing striated muscle disease [ 73 ,  74 ]. These collective 
fi ndings demonstrated a causative link between aberrant MAPK activation and the 
pathogenesis of striated muscle disease caused by  LMNA  mutations. 

 Demonstration that lamin A binding to c-Fos depends on the c-Fos phosphoryla-
tion status helped identify mechanistic insights into how lamin A regulates ERK1/2 
activity [ 75 ]. Notably, the ERK1/2 interaction with c-Fos was mediated by lamin A, 
which may function as a scaffold that facilitates effi cient binding. This is achieved 
by the ability of lamin A to bind to both ERK1/2 and c-Fos [ 65 ,  75 ]. The ERK1/2 
binding site on lamin A was mapped to a span of amino acid sequence 247–355, 
which corresponds to the helical rod domain of lamin A [ 75 ]. Therefore, ERK1/2 
co-localizes with c-Fos at the nuclear envelope, which is mediated by lamin A bind-
ing, leading to phosphorylation and release of c-Fos from the nuclear envelope. 

 Although the demonstration of a direct interaction of ERK1/2 with lamin A was 
an important step in elucidating the molecular mechanism of how the nuclear enve-
lope regulates MAPK signaling, several unanswered questions remain. For example, 
do mutations leading to alterations in lamin A, including mutations altering the pro-
tein beyond the ERK1/2 binding domain, affect its interaction with ERK1/2? Also, 
does the phosphorylation status of ERK1/2 alter its binding capacity to lamin A? 
Lastly, what are the pathogenic mechanisms initiated by enhanced MAPK activa-
tion? Answering these questions will undoubtedly delineate a more complete picture 
of the complex interplay between lamin A and ERK1/2 at the nuclear envelope.  

    AKT-Mammalian Target of Rapamycin Signaling 

 Another signaling pathway, often dysregulated in cancer that has been linked to 
alterations in A-type lamins, is the AKT- mammalian target of rapamycin (mTOR) 
signaling pathway. Historically studied in the context of insulin and insulin-like 
growth factor signaling, AKT-mTOR signaling is frequently co-activated along with 
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ERK1/2 in response to growth factor signaling and in various forms of cancer 
[ 76 ,  77 ]. In response to insulin, AKT, which is a serine/threonine kinase, can activate 
mTOR by two separate mechanisms. AKT-mediated phosphorylation of PRAS40, 
an mTOR binding protein that acts as a repressor, disrupts its binding to mTOR [ 78 , 
 79 ]. Alternatively, AKT can also provide an inhibitory phosphorylation on tuberous 
sclerosis complex 2 (TSC2) [ 80 ]. TSC2, together with its isoform TSC1, form a 
GTPase-activating protein for RHEB, a GTPase required for the protein kinase 
activity of the mTOR complex. As only GTP-bound RHEB can activate mTOR, 
AKT phosphorylation of TSC2 inhibits the GTPase activity of RHEB, leading to 
accumulation of GTP-bound RHEB and activation of mTOR. AKT-mTOR func-
tions as the central signaling circuit that links diverse cellular metabolic processes 
such as glucose uptake, glycogen synthesis, and autophagy to properly coordinate 
cellular output in the form of protein synthesis, cell growth, and proliferation [ 80 ]. 

 The initial indication that AKT-mTOR signaling may be activated in hearts of 
 Lmna  H222P/H222P  mice that develop EDMD was evident in the same study that demon-
strated enhanced ERK1/2 and JNK1/2 signaling [ 67 ]. Gene ontology term analyses 
on mRNA expression profi ling of hearts from these mice revealed that the highest 
scoring signaling pathway was the insulin-like growth factor signaling [ 67 ]. A sub-
sequent study confi rmed that enhanced AKT-mTOR signaling occurred prior to the 
penetrance of disease phenotype, indicating that the enhanced signaling contributes 
to the disease pathogenesis [ 81 ]. This was confi rmed with the demonstration that 
reducing mTOR signaling by systemic administration of temsirolimus, a rapamycin 
analog, improved heart function, confi rming its contribution to disease pathogenesis 
[ 81 ]. Another group using a different mouse model of EDMD independently 
reported essentially identical fi ndings [ 82 ]. Mice expressing a truncated form of 
lamin A (lamin AΔ8-11), which was originally believed to be  Lmna  null, exhibit 
severe postnatal growth retardation characterized by the appearance of muscular 
dystrophy and cardiomyopathy with none of the mice surviving by 8 weeks [ 83 , 
 84 ]. Elevated mTOR signaling was observed in heart and skeletal muscle of these 
mice [ 82 ]. Pharmacologic reversal of elevated mTOR signaling by rapamycin 
improved both cardiac and skeletal muscle function. This treatment also increased 
survival in these mice, further confi rming the causative role of mTOR signaling in 
striated muscle disease triggered by  LMNA  mutation [ 82 ]. Mechanistically, both 
groups identifi ed that the enhanced mTOR signaling interfered with autophagy, an 
evolutionarily conserved self-degradative process that maintains cellular and energy 
homeostasis by recycling cytoplasmic or damaged/toxic proteins under periods of 
starvation or increased energy demand [ 85 ]. 

 It is not known how alterations in A-type lamins trigger AKT-mTOR signaling. 
In addition to cardiac tissue from the two mouse models of EDMD described above, 
mouse embryonic fi broblasts from lamin AΔ8-11 expressing mice exhibit activated 
AKT signaling, suggesting that its activation is promiscuous and not specifi c to any 
mutation or tissue type [ 86 ]. Perhaps insulin-like growth factor, as identifi ed in the 
original study demonstrating MAPK activation in hearts of  Lmna  H222P/H222P  mice, 
may be involved given that enhanced AKT activity appears to be mediated in part 
by soluble factor(s) [ 87 ]. Adding an additional layer of complexity, lamin A itself 
can be phosphorylated by AKT, by which its expression can be regulated [ 88 ,  89 ].  

Nuclear Envelope Regulation of Signaling Cascades



196

    Signaling Pathways Altered in HGPS 

 Physiological aging is associated with the progressive and irreversible deterioration 
of tissue maintenance and homeostasis. Given this simple fact, many have hypoth-
esized that this homeostatic process is disrupted in the accelerated aging disorder 
HGPS. Aided by the availability of murine models as well as primary tissue from 
human patients, understanding of the pathogenic mechanisms involved in HGPS 
has expanded dramatically. Not surprisingly, given that HGPS is a multiple system 
disorder, multiple abnormalities in signaling pathways have been identifi ed to con-
tribute to the disease pathogenesis, many of which are indeed involved in tissue 
maintenance/homeostasis. Expression of the truncated prelamin A variant progerin 
appears to be the “culprit” in the dysregulation of these signaling pathways in HGPS 
[ 90 ]. The altered signaling pathways and their consequences to the disease patho-
genesis will be described in the order they were discovered. 

  Notch signaling —HGPS primarily affects tissues that originate from the mesen-
chymal stem cell (MSC) lineage. Therefore, an attractive hypothesis is that progerin 
expression preferentially interferes with MSC function and/or viability that ulti-
mately leads to differentiated tissue pathologies. This hypothesis gained support 
when progerin expression was shown to alter Notch signaling in MSCs [ 91 ]. The 
Notch signaling pathway is a highly conserved juxtacrine signaling system employed 
by adjacent cells to communicate with each other to synchronously regulate cell fate 
specifi cation events and stem-cell differentiation [ 92 ]. Notch signaling is commonly 
dysregulated in many cancers and is thought to maintain cancer stem cells [ 93 ]. In 
human fi broblasts engineered to express progerin and in primary fi broblasts from 
patients with HGPS, several Notch effectors such as HES1, HES5, and HEY1 were 
all upregulated in expression [ 91 ]. Overexpression of progerin in immortalized MSCs 
also altered their differentiation capacity, leading to spontaneous preferential differ-
entiation towards osteogenesis and away from adipogenesis [ 91 ]. This effect was 
reproduced when NICD, a key activator of Notch signaling, was overexpressed in 
immortalized MSCs, confi rming that activated Notch causes differentiation defects. 

  Wnt signaling —The multiple system disorder HGPS has been attributed in part 
to defi cient/defective deposition of extracellular matrix (ECM). Consisting of water, 
structural proteins and polysaccharides, the exact composition of which is specifi c 
to individual tissues, the ECM provides tissue architecture and binding surfaces for 
cellular constituents as well as biochemical and biomechanical signals required for 
tissue morphogenesis, differentiation, and response to injury [ 94 ]. A connection 
between Wnt signaling, the ECM, and HGPS was fi rst suggested from a study using 
a progeria mouse model.  Lmna  L530P/L530P  mice, which carry a mutation that causes 
EDMD in humans but a progeroid phenotype in mice, produce a truncated form of 
prelamin A that, like progerin, remains farnesylated [ 95 ,  96 ]. Postnatal fi broblasts 
isolated from  Lmna  L530P/L530P  mice exhibit reduced expression of genes encoding 
ECM proteins but not fi broblasts isolated from their embryos, correlating with the 
fact that children with HGPS are apparently normal at birth and develop the fi rst 
symptoms at 6–12 months of age [ 95 ]. This reduction in the expression of genes 
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encoding ECM proteins was due to the reduced activity of the TCF4/LEF1  complex, 
a key downstream transcriptional effector of the Wnt signaling pathway. The 
reduced transcriptional activity was the result of decreased expression and nuclear 
accumulation of LEF1 [ 95 ]. Given the central role of Wnt signaling in ECM deposi-
tion, defective Wnt signaling is attractive as a pathogenic factor in HGPS, especially 
for the predominant abnormalities in bone. Wnt signaling is critical for cartilage 
development as well as osteoblast and chondrocyte differentiation during vertebrate 
skeletogenesis, and it is likely that its reduction as a consequence of progerin expres-
sion adversely affects these developmental processes [ 97 ,  98 ]. 

  NF - κB signaling —Age related loss of tissue homeostasis is caused by various 
stress factors such as telomere shortening, reduced replenishment from depleted stem 
cells, and accumulation of damaged DNA and macromolecules [ 99 ,  100 ]. Cells from 
subjects with HGPS and  Zmpste24  null mice display premature senescence and 
accelerated accumulation of DNA damage, which may result from an abnormal 
nuclear lamina that interferes with overall nuclear structure, DNA integrity, and DNA 
replication [ 18 ,  101 – 103 ]. In addition, alterations in the capacity to sense cellular 
stress may exacerbate the loss of tissue homeostasis and this is widely believed to 
play an important role in progeroid syndromes [ 104 ]. Commonly associated with 
activated immune cells in response to pathogenic insult, NF-κB signaling functions as 
a sensor for stress signals emanating within the cell such as oxidative and genotoxic 
stress [ 105 ,  106 ]. Moreover, prolonged aberrant activation of NF-κB signaling has 
been linked to the aging process as well as age-related pathologies including athero-
sclerosis, diabetes, neurodegeneration, osteoporosis, and sarcopenia [ 107 ,  108 ]. 
Further supporting the involvement of aberrant NF-κB signaling and age-related dis-
eases, transcriptional profi ling of liver tissue isolated from  Zmpste24  −/−  mice has 
revealed a signature indicative of enhanced NF-κB activation [ 109 ]. This activated 
NF-κB signaling was confi rmed in both  Zmpste24  −/−  and  Lmna  G609G/G609G  (which is the 
murine equivalent of  LMNA  G608G/G608G  mutation in human patients with HGPS) and 
occurred through ATM-NEMO-mediated mechanisms [ 109 ]. Reduction of NF-κB 
signaling by genetic and pharmacological means prevented progeroid features in the 
mice and extended longevity, confi rming its contribution to pathogenesis [ 109 ].  

    Emerin 

 Integral proteins of the INM that bind to A-type lamins also affect signaling cas-
cades and mutations in their genes cause human diseases. Emerin is a 29 kDa single 
pass transmembrane protein of the inner nuclear membrane that contains a LEM 
domain ( L AP2,  E merin,  M AN1), a 45-residue motif that facilitates binding to a con-
served metazoan chromatin protein termed barrier to autointegration factor (BAF) 
[ 110 ]. Encoded by  EMD  located on the X-chromosome, the fi rst link between the 
nuclear envelope and inherited human disease was discovered based on the observa-
tion that X-linked EDMD is caused by mutations in emerin [ 111 ]. The localization 
of emerin at the INM is mediated by its interaction with A-type lamins [ 111 – 114 ]. 
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The similar phenotypes of X-linked EDMD, caused by mutations in  EMD , and 
the autosomal dominant form, caused by mutations in  LMNA , suggests a functional 
coupling of emerin and A-type lamins at the nuclear lamina. Although a number 
of protein binding partners have been identifi ed, no defi nitive function has emerged 
for emerin thus far. 

 One binding partner for emerin is β-catenin, a downstream effector of the canon-
ical Wnt signaling pathway. In the absence of an activating signal, β-catenin is phos-
phorylated by the action of the Axin complex, composed of Axin, adenomatous 
polyposis coli, casein kinase 1, and glycogen synthase kinase 3 [ 98 ,  115 ]. This 
phosphorylation marks β-catenin for targeted degradation by the ubiquitin- 
proteasome pathway. Upon activation of Wnt signaling, β-catenin escapes protea-
somal degradation and accumulates in the nucleus, where it activates Wnt target 
genes by acting as a transcriptional cofactor that interacts with transcription factors 
such as TCF/LEF [ 98 ,  115 ]. Emerin binding to β-catenin inhibits its activity by 
facilitating nuclear export, thereby preventing accumulation in the nucleus [ 116 ]. 
Emerin-defi cient primary fi broblasts from patients with X-linked EDMD display 
increased β-catenin accumulation in the nucleus and a corresponding increase in 
their proliferative capacity [ 116 ]. These effects have been replicated in wild-type 
fi broblasts expressing constitutively active β-catenin, confi rming that the abnor-
mally increased growth phenotype in emerin null human fi broblasts is mediated by 
the enhanced β-catenin signaling [ 116 ]. There is also evidence that emerin- mediated 
β-catenin activity is co-regulated by a larger protein complex containing nesprin2, a 
796 kDa ONM protein, and β-catenin [ 117 ].  

    MAN1 

 MAN1 (also known as LEMD3) is a 97 kDa double pass transmembrane protein 
with both N and C-termini facing the nucleoplasm [ 118 – 120 ]. Similar to emerin, 
MAN1 contains a LEM domain near its N-terminus [ 110 ,  119 ,  121 ]. The N-terminal 
portion of MAN1 also interacts with lamin A, which is necessary for its retention in 
the inner nuclear membrane [ 118 ,  122 ]. 

 Several independent studies from different laboratories have demonstrated that 
MAN1 is a regulator of receptor-mediated Smads (rSmads). rSmads are intracellu-
lar mediators of the transforming growth factor-β (TGF-β) family of cytokines, 
which have been demonstrated to play an intimate role in cancer metastasis [ 123 ]. 
Two major subfamilies are the TGF-β and bone morphogenic protein (BMP) sub-
families, the signals of which are mediated by Smad1 and Smad2/3, respectively. 
Activation of cell surface receptors leads to phosphorylation and nuclear transloca-
tion of rSmads where they interact with Smad4 to form complexes that regulate 
transcription form various target genes [ 123 ]. The C-terminus of MAN1 binds to 
rSmads and short circuits TGF-β and BMP signaling [ 124 – 126 ]. This inhibitory 
effect has been confi rmed in MAN1 knockout mice in which enhanced TGF-β sig-
naling interferes with embryonic vasculogenesis [ 127 ,  128 ]. Consistent with these 
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fi ndings, heterozygous human subjects carrying a hypomorphic mutation in the 
gene encoding MAN1 display bone and skin abnormalities, likely due to the altered 
balance of TGF-β and BMP signaling in these tissues during postembryonic devel-
opment [ 124 ]. Mechanistically, MAN1 suppression of TGF-β and BMP signaling is 
thought to be mediated through inhibitory sequestration of rSmads at the inner 
nuclear membrane, thereby preventing their ability to migrate to gene enhancer 
regions and activate transcription. Experimental results have also shown that MAN1 
reduces rSmad phosphorylation and nuclear localization [ 126 ,  129 ,  130 ].  

    Concluding Remarks 

 Pathologists have historically used the detection of abnormal nuclear shape as one 
of the diagnostic markers of cancer. Alterations in nuclear morphology also occur in 
laminopathies [ 29 ,  131 ]. In both cancer and laminopathies, these nuclear structural 
abnormalities are frequently associated with corresponding defects in signaling cas-
cades (Fig.  2 ). Hence, as in the laminopathies, alterations in the nuclear envelope 
may be involved in dysregulated signaling cascades in carcinogenesis. While there 
is a dearth of experimental results at this time, this hypothesis is extremely appeal-
ing. Future research directed at determining the nuclear envelope proteome in vari-
ous cancers could be performed as a fi rst step towards testing this hypothesis.     
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               Introduction 

 A ubiquitous characteristic of cancers is massive changes in the pattern of gene 
expression of tumor cells. Although the specifi c changes are quite variable, it would 
be hard to fi nd a tumor type where this is not a feature. In many cancers, these gene 
changes correlate with changes in DNA methylation and other epigenetic marks, 
leading some to argue that cancer is an epigenetic disease. However, there are many 
other genome changes observed that correlate as well or even better and can also 
cause changes in gene expression. Two of the most critical of these are chromosome 
translocations and DNA damage/breaks, the latter of which will be discussed in 
detail later in Part V. 

 Chromosome translocations were fi rst linked to tumorigenesis by Professor Janet 
Rowley at the University of Chicago in 1973 [1]. Checking karyotypes for transloca-
tions has since become a standard diagnostic tool for many cancer types. Physically, 
chromosome translocations need DNA damage and repair systems to occur, but the 
direction of chromosome translocations can depend on aspects of higher order chro-
mosome structure in the nucleus. For example, certain tumor types have a propensity 
for particular translocations between specifi c chromosomes and these tend to be 
linked to tumors of particular tissues. Correspondingly, Tom Misteli’s laboratory 
found that the chromosomes involved in these translocations are adjacent to one 
another in the interphase nuclei of the particular tissues where such tumors arise [2]. 

 Much of chromosome positioning has now been linked to the nuclear envelope 
in work largely directed from the Bickmore and Bridger laboratories [3, 4] and nor-
mal chromosome positioning has been observed to be lost in many tumors [5]. 
Although the positioning of most chromosomes follows from issues of gene density 
and is likely related to nuclear envelope protein associations with silenced chroma-
tin, recent work has identifi ed several tissue-specifi c nuclear envelope proteins that 
can reposition chromosomes and are likely involved in the tissue-specifi c patterns 
of chromosome positioning [6]. Such proteins are likely also involved in specifi c 
gene positioning with corresponding effects on gene expression. 

 In addition to tissue-specifi c nuclear envelope tethering setting the stage for par-
ticular translocation events, one could easily postulate that the physical function of 
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tethering also serves to stabilize the genome and its disruption could play a role in 
development of cancer. In fact, the loss of A-type lamins in many tumor types was 
postulated by some to result in less physical tethering and thus more mobile chroma-
tin with a greater likelihood of genome damage, though this has never been properly 
tested. In this section we begin with Irina Stancheva, a leading researcher on DNA 
methylation, epigenetics, and cancer, and Eric Schirmer from the Wellcome Trust 
Centre for Cell Biology at the University of Edinburgh discussing the wider range of 
nuclear envelope interactions with chromatin that can infl uence gene expression and 
genome stability. They cover epigenetic changes in cancer and regulation of gene 
expression, spatial genome organization with respect to gene activation in develop-
ment and in nuclear envelope linked diseases, and other mechanisms for transcrip-
tional regulation from the nuclear envelope. Finally, they discuss the possibilities of 
genome stabilization from tethering of chromatin at the nuclear periphery, using the 
intermediate fi lament lamin polymer to stabilize the genome. Next, Roman 
Lyakhovetsky and Yosef (Yossi) Gruenbaum, one of the most longstanding and pro-
lifi c lamin researchers, of Hebrew University discuss the range of physical properties 
and functions of lamins and lamin-like proteins in different model systems to give an 
overview of these important proteins, already strongly linked to cancer and used in 
cancer diagnosis and prognosis as discussed already in the chapter by Jos Broers and 
Frans Ramaekers in Section I. They also discuss some of their own work together 
with Susan Gasser’s laboratory investigating the role of lamins in directing the spe-
cifi c positioning of genes during development. Finally in this section is an in-depth 
coverage of chromosome positioning by one of the world’s leading experts in this 
area, Joanna Bridger, together with colleagues from Brunel University, the University 
of London, and George Washington University. They discuss chromosome-position-
ing changes in both nuclear envelope-linked diseases and cancer and also how such 
changes might refl ect changes that occur during aging and senescence.
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    Abstract     For many years, the nuclear envelope was viewed as a passive barrier that 
separates the genetic material in the nucleus from the cytoplasm of the cell and per-
mits regulated traffi cking of various molecules through the nuclear pores. Research 
in the past two decades has shown that the nuclear envelope is a complex cellular 
compartment, which harbors tissue-specifi c resident proteins, extensively interacts 
with chromatin and contributes to spatial genome organization and regulation of 
gene expression. Chromatin at the nuclear periphery is organized into active and 
silenced domains punctuated by insulator elements. The nuclear envelope trans-
membrane proteins and the nuclear lamina serve as anchoring sites for heterochro-
matin. They recruit chromatin that has been modifi ed with specifi c epigenetic marks, 
provide silencing factors that add new epigenetic modifi cations to genes located at 
the nuclear periphery, and sequester transcription factors away from the nuclear 
interior. On the other hand, proteins of the nuclear pores anchor as well as help gen-
erate active chromatin, promote transcription, and coordinate gene expression with 
mRNA export. The importance of these functions is underscored by aberrant distri-
bution of peripheral chromatin and changes in gene expression that occur in cancer 
and heritable human diseases linked to mutations in nuclear envelope proteins. 
Although many mechanistic questions addressing the role of the nuclear envelope in 
genome organization and function have been answered in recent years, a great deal 
remains to be discovered in this exciting and rapidly moving fi eld.  
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   Abbreviations 

  BAF    Barrier-to-autointegration factor   
  EDMD    Emery–Dreifuss muscular dystrophy   
  HP1    Heterochromatin protein 1   
  HDAC3    Histone deacetylase 3   
  HGPS    Hutchinson–Gilford progeria syndrome   
  INM    Inner nuclear membrane   
  IPTG    Isopropyl β- d -1-thiogalactopyranoside   
  lacO    Lac operator repeats   
  lacI    Bacterial lac repressor   
  NE    Nuclear envelope   
  NET    Nuclear envelope transmembrane protein   
  NPC    Nuclear pore complex   

         Introduction 

    The nuclear envelope (NE) forms extensive connections with the cytoplasm of the 
cell and chromatin in the nuclear space. Thus, the NE is uniquely positioned to 
integrate extracellular, cytoplasmic and nuclear signaling networks. There are mul-
tiple ways in which the NE contributes to the regulation of gene expression ranging 
from transmitting signals from the cytoplasm to the nucleus to spatial genome orga-
nization and fi ne-tuning of gene expression at the nuclear periphery. A wide range 
of cellular functions that are highly relevant to tissue homeostasis, human disease, 
and cancer biology are dependent on the composition and the organization of the 
NE. Therefore, there is an ever-growing interest in exploring the mechanisms of 
nuclear architecture and gene expression that are regulated by spatial cues at the 
nuclear periphery in conjunction with the NE and its resident proteins. 

 Structurally, the NE is a complex structure consisting of two separate concentric 
lipid bilayers, the outer (ONM) and the inner (INM) nuclear membranes, respec-
tively (Fig.  1 ). The ONM is studded with ribosomes and continuous with the endo-
plasmic reticulum [ 1 ], but it has many unique proteins that connect to the cytoskeleton 
as well as to the proteins residing in the INM [ 2 ]. The connectivity of the NE to the 
endoplasmic reticulum also means that the NE lumen is continuous with the endo-
plasmic reticulum lumen. The ONM provides an impenetrable barrier for proteins 
and most small molecules except where the nuclear pore complexes (NPCs) are 
inserted. The NPCs regulate directional transport of soluble macromolecules in and 
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out of the nucleus and are extremely large (>40 MDa) structures made up of at least 
30 distinct polypeptides present in multiple copies [ 3 ]. Where NPCs are inserted, 
the ONM curves around the outer face of the NPCs into the INM. The INM has its 
own unique set of transmembrane proteins, many of which interact with the inter-
mediate fi lament lamins (in higher eukaryotes) that form a polymeric meshwork 
under the INM [ 4 ,  5 ]. The integral membrane proteins of both membranes are gen-
erally referred to as NETs for  n uclear  e nvelope  t ransmembrane proteins [ 6 ].

   Lamins, many NETs, and some NPC proteins bind directly to chromatin and/or 
transcriptional regulators and some have been reported to directly bind DNA (Fig.  1 ; 
reviewed in [ 7 ]). Moreover, some of the chromatin-binding partners of NETs spe-
cifi cally refl ect transcriptionally silenced chromatin [ 8 – 10 ]. These interactions, 
accordingly, have been shown to direct the distribution of heterochromatin at the 
nuclear periphery [ 11 ,  12 ]. The affi nity between lamins/NETs and chromatin pro-
vides a mechanism whereby binding interactions with lamina proteins can both 
sequester certain parts of the genome to the periphery and provide regulatory pro-
teins to these genome regions. 

 Most of the NE proteins initially found to bind chromatin were widely expressed. 
However, subsequent proteomics studies found a much larger set of proteins at the 
NE than previously expected [ 13 – 16 ] and more recent studies further revealed that 
many of these NETs possess a high degree of tissue specifi city [ 17 – 19 ]. Recent 
work indicates that tissue-specifi c NETs can infl uence spatial genome organization 
and gene expression [ 17 ,  20 ]. These fi ndings suggest that the NE is a complex cel-
lular compartment, which integrates both cytoplasmic and extracellular signals to 
regulate gene expression.  

NPC

lamina

peripheral
heterochromatin

euchromatin

insulator

RNA Polymerase

  Fig. 1    Chromatin organization at the nuclear envelope. The nuclear envelope is a double mem-
brane system perforated by nuclear pore complexes (NPCs) that regulate transport of molecules in 
and out of the nucleus. Between NPCs the inner nuclear membrane is lined by a fi lamentous poly-
mer of the intermediate fi lament lamin proteins (lamina). At a simplistic level, peripheral hetero-
chromatin tends to be associated with the lamina while peripheral euchromatin tends to be 
associated with the NPCs. Insulators on the DNA separate the peripheral euchromatin from periph-
eral heterochromatin       
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   Spatial Genome Organization Directed 
from the Nuclear Periphery 

 The three-dimensional architecture of the genome is not random. For example, the 
heterochromatin, historically defi ned as denser chromatin observed by electron 
microscopy, tends to be concentrated at the nuclear periphery and around nucleoli 
and centromeres in most cell types [ 21 ]. Of these structures, the NE provides a large 
two-dimensional surface with a specifi c set of proteins to organize the genome. In 
general, if one were to consider the area spanning 50 nm inwards from the NE 
against the total volume of a typical mammalian nucleus (~5–10 μm in diameter), 
the NE could be considered to control roughly 1/30th of the nucleus. As each chro-
mosome is one long folded strand of DNA, this NE tethering could physically prop-
agate effects along the DNA polymer deep inside the nucleus. The idea that there 
appears to be a direct physical contact between chromatin and the NE has been 
supported by microscopy studies [ 22 ,  23 ] and biochemical experiments detecting 
retention of chromatin components after NE purifi cation and extraction with high 
ionic strength buffers [ 24 ]. 

 The notion that higher order chromatin structure might play regulatory roles was 
implied by observations that the distribution of heterochromatin is relatively uni-
form within a given cell type, yet it can vary widely between different cell types. For 
example, neurons tend to have very little peripheral heterochromatin while hepato-
cytes display a uniform and patchy heterochromatin distribution, epithelial cells 
have a less uniform patchy distribution, fi broblasts have a uniform distribution, and 
lymphoblasts tend to have an enormous amount of heterochromatin that extends 
several microns into the nucleus from the periphery [ 21 ]. In the case of lymphoblast 
cells, this dense chromatin largely dissipates upon immune activation, consistent 
with the idea that the strongly negatively stained material represents transcription-
ally inert, but plastic facultative chromatin [ 25 ,  26 ]. 

 Heterochromatin is now defi ned by specifi c chromatin epigenetic modifi cations 
such as histone H3 lysine 9 dimethylation and trimethylation (H3K9me2 and 
H3K9me3) and lack of histone acetylation and H3 K4 dimethylation and trimethyl-
ation (H3K4me2 and H3K4me3), which are normally present at genes that are 
actively transcribed or poised for transcription. Recent studies clearly demonstrate 
that antibodies against H3K9me2, a mark characteristic of facultative heterochro-
matin, detect chromatin positioned close to the NE, while antibodies against 
H3K9me3, a modifi cation found at constitutive heterochromatin associated with 
telomeres and centromeres in higher eukaryotes, stains internal heterochromatic 
domains [ 27 ]. These data support earlier biochemical and microscopic observations 
indicating that the heterochromatin protein 1 alpha (HP1α) seems to have a distinct 
subpopulation at the NE [ 28 ]. Recently, many specifi c interactions have been 
reported between the NETs, lamins and silent chromatin as well as cross talk 
between NPCs and transcriptional regulatory mechanisms. However, the precise 
relationship between gene activity and higher order chromatin organization at the 
nuclear periphery is not yet entirely clear. 
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   Centromere and Telomere Patterns of Spatial Genome Organization 

 While early observations made by clinicians suggested that changes in nuclear mor-
phology in tumor cells might be functionally important, it was not until the late 
1800s that cell biologists began to notice that genome organization is not com-
pletely random [ 29 ]. The fi rst basic description of such nonrandom nuclear organi-
zation came from Carl Rabl who found that the centromeres in nuclei from 
salamander larvae were located at the nuclear periphery, concentrating at the side of 
the nucleus where the centrosome was located (though on the outside) [ 29 ]. This 
“Rabl confi guration” has since been observed in many plants and higher mammals, 
though it is more often transiently occurring just before or during mitosis and par-
ticularly meiosis [ 30 ,  31 ]. It also has been observed for telomeres, with associations 
at one pole of the nucleus occurring in both mitotic cells and in some interphase 
cells. One possible role for the Rabl confi guration in meiosis is to orient the synap-
tonemal complex and align chromosomes for homologous recombination [ 32 ]. 

 In interphase mammalian cells centromeres are not typically located at the 
periphery, but they do accumulate at the NE in certain cell types such as human 
neutrophils [ 33 ]. Though NE tethering of telomeres is also usually transient, this 
connection appears to be permanent in budding and fi ssion yeast [ 34 ,  35 ] and is 
maintained throughout sperm development in mammals [ 36 ]. The NET SUN pro-
teins have been linked to both telomere and centromere tethering to the NE in cer-
tain systems [ 36 – 40 ]. Most recently, the interaction between the fi ssion yeast Sad1, 
a SUN family member, and a novel kinetochore protein Csi has been found to direct 
the tethering of centromeres to the NE [ 40 ]. Older studies suggested that lamins are 
also able to bind to specifi c chromatin structures such as centromeres and telomeres 
[ 41 ,  42 ]; however, as lamins also bind SUN proteins, it is possible that these reports 
refl ect the SUN interactions. 

 Centromere function can be very important for cancer biology both by being 
essential for proper chromosome segregation in mitosis and, through these NE con-
nections, for the formation of the synaptonemal complex. Improper formation of 
synaptonemal complex could contribute to chromosome translocations and aneu-
ploidy. Telomeres also have been shown to play important roles in aging, cancer, and 
cell immortalization as maintenance of telomere length is essential for the immortal-
ization process. Although it is not known what effect telomere length has on spatial 
positioning, the NE tethering of telomeres and centromeres provides potential links 
between the NE, genomic instability and cancer, which merit further studies.  

   Large-Scale Patterns of Tissue-Specifi c Chromosome 
and Chromatin Organization 

 While the positioning of structurally important chromosome regions, such as 
 centromeres and telomeres that are rich in repetitive sequences and present on all 
chromosomes, tends to be transient in higher organisms, the nonrandom distribution 
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of individual chromosomes tends to be tissue-specifi c. Theodor Boveri fi rst sug-
gested roughly 100 years ago that chromosomes tend to occupy particular domains 
in the interphase nucleus while studying eggs of the worm  Ascaris  [ 43 ]. However, 
only recently has work indicated that specifi c chromosomes have higher than ran-
dom probability to occupy characteristic positions within the three-dimensional 
framework of the nucleus with respect to the NE. Whole chromosome fl uorescence 
in situ hybridization (FISH) revealed that in human fi broblasts chromosome 18 
tends to be located at the nuclear periphery while chromosome 19 tends to be posi-
tioned internally [ 44 ]. Much of this positioning appears to correlate with gene den-
sity of individual chromosomes [ 45 ,  46 ]; however, gene density cannot fully account 
for differences in chromosome positioning. For example in hybrid nuclei containing 
mouse and human chromosomes, the human chromosomes adopt a spatial position 
in the mouse cell nucleus based on the synteny with the mouse chromosomes rather 
than their gene density [ 47 ]. Moreover, the positioning of some chromosomes can 
vary between cell types in a tissue-specifi c manner although the molecular mecha-
nisms that determine this phenomenon are as yet very poorly understood. For 
example mouse chromosome 5 tends to be peripheral in lung cells while being 
internal in blood and liver cells; also chromosome 6 is peripheral in CD8+ T-cells 
but internal in CD4+ T-cells [ 48 ,  49 ]. 

 The spatial organization of chromosomes is often altered in tumors. Determining 
the position of chromosomes 18 and 19 in both normal and tumor cell lines revealed 
that their respective radial positioning with respect to the NE was highly conserved 
in normal fi broblasts, but in seven of eight tumor cell lines this particular position-
ing was much less pronounced [ 46 ]. It is not clear whether these observations refl ect 
tissue-specifi c differences in nuclear organization between fi broblasts and epithelial 
tumors or altered chromosome numbers that are characteristic of tumor cells: fur-
ther studies using matched cancer and normal tissues should elucidate this question. 
Importantly, the maintenance of tissue-specifi c chromosome positioning patterns 
may explain why some chromosomal translocations occur with higher frequency in 
certain tumor types. Recently, a study aiming to test whether chromosomes most 
commonly involved in tissue-specifi c tumor translocations were positioned adjacent 
to one another during interphase has found a statistically signifi cant correlation 
between adjacent positioning of chromosomes in normal tissues and translocation 
frequency observed in tumors [ 50 ].

  This was not only one of the fi rst indications that different cell types favor certain chromo-
some groupings [ 48 ,  49 ], but it also highlights that chromosome positioning may explain 
the tissue-specifi c patterns of genomic instability observed in cancer and other human dis-
ease conditions.   

 Large-scale differences in chromosome positioning may also refl ect the above- 
mentioned tissue-specifi c patterns of heterochromatin distribution in different cell 
types or, as an extreme example, the evolutionary adaptation of similar cell types to 
function under diverse conditions. For example, a large comparative survey of het-
erochromatin organization in a variety of tissues and species detected profound tis-
sue-specifi c differences in heterochromatin patterning as well as differences between 
similar cell types, such as the eye rod cell nuclei, in diurnal, nocturnal and aquatic 
mammals [ 11 ,  51 ]. Further experiments have suggested that heterochromatin 
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positioning in some cases could be explained by tissue- and cell type-specifi c 
 expression of lamin B receptor (LBR) and lamins A/C, which contribute to tethering 
of heterochromatin to the nuclear periphery [ 11 ]. Whether this is the most promi-
nent mechanism to achieve tissue-specifi c genome architecture is yet to be deter-
mined. Notably, many tissue-specifi c NETs could also fulfi ll this function.  

   Specifi c Gene Positioning with Respect to the NE 

 The fi nding that centromeres, telomeres, and gene-poor chromosomes associate 
with the NE together with the knowledge that most of the genome is noncoding 
might suggest that this spatial positioning is directed by general repetitive elements 
in the genome. The fi rst indication that specifi c coding gene loci could be preferen-
tially positioned at the NE came from  Drosophila  where several individual gene loci 
were observed to be reproducibly proximal to the NE [ 52 ]. This conserved position-
ing would be expected to have functional consequences. 

 We now know that many individual genes have nonrandom positions in the 
nucleus and many genes change position under certain conditions, particularly those 
under strong regulation during development. For example, the immunoglobulin H 
( IgH ) locus moves from the nuclear periphery to the nuclear interior during B lym-
phocyte development at a critical time when the locus undergoes  V(D)J  recombina-
tion. Specifi cally, the  IgH  locus is at the NE in early lymphocyte lineages such as 
Pro-B cells and T-cells but is in the nuclear interior in later stages such as Pre-B 
cells [ 53 ]. Also during neurogenesis the  Mash1  ( Ascl1 ) locus moves away from the 
periphery [ 54 ] and during adipogenesis several genes involved in lipid biogenesis 
that are upregulated during differentiation have been observed to move from the 
nuclear periphery to the interior [ 55 ]. Finally, the cystic fi brosis transmembrane 
conductance receptor ( CFTR ) gene is positioned at the NE in some cell types and in 
the interior in other cell types in a reproducible fashion [ 56 ]. Notably, in most cases 
described genes associate with the nuclear periphery in their inactive state and repo-
sition towards the nuclear interior when active. Some genes, however, have been 
observed to exhibit a spatial preference for the nuclear periphery that is maintained 
rather than changing with differentiation and activation. These include the proteo-
lipid protein ( PLP ) gene locus [ 57 ], the interferon-γ locus [ 58 ], the breast cancer 
 ERBB2  locus [ 59 ], and the osteogenesis collagen type 1 alpha 1 ( COL1A1 ) locus [ 60 ]. 

 In most studies, when the repositioning of individual genes between the nuclear 
periphery and interior was observed the rest of the chromosome was not tested. 
In cases when this was tested, many genes were found to move between the 
periphery and interior without a corresponding change in the position of the whole 
chromosome territory [ 55 ,  61 ]. This is consistent with numerous observations that 
chromosome territories often exhibit “looping out” of small regions [ 62 – 64 ]. 
However, the  FABP4  gene and its host chromosome both strongly shift from the 
nuclear periphery to the nuclear interior during adipocyte differentiation [ 55 ]. Thus 
genes and chromosomes may not always exhibit synergistic behavior and it remains 
unclear if the spatial gene positioning regulates or simply refl ects gene activity.  
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   Tethering of Chromosomes and Loci to the NE 

 In attempts to investigate the consequences of gene and/or chromosome positioning 
within the nuclear space several laboratories developed artifi cial tethering systems 
allowing recruitment of a single locus to the NE [ 65 – 67 ]. Three independent studies 
used mammalian cell lines with bacterial lac operator repeats (lacO) inserted into a 
genomic region that tended to be in the nuclear interior. Separately, the bacterial lac 
repressor (lacI) that specifi cally binds these repeats was fused to either GFP or to a 
NE protein (lamin B1 or the NETs LAP2β and emerin) and expressed in the cells 
carrying the array. Expression of the lacI-reporter fusion to GFP had no effect on the 
position of the lacO locus within the three-dimensional organization of the nucleus, 
but when the lacI fused to a NE protein was expressed the lacO array repositioned 
from the nuclear interior to the NE [ 65 – 67 ]. Once at the NE, the tethering could be 
reversed because the binding of lacI to lacO sequences can be disrupted by addition 
of isopropyl β- d -1-thiogalactopyranoside (IPTG). Addition of IPTG to disrupt this 
interaction caused the locus to be released from the periphery. Several important 
conclusions stemmed from these studies. In all cases, tethering of the lacO array to 
the nuclear envelope led to repositioning of the entire chromosome carrying the 
lacO array from the nuclear interior to the nuclear periphery. However, the effect of 
this repositioning on gene expression was not consistent between individual studies 
(see below). It was also observed that when chromosome 11 containing the lacO 
repeats moved to the periphery, another chromosome, chromosome 4, moved away 
from the periphery suggesting that genes/chromosomes may compete for space 
based on the strength of affi nity interactions. As the NE represents only ~1/30th of 
the nuclear volume it would not be likely to be able to accommodate all chromo-
somes in a typical nucleus. Lastly, the positioning of lacO repeats and their recipient 
chromosome was not heritable - the loss of lacO-lacI affi nity interaction upon treat-
ment of the cells with IPTG resulted in loss of peripheral localization of the lacO 
array in daughter cells. This argues that in the case of endogenous loci/chromo-
somes a particular pattern of affi nity interactions must be restored at the end of each 
mitosis for a specifi c cell type to achieve a particular chromosome confi guration. 
Such reestablishment would not be expected to be completely accurate. Thus, not 
surprisingly, a particular organizational pattern using the directed lac array system 
was never achieved in more than 89 % of cells and endogenous patterns tend to be 
achieved at frequencies of 60–80 %. A recent study using an elegant experimental 
set up to follow specifi cally the localization of peripheral chromatin through several 
rounds of mitosis also clearly demonstrates that sequences labeled as peripheral in 
mother cells may (with some degree of probability) end up localizing internally in 
daughter cells [ 27 ]. This is likely to refl ect the randomness in chromosome move-
ments when aligning at the metaphase plate that may result in some chromosomes 
not being accessible when NETs bind to reform the NE in telophase. Such lack of 
accurate heritable propagation places the spatial genome organization outside the 
classical defi nition of epigenetics. 
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 The lacO-lacI system provides an extremely strong tether not just because of the 
high binding affi nities between lacO and lacI, but also because the lacO sequence 
usually is amplifi ed 128–256 times in the array. Though this is certain to be stronger 
than any individual chromatin–NE interactions in mammalian cells, interaction 
sites on human chromosomes responsible for spatial genome organization would 
likely be both abundant and widely distributed, thus providing many tether points 
that would in the end have the same effect as the amplifi ed lacO array. Alternatively, 
large gene clusters such as at the  IgH  locus,  Hox  loci, and olfactory receptor gene 
clusters might provide unique binding sites that would create distinct microenviron-
ments at the NE. Indeed, a recent study found that olfactory receptor gene clustering 
is associated with the NE [ 68 ]. 

 So how are loci and/or chromosomes tethered to the NE? The NE tethers for 
chromatin should be strongly embedded core components of the NE, e.g., lamins 
and NETs. Lamins form an intermediate fi lament polymer resistant to most stan-
dard cell extraction conditions such as 1 M NaCl and 2 % detergent and some 
lamin-lamin interactions can withstand 6 M urea extraction [ 69 ]. Thus, the nuclear 
lamina provides a strong scaffold to tether chromosomes. Lamins have been shown 
to bind core histones, particularly the H2A/H2B subtypes [ 70 – 72 ]. These interac-
tions would not be expected to discriminate any particular areas of the genome, 
however, these studies were performed before the identifi cation of many histone 
modifi cations and it is possible that if revisited some specifi city might be observed. 
Some specifi city was also observed in lamin binding to DNA, in particular to repeti-
tive AT-rich sequences and the minor groove of single-stranded DNA in matrix- and 
scaffold-attachment regions (MARs and SARs; [ 41 ,  73 – 75 ]). 

 Just as the NET SUN proteins are responsible for the tethering of centromeres 
and telomeres to the NE, other NETs are likely to contribute to specifi c chromo-
some attachments. As the NETs are embedded in the membrane, they provide a 
strong anchor to chromatin, but this strength is further increased when considering 
that most NETs tested thus far have been shown to bind the lamin polymer [ 6 ]. That 
the NETs could contribute specifi city to genome organization was fi rst supported by 
observations that LBR and emerin bind to distinct positions on chromosomes at the 
earliest stages in NE assembly in telophase [ 76 ]. LBR has, like lamins, been found 
to bind histones, though in this case histones H3/H4 [ 77 ], and also to heterochroma-
tin protein 1 (HP1) [ 10 ], which binds with high affi nity to methylated histone H3 
tails (H3K9me2 and H3K9me3) [ 78 ,  79 ]. These interactions provide a mechanistic 
explanation for the enrichment of H3K9me2 modifi ed heterochromatin at the 
nuclear periphery. Notably, either pharmacological inhibition or knockdown by 
RNA interference of the enzymes responsible for depositing H3K9me2 (G9a and 
GLP, also known as EHMT2 and EHMT1, respectively) led to dissociation of 
peripheral chromatin from its proximity to the nuclear lamina [ 27 ]. 

 The NET LAP2β has also been shown to bind to core histones [ 80 ], but also 
binds directly to DNA and to the barrier-to-autointegration factor (BAF) [ 81 ,  82 ]. 
BAF is a soluble protein that binds both to histones and DNA and so can contribute 
to higher order chromatin structure [ 83 ]. BAF binding could bring some specifi city 
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to NE–chromatin interactions because it has particular affi nity for selected linker 
histones including H1.1 [ 84 ]. The NET MAN1 can also bind BAF, but separately 
binds directly to DNA through a winged helix fold domain in its carboxyl-terminal 
domain [ 85 ]. 

 The NETs mentioned above are all widely expressed and so it is relatively easy 
to imagine how they could contribute to general spatial genome organization pat-
terns such as those related to gene density—and indeed LAP2 and LBR have been 
linked to such general organization [ 11 ,  12 ,  68 ]. However, it is not easy to explain 
how these ubiquitously expressed proteins, except perhaps LBR, could contribute to 
the tissue-specifi c patterns of genome organization observed for certain chromo-
somes and gene loci. It would seem more likely that tissue-specifi c NETs recently 
discovered in proteomic analyses of NEs isolated from several different tissues 
[ 17 – 19 ] might perform this function. Indeed, screening of novel blood-specifi c 
NETs identifi ed one that promoted chromatin condensation and two others that 
repositioned a gene locus [ 17 ]. Moreover, a recent study indicates that several NETs 
expressed preferentially in either liver, fat, or muscle cells can reposition chromo-
somes to the NE when exogenously expressed in fi broblasts and, in the case of the 
liver-specifi c NETs 45 and 47, their knockdown resulted in release of certain chro-
mosomes from the NE in liver cells [ 20 ]. The same study showed that different 
NETs are able to affect the positioning of different subsets of chromosomes, indi-
cating that these are indeed the likely endogenous players that provide tissue speci-
fi city to spatial genome organization [ 20 ].   

   Relationships Between Nuclear Positioning 
and Gene Expression State 

 The idea that changing the position of a gene with respect to the nuclear periphery 
could lead to a change in gene expression received its fi rst strong support in 
 Drosophila  when an insulator sequence called  gypsy  was found to be preferentially 
located at the nuclear periphery. When  gypsy  and a reporter gene were inserted into 
a more internal area of the genome, the locus was translocated to the periphery and 
the expression from the reporter was correspondingly reduced [ 86 ]. This came to be 
known as one of the many examples of position effect variegation in gene expres-
sion that have been observed in  Drosophila , yeast and mammalian cells. The exam-
ple above is somewhat anecdotal and may refl ect caveats with experimental design 
as insulator sequences, such as  gypsy , serve as boundary elements protecting active 
genes from spreading of nearby heterochromatin [ 87 ,  88 ]. Insulator elements bind 
specifi c proteins and are involved in long-range chromatin interactions (chromatin 
looping), blocking of enhancer activity, and notably, delineation of subnuclear 
localization of chromosomes [ 87 ,  89 ]. 

 In mammalian cells, insulator sequences are bound by zinc-fi nger proteins CTCF 
(CC CTC -binding  f actor) and its relative BORIS ( B rother  O f the  R egulator of 
 I mprinted  S ites) [ 90 ,  91 ]. In recent years, the mapping of CTCF binding sites in the 
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genome [ 92 ] and the lamina-associated chromatin domains [ 93 ,  94 ] in conjunction 
with maps of chromatin modifi cations and gene expression profi les have provided 
important insights into the relationship between nuclear positioning, chromatin 
architecture, chromatin modifi cations and gene expression state. 

   Gene Activity at the Nuclear Periphery 

 Apart from the  gypsy  insulator experiment mentioned above, multiple examples can 
be found in literature suggesting that genes located at the nuclear periphery tend to 
be transcriptionally inactive, late replicating and marked by chromatin modifi ca-
tions indicative of silenced chromatin [ 95 ]. When genes were found to migrate to the 
nuclear interior upon differentiation or under the infl uence of external stimuli, this 
in some cases was accompanied by upregulation of transcriptional activity, increase 
of histone acetylation and the presence of RNA polymerase II at gene promoters 
[ 53 ,  54 ]. However, as alluded to earlier, examples exist demonstrating that not all 
genes located at the nuclear periphery are transcriptionally silenced. Moreover, the 
cause and consequence relationship between gene location and gene activity has 
always been diffi cult to infer from studies on individual gene loci. 

 The experiments using lacO arrays to tether genomic loci to the NE [ 65 – 67 ] were 
partly designed to test the effect of nuclear positioning on gene expression in a more 
controlled fashion. Two of these studies had a selectable marker inserted in the array 
and both found that transcription of this particular marker was reduced when the 
locus was at the periphery [ 65 ,  67 ]. Correspondingly they found that release of the 
locus from the periphery with IPTG restored the lost activity to the marker genes 
[ 65 ,  67 ]. One of the studies also tested endogenous genes close to the area where the 
lacO array was inserted, fi nding that repression was not general with only some genes 
being repressed when the locus was at the periphery [ 65 ]. In the third study no repres-
sive effects or defi ciencies in the induction dynamics of a reporter gene inserted by 
the array were observed between its internal and peripheral positioning [ 66 ]. However, 
in this study the reporter was strongly and actively induced from a promoter that 
could potentially overcome any repressive effects of the periphery. Therefore, the 
question of whether and how tethering a locus to the periphery directly results in its 
repression remained unresolved by these studies, but it is clear that changes in gene 
regulation can occur concomitantly with changes in gene positioning. 

 The general features of gene activity at loci in close proximity to the NE became 
apparent when the nuclear lamina associated chromatin domains were mapped on a 
genome-wide scale in  Drosophila  and mammalian cells by a technique known as 
DamID [ 93 ,  94 ]. The DamID method used in these studies employed a fusion of 
lamin B with a GATC sequence-specifi c bacterial DNA adenine methylase (Dam). 
As adenine methylation in GATC context does not exist in higher eukaryotes, any 
DNA carrying this mark in cells expressing the Dam-laminB fusion signifi es prox-
imity to the nuclear lamina. This approach defi ned the  l amina- a ssociated  d omains 
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(LADs) as stretches of DNA 0.1–1 mega bases (Mb) in length. In human fi broblasts, 
there are more than 1,300 of such genomic regions in close contact with the nuclear 
lamina. LADs are present on all chromosomes, associated with repressive histone 
modifi cations (H3K9me2 and H3K27me3) and are relatively gene-poor (Fig.  2 ). 
Genes embedded in LADs have low levels of expression with very few active genes 
that escape silencing. Most LADs have sharp boundaries that are marked by insula-
tor elements bound by CTCF [ 94 ] (Fig.  2 ). This organization of chromatin into 
LADs and inter-LAD domains is also conserved in  Drosophila  [ 93 ] with a different 
set of insulator elements marking the LAD boundaries [ 87 ].

   Given the vast changes in gene expression that occur during differentiation and 
the observations that the radial positioning of chromosomes varies in a tissue- specifi c 
manner, one would expect LADs and CTCF binding sites also to change substan-
tially during differentiation. Surprisingly, the LADs and H3K9me2-rich domains, 
which largely overlap with LADs, remain largely invariable during differentiation of 
embryonic stem cells into neuronal progenitors and further into mature neurons 
[ 96 – 98 ]. Instead of a global rearrangement of genome-nuclear lamina interactions, 
small local changes affecting individual genes were observed in these studies. Thus, 
LAD-embedded genes, which were upregulated during neuronal differentiation, 
were seen to dissociate from the lamina and lose silencing histone modifi cations [ 96 , 
 97 ]. This may seem surprising, however, such global maps represent population 
average and cell-to-cell variations are lost in such studies. Thus, LADs can be viewed 
as a probabilistic map of genome-nuclear lamina interactions. Techniques that per-
mit global genomic studies on a single-cell level are starting to emerge and  promise 
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  Fig. 2    Anchoring and silencing of chromatin at the nuclear envelope. Silenced chromatin is both 
recruited to and maintained at the NE through interactions of lamins and NETs with chromatin and 
chromatin modifying enzymes. Lamina-associated domains (LADs) are bounded by CTCF on 
chromatin. Silent marks such as histone H3 lysine 9 di and tri methylation (H3K9Me2 and Me3) 
recruit the additional silencing factor heterochromatin protein 1 (HP1), which in turn can bind to 
the NET lamin B receptor (LBR, so named because it in turn binds the lamin polymer). One part 
of the barrier-to-autointegration factor (BAF) can bind histones while another part binds to the 
NETs emerin, LAP2β and MAN1. LAP2β and emerin have also been found to bind histone deacet-
ylases, which further promote and maintain silencing marks at the periphery       
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to be instrumental in determining cell-to-cell variation in cultured cells and, excit-
ingly, cells derived from specifi c tissues. As mentioned earlier, tracking individual 
cells through mitosis detected substantial rearrangement and dissociation of LADs 
from the nuclear lamina in daughter cells [ 27 ]. This, perhaps, allows rearrangement 
of LADs and activation of LAD- embedded genes. It also suggests that rearrange-
ment of chromatin–lamina interactions may be proportional to the number of cell 
divisions undertaken by cells before they acquire the differentiated state. In the case 
of in vitro differentiation models using ES cells, the differentiated state is achieved 
within very few mitotic divisions, which may not allow suffi cient time for signifi cant 
LAD rearrangements to take place. 

 Is the dissociation of genes from the nuclear periphery suffi cient to induce gene 
expression? In the lacO tethering experiments to the NE, it was found that the 
release of the locus from the periphery either by IPTG (disrupting lacO-lacI interac-
tions) or treatment with histone deacetylase (HDAC) inhibitors could restore the 
lost activity to marker genes and few, but not all, endogenous genes in close proxim-
ity to the lacO array [ 65 – 67 ]. However, recruitment to peripheral chromatin of the 
strong transcriptional activator VP16, which interacts with histone acetyltransfer-
ases (HATs) and disrupts nuclear lamina–chromatin contacts, induces relatively few 
changes in gene expression on a global scale [ 27 ]. Taken together, these experi-
ments suggest that movement of loci away from the nuclear lamina is perhaps per-
missive, but not suffi cient for gene activation.  

   Recruitment and Silencing of Chromatin at the NE 

 The question of whether or not genes are silenced before they are anchored to the 
NE is not yet comprehensibly answered. Notably, many interactions between chro-
matin, the nuclear lamina and the NETs may require preexisting histone modifi ca-
tions. Thus, chromatin anchoring to the INM embedded lamin B receptor LBR via 
HP1α and HP1γ [ 10 ] requires H3K9me2 to allow HP1 binding (Fig.  2 ). Although 
there is some evidence that BAF (barrier-to-autointegration factor), which binds the 
NETs LAP2β, emerin, and MAN1 through a shared sequence motif called the LEM 
domain [ 81 ,  99 ,  100 ] interacts with histone H3 methylase G9a (EHMT2) [ 101 ], in 
most mammalian cell types G9a is distributed throughout the nucleoplasm and not 
exclusively anchored to the NE. However, additional evidence suggests that NETs 
emerin and LAP2ß interact with histone deacetylases, HDAC3 being one of them 
[ 102 ,  103 ] (Fig.  2 ). Therefore, it is possible that localized HDAC activity at the NE 
provides G9a with a suitable substrate for subsequent methylation of H3 tails gen-
erating H3K9me2 required for anchoring to LBR-interacting HP1 proteins. 

 The interactions of BAF with NETs raise another interesting issue regarding 
anchoring to the NE of silenced chromatin. The NET LAP2β has several soluble 
splice variants that also bind BAF [ 104 – 106 ]. One of these, LAP2ζ, principally 
resides in the cytoplasm and its upregulation compared to LAP2β causes BAF to be 
captured in the cytoplasm before nuclear import, thus reducing intranuclear pools 
and their corresponding functions in cross-linking chromatin and recruiting it to the 
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NE [ 106 ]. As many NETs have multiple splice variants, this type of competitive 
inhibition will likely prove to be used commonly as a regulatory mechanism for 
chromatin recruitment to the NE. 

 In addition to chromatin-mediated interactions, several DNA-binding factors 
have been found to interact with NETs and the nuclear lamina. One of these is the 
transcription factor Oct1, which interacts with lamin B and localizes to the nuclear 
periphery in a lamin B-dependent manner [ 107 ]. As Oct1 motifs are enriched within 
LADs, this suggests that Oct1 may contribute to tethering to the NE of genomic loci 
in a sequence-specifi c manner.  

   Activation of Chromatin at the Nuclear Periphery 

 Among the proteins identifi ed in a proteomic study of rat liver NEs were several that 
can modify histones for not only repression, but also activation. One of these, 
NET43/hALP, is a histone acetyltransferase [ 16 ]. Interestingly, the membrane pre-
diction for NET43/hALP only occurs in some organisms and was absent in the 
human homologue. Nonetheless, the human version localizes to mitotic chromo-
somes in mammalian cells by binding to another NET, SUN1 [ 108 ]. Depletion of 
SUN1 in human tissue culture cells resulted in delayed chromosome decondensa-
tion and a reduction in histone H2B and H4 acetylation in a manner dependent on 
hALP [ 108 ]. Interestingly NET43/hALP appears to be upregulated during lympho-
cyte activation when the large amount of dense peripheral chromatin of resting lym-
phocytes becomes decondensed [ 17 ].   

   Functions of the NPC in Spatial Genome Organization 
and Gene Regulation 

 Each NPC is a large protein assembly of >40 MDa in yeast and >60 MDa in mam-
malian cells made up of at least 30 core proteins [ 13 ,  15 ]. The assembly has an 
eightfold symmetry so that each protein is represented in a minimum of eight copies 
and in some cases in as many as 64 copies in a single NPC. Among these proteins 
is Tpr, a 270 kDa coiled-coil protein that extends roughly 100 nm into the nucleo-
plasm in a structure generally referred to as the nuclear basket [ 109 ], and Nup50, 
which also associates with the nuclear basket extending roughly 50 nm from the 
central plane of the NPC into the nucleoplasm [ 110 ]. These extensions allow inter-
actions with chromatin of a different character to those at the level of the membrane. 
Electron micrographs and recent high-resolution imaging of mammalian nuclei 
[ 111 ] show that while heterochromatin contacts the areas of the NE which are lined 
with nuclear lamina, the NPCs are surrounded by less dense chromatin. Studies in 
yeast and higher eukaryotes demonstrate that NPCs contribute in several different 
ways to the spatial genome organization and regulation of gene expression. 

I. Stancheva and E.C. Schirmer



223

   The NPC in Spatial Genome Organization 

 Although in mammalian cells telomeres are tethered to the NE through interactions 
with SUN proteins, in yeast they are tethered by the NPC. In fact, the fi rst specifi c 
interactions between telomeres and the NPC were determined in yeast with the 
yeast Tpr homologue, Mlp, as the anchoring site [ 34 ,  35 ]. The difference in telo-
mere tethering between yeast and mammals together with the lack of yeast homo-
logues for many NETs, particularly the more tissue-specifi c ones [ 18 ], suggests that 
many regulatory functions in yeast carried out by the NPC have been subsequently 
taken over by other NE proteins during evolution. 

 The recruitment of telomeres to the periphery in budding yeast is essential for 
silencing of subtelomeric genes. In addition to Mlp (Tpr), peripheral localization of 
telomeres also involves the soluble non-NPC protein Ku [ 112 ]. Mutation in Mlp and 
Ku proteins results in derepression of subtelomeric silenced genes [ 34 ,  35 ,  113 ,  114 ]. 
As a potential epigenetic mechanism, the heritability of this silencing was also 
addressed. Derepression of reporter genes integrated close to telomeres upon deletion 
of Mlp and Ku implied that silencing requires NE/NPC association [ 34 ,  114 ]. 
However, deletion of the NPC proteins also results in a redistribution of Sir3p fused to 
GFP [ 114 ]. The latter result argues that the observed derepression of genes could be a 
secondary consequence of NPC disruption, rather than due to relocation of the telo-
meres away from the nuclear periphery. Another study, using an elegant experimental 
setup to break the connection between the NPC and a silenced reporter after the 
silencing was established, found that the release from the periphery did not derepress 
the silent reporter [ 115 ]. This suggests that once established at the nuclear periphery 
the silenced chromatin state can be stably maintained without NPC association.  

   Active Chromatin at the NPC 

 In contrast to chromatin at the nuclear lamina, the NPCs in many species including 
yeast, fl ies and mammals associate with active chromatin [ 116 – 119 ]. Adaptor pro-
teins that mediate these connections have been identifi ed in a variety of systems. In 
yeast, the nuclear basket protein Mlp1 interacts with the chromatin-bound co- 
activator complex SAGA (Spt-Ada-Gcn5-Acetyltransferase), which is known to 
promote active transcription [ 120 ]. SAGA is a large protein assembly, containing 
two chromatin-modifying enzymes, the Gcn5 histone acetyltransferase and Ubp8 
histone deubiquitinase [ 121 ,  122 ]. SAGA, via its Sus1 component, was also shown 
to interact with the NPC-bound TERX-2 complex, which plays important roles in 
transcript elongation and mRNA transport [ 123 – 125 ] (Fig.  3 ). Budding yeast 
TREX-2 consists of four proteins Sac3-Thp1, Cdc31, and Sus1) [ 126 ]. Thus, tether-
ing of active acetylated chromatin to the NPC via Sus1, a shared component of 
SAGA and TREX-2 complexes, may help to coordinate transcription-coupled 
mRNA export [ 127 ]. This arrangement seems to be conserved in other species. In 
 Drosophila , the Sus1 ortholog E(y)2 via the TREX-2 complex protein Xmas-2, the 
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equivalent of yeast Sac3, promotes transcription, mRNA export and positioning 
close to the NE of the  hsp70  gene cluster [ 128 ,  129 ]. Whether tethering of active 
chromatin follows a similar arrangement in mammalian cells is yet to be deter-
mined. Notably, the SAGA complex is highly conserved [ 122 ] and a Sac3-related 
protein GANP involved in mRNA export is present in human cells [ 130 ]. Therefore, 
it is likely that the positioning of active SAGA-bound chromatin at the NPC may 
operate in a similar manner across most eukaryotes.

   Studies in yeast and  Drosophila  have also shown that several nucleoporins 
located at the nuclear side of the NPC are required for tethering of active chromatin 
to the nuclear periphery. Nup1, Nup2, Nup60, and Mlp1 (Tpr in metazoan species) 
have been implicated in mediating connections between active genes and the NPC 
[ 120 ,  131 ,  132 ]. One of the most interesting examples signifying the functional 
importance of such tethering is dosage compensation in  Drosophila . Male fl ies, 
having one X chromosome, achieve balanced expression of X-linked genes relative 
to female fl ies with two X chromosomes by upregulating gene expression on the 
single male X. This upregulation requires  Drosophila  dosage compensation com-
plex, which includes noncoding RNAs, histone acetyltransferase MOF and 

  Fig. 3    Active chromatin at the nuclear pore. NPC proteins Nup98, Nup153, and Tpr form the 
nuclear basket, which tethers active chromatin through binding a complex of TREX-2 and SAGA. 
The SAGA complex promotes active transcription while the TREX complex is important for RNA 
export. Thus, recruitment of active genes to the periphery by this mechanism also facilitates rapid 
translocation of the mRNAs out of the nucleus so they can be translated on ribosomes in the cyto-
plasm. It is noteworthy that the average mammalian nucleus is estimated to have 2,000–3,000 NPCs 
and as they are 125 MDa complexes of greater than 100 nm diameter this translates to up to 40 % 
of the nuclear surface       
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additional proteins, as well as the nuclear basket proteins Nup153 and Tpr [ 117 , 
 133 ]. Taken together, these examples implicate nucleoporins located at the nuclear 
side of the NPC in spatial genome organization and regulation of gene activity. 

 It has been suggested that, topologically, positioning of active genes at the NPC 
may occur via formation of chromatin loops mediated by promoter–terminator 
interactions as well as the boundary elements in yeast and their equivalent, the insu-
lator elements, in other metazoan species [ 92 ,  134 ,  135 ] (Fig.  1 ). Such elements are 
often found at the boundaries between active and repressed chromatin and serve to 
antagonize heterochromatin spreading. Consistent with such a function, studies in 
yeast and human cells have shown that chromatin in close proximity to the NPC 
carries modifi cations indicative of both, active and repressed, chromatin states [ 92 , 
 136 ]. A screen for proteins involved in boundary activity in budding yeast identifi ed 
Mlp, Nup2 (the yeast homologue of Nup153 in humans), the NPC-associated pro-
teins Nup60p, and the Ran-GTP exchange factor Prp20p [ 134 ,  137 ]. The typically 
mobile Prp20 is bound to the core structure of the NPC through Nup2 on one side 
and on the other it binds H2A.Z (also called Htz1), a variant of histone H2A that is 
loaded by the SWR-C chromatin-remodeling complex [ 138 ]. H2A.Z marks rela-
tively immobile nucleosomes in the yeast genome and can be found at most gene 
promoters and some intergenic regions of the budding yeast genome [ 139 ]. 
Interestingly, the SAGA complex may also contribute to boundary/insulator ele-
ment function. It has been reported that the Ada2 component of SAGA is recruited 
to yeast telomeres and required to suppress the spreading of telomeric heterochro-
matin into subtelomeric regions [ 140 ]. Moreover, Sus1, a shared component of 
SAGA and TREX-2 complexes, functions together with Su(Hw) at insulator ele-
ments in  Drosophila  [ 129 ]. The overall similarity between the function of boundary 
elements in yeast and the insulators in  Drosophila  and mammalian cells indicates 
that the compartmentalization of chromatin into active and inactive domains at the 
NE is widely used in evolution.   

   Transcription Factors at the Nuclear Envelope 

 The nuclear surface provides a large scaffold on which the genome can be spatially 
organized and regulated; however, in relative terms it represents only ~1/30th of the 
total nuclear volume. If a spherical nucleus has a radius of ~5 μm, then the volume 
of the nucleus would be 523 μm 3  and the surface area would be 314 μm 2 . However, 
the thickness of the NE from ONM to INM is only ~50 nm, and the penetration of 
NETs and lamins from the inner surface into the nucleoplasm is likely much less 
than this, while the NPC nuclear baskets have been measured to project roughly 
100 nm into the nucleoplasm. Thus, if one considered an average penetration of 
50 nm for the “volume” of the NE, the volume of the nuclear surface would be less 
than 16 μm 3  or roughly 30-fold smaller than the volume of the nucleoplasm. Thus, 
if, in addition to the genes tethered by the NE (discussed above), the NE also teth-
ered transcriptional regulators for those genes, it would have the equivalent effect of 
increasing the local concentration of the transcriptional regulator by 30-fold. 
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   The Function of NE in Direct and Indirect Repression 
of Transcription 

 Both LAP2β and emerin bind the transcriptional repressor germ cell-less (gcl) that 
is known to affect E2F/DP transcription factor heterodimers [ 141 ,  142 ]. Moreover, 
overexpression of LAP2β in tissue culture cells inhibited E2F-dependent transcrip-
tion from a reporter construct [ 142 ]. Emerin also binds Btf, another transcriptional 
repressor with a different target specifi city [ 143 ]. Of the lacO-lacI studies that used 
NE affi nity tethering to recruit a lacO array to the periphery one fused the lacI to 
LAP2β and the other fused lacI to emerin [ 65 ,  67 ]. The overlap and discrepancies in 
results between these studies might be in part because of the partly shared and partly 
different specifi c transcriptional repressors binding to these two NETs. In the emerin 
study the amino-terminus was deleted to minimize this potential criticism [ 67 ]; 
however, the deleted region only partly overlaps with the binding site on emerin for 
germ cell-less [ 141 ], so this may not have been suffi cient. 

 Whereas it has been demonstrated that multiple different NPC proteins can 
recruit transcription factors and their target genes to the same location to effectively 
increase the relative local concentration of the transcription factor, NETs and lamins 
that have been found to bind to transcription factors appear to function in the oppo-
site fashion. They sequester the transcription factor at the periphery away from the 
gene target in the nuclear interior. Thus, NE binding of transcription factors appears 
to function to prevent gene activation. 

 The fi rst demonstration of transcription factor binding to NE proteins was bind-
ing of lamin A to the retinoblastoma protein (Rb) [ 144 ]. However, the effect of 
lamins on Rb may be due mostly to the nucleoplasmic pool of lamins. This is sup-
ported by fi ndings that a soluble splice variant of the NET LAP2β, LAP2α, forms a 
complex with lamin A and Rb in the nuclear interior [ 145 ]. Interestingly, this can 
have both positive and negative effects on gene regulation depending on cell type. 
Although this complex on the one hand sequesters Rb away from gene targets, on 
the other hand the complex stabilizes Rb, which, without this binding, turns over 
rapidly. As a consequence of this, in cells stimulated by phosphorylation of Rb to 
initiate progression into S-phase, the higher levels of stabilized available Rb enable 
much stronger activation. Thus, cells with more or less LAP2α and lamin would 
have different propensities to engage cell cycle progression upon the same activa-
tion stimulus. Consistent with this, LAP2α knockout mice exhibit hyperprolifera-
tion of both erythroid and epidermal lineage cells [ 146 ]. Lamins are ideal for 
sequestering transcriptional regulators as their abundance (~3,000,000 copies per 
mammalian nucleus; [ 147 ]) could easily saturate any transcription factor. Lamin A 
has also been shown to bind cFos [ 148 ]. 

 In addition to lamins, NETs also repress gene function by sequestering transcrip-
tion factors. Emerin interacts with the transcription factor Lmo7 [ 149 ]. Intriguingly, 
this interaction has been found to function in a tightly regulated feedback loop to 
regulate the emerin gene itself. Lmo7 activates the emerin gene ( EMD ) so that 
emerin protein binding of Lmo7 sequesters Lmo7 at the periphery away from the 
emerin gene; thus, the more emerin is produced, the more it can sequester Lmo7 to 
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repress its own expression. Similarly, the NET MAN1 interacts with Smads and 
sequesters them away from target genes located in the nuclear interior [ 150 ,  151 ]. 
Very few of the many tissue-specifi c NETs recently identifi ed have been character-
ized in detail, but it seems likely that some of these may bind to transcription factors 
for sequestration. The tissue specifi city of these NETs would add a much greater 
complexity to NE regulation of gene expression.  

   Transcriptional Activation at the NE 

 In addition to binding Smad transcription factors, MAN1 directly binds DNA 
through a winged helix fold in its carboxyl-terminal domain [ 85 ]. Thus, though this 
has not been specifi cally demonstrated yet, it could potentially also tether both 
Smads and Smad-regulated genes to the NE to additionally activate transcription as 
shown for the NPC proteins. 

 While older studies showing the dissipation of dense chromatin at the nuclear 
periphery concomitant with activation of lymphocytes suggested a role for the NE 
in gene activation [ 26 ], several more recent studies show with certainty that tran-
scriptional activation occurs from the NE. The  PLP  gene, involved in myelin pro-
duction, becomes activated when already at the periphery [ 57 ]. It is interesting that 
this gene is active in glial cells, as it was noted earlier that brain cells tend to have 
minimal peripheral heterochromatin. It is thus reasonable to postulate that the abil-
ity to activate a gene at the NE may depend on cell type and the amount of periph-
eral heterochromatin. Other differentiation/cell state-associated genes observed to 
be active at the NE are the breast cancer  ERBB2  gene, the osteogenesis  COL1A1  
gene and the interferon gamma  IFN-γ  locus [ 58 – 60 ].   

   Stabilization of the Genome by the Nuclear Envelope 

 Though only theoretical at this stage, the physical tethering of chromatin to the NE 
could play a major role in stabilizing the genome to protect against translocations and 
other factors that can lead to cancer. Proteins in the nuclear interior, even those associ-
ated with nucleoplasmic structures, tend to be relatively dynamic in FRAP studies 
[ 152 ]. In contrast, the movements of proteins at the NE are much less dynamic and 
indicate local constraints [ 153 ,  154 ]. One potential consequence of NE tethering 
could be to physically stabilize the genome, minimizing movement. Indeed, trans-
genes located near the nuclear periphery in mammalian cells have been shown to be 
less mobile than those residing in more internal positions [ 155 ]. In theory, tethering 
of chromatin to the NE could help maintain chromosome territories and prevent 
entanglement of chromosomes and potentially associated chromosome translocations 
that could lead to tumors. This could be particularly important during replication and 
even the reason why late-replicating DNA tends to be at the periphery [ 93 ,  156 ], i.e., 
because a peripheral tether combined with silent chromatin helps to stabilize chromo-
some territories so that chromosomes do not get entangled during replication. 
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 The NE is a good tethering point for chromatin because it is a relatively stable 
structure due to the intermediate fi lament lamin polymer lining the inner surface of 
the NE [ 4 ]. It is striking that while the cytoplasm has actin fi laments, microtubules 
and intermediate fi laments, the NE has just the intermediate fi lament lamins. Unlike 
other cytoskeletal systems, intermediate fi laments are highly elastic. Under com-
pression or tension forces that would break actin fi laments and microtubules the 
intermediate fi laments are unaffected [ 157 ]. It is not surprising thus that spider’s 
webs are made of intermediate fi laments, tough yet elastic. 

 These properties are important because live cell microscopy indicates that nuclei 
move and exhibit frequent morphological aberrations while chromatin also moves 
dynamically. Thus, the NE needs to have a structural support that can bend, but not 
break connections. In this light it is not surprising that both lamins and INM NETs 
bind chromatin and each other, thus providing multiple contacts in an overlapping 
network embedded with a wide range of proteins into the membrane to create a very 
strong tether. Other INM NETs make connections across the lumen of the NE to 
outer membrane NETs [ 158 ] and these in turn connect the NE to the cytoskeleton 
providing an anchor for the nucleus in the cell [ 159 ]. Together these properties 
enable the NE to keep chromatin tethered while still being able to stretch in response 
to forces placed on the polymer by genome movements or the cytoskeleton. If the 
peripheral lamina nucleoskeleton were rigid like microtubules, it would likely break 
in response to such forces and genes and chromosomes would lose their tethering. 
Similarly, if tethered merely by transmembrane proteins, strong forces from chro-
mosome movements might rip the tethering NETs out of the lipid bilayer. Thus, the 
use of both lamins and NETs is a sensible strategy to support the many dynamic 
movements of chromatin within the interphase nucleus. 

 Although much of the above is merely a hypothesis, it is clear that lamins con-
tribute to the mechanical stability of the nucleus. Lamin depletion or mutant expres-
sion resulted in nuclear lobulation and increased deformation under mechanical 
stress [ 69 ,  160 – 163 ]. In theory the importance of this is manifold. Increased lobula-
tion would also increase the ratio of NE to nucleoplasmic volume, thus enabling 
greater silencing and gene regulation from the NE. Due to the DNA of chromo-
somes being single rope-like molecules, connections to the NE could infl uence the 
ability of internal sections to engage in transcription factories.  

   Peripheral Chromatin Organization 
and Nuclear Envelope Disease 

 Though lamins, NETs, and NPC proteins have all been linked to cancer in a variety 
of ways, most of these are indirect, e.g., having functions in processes that are criti-
cal to cancer progression as opposed to mutations in a particular NE protein causing 
cancer. In contrast, mutations in NE proteins have been found to be causative of a 
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wide variety of inherited disorders ranging from muscular dystrophies to the prema-
ture aging progeroid syndromes [ 164 – 166 ]. In fact lamin A is now the most mutated 
gene in the human genome. Lamin diseases include muscular dystrophies [ 167 –
 169 ], lipodystrophy [ 170 – 172 ], neuropathy [ 173 ,  174 ], cardiomyopathy [ 175 ], der-
mopathy [ 176 ], and the aging disease progeria [ 177 ,  178 ]. Several NETs and 
associated proteins also cause diseases or syndromes affecting muscle [ 179 – 182 ], 
bone [ 183 ,  184 ], brain [ 185 – 189 ], skin [ 176 ] and immune cells [ 190 ]. Because most 
NETs tested bind to lamins, lamin mutations could also affect NET distribution and 
function. Thus, the pathology of lamin-based diseases could be as much due to sec-
ondary effects on NET function as to the loss of lamin function. 

   Chromatin Organization in Heritable Diseases 
Linked to the NE 

 The overall distribution of heterochromatin as defi ned by electron dense material in 
electron microscopy is altered in several NE-linked diseases. Normal fi broblasts 
typically have a reasonable amount of this dense peripheral chromatin generally dis-
tributed throughout the periphery. In fi broblasts from patients with Emery–Dreifuss 
muscular dystrophy (EDMD), the dense chromatin often seems to have broken away 
from the NE and resides about 500 nm in from the NE. This altered pattern is 
observed for two different NE-linked muscular dystrophies, EDMD and Limb-girdle 
muscular dystrophy, and for both NET-linked and lamin-linked disease [ 191 – 193 ]. It 
is also observed in cardiomyopathy linked to the NE [ 194 ]. In contrast, fi broblasts 
from patients with NE-linked progeroid diseases tended to lose all peripheral dense 
chromatin [ 195 ], and fi broblasts from NE-linked lipodystrophy patients exhibited an 
intermediate phenotype with partial loss of peripheral dense chromatin in some areas 
at the periphery and partial clumping in other areas [ 193 ]. The fact that the patterns 
are not just disrupted, but disrupted in reproducible ways for each disorder suggests 
that these spatial genome organizational patterns are functionally relevant. 

 These NE protein mutations had specifi c and reproducible effects on spatial 
genome organization also in controlled experimental systems. For example, a muta-
tion in lamin A that causes Hutchinson–Gilford progeria syndrome (HGPS) yielded 
an abnormal distribution of telomeres and clustering of centromeres [ 196 ] while 
other mutations that cause variously a neuropathy, lipodystrophy and muscular dys-
trophy reposition chromosomes 13 and 18 away from the nuclear periphery [ 197 ]. 
However, the relevance of these changes to specifi c disease pathology is uncertain 
as different mutations that cause the same disease can yield different effects on 
chromosome positioning. For example, both E161K and D596N lamin A mutations 
cause cardiomyopathy, but only E161K causes chromosome 13 to lose its normal 
peripheral localization [ 198 ].  
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   Epigenetic Changes in Heritable NE Diseases and Cancer 

 Some of the reorganization of chromosomes, observed by FISH, and altered distribu-
tion of peripheral dense chromatin, observed by electron microscopy, could be 
explained by changes to epigenetic heterochromatin marks. This appears to be the 
case for HGPS where primary fi broblasts from patients have a signifi cant loss of 
silenced chromatin marks associated with facultative heterochromatin, such as 
H3K9me2 and H3K27me3, while marks of constitutive heterochromatin such as 
H4K20me3 were increased [ 199 ]. Similar changes could be induced in normal cells 
upon overexpression of lamin A carrying a progeria-causing mutation [ 199 ]. 
Fibroblasts from a female patient also lost silencing marks on the inactive X chromo-
some and this chromosome lost its tight association with the periphery. Similar 
changes in silent chromatin marks have also been reported in normal aging cells 
[ 200 ]. Most cases of HGPS are due to a splice site mutation that causes loss of an exon 
that contains a cleavage site close to the C-terminus of lamin A. similar to the small G 
proteins, Lamin A acquires a farnesyl group at its C-terminal CaaX box. This modifi -
cation is transient as the last 18 amino acids are cleaved at this cleavage site in mature 
lamin A. Blocking lamin A farnesylation had a positive effect on HP1α accumulation 
[ 201 ] and some of the heterochromatin defects observed in progeroid cells in culture 
could be reversed by treatment of the cells with farnesyltransferase inhibitors [ 202 ]. 

 A number of studies have detected altered expression of NE components in can-
cer cells. For example, reduced expression of Emerin in ovarian cancer [ 203 ] and 
Lamin A/C overexpression in colorectal, ovarian, and prostate cancer correlates 
with poor prognosis and advanced tumor stage [ 204 ,  205 ]. Although such examples 
are numerous [ 206 ], a direct causal relationship between either mutations or altered 
expression of NE proteins has been established in very few cases. Nevertheless, 
indications that NE–chromatin interactions play an important role in genome orga-
nization and gene expression in cancer have started to emerge. It is well known that 
tumors exhibit altered patterns of DNA methylation in comparison to normal tissues 
[ 207 ]. These alterations include localized gain of DNA methylation at normally 
methylation-free CpG-rich gene promoters (CpG islands), leading to stable silenc-
ing of tumor suppressor genes, and widespread loss of DNA methylation from 
extensive chromosomal regions potentially promoting genomic instability. 
Interestingly, recent reports have shown that loss of DNA methylation in colorectal 
and other types of cancer occurs in regions of the genome that coincide with LADs 
and the silencing H3K9me2 [ 98 ,  208 ]. Moreover, gain of DNA methylation at pro-
moters also occurs at genes located in these domains [ 208 ]. Taken together, these 
fi ndings suggest that genome organization mediated by chromatin–NE interactions 
is not only profoundly different in cancer cells, but that these rearrangements may 
have direct functional implications in cancer development. 

 Another striking connection between NE components and cancer has emerged 
when translocations involving the nucleoporin Nup98 were found in patients with 
acute myeloid leukemia (AML) [ 209 ]. The most commonly detected translocations 
generate a fusion between Nup98 and homeobox transcription factor HoxA9 genes 
[ 207 ,  210 ]. The resulting Nup98-HoxA9 chimeric protein is nucleoplasmic and 
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contains the GLFG repeats of Nup98, normally involved in shuttling of nuclear 
transport receptors through the NPC, fused to the DNA binding domain of HoxA9. 
The mechanism by which the fusion protein induces AML is as yet unclear. It has 
been suggested that GLFG repeats bind transcriptional co-activator CBP/p300 histone 
acetyltransferase [ 211 ], thus maintaining expression of HoxA9 target genes, which 
are normally downregulated during differentiation of hematopoietic stem cells follow-
ing downregulation of HoxA9 itself. Fusions of Nup98, all containing the Nup98 
GLGF repeats, with a variety of other partners have also been identifi ed in AML. 
These fusion partners include a variety of co-activator proteins, histone methyltrans-
ferases such as NSD1, DNA topoisomerases, and RNA helicases [ 209 ]. Similar to 
Nup98-HoxA9, the Nup98-NSD1 fusion protein was found to bind regulatory ele-
ments of polycomb target genes, normally silenced during myeloid differentiation, 
and induce high levels of H3K36me3 (a mark associated with active transcription 
elongation) and histone acetylation, thus maintaining the expression of several homeo-
tic genes, which contribute to malignancy [ 212 ]. Mutations abolishing H3K36me3 
activity of NSD1 as well as deletion of GLGF repeats of Nup98 within the Nup98-
NSD1 fusion protein context abolish activation of homeotic genes and inhibit leuke-
mogenesis [ 212 ]. By a broadly similar mechanism, fusion proteins between Nup98 
GLGF repeat region and PHD (plant homeobox domain) zinc fi ngers, which bind to 
histone H3 tails methylated at K4, function as potent oncogenes and induce AML in 
mouse models [ 213 ]. These observations suggest that most chimeric Nup98 proteins 
function to promote AML by generating aberrant active chromatin, which counteracts 
polycomb-mediated gene repression and allows self- renewal and maintenance of 
the undifferentiated state of myeloid progenitors [ 214 ]. Thus, epigenetic changes 
caused by a mutant NE  protein are an essential component of AML and, perhaps, 
other malignancies.   

   Conclusions 

 Research in the past few decades has led us to conclude that the NE is a complex 
compartment of the cell, with functions that extend beyond the separation of the 
genetic material from the cytoplasm of the cell and the control of nuclear traffi cking. 
The NE contributes to tissue-specifi c genome organization and regulation of gene 
expression through many different mechanisms, the details of which remain to be 
fully elucidated. Lamins provide a structural framework for the nuclear periphery 
and interact with silenced chromatin. NETs bind both the lamin polymer and the 
membrane in addition to both general and specifi c chromatin proteins. Moreover, 
NETs and NPC proteins recruit transcriptional regulators, epigenetically modifi ed 
chromatin, and separately recruit enzymes that add epigenetic modifi cations to 
chromatin. As only a fraction of the many novel NETs identifi ed by proteomics 
have been characterized in detail, there are a great many possibilities for diverse 
mechanisms in the regulation of spatial genome architecture and chromatin modifi -
cations from the NE. The fi nding that many NETs are tissue specifi c further adds to 
this complexity. 
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 There are many questions that remain to be elucidated. To what degree does the 
NE silence genes by bringing them into an environment that is rich with silencing 
factors that directly modify the chromatin versus bringing already silenced chroma-
tin to the periphery by affi nity interactions? Does NE tethering also contribute a 
steric effect to this regulation? To what degree are the NE infl uences on chromatin 
organization heritable? To what degree does NE tethering stabilize the genome to 
protect it from inappropriate recombination events? And how much do these various 
functions contribute to the initiation of tumorigenesis? The NE provides many lay-
ers for regulating genome function, and many important discoveries are certainly 
yet to be made in this exciting and rapidly moving fi eld.     
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    Abstract     Lamins are nuclear intermediate fi lament proteins that are conserved in 
all multicellular animals. Proteins that resemble lamins are also found in unicellular 
organisms and in plants. Lamins form a proteinaceous meshwork that outlines the 
nucleoplasmic side of the inner nuclear membrane, while a small fraction of lamin 
molecules is also present in the nucleoplasm. They provide structural support for 
the nucleus and help regulate many other nuclear activities. Much of our knowledge 
on the function of nuclear lamins and their associated proteins comes from studies 
in invertebrate organisms and specifi cally in the nematode  Caenorhabditis elegans  
and the fruit fl y  Drosophila melanogaster . The simpler lamin system and the power-
ful genetic tools offered by these model organisms greatly promote such studies. 
Here we provide an overview of recent advances in the biology of invertebrate 
nuclear lamins, with special emphasis on their assembly, cellular functions and as 
models for studying the molecular basis underlying the pathology of human heri-
table diseases caused by mutations in lamins A/C.  

  Keywords      Caenorhabditis elegans    •    Drosophila melanogaster    •   Intermediate 
 fi laments   •   Invertebrates   •   Lamin   •   Laminopathies   •   Muscular dystrophy   •   Nuclear 
envelope   •   Nuclear lamina   •   Hutchinson–Gilford progeria syndrome  
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  LINC    Linker of nucleoskeleton and cytoskeleton   
  NLS    Nuclear localization signal   
  NPC    Nuclear pore complex   
  ONM    Outer nuclear membrane   
  PEV    Position effect variegation   

          The Nuclear Lamina: An Overview 

 The nuclear interior (nucleoplasm) is separated from the cytoplasm by a complex 
boundary called the nuclear envelope, which is comprised of outer and inner lipid 
bilayer membranes (ONM and INM, respectively), nuclear pore complexes (NPCs) 
and nuclear lamina. The ONM and INM are separated by a 20–40 nm-wide lumen 
and are fused at NPCs. The ONM is contiguous with the endoplasmic reticulum, 
while a fi lamentous meshwork termed the nuclear lamina is associated with the INM 
at the nucleoplasmic leafl et. The nuclear lamina is comprised of lamin fi laments and 
lamin-binding proteins, including the integral proteins of the inner nuclear mem-
brane. Proper assembly and function of the nuclear lamina is of utmost importance 
because it regulates many of the nuclear activities. The importance of the nuclear 
lamina and in particular lamins is manifested by the involvement of nuclear lamina 
defects in the pathology of many heritable diseases (reviewed in [ 1 – 3 ]). The study 
of the nuclear lamina in invertebrates, mainly in the nematode  Caenorhabditis ele-
gans  and the fruit fl y  Drosophila melanogaster , provides major advantages. These 
include a relatively simple composition of the invertebrate nuclear lamina, effi cient 
genetic manipulations of the animals and inexpensive culturing in laboratory condi-
tions. We hereby summarize recent advances in invertebrate lamin research and 
highlight the contribution of these studies towards basic understanding of structure 
and functions of the nuclear lamina and of the mechanisms leading to laminopathies, 
many of which could refl ect changes that occur in tumorigenesis.  

    The Structure of Lamin Proteins 

 Lamins are the nuclear members of the intermediate fi lament (IF) family of proteins 
and are the basic building blocks of the lamin fi laments (reviewed in [ 2 ,  4 ]). Lamins, 
like all IF proteins, are composed of three distinct domains: an amino terminal head, 
central rod, and carboxyl tail domain (Fig.  1a ). The lamin family is comprised of B-type 
and A-type lamins that differ in their biochemical properties, expression patterns, and 
activity [ 5 ]. The tail domain of all lamins contains an invariant nuclear localization 
signal (NLS) and an Ig-fold motif. In addition, except for in lamin C (an A-type lamin 
isoform), all lamins have a CaaX box at their C-terminus (a cysteine followed by two 
aliphatic amino acids and a fourth residue). This sequence is subjected to sequential 
posttranslational modifi cations: initially, the cysteine residue is farnesylated, followed 
by cleavage of the last three amino acid residues (aaX) and methyl-esterifi cation of the 
newly exposed farnesylated cysteine (reviewed in [ 2 ]). In vertebrates, the C-terminus of 

R. Lyakhovetsky and Y. Gruenbaum



Head Rod Tail

Dm0

C

Ce-lamin

Prelamin A

+

55 nm

48 nm

Dimer

Head-to-Tail
Polymer

Tetrameric 
Protofilament

27±3nm 21±3nm

7nm

2 48 95 228 257 385 56641682

1 34 81 218 243 383 66441770

2 56 104 241 266 406 61944691

2 47 96 233 258 403 62145385

CDK-1 
phosphorylation 

NLS

CaaX box

Ig-fold

3-4 tetraprotofilaments assemble into 10nm-wide IF-like Ce-lamin filament

Coiled region

1A 1B 2A+2B

a

b

  Fig. 1    Structure of invertebrate lamins and lamin fi lament assembly pathway. ( a ) Schematic repre-
sentation of human prelamin A,  Drosophila  lamin Dm 0  (a B-type lamin),  Drosophila  lamin C, and 
Ce-lamin. All lamins display the tripartite structure of “head,” “rod,” and “tail” domains. The “head” 
domain contains a CDK-1 phosphorylation site (missing in  C. elegans  Ce-lamin). The “rod” domain 
is built from α-helical segments (labeled in the fi gure as 1A, 1B, and 2A+2B), separated by short 
linker peptides. The “tail” domain includes the conserved Ig-fold motif, the nuclear localization signal 
(NLS) and the CaaX box. The  D. melanogaster  lamin C lacks the CaaX box. ( b ). Assembly pathway 
of lamin fi laments. Shown are the main stages of polymerization starting with the dimerization up to 
10 nm intermediate fi lament. Detailed explanations of the process appear in the text       
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lamin A contains an additional cleavage site that is located 15 amino acids upstream 
from the farnesylated cysteine. Thus, while B-type lamins remain permanently farne-
sylated, the mature A-type lamins are not. The farnesyl group, which is required for the 
anchoring of lamins to the INM, has the ability to change the curvature of membranes 
as demonstrated in in vitro experiments with protein-free liposomes. Interestingly, this 
activity does not require lamin polymerization [ 6 ].

   Lamins also undergo additional posttranslational modifi cations including phos-
phorylation and sumoylation. Most lamins contain one or two CDK1 phosphorylation 
sites fl anking the rod domain (Fig.  1a ). Phosphorylation by CDK1 regulates lamin 
disassembly during mitosis [ 7 – 10 ]. Lack of conserved CDK1 sites in the  C. elegans  
lamin (Ce-lamin), may explain the relatively late mitotic disassembly of the  C. ele-
gans  lamina [ 11 ]. The importance of lamin phosphorylation for its function is further 
emphasized by the presence of additional sites that are dynamically phosphorylated 
during the cell cycle. Phosphorylation of some of these sites regulate lamin nuclear 
import [ 12 – 15 ] and binding to chromatin [ 16 ]. Emerging knowledge on the regulation 
of lamin functions by posttranslational modifi cations enhances our understanding of 
the mechanism by which monomeric lamins form supramolecular structures.  

    Higher-Order Lamin Structures 

 Initial observations of a lamin-based network structure in vivo came from studying 
 Xenopus laevis  oocytes nuclei. In these cells, the nuclear lamina is comprised of paral-
lel 10 nm-wide fi laments [ 17 ]. This type of organization has not been observed in 
somatic cells of either vertebrates or invertebrates. Therefore, most of our current 
knowledge regarding the assembly of lamin fi laments comes from in vitro studies. 
These studies revealed that the fi rst stage of lamin assembly is the formation of a paral-
lel dimer. Lamin dimers next assemble into “head-to-tail” polymers [ 18 ]. The Ce-lamin 
is currently the only known lamin for which conditions to form the 10 nm stable fi la-
ments in vitro were established, while all other lamins form only paracrystalline arrays 
[ 19 ,  20 ]. Cryo-electron tomography analysis on the 10 nm-wide fi laments of the 
 C. elegans  lamin showed that the two “head-to-tail” polymers interact in an antiparallel 
manner to form a 4 molecule-wide tetrameric lamin protofi lament, which is the basic 
structural unit of the cytoplasmic intermediate fi laments. Three to four protofi laments 
then assemble to form a 10 nm-wide lamin fi lament (outlined in Fig.  1b ) [ 21 ,  22 ]. 

 Two additional aspects of lamin fi laments assembly were revealed through stud-
ies of invertebrate models. Recombinant Ce-lamin injected into living  Xenopus 
oocytes  formed an intricate three-dimensional meshwork of 5–6 nm protofi laments. 
The difference between the 10 nm fi laments observed in vitro and the 5–6 nm proto-
fi laments observed in vivo suggests a role for lamin-binding proteins in lamin fi la-
ment assembly [ 23 ]. A study in  Drosophila  showed that, when expressed in the 
background of lamin Dm 0  (a B-type lamin) knockout, lamin C does not associate 
with the preexisting maternal lamin Dm 0 . This suggests that lamin Dm 0  and lamin C 
form mono-specifi c fi lament networks that occupy separate territories at the nuclear 
envelope [ 24 ]. Injection of Ce-lamin bearing the Q159K Hutchinson–Gilford 
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progeria syndrome-linked mutation to living  Xenopus  oocytes induces the formation 
of bundled arrays composed of less isotropically oriented lamin protofi laments [ 23 ]. 
It is still in question whether the in vitro studies succeed to reconstitute the physio-
logical lamin assembly. However, these studies propose that (1) distinct regions of 
the nuclear lamina are comprised of mono-specifi c (i.e., a single lamin type) fi la-
ments and (2) the assembly of the nuclear lamina is assisted by auxiliary factors. 
Successful modeling of lamina assembly in vivo will require further research, pos-
sibly assisted by state-of-the-art nanotechnology-based molecular imaging systems.  

    The Evolution of Lamin Gene Family 

 Except for the genomes of tunicates, that encode two B-type lamin genes, all other 
sequenced invertebrate genomes harbor a single B-type lamin gene (Fig.  2 ). 
 Drosophila  is the only known invertebrate organism to encode an additional A-type 
lamin gene (lamin C) [ 25 ]. The evolution pattern of the lamin gene family has been 

  Fig. 2    Evolutionary relationships of invertebrate lamins. All the compared lamin sequences are of 
B-type except from  Drosophila melanogaster  lamin C, which is an A-type lamin. Evolutionary 
analyses were conducted in MEGA5 software [ 95 ]. The evolutionary history was inferred using 
the Minimum Evolution method [ 96 ]. The optimal tree with the sum of branch length = 6.40964395 
is shown. The tree is drawn to scale, with branch lengths in the same units as those of the evolution-
ary distances used to infer the phylogenetic tree. The evolutionary distances were computed using 
the Poisson correction method [ 97 ] and are in the units of the number of amino acid substitutions 
per site. The ME tree was searched using the Close-Neighbor-Interchange (CNI) algorithm [ 98 ] at 
a search level of 1. The Neighbor-joining algorithm [ 99 ] was used to generate the initial tree. The 
analysis involved 15 amino acid sequences. All positions containing gaps and missing data were 
eliminated. There were a total of 281 positions in the fi nal dataset       
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delineated through sequence analysis of lamin genes from various metazoans. The 
 Lmnb 1 gene, which encodes the mammalian lamin B1, is the most conserved verte-
brate lamin gene; from  Nematostella vectensis  through  Xenopus laevis  to humans, 
the  Lmnb 1 homolog is always fl anked by a gene that encodes for the membrane 
associated Ring-fi nger protein 2/3 [ 26 ]. In addition, the positions of eight of the nine 
introns of many invertebrate B-type lamin genes are conserved in human  LMNB1 . 
Interestingly, this conservation of introns also appears in genes encoding for verte-
brate cytoplasmic IF proteins. The conserved intron-exon structure of lamin genes 
between invertebrates and vertebrate has led to the hypothesis that a B-type lamin 
gene was the ancestor to all lamin genes [ 27 ]. This hypothesis is further supported 
by the fact that in both invertebrate and vertebrate species, except for the sperm 
cells, B-type lamins are expressed in all cells. In contrast, in both  Drosophila  and 
vertebrate species, the A-type lamins are expressed only in a subset of tissues [ 2 ]. 
These results also led to the hypothesis that the vertebrate lamins diverged from an 
invertebrate B-type lamin through two rounds of duplication and that a B-type lamin 
is the ancestor gene for the whole IF multi-gene family [ 28 ,  29 ].

       Lamins of Lower Metazoans 

 The most primitive metazoan with a characterized lamin is the cnidarian  Hydra 
vulgaris , which has a single B-type lamin [ 30 ]. Similarly to other B-type lamins, the 
 Hydra  lamin contains an amino-terminal “head” domain, a coiled coil “rod” domain, 
a KRSR nuclear localization signal, and a CaaX box at the carboxyl-terminus. The 
positions of the three introns in the  Hydra  lamin gene are conserved in vertebrate 
B-type lamin genes. Lamin genes are found in other low metazoans including  Tealia  
( Cnidarian ),  Priapulus  ( Priapulid ), and the sea star  Asterias . [ 30 ]. 

  Caenorhabditis elegans lamin— The  C. elegans  genome contains a single lamin 
gene, termed  lmn-1  that encodes a 66 KDa protein [ 31 ]. Ce-lamin has characteristics 
of both A- and B-type lamins. Like the vertebrate A-type lamins, a small fraction of 
Ce-lamin is present in the nucleoplasm. It is essential for maintaining nuclear shape, 
required for the spatial distribution of NPCs, and it interacts with proteins that bind 
A-type lamins in vertebrates, including emerin, LEM-2 and BAF-1 [ 31 – 33 ]. Like 
vertebrate B-type lamins, Ce-lamin is expressed in all cells throughout development. 
It remains permanently farnesylated and interacts with proteins that in vertebrates 
bind B-type lamins. On the evolutionary scale, Ce-lamin displays an interesting 
divergence, since it lacks the conserved CDK1 mitotic phosphorylation site upstream 
to the “rod” domain, as well as 14 amino acids (two heptads) early in coil 2B in the 
rod domain [ 31 ,  34 ] (Fig.  1a ). The head domain of Ce-lamin is 14-residue longer and 
the “tail” domain is 25-residues shorter compared to vertebrate B-type lamins [ 34 ]. 

  Drosophila melanogaster lamins — Drosophila melanogaster  stand out among 
the invertebrates with characterized lamins for expressing two types of lamin pro-
teins encoded by two distinct genes. Lamin Dm 0  is essential and is expressed in all 
cells [ 35 – 37 ]. The additional  D. melanogaster  lamin, lamin C, resembles lamin Dm 0  
more than a vertebrate A-type lamin. It also lacks the CaaX box, thus making it the 
only known invertebrate lamin that is unable to undergo farnesylation [ 38 ].  
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    Are Lamins a Feature of Multicellular Organisms? 

  Unicellular organisms —Studied unicellular organisms such as yeast ( Saccharomyces 
cerevisiae) ,  Tetrahymena thermophila  [ 39 ],  Dinofl agellates  [ 40 ], or  Physarum poly-
cephalum  do not express functional lamin homologues (reviewed in [ 41 ]). Therefore, 
one of the most intriguing questions is whether lamins are a distinct feature of mul-
ticellular organisms. The study of unicellular organisms, that express lamin-like 
proteins, can undoubtedly clarify the evolutionary origins and physiological func-
tions of the lamin proteins. For example, the nucleus of  Amoeba proteus  is sur-
rounded by a honeycomb-structured layer resembling lamina, the fi rst such structure 
ever to be defi ned [ 42 ]. This primordial lamina breaks down during mitosis as 
occurs in higher organisms. Nevertheless biochemical analysis and electron micros-
copy show that, unlike the metazoan nuclear lamina, this structure is not tightly 
anchored to the INM or to NPCs. Furthermore, when lamins from  Xenopus laevis  
and  Drosophila melanogaster  are injected into  Amoeba  cells, they are effectively 
transported into the nucleus, but fail to localize to the nuclear periphery. The inabil-
ity of the injected lamins to associate with the  Amoeba  nuclear envelope, in con-
junction with the fact that the  Amoeba proteus  lamina-like structure is not associated 
with the INM, implies that the INM of the  Amoeba proteus  lacks essential proteins 
that tether lamins to the INM [ 43 ]. Strikingly, a different  Amoeba  species, 
 Dictyostelium discoideum , expresses a protein termed NE81, which has structural 
and functional similarities to lamins [ 44 ]. Apart from the structural homology, 
NE81 shares several functional properties with lamin, such as association with the 
nuclear envelope of  Dictyostelium  during the entire cell cycle. In addition, similar 
to the metazoan lamins, it is immobile throughout interphase and becomes mobile 
in a short time window during mitosis when disintegration and reconstitution of the 
nuclear envelope occurs. Moreover, NE81 requires a carboxyl-terminal prenylation 
for proper integration into the nuclear envelope and is essential for mechanical 
stress resistance. Finally, when over-expressed in HeLa cells, the NE81-GFP fusion 
protein localizes to the nuclear envelope, further exhibiting lamin-like properties. 
Another lamin-like protein, termed NUP-1 is expressed at the nuclear periphery of 
 Trypanosomatid s and exhibits nuclear envelope localization. In addition, it regu-
lates the distribution of nuclear pore complexes, chromosome organization, mainte-
nance of nuclear architecture, and regulation of gene expression [ 45 ]. 

  Plants —Although plant cells do not contain  bona fi de  lamin proteins, recent 
studies in plants revealed the involvement of the nuclear periphery in maintaining 
chromatin structure and intranuclear gene positioning. A family of coiled-coil plant 
proteins called  little nuclei  which were initially discovered in  Daucus carota  [ 46 ] 
and then in  Arabidopsis thaliana , are proposed to be functional analogues of animal 
lamins. GFP-fused  little nuclei  proteins are localized at the nuclear periphery and 
mutations in these putative plant lamin-like genes cause a variety of defects includ-
ing whole-plant dwarfi ng and alterations of nuclear structure that are reminiscent of 
nuclear defects observed in animal cells that express mutant lamins [ 47 ,  48 ].  
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    Lamin-Binding Proteins 

 Identifi cation of lamin-interacting proteins has become a powerful experimental 
tool to decipher the lamin biological functions. Among the known lamin-binding 
partners in  C. elegans  are the LEM-domain proteins Ce-emerin [ 49 ], LEM-2 (also 
called Ce-MAN1) [ 50 ], BAF-1 [ 51 ], UNC-84 [ 52 ], and core histones [ 16 ] (Table  1 ). 
Lamins also bind chromatin in mammalian cells,  Drosophila  and  C. elegans  [ 16 , 
 53 – 55 ]. In addition, lamins associate with chromatin through interactions with 
lamin-associated proteins, such as the lamin B receptor (LBR), BAF-1, and the 
LEM-domain proteins (reviewed in [ 2 ,  56 ,  57 ]). An important question is whether 
lamin–chromatin association regulates gene expression.

   A circumstantial answer to this question is provided by observations in nematodes 
and other organisms where many tissue-specifi c promoters are sequestered at the 
nuclear periphery when repressed, and shift to the nuclear interior when activated. The 
bacterial LacO/LacI system enables artifi cial tethering of a reporter gene to nuclear 
periphery. This allows one to follow the positioning of a tissue-specifi c promoter in 
living cells and to search for possible correlations between the nuclear positioning of 
a gene and its activity [ 58 – 60 ]. Employing a GFP-lacI/lacO recognition system in 
 C. elegans , it was found that integrated large repetitive arrays containing developmental 

    Table 1    Lamin-binding proteins in invertebrate models   

 Protein type 
 Lamin-dependent 
localization a   Reference 

  C. elegans  
Ce-lamin 

 LEM-domain proteins 
 Ce-emerin b   Yes  [ 49 ] 
 LEM-2/Ce-Man1 b   Yes  [ 50 ] 

 SUN-domain proteins 
 UNC-84 a   Yes  [ 52 ] 
 Matefi n/SUN-1 b   No  [ 73 ,  90 ] 

 Other proteins 
 Titin c,d   Yes  [ 67 ] 
 BAF-1  Yes  [ 51 ] 

  D. melanogaster  
Lamin Dm 0  

 LEM-domain proteins 
 Otefi n b,c   Yes  [ 91 ,  92 ] 
 Bocksbeutel-α  Yes  [ 49 ] 
 dMAN1 b   Yes  [ 49 ] 

 Other proteins 
 dLBR b   No  [ 93 ] 
 YA c   ND  [ 92 ] 
 Histones H2A and H2B b   ND  [ 16 ] 
 JIL-1 kinase a,b,c   ND  [ 94 ] 
 Rab5 b   ND  [ 69 ,  70 ] 

  Table  1  includes results of studies performed in  C. elegans  and  D. melanogaster. ND  not determined 
  a Analyzed by RNA interference and/or mutations 
  b Identifi ed by co-immunoprecipitation, blot overlays or pull down experiments 
  c Identifi ed by yeast two-hybrid 
  d Co-localization by immunohistochemistry  
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and tissue-specifi c promoters are positioned at the nuclear periphery in cells that do 
not activate the promoter. In contrast, in cells where a tissue- specifi c promoter is 
expressed, the array is shifted to the nuclear interior [ 61 ]. Lamin down regulation 
released the array from the nuclear periphery even in cells in which the array is not 
active. In contrast, worms expressing a lamin mutation that causes muscular dystrophy 
in humans retained the array at the nuclear periphery of muscle cells when under con-
trol of a muscle-specifi c promoter [ 62 ]. In  Drosophila , lamin is required for specifi c 
regulation of testis-specifi c gene clusters. Ablation of Dm 0  through mutagenesis and 
RNAi-mediated silencing led to the detachment of testis-specifi c gene clusters from 
the nuclear envelope and to an increase in their expression in somatic cells. These fi nd-
ings are consistent with the observed coupling of transcriptional activation and detach-
ment from the nuclear envelope of testis-specifi c genes in male germ lines [ 63 ]. 

 In addition to mediating intranuclear activities, recent studies show that lamins 
play a key role in the determination of the spatial positioning of the nucleus within 
cells [ 64 ,  65 ]. This activity is mediated through lamin interactions with the SUN- 
KASH domain protein complexes ( li nker of  n ucleoskeleton and  c ytoskeleton—
LINC complexes). Rather than being static, the nucleus migrates in the cytoplasm 
of certain cell types, such as the photoreceptor cells in the  Drosophila  eye and this 
migration requires lamin Dm 0  activity [ 66 ]. In  C. elegans , the correct positioning of 
UNC-84 (a SUN-domain protein) depends on lamin, suggesting that lamin–UNC- 
84 interaction plays a role in the spatial localization of nuclei [ 52 ]. Ce-lamin also 
interacts with nuclear Titin, a cytoskeletal protein, which has a role in chromosome 
maintenance in the nucleus [ 67 ]. 

 Rab5 is a small GTPase and a known regulator of the assembly of early endo-
somes [ 68 ]. Surprisingly, in both  C. elegans  and  D. melanogaster  Rab5 also affects 
the disassembly of the nuclear envelope during mitosis, as well as chromosome 
alignment [ 69 ,  70 ]. The latter role requires Rab5 direct interaction with Mud, which 
is the  Drosophila  homologue of the vertebrate NuMa ( nuc lear  m itotic  a pparatus) 
protein that is required for spindle formation and spindle maintenance. Rab5 and 
Mud act in the same pathway and downregulation of each protein leads to decreased 
tension at the kinetochore. Thus, Rab5 and lamin are both involved in progression 
through mitosis, which is relevant to progression of cancer.  

    Invertebrate Models in the Study of Lamin Functions 
and Lamin-Linked Disorders 

 Lamin mutations cause over 14 distinct hereditary disorders that are collectively 
referred to as “laminopathies”. These include both systemic and tissue-specifi c syn-
dromes, most of which stem from mutations in A-type lamins. While invertebrates do 
not express a  bona fi de  lamin A, the  Drosophila  lamin C is functionally defi ned as an 
A-type lamin and Ce-lamin displays features of both A- and B-type lamins [ 2 ,  31 ,  34 , 
 71 ,  72 ]. To illustrate the use of invertebrate models in research of lamin- linked pathol-
ogy we shall describe experiments in  C. elegans  and  D. melanogaster  testing the 
effects of lamin silencing and expression of lamins bearing disease- linked mutations. 
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  C. elegans —Downregulation of lamin in  C. elegans  showed that embryos cease 
to develop when having up to several hundred cells [ 31 ]. However, the effect of 
lamin downregulation is observed already as early as the fi rst zygotic division. In 
these embryos nuclear structure was altered and featured multiple pathological aber-
rations including nuclear membrane lobulation and invagination, clustering of 
NPCs, and several chromatin aberrations common in cancer cells such as inter- 
chromosome connections (bridges), abnormal chromatin condensation, and aberrant 
number of chromosomes due to abnormal segregation [ 31 ]. Some embryos manage 
to escape the lethal effects of  lmn-1  RNAi probably due to them being laid outside 
of the most effective time window of RNAi effect. These animals are sterile or semi-
sterile displaying dramatic reduction in the number of germ cells and oocyte abnor-
malities including multiple nuclei and large vacuoles. Electron microscopy analysis 
shows that the densely stained heterochromatin was dramatically reorganized. These 
animals also display intranuclear vacuolation and sharing of the outer membrane by 
two adjacent nuclei [ 32 ]. Downregulation of lamin also affects the localization of 
other components of the nuclear envelope including emerin, MAN-1/LEM-2, and 
UNC-84, but not of matefi n/SUN-1 [ 50 ,  52 ,  73 ,  74 ]. Interestingly, a shortened life 
span was detected in  C. elegans  where the lamin expression was either downregu-
lated at adult stages or abolished by a deletion that contained the entire three 
N-terminal exons [ 75 ,  76 ]. Survival of the animals with the lamin deletion (tm1502) 
relied on the maternal supply of Ce-lamin protein and RNA [ 31 ,  75 ]. Interestingly, 
during the fi rst 3 days of adulthood, the tm1502 animals display normal nuclear 
morphology and no apparent phenotypes. However, as early as the day four, a frac-
tion of muscle nuclei start to show lobulation, and at days 8–10 muscle, gut, and 
hypodermal nuclei are highly convoluted, similar to what is normally observed in 
wild-type nuclei after 12–15 days. In addition, after day 4, the heterochromatin asso-
ciated with the nuclear periphery is reduced and a small portion of these nuclei show 
additional layers of nuclear membrane and fragmentation/lobulation [ 76 ]. 

 Expression in  C. elegans  of the disease-linked Ce-lamin Y59C mutation, which 
in humans (Y45C) causes Emery–Dreifuss muscular dystrophy (EDMD) affects the 
positioning of muscle-specifi c  myo-3  array [ 77 ]. Larvae expressing Ce-lamin Y59C 
show abnormal retention of the array at the nuclear envelope of muscle cells. The 
retention correlated with a tenfold reduction in the activation of the  myo-3  promoter 
activity in the array and alteration of expression of a number of muscle-specifi c 
genes in vivo. Consistent with a human lamin mutation that specifi cally affects mus-
cle tissue, the effect in  C. elegans  was specifi c to muscle cells since an equivalent 
array under control of an intestine-specifi c  pha-4  promoter is expressed normally 
and shifts inward when activated in gut cells of Ce-lamin Y59C animals. 
Phenotypically, adult Ce-lamin Y59C expressing animals exhibit perturbations in 
body muscle ultrastructure and reduced muscle function (as in humans), suggesting 
that the function of lamins in muscle development is evolutionarily conserved [ 62 ]. 
Additional analysis of four disease-linked mutations, ΔK32 (EDMD), Q159K (pro-
geria), T164P (EDMD), and L535P (EDMD), which affect lamin structure and 
nuclear localization and prevent proper assembly of Ce-lamin fi laments and/or 
paracrystalline arrays, showed disease-like phenotypes in  C. elegans  strains as well 
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as reduced fertility and motility coincident with muscle lesions. In addition, the 
Q159K- and T164P-expressing strains had a reduced life span [ 78 ,  79 ]. 

  D. melanogaster —Downregulation of each of the two  D. melanogaster  lamin 
genes leads to developmental arrest. Insertion of a P element (a transposable ele-
ment) into the fi rst exon of lamin Dm 0  gene led to lethality at three distinct develop-
mental stages: embryonic (20–30 %), pupal (50–60 %), and post-eclosion lethality 
(5–10 %) [ 80 ]. The variability in the stage of lethality is likely caused due to varia-
tions in the levels of maternal lamin RNA and protein [ 35 ,  81 ]. Absence of lamin in 
early embryos leads to lethality, with phenotypes that resemble loss of lamin in 
 C. elegans  [ 36 ]. The few animals that reach adulthood survive for up to 2 weeks 
after the eclosion. These fl ies are unable to fl y and make only occasional small 
jumps [ 80 ]. Flies of both sexes are sterile. Strikingly, the most prominent difference 
in intensity and distribution of lamin Dm 0  signal between the wild-type and mutant 
animals is observed in the perinuclear regions of the central nervous system. 
Surprisingly, multiple cells in this region lack lamin completely implying that they 
manage to divide and differentiate into neurons either completely lacking or con-
taining only minute, undetectable levels of lamin Dm 0  [ 82 ]. Furthermore, electron 
microscopy analysis of young adult fl y heads shows multiple abnormalities at the 
subcellular level including incomplete nuclear envelopes, clustering of nuclear pore 
complexes and increased number of annulate lamellae. Another study presented a 
lamin Dm 0  knockout mutant that was modifi ed by imprecise excision of the P ele-
ment resulting in fl ies with deletions in the lamin Dm 0  gene. This modifi cation 
prevented lamin protein expression. Multiple cells with no detectable lamin contin-
ued to proliferate with embryos reaching third instar developmental stage. A small 
fraction (3 %) of the animals made it through the eclosion but died thereafter exhib-
iting serious motility defects. Interestingly,  Drosophila  lamin C expression could 
not compensate for the loss of lamin Dm 0  [ 82 ]. In a recent study, analysis of a 
 Drosophila  lamin C knockout revealed a crucial role of this gene in the development 
of tendon cells. Flies knocked out for lamin C ceased to develop at pupal stage and 
displayed inability to do head eversion (a developmental stage of trans. Strikingly, 
this developmental arrest was rescued by expression of lamin C in tendon cells, thus 
suggesting the key role of lamin C expression in these cells for contraction of mus-
cles that direct the turning of the head capsule outwards (head aversion) [ 83 ]. 

 Ari3 is a mutant allele of lamin Dm 0  in which the carboxy part of the rod domain 
and the entire tail domain are missing [ 84 ]. Ari3 was originally discovered as an 
enhancer of position effect variegation (PEV). When Ari3 is expressed in the genetic 
background of In(1)w m4  (an inversion that brings the  white  locus next to centromeric 
heterochromatin, which leads to variegated eye color [ 85 ]), it signifi cantly enhances 
the position effect and causes the eye to turn white [ 84 ]. The observed enhancement 
of PEV by the Ari3 allele suggests a role for lamin in the formation and/or mainte-
nance of heterochromatin. 

  Drosophila  also served as a model system to study EDMD through expression 
of lamin C mutant isoforms [ 86 ], and complete ablation of gene expression [ 83 ]. 
Animals expressing mutant lamin die in the pupal stages, due to defects in the muscle 
cells that appear as early as the third instar larval stage. These defects include: 
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Myonuclei clustering and mislocalization of lamin and Klaroid (a SUN-domain 
 protein). These aberrations resemble the pathology in tissues of EDMD patients 
 validating the authenticity of  D. melanogaster  as a model system to study this and 
possibly other human laminopathies [ 86 ]. Likewise, human disease-linked mutations 
were introduced into lamin Dm 0 , including the EDMD-linked mutations R386K, 
R453W, W520S and L530P and the dilated cardiomyopathy-linked mutation N195K 
(numbers indicate the amino acid position in human lamin A). The mutant lamins 
either aggregate (N195K and R386K) or induce lethality (W520S) [ 87 ]. 

 While no aberrant morphology of larval muscle or reduction in viability are 
observed in larval muscle cells overexpressing wild type lamin C, expression of 
N-terminally truncated lamin C leads to lethality with multiple defects. These defects 
include lamin C aggregation, deformed nuclear shape and aberrant chromatin con-
densation. The few animals that survive to adulthood display abnormal leg morphol-
ogy [ 88 ]. Overexpression in  Drosophila  of either human lamin A or human progerin, 
(a truncated lamin A mutant that causes progeria), cause severe defects in nuclear 
morphology such as nuclear herniations, invaginations, fragmentation, and forma-
tion of micronuclei. These fl ies also showed a signifi cantly shortened life span [ 89 ]. 

 In conclusion, the investigations of lamins in  C. elegans  and  D. melanogaster  
verify that it is possible to successfully reconstitute various aspects of lamin-linked 
pathology, both at the single cell and the whole organism level. Due to the many 
links between lamins and human cancers, these simple model systems should prove 
useful to investigating roles of lamins that contribute to tumor formation.  

    Conclusions and Future Perspectives 

 Lamins show a remarkable structural and functional conservation in metazoa evolu-
tion. Invertebrate species are used to determine the supramolecular structure of 
lamin fi laments, as well as to decipher the roles of lamins in maintaining nuclear 
shape, regulating nuclear organization, spacing nuclear pore complexes, mitosis, 
heterochromatin organization, and spatial positioning of developmental genes, all 
of which can be linked to human cancers. Both  C. elegans  and  Drosophila  proved 
to be valid models to investigate the physiological roles of lamins. Since disease- 
linked mutations in these organisms at least partly recapitulate the muscle and aging 
phenotypes of human laminopathies, they are excellent models to study the pathol-
ogy of these debilitating diseases and likely also cancer. There are still many open 
questions regarding the structure and functions of lamins. Some of the important 
questions yet to be answered include determination of the atomic structure of the 
lamin dimer, fi nding how lamin fi laments are organized in somatic cells in vivo and 
assessing how their organization is affected by the lamin-binding partners. Another 
critical issue is the regulation, mechanism, and functional specifi city of the lamin 
complexes. Answers to these questions will enhance our understanding of the 
molecular mechanism of laminopathies and lamin roles in cancer.     
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Abstract  The genomes of a wide range of different organisms are non-randomly 
organized within interphase nuclei. Chromosomes and genes can be moved rapidly, 
with direction, to new non-random locations within nuclei upon a stimulus such as 
a signal to initiate differentiation, quiescence or senescence, or also the application 
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of heat or an infection with a pathogen. It is now becoming increasingly obvious 
that chromosome and gene position can be altered in diseases such as cancer and 
other syndromes that are affected by changes to nuclear architecture such as the 
laminopathies. This repositioning seems to affect gene expression in these cells and 
may play a role in progression of the disease. We have some evidence in breast 
cancer cells and in the premature aging disease Hutchinson–Gilford Progeria that an 
aberrant nuclear envelope may lead to genome repositioning and correction of these 
nuclear envelope defects can restore proper gene positioning and expression in both 
disease situations.

Although spatial positioning of the genome probably does not entirely control 
expression of genes, it appears that spatio-epigenetics may enhance the control over 
gene expression globally and/or is deeply involved in regulating specific sets of 
genes. A deviation from normal spatial positioning of the genome for a particular 
cell type could lead to changes that affect the future health of the cell or even an 
individual.

Keywords  Chromosome positioning • Gene positioning • Gene expression • 
Nuclear envelope • Nuclear lamins

Abbreviations

2D	 Two-dimensional
3D	 Three-dimensional
CML	 Chronic myeloid leukemia
FISH	 Fluorescence in situ hybridization
GFP	 Green fluorescent protein
HGPS	 Hutchinson–Gilford progeria syndrome

�Introduction

The development of the technique of fluorescence in situ hybridization (FISH) and 
suitable probes to reveal whole chromosomes and individual genes for diagnostic 
purposes on mitotic chromosomes concomitantly allowed interphase nuclei to be 
analyzed by scientists interested in how the nucleus behaved functionally. The paint-
ing of whole chromosomes and individual gene loci led to the recognition that chro-
mosomes and genes sit in individual locations within interphase nuclei. Indeed, 
chromosomes are found within their own nuclear territories and gene loci housed 
upon those chromosomes often sit at the edges of those chromosome territories [1], 
but can also be nearer the interior of the territories or at a distance away from the core 
individual chromosome territories, distended on chromatin loops (see Fig. 1) [2].
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The ability of FISH to reveal whole chromosomes and genes soon led to mapping 
endeavors whereby it was discovered that chromosomes reside in non-random 
radial locations within interphase nuclei with more gene-poor chromosomes such as 
4, 13, 18, and X found at the nuclear periphery, whereas gene-rich chromosomes 
such as 17 and 19 were found towards the nuclear interior [3, 4]. It should be noted 
that this correlation with gene density was found in proliferating lymphoblasts and 
young proliferating primary fibroblasts [5, 6].

A non-random distribution of the genome that is maintained throughout inter-
phase with all the dynamic processes that occur during this time, e.g., replication 
and transcription, must require energy and significant anchorage points that are 
dynamic in response to external stimuli. Indeed, when one looks further into cells 
that are no longer young and proliferating, diseased or subjected to an external 
stimulus, specific chromosomes and genes change nuclear location. The Bridger 
laboratory has put tremendous effort into finding situations where specific 
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Fig. 1  The translocation of genes to transcription factories via nuclear motor activity. This cartoon 
shows how genes may be relocated to transcription factories at some distance from the main body 
of the chromosome territory that houses the gene. The nuclear myosin moves along actin filaments 
that polymerize where they are needed. There must be a signal from the chromatin to be moved, 
and this must unravel due to changes in chromatin modification, i.e., the histone code. If this pro-
cess does not proceed correctly, then genome stability may be affected, genes may be over-
expressed or under-expressed or become translocated with other chromosomes
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chromosomes and gene loci change location. This is so that we can ask questions 
about how and why the genome is spatially organized and then how and why indi-
vidual genes and chromosomes become reorganized within the nuclear space. We 
have found that specific chromosomes and genes change nuclear position in aged 
senescent cells [7] in laminopathy patient cells [8, 9], cancer cells [10; Hassan 
Ahmed, Harvey, Karteris, and Bridger unpublished data], cells exposed to parasites 
[11; Arican, Bridger, Knight unpublished data], cells subjected to nutritional altera-
tions [6, 12], and temperature change [Arican, Knight, and Bridger unpublished 
data]. All the changes in position that we have revealed have been shown to be non-
random and even in some experiments reversible when the situation/treatment is 
removed/reversed.

The reason why the cell invests energy in the relocation of chromosomes and 
genes to new positions in the nucleus is being answered by determining what hap-
pens to them at their new location with respect to gene up-regulation or down-
regulation. This is either done by techniques such as reverse transcriptase-PCR, 
quantitative real-time-PCR, microarray analysis, RNA FISH or by ChIP-seq and in 
many cases the repositioning correlates with changes in expression. However, how 
the chromosomes and genes move and why they are targeted/directed to areas of the 
nucleus at a distance from their initial environment is not yet clear and requires 
much more investigation. These questions are what stimulates our laboratory and 
we use a number of different situations, external stimuli and organisms to ask the 
questions where, how, and why are chromosomes and genes relocated. Here we 
describe several different experimental systems where such changes in spatial 
genome organization have been observed, ending with similar types of changes that 
we and others have observed in cancer cells that may be able to be taken advantage 
of for new therapies.

�How We Map Genes and Chromosomes in Interphase Nuclei

Our laboratory has mapped many chromosomes and genes in many different cell 
types and organisms but we always use the same two ways of mapping for all situ-
ations for consistency and reproducibility.

We always employ both two-dimensional (2D) mapping that allows us to do lots 
of mapping relatively fast and three-dimensional mapping that takes longer but is 
important to confirm the 2D data. For the mapping to work, it is critical that the 2D 
sample is properly flattened, since we normalize and extrapolate out to three-
dimensional (3D) with our findings and it is critical that the 3D sample has not 
undergone any structural changes since we take precise size and distance measure-
ments from these samples.

For 2D samples imaging is performed, capturing 50 images of each chromo-
some/gene in each cell type. These images are run through a bespoke script that was 
devised by Dr Paul Perry in Prof Wendy Bickmore’s group in the MRC Human 
Genetics Unit in Edinburgh [5]. This script outlines the entire nucleus based on a 
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DNA dye (such as DAPI) and erodes this mask, creating five shells of equal area. 
Within these five shells the intensity of the fluorescent signal from the DNA dye and 
the FISH probe is measured and recorded for each nucleus. In order to normalize for 
more DNA being in the interior shells when a spherical object is flattened, the probe 
signal is divided by the DNA signal. The data are plotted as a bar chart. This method 
does under record the signals that are at the periphery since they may appear interior 
if on the top or bottom of the nuclei but interiorly located signals always appear 
interior and since it is always used in a comparative way with other chromosomes, 
other cell types etc., it works exceptionally well as a method for mapping chromo-
somes and genes.

The 3D FISH method is based on one developed by Profs. Lichter and Cremer in 
Heidelberg to preserve the three-dimensionality of a nucleus while still allowing 
good penetration of the FISH probe [13]. We then use a confocal laser scanning 
microscope to collect optical sections and then the position of a chromosome or 
gene is measured in these images from the geometric center of its signal to the near-
est nuclear edge, whether that be in the x, y or z axis. The results can be normalized 
to a measurement for the size of the nucleus but this does not often change the final 
outcome. The data are plotted as a frequency distribution. This method gives accu-
rate measurements and we find that there are virtually no differences in general 
position when compared to the 2D method.

Live cell imaging for chromosome and gene movement is something we are 
presently working on. It is made complicated because we are often working in pri-
mary cells where transfection and selection of clones would make it impossible to 
collect proliferating cells at the end of the selection, i.e., they would have become 
senescent through the number of passages it would need to collect a colony of cells 
from a single cell. We also need to know what genes and chromosomes we are 
assessing—this is imperative since some chromosomes do not move at all and some 
move considerably. This can however be done using the GFP-lac repressor system 
[14, 15] stably transfected, but it is important when such sequences are added into a 
chromosome that they do not change its behavior, which could happen if the large 
number of repeats created a region of heterochromatin within a chromosome.

�Alterations to Gene and Chromosome Position Using Growth 
Factor Addition and Removal

Addition of specific growth factors to cells in culture can induce cellular differentia-
tion and removal of growth factors induces quiescence, a period of reversible growth 
arrest in cells. Both of these situations are controllable windows in which the cells 
have dramatic changes in their gene expression profiles. Thus, we have developed 
systems that can be controlled easily by the addition or removal of growth factors 
that have allowed us to analyze changes to genome organization in nuclei.

Porcine mesenchymal stem cells were isolated from fresh pig bone marrow and 
grown until there were copious numbers of cells and the culture was purely 
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mesenchymal stem cells [16]. By adding human adipogenic growth factors to the 
medium the pig stem cells differentiated into adipocytes over a 2-week period, giv-
ing committed pre-adipocytes at 7 days. We were interested in what would happen 
from a spatial organizational perspective to genes involved in the adipogenic pro-
cess during this in vitro differentiation. We studied seven genes involved in the 
adipogenesis pathway and six of them had moved to a more interior location after 
14 days of treatment with growth factors, which was correlated with an up-regulation 
in gene expression in all these genes. The seventh gene was GATA2, a gene involved 
in pre-adipogenesis and this gene like the others was more peripheral at day 0 and 
then was found to be more interiorly located on day 7, but it had moved back to its 
original location towards the nuclear periphery by day 14. The movement of this 
gene to the interior also correlated with its up-regulation in expression at day 7 and 
its down-regulation by day 14 [17]. These were quite broad time points and we can-
not determine from these experiments how fast genes respond after a stimulus. 
Other experiments in other experimental systems (see below) address this better.

During the induced adipogenesis of the mesenchymal stem cells the nuclear 
lamina was altered and the longer in adipogenesis induction medium the more cells 
became negative for A-type lamins, with the majority of cells being negative by day 
11 (Foster and Bridger unpublished data). This is a major change in nuclear archi-
tecture and may be involved in allowing various regions of the genome to be freer 
to move into the interior of the nuclei, but as yet there is no direct evidence.

A follow-on study allowed us to ask the question—“where are these genes going?”. 
In agreement with some other studies [18] we found that the gene loci were co-local-
ized in significantly high numbers with SC35 splicing speckles [19]. Others have also 
found genes moving to transcription factories [20]; however, it is possible that these 
transcription factories were very close to splicing speckles and this is why both struc-
tures have been reported as a gene’s destination. By analyzing three genes concomi-
tantly that were each from different areas of the genome, it became clear that all six loci 
(in diploid cells) were found in the same splicing speckle in an individual nucleus 
much more often than could be considered a random occurrence. These data add to 
building body of evidence that genes from the same pathway may be transcribed 
together at common transcription factories or other nuclear structures [21]. This implies 
that some genes may have to travel large distances across the nucleus, avoiding the 
transcriptional structures in their locale and be directed to a specified nuclear location. 
We know from our studies inducing adipogenesis in porcine mesenchymal stem cells 
that whole chromosomes do not tend to move but we have seen genes loop out away 
from the core chromosomal territories on peninsulas that reach into the nucleoplasm.

In another series of experiments we reduced growth factors by placing cells into 
low serum. This makes proliferating primary cells, and some immortalized cells, 
enter a state called quiescence, a reversible growth arrest. As with differentiation 
this comes with a lot of gene expression changes and so makes an interesting induc-
ible biological system in which to study changes to genome organization through the 
spatial positioning of chromosomes and genes. We have also been able to use this 
system to measure very precisely when the genome first responds to an external 
stimulus. We knew from proliferation marker staining that cells are not thought to be 
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quiescent for at least 3 days after the removal of serum. We also knew that at 7 days 
after serum removal some whole chromosomes have a different nuclear location, 
such as chromosomes 13, 18 and 10 [6, 12]. A number of other chromosomes do not 
change their nuclear location, although some individual genes could, as in the adi-
pogenesis system, still change their location through looping out. Most interestingly, 
when we investigated the specific timing of the chromosome shifts we found the 
response to the removal of serum to be much more rapid than 7 days or even 3 days. 
Indeed, after starting our time course at 7 days post-serum removal and working 
backwards, we found that whole chromosomes had become relocated within just 15 
min after serum removal. This implies a directed repositioning requiring energy. In 
subsequent experiments where ATP and GTP were inhibited, the chromosomes 
would no longer relocate after serum removal. These data then begged the question 
what structures/entities that require energy could move chromosomes so rapidly? 
We followed a controversial line of thought that was based upon a small amount of 
evidence that in the nucleus there existed both actin and myosin isoforms that could 
work in concert to create a nuclear motor capable of moving chromatin around the 
nucleus [22–24]. Using immunofluorescence, some nuclear myosin 1β was observed 
in nuclei throughout the nucleoplasm, at the nuclear periphery and at nucleoli [12]. 
This distribution changed dramatically when serum was removed from the cells. 
The myosin 1β became located only in aggregates within the nucleoplasm. Using 
chemical inhibitors of both nuclear actin and myosin we also blocked the movement 
of the chromosomes upon serum withdrawal. Nuclear myosin 1β was also found to 
be a major player in chromosome relocation when we used short interference RNA 
protocols to remove it in >95 % of the cells. This study provides strong evidence to 
support that certain specific chromosomes are moved within the nucleus to new non-
random locations by a nuclear motor (see Fig. 1) [23, 24].

When quiescence is induced in young proliferating primary fibroblasts chromo-
some 10 moves from an intermediate location to a peripheral location. If the hypoth-
esis is absolute that the nuclear interior is for gene expression and the nuclear 
periphery is a region for gene silencing and down-regulation, then the movement of 
a whole chromosome should simultaneously alter the expression of many genes. 
We found that out of 10 genes on chromosome 10 only two were significantly down-
regulated, whereas five were up-regulated when the chromosome moved to the 
periphery. Although this type of question requires global analysis, this small gene 
set already indicates that the nuclear periphery is not purely about gene silencing 
and down-regulation and the effects of repositioning depend on either individual 
characteristics or the local environment of specific genes.

Although many of the genes found associated with the nuclear lamina at the 
nuclear periphery are silenced or down-regulated, active genes can be moved 
towards the nuclear periphery on a chromosome and remain up-regulated [25]. A lot 
of interest is being focused on genes that tether to nuclear pore complex proteins as 
an area of the envelope that is associated with active genes [26]. This further shows 
that spatial positioning within nuclei is involved at some level with the regulation of 
gene expression, but it is much more complicated than a gene just being at the edge 
of the nucleus or the interior.
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�Alterations to Gene and Chromosome Position in Aging  
and Premature Aging

As chromosome and gene position was found to change specifically and reproducibly 
in primary human dermal fibroblasts as they become reversibly arrested, it was per-
tinent to also assess what happens to genome organization in human dermal fibro-
blasts that become silenced at the end of their replicative lives and become senescent. 
Cellular senescence does not mean cells die through apoptosis or necrosis. They sit 
within our tissues and probably send out signals that affect others cells around them 
in a negative capacity. We have mapped all chromosomes in senescent cells and 
have found for the most part their nuclear locations resemble those in quiescent 
human dermal fibroblasts [7]. For example, chromosome X remains at the nuclear 
periphery, and chromosomes 13 and 18 move to the nuclear interior, becoming asso-
ciated (or more intensely associated) with the nucleolus. We also have some data 
that shows that chromosome 18 becomes embedded within and tightly attached to 
nucleoli in senescent human dermal fibroblasts (Bridger, unpublished data).

Most interestingly, there were two chromosomes that were found to be in differ-
ent compartments in senescent cells when compared to quiescent human dermal 
fibroblasts. These were chromosome 15 and chromosome 10. Chromosome 10 was 
the most dramatic with it being at the nuclear periphery in quiescent cells and deeply 
in the nuclear interior in senescent cells—in fact, radially, at two opposing locations 
within the nuclei. This we postulate is so that different levels of control can be main-
tained over the chromosomes. When we looked at the same ten genes as we did for 
the quiescent human dermal fibroblasts, six of them were down-regulated, two did 
not change expression and two were up-regulated. Although this is again a small 
number of genes, it does show that there are measureable differences between the 
two arrested states. Quiescence and senescence are thus maybe not as similar as 
people believe and it is possible that the changes in gene expression are controlled 
by other means rather than just location. Loss of lamin B1 has been implicated in 
controlling genome behavior in senescence, i.e., allowing the creation of senes-
cence associated heterochromatic foci and the relocation of genomic regions away 
from the nuclear periphery [27]. This also shows us that gene down-regulation does 
happen deep within the nucleus. This maybe a different type of silencing than is 
seen for genes at the periphery and this needs to be further investigated since any 
event that prevents proper silencing of genes at senescence could lead to re-
expression and transformation of normal cells to cancer cells.

The chromosome and gene mappers are frequently asked how relevant is looking 
at chromosome positioning in tissue culture cells compared to real situations. When 
we map chromosomes in sections of tissue preserved for their three-dimensionality 
we find similar locations for chromosomes to the in vitro observations—this is has 
been seen both in the pig for a number of tissues from different cell sources in the 
pig [16] and in human skin (Mehta, Kill, Bridger, unpublished data). Indeed, in skin 
we have found chromosome 10 in three different locations depending on cell state—
in proliferating nuclei at an intermediate location as it is in tissue culture cells and 

J.M. Bridger et al.



271

in non-proliferating cells at two opposing locations, at the nuclear periphery and in 
the nuclear interior, as was also seen in vitro. The cellular senescence field has been 
searching for a long time for a suitable biomarker that can properly differentiate 
between senescent and quiescent cells in vivo and perhaps the nuclear location of 
chromosome 10 could be this biomarker if exploited in the right way.

�Chromosome Repositioning in Patient Cells with Mutations  
in the Lamin A Gene

We believe that the nuclear envelope and the proteins found there are responsible for 
organizing the genome in interphase nuclei: thus, we postulate that chromosomes 
and genes might reposition in cells from patients where proteins of the nuclear enve-
lope are affected. We started with the nuclear lamina and the A-type lamins and 
used primary fibroblasts from a group of patients that have a laminopathy. These 
patients had different mutations along the LMNA gene, which encodes for nuclear 
lamins A and C. These laminopathies ranged from muscular dystrophies such as 
autosomal and X-linked Emery–Dreifuss muscular dystrophies to lipodystrophies 
such as Dunnigan’s partial familial lipodystrophy to premature aging syndromes 
such as Mandibuloacral dysplasia and Hutchinson–Gilford Progeria Syndrome 
(HGPS). What we were expecting to do was to map the genome organizing regions 
of lamin A by mapping chromosome location in the different disease cells that were 
proliferating. Interestingly, we found that all the diseases had a completely altered 
chromosome location from the wild-type lamin A that was nonetheless similar 
between the cells from the different diseases [8]. Initially, with the chromosomes we 
were assessing this reorganization resembled the chromosome distribution of all 
non-proliferating cells, which would fit the premature aging aspect of some muta-
tions in lamin A since chromosomes 13 and 18 were found in the nuclear interior. 
This was also seen by another group that also saw changes in gene expression asso-
ciated with the chromosome repositioning [28]. It was not until we assessed chro-
mosome 10 that we found, particularly in the proliferating HGPS cells, that it was 
not a senescent type pattern of chromosome positioning. Instead, it was a quiescent 
one, since territories of chromosome 10 were found at the nuclear periphery in the 
HGPS cells [9]. The effect that LMNA mutations have on these cells seems to 
uncouple the control over the chromosomes position in proliferating cells and 
allows them to take a resting state. This links lamin A to genome organization as has 
been shown recently by Solovei and colleagues [29] and others [30]. In HGPS cells 
chromosome position can be rescued by treating cells with a farnesyl transferase 
inhibitor that does not permit mutant lamin A with a uncleavable farnesyl group to 
be produced [9]. Thus, the toxic lamin A that retains a farnesyl group and associates 
with the nuclear membrane affects genome positioning with cells appearing as in a 
quiescent-like state when they display proliferating markers.

A genome-wide study of the sequences associated with the mutant toxic lamin A 
at the nuclear periphery in mouse confirms that A-type lamins are involved in 
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chromatin and genome organization in nuclei, such that some genes have changed 
their location and are away from the nuclear periphery. On the other hand some 
genes have an enhanced association with the nuclear envelope in the mouse Progeria 
model [31]. In HGPS patient cells we have also shown that fewer telomeres are 
bound to the nuclear architecture which will inevitably affect genome stability and 
regulation (Godwin and Bridger unpublished).

It is interesting that nuclear myosin 1β, the myosin we believe is involved in 
moving some chromosomes around nuclei, is distributed quite differently in non-
proliferating cells and in HGPS cells—as large aggregates in the nucleoplasm and 
absent at the nuclear periphery and nucleoli. Thus, we would predict that chromo-
somes and maybe even genes are not transposable around the nucleus in a resting 
state or a diseased state such as HGPS. This hypothesis is yet to be tested in normal 
cells, but we do know that chromosomes are not repositioned in restimulated quies-
cent human dermal fibroblasts until the cells have been through mitosis [6, 12], 
which takes more than 24 h from when the serum is readded. These timescales are 
similar to those seen for chromosome movement when specific nuclear envelope 
transmembrane proteins (NETs) as opposed to lamins are removed [32].

�Alterations to Gene Position in Cells Exposed to a Pathogen

Pathogens are known to use their hosts for their own benefit and this may go as far 
as manipulating the hosts’ genomes to alter host gene expression. We have been 
studying the effects on genes within the secondary host of the tropical disease schis-
tosomiasis (bilharzia) which eventually leads to liver cancer in the human host. The 
host is the freshwater snail Biomphalaria glabrata. The snail is infected by mira-
cidia found in water polluted with human feces. The miracidia burrow into the snail 
and develop into the next stage of their life-cycle. We have been looking at genes 
that are up-regulated in the snail after an infection with schistosoma. Two systems 
have been employed: an in vitro cell system whereby miracidia are only placed in 
the media with a snail cell line [11] and actual infected whole organisms. The schis-
tosoma miracidia can be irradiated so that they are still alive and can burrow into the 
snails but are attenuated and do not progress further to an infection. In both these 
systems we have determined that exposure to the fully functioning parasite induces 
the genes that are up-regulated in these infections to be relocalized within the 
nuclear environment (Arican, Bridger, and Knight unpublished). By doing close 
time studies we have been able to show that the gene moves slightly prior to its 
being switched on and expressed. This helps answer an important question in the 
field as to whether genes and chromosomes move before they alter their transcrip-
tional status as some have proposed that transcriptional activation can actually drive 
a gene away from the nuclear periphery.

The experiments with the attenuated parasite have been an important control 
since in the co-culture in vitro system the normally up-regulated genes were not 
relocated in interphase nuclei and remained stationary [11]. Further, in the whole 
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organism experiments two genes did not move with attenuated parasite, remaining 
in their non-random location. However, one gene moved in the same direction under 
the same early time point in both attenuated and unirradiated miracidia samples. 
This shows that this gene is expressed due to the infiltration of the parasite into the 
host rather than any control or influence over the host genome. This species of snail 
also has a resistant laboratory bred strain in which the two genes that move in the 
susceptible strain are not expressed and remain stationary.

In order to work towards understanding where these genes are travelling to and 
what takes them to their new location upon a parasitic infection, we went back to the 
snail cells in culture and established a heat-shock stimulus, where cells were moved 
from 27 °C to 32 °C for 1 h. This allowed the gene hsp70 to be expressed. From the 
literature we know that genes can move to PML bodies [33], SC35 speckles and 
transcription factories when they become active. Using 3D fixation and immuno-
FISH in the snail we were able to see these structures with the gene loci of interest. 
Upon heat shock we found that there was a significantly increased number of gene 
loci associated with transcription factories as revealed by anti-RNA polymerase II 
antibodies. This association correlated with the increased gene expression of the 
hsp70 gene.

Whilst staining the snail cells with antibodies that may have crossed the species 
we found that anti-nuclear myosin 1β that recognizes a nuclear myosin in human 
cells stained very strongly around the nuclear envelope and had foci throughout the 
nucleoplasm of the snail cells. We are already advocates of a nuclear motor system 
in cells moving chromosomes and possibly genes around functionally in the nucleo-
plasm. A drug that inhibits nuclear myosin polymerization was used and it removed 
all the internal foci of nuclear myosin 1β staining within the nucleoplasm. It also 
inhibited the genes moving to their new internal location and a produced much 
reduced expression of the hsp70 gene. Thus, we believe, even in organisms such as 
molluscs they use the same system of moving around specific genes to regulate 
their expression and they do this via a nuclear motor system as has been shown in 
human cells.

We believe that the system we have found whereby a pathogen will influence 
genome reorganization in a host is a general mechanism benefitting the pathogen. 
This has been seen with a viral infection that elicited specific chromosome reposi-
tioning [34]. In a long term infection it may difficult for a host to regain control 
of  its genome and cells may change their behavior through instability and 
become  transformed, leading to either cellular premature senescence, death or 
immortalization.

Unlike other studies in the mammalian cells where we have shown genes moving 
more to the nuclear interior when they get up-regulated, in the snail cells we see 
genes that become activated move towards the nuclear periphery. This may have to 
do with the snail nuclear envelope being different to higher organisms and not such 
an area for down-regulation and silencing. Indeed, B. glabrata seems to have nuclear 
lamins, but they are more akin to Drosophila lamins than mammalian lamins (Town 
and Bridger, unpublished) and may instigate a different type of genome organiza-
tion within this species/Genus.
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�Alterations to Genome Organization in Cancer

Genome organization is altered in cancer cells as has been shown nicely many years 
ago by the distribution of centromeres and telomeres being altered in bladder carci-
noma cells [35]. A number of more recent studies now show abnormal chromosome 
positioning in cancer cells. Abnormal relocation of chromosome 18 from the nuclear 
periphery to the interior has been reported in several types of tumor cell lines, 
including those derived from melanoma, cervix carcinoma, colon carcinoma, 
Hodgkin’s lymphoma, and metastasizing cells from a colon carcinoma [36]. 
Moreover, several reports support the idea of a functional correlation between non-
random chromosome positioning and formation of specific chromosome transloca-
tions, for example human chromosomes 9 and 22 in chronic myeloid leukemia 
(CML) [37] as well as the correlation between tissue specific spatial organization 
and tissue specific translocations [38]. These findings are particularly compelling 
because chromosomes that tend to be adjacent to one another are much more likely 
to form particular fusion proteins from translocations that are prevalent in a particu-
lar tumor type. That this would be observed in large numbers of patients at the level 
of a specific fusion protein underscores that patterns of spatial genome organization 
are very highly conserved. Furthermore, the nuclear positions of chromosomes 10, 
18 and 19 were assessed in normal thyroid tissue and compared to several types of 
thyroid cancers including adenomatous goiters, papillary carcinomas, and undif-
ferentiated carcinomas. There was no difference in chromosome position in the nor-
mal and goiter tissue with chromosomes 10 and 18 positioned towards the nuclear 
periphery and chromosome 19 in a central location. However, in the papillary carci-
noma tissue chromosome 19 was located more centrally. Furthermore, in undiffer-
entiated carcinomas all the chromosomes assessed were mislocalized [37]. Marella 
et al. in 2009 [40], used normal human WI38 lung fibroblast and MCF10A epithe-
lial breast cells and identified that similar levels of association were found in WI38 
and MCF10A (both are non-tumorigenic) for chromosomes 1, 4, 11, 12, 14, and 16, 
whereas a nearly twofold increase in chromosomes 4 and 16 associations was found 
in a malignant breast cancer cell line (MCFCA1a) compared to the related normal 
epithelial cell line (MCF10A). This demonstrates that chromosome associations are 
cell-type specific and undergo alterations in cancer cells [40]. Furthermore, Wiech 
et al. 2005 analyzed chromosome 8 positions in wax embedded pancreatic cancer 
tissue samples. Their results obtained from non-neoplastic pancreatic cells indi-
cated that the radial arrangement of the chromosome 8 territories did not signifi-
cantly differ between normal individuals. However, in pancreatic tumors, the radial 
distance changes indicated the repositioning of chromosome 8 to the nuclear periph-
ery. Positioning changes were also observed in breast cancer. In non-neoplastic duc-
tal epithelium of the breast, there was a large distance between the position of the 
centromere 17 and HER2 domains among individuals. In neoplastic epithelial breast 
cells, the distances between centromere and gene domains were smaller than in non-
neoplastic cells. The centromere and the gene encoding HER2 on chromosome 17 
were shown to reposition to a more internal location [41, 42]. A later study by 
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Wiech et al. in 2009 looked at cervical carcinomas. They reported repositioning of 
chromosome 18 during cell differentiation of cervical squamous epithelium towards 
the nuclear center, whereas cervical squamous carcinomas showed a repositioning 
of chromosome 18 towards the nuclear periphery [43].

Therefore, changes in the radial position of specific gene loci in cancer cells 
could contribute to tumorigenesis, but further investigation is still needed. These 
observations strongly support the idea that the genomic regions influenced by states 
of gene activity and cell-type specific genome architecture are predisposed towards 
translocations that are characteristic to specific cell types and cancers.

All the aforementioned studies did not assess the status of the nuclear structure, 
especially those proteins involved in genome organization. Other studies only look 
at nuclear structure changes with respect to cancer and do not look at any genome 
behavioral changes [44]. Changing the nuclear architecture will have a direct effect 
on the genomes’ stability and may then lead to cancer.

�Alterations to Gene and Chromosome Position in Breast 
Cancer Cell Lines Can Possibly Be Manipulated to Reduce 
Cancer Phenotypes

A number of studies have shown that in cancer cells whole chromosomes and spe-
cific gene loci can change nuclear location away from the norm. Indeed, transloca-
tions prevalent in cancer cells can place genes in new locations in interphase nuclei 
that affect their behavior and expression profiles as has been shown with HLXB9 in 
pediatric leukemia [45].

One of the best studies for looking at gene repositioning in cancer is that of 
Meaburn and Misteli for loci of genes that are involved in some of the important 
changes in breast cancer. These authors showed a number of genes were non-
randomly located at new locations in a 3D culture model system and in tumor tissue 
sections. They showed altered positioning of cancer-associated genes such as AKT1, 
BCL2, ERBB2, and VEGF loci, although no correlation was found between this 
radial redistribution and gene activity levels [46].

Meaburn et al. in 2009 expanded on their study of the repositioning of genes that 
are involved in breast cancer. From 11 normal human breast and 14 invasive breast 
cancer tissue specimens, they identified eight genes (HES5, ERBB2, MYC, FOSL2, 
HSP90AA1, AKT1, TGFB3, and CSF1R) that had altered their position in breast 
cancer [47] Excitingly, the position of a specific gene, HES5, a transcription repres-
sor that regulates cell differentiation, could distinguish between a cancerous tissue 
and a healthy one with almost 100 % accuracy. Alteration or repositioning of this 
gene has been associated with tumorigenesis and was observed in several types of 
breast cancer so that it could prove a useful diagnostic tool [47].

The studies by Meaburn and Misteli did not link any actual nuclear or chromo-
somal event or aberration in nuclear structure to this change in location. However, in 
a study using a panel of breast tumor epithelial cell lines we found that whole 
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chromosomes were mis-positioned as well as individual genes. Most interestingly, 
when genes were mislocalized without repositioning of the whole chromosome they 
were found out on loops at some distance from the chromosomes. Interestingly, we 
also found that a number of the cells lacked or had reduced levels of lamin A and 
lamin B receptor that have been implicated in gene/chromosome/chromatin position 
by us and others. The cells also had large accumulations of B-type lamins in the center 
of their nuclei. The cell lines with the most pronounced loss or changes in nuclear 
envelope proteins had the most changes with respect to breast cancer gene relocation. 
In fact the three genes that were focused upon, HER2, HSP90AA, and AKT1, were 
found towards the nuclear periphery in these aberrant cells. When the cells were 
treated with a drug that restored lamin B receptor to the nuclear periphery and placed 
lamin B back at the nuclear periphery, one cell line had the genes HER2, HSP90AA, 
and AKT1 become more internal with a corresponding up-regulation of all three genes. 
However, another cell line pulled the same genes more towards the nuclear periphery 
after treatment which correlated with a down-regulation of expression in AKT1 and 
HSP90AA (Hassan Ahmed, Harvey, Karteris, and Bridger, unpublished data).

This is a very important finding because it links nuclear envelope aberrations with 
genome mislocalization in cancer. Though the reasons for the differences between 
cell lines need to be determined, our ability in this study to correct to a certain extent 
the nuclear envelope abnormalities and correspondingly restore proper gene location 
and expression may open the way for novel therapeutic treatments.

�Summary

The non-random spatial positioning of the genome within nuclei appears to be 
highly relevant to controlling gene expression and silencing [49]. The gene-density 
distribution of chromosomes in proliferating cells requires energy and highly orga-
nized tethering to nuclear structures to be maintained. This organization is changed 
dramatically when cells become non-proliferating, perhaps some of the positioning 
is more relaxed requiring less energy to maintain. However, there are some notice-
able differences between quiescent and senescent cells and we believe this is due 
differences in gene expression profiles but also the absolute need to silence irrevers-
ibly in senescent cells to prevent reactivation and these cells becoming cancerous. 
This silencing, we postulate, will be deep within nucleus.

It is not only chromosomes that move around nuclei after a stimulus but indi-
vidual genes. These genes can move to new areas around the nucleus without the 
whole chromosome moving. We predict that these genes translocate across the 
nucleus in a directed manner, to structural entities such as transcription factories or 
splicing speckles for example using nuclear motor activity (see Fig. 1). We believe 
that the nuclear motors require nuclear envelope proteins such as emerin and the 
lamins to function correctly [48]. These genes will meet other genes at the transcrip-
tion factories, and if this movement, co-occupation, transcription, and the return of 
the gene to its original location is not functioning correctly, then it is possible that 
chromosomal translocations are formed that are a hallmark of cancer [44].
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Pathogen-led spatial reorganization of the genome is a newly discovered process 
and we need to discover how the pathogen controls specific selected gene expres-
sion but further we need to determine what irreversible alterations have been elic-
ited in the cell that will affect its future.

Data from breast cancer cells and the premature aging disease HGPS demonstrates 
that the nuclear envelope is involved in chromosome and gene positioning, especially 
proteins such as A-type lamins, lamin B receptor and lamin B. Finally, and perhaps 
most importantly, these studies on gene repositioning and its consequences in cancer 
cells may pave the way for novel therapeutic interventions or combination treatments 
to inhibit tumor cell proliferation and restabilize the genome in cancer cells.
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               Introduction 

 The nuclear pores are enormous complexes that perforate the nuclear envelope and 
direct the traffi cking of macromolecules between the cytoplasm and nucleus [1]. 
There are typically between 2,000 and 3,000 nuclear pore complexes (NPCs) per 
mammalian nucleus [2], and each one is made up of over 30 core proteins in mul-
tiple copies [3, 4] that together with transport receptors and cargoes give an esti-
mated total mass by cryo-electron microscopy of ~125 MDa [5, 6], making them 
among the largest protein structures in the cell. The transport receptors bind to 
sequences on cargo proteins called nuclear localization signals (NLSs) for transport 
into the nucleus and nuclear export signals (NESs) for transport out of the nucleus: 
several proteins with NESs bind to mRNAs to promote their export from the nucleus. 
The small GTPase Ran and its associated exchange proteins RCC1 and RanGAP are 
involved in cargo release after transport and recycling of transport receptors [1]. 
Although much of transport is unidirectional, many proteins have both NLSs and 
NESs that enable their shuttling between the nucleus and cytoplasm and the overall 
direction of transport at any given time is often directed by posttranslational modi-
fi cations that either inactivate or make one of the localization signals inaccessible. 

 We have seen in Part II how several components of the NPCs have separate func-
tions in mitosis involved in mitotic spindle and kinetochore function while others 
contribute to nuclear envelope reassembly at the end of mitosis. These functions are 
critical for the cell cycle and thus can play a central role in cancer development. 
However, there are even more ways that the NPCs can play roles in cancer develop-
ment in interphase cells. Obviously direct transport roles can impact on the relative 
ratios of oncogenes in the nucleus versus in the cytoplasm to activate various tran-
scriptional programs linked to cellular transformation, and likewise this same func-
tion could keep tumor suppressors out of the nucleus and thus ineffective. An 
example of this type of regulation was found in Yusuke Nakamura’s laboratory for 

     Part IV
Functions of the NPC in Cancer 



282

c-myc, which is translocated into the nucleus in a manner specifi cally dependent on 
the function of the NPC protein Nup205 together with the function of a nuclear 
envelope transmembrane protein NET31/Tmem209 [7]. Tmem209 is normally 
expressed highest in testis, but in this study they found that Tmem209 was strongly 
upregulated in lung cancer—both small-cell lung carcinoma and large-cell lung car-
cinoma. Searching for a function for Tmem209, they found its knockdown decreased 
the proliferation of lung cancer cells and expressing it exogenously promoted cell 
proliferation. Interestingly, a central effect of upregulating Tmem209 was to stabi-
lize levels of the NPC protein Nup205 with a corresponding increase in the nuclear 
levels of c-myc, and this is thought to be the mechanism by which it plays a role in 
lung cancer. Moreover, individual NPC proteins have been found to play specifi c 
roles in tumorigenesis with some even being involved in specifi c chromosome 
translocations. 

 In this section, we fi rst have Dan Simon and Mike Rout, who fi rst identifi ed the 
proteome of the NPC, of Rockefeller University providing a brief overview of the 
large number of NPC proteins that have been found to play roles in a wide range of 
tumors. They further raise the interesting possibility that the mechanisms viruses use 
for hijacking the NPCs parallel some of those used in tumorigenesis. Next, Chelsi 
Snow and Bryce Paschal, who discovered one of the fi rst export factor families, of 
the University of Virginia give an in-depth view of the role of Tpr, a principal com-
ponent of the nucleoplasmic face of the NPC called the nuclear basket, in both can-
cer and aging, specifi cally with regard to the premature aging progeroid syndromes 
directly caused by mutation of nuclear envelope proteins. This chapter moreover 
very nicely covers the relationship between aging and cancer, which is critical for 
understanding many aspects of tumorigenesis. This is followed by a detailed look at 
the Ran GTPase as a metastagene by Mohamed El-Tanani, who has led the investi-
gation into Ran functions in cancer, together with Kyle Matchett and other col-
leagues from Queen’s University Belfast, Trinity College Dublin, and University of 
Ulster. Ran is a small GTPase, similar in its characteristics to the many small 
GTPases linked to cancer such as the Ras, Rac, and Rho families. In this chapter the 
authors give evidence of how Ran can increase the metastatic potential of tumors as 
well as describing in detail its role in nuclear envelope reformation. Finally, in the 
last chapter of this section Beric Henderson, who has led much of the research into 
IQGAP and BRCA1, together with Manisha Sharma and other colleagues from the 
University of Sydney, discusses how the Wnt signaling pathway, often linked to 
tumorigenesis and metastasis, interacts with the NPC in its cancer roles.
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    Abstract     The nuclear pore complex (NPC) mediates traffi cking between the cyto-
plasm and nucleoplasm. It also plays key roles in other nuclear processes such as 
chromatin silencing, transcriptional regulation, and DNA damage repair. 
Nucleoporins, the structural components of the NPC, have been linked to a multi-
tude of cancers through chromosomal translocations generating fusion proteins, 
changes in protein expression levels, and single point mutations. Only a small num-
ber of nucleoporins have been linked to tumorigenesis thus far, and these proteins—
Nup62, Nup88, Nup98, Nup214, Nup358/RanBP2, and Tpr—line the traffi cking 
pathway and are particularly associated with mRNA export. Overexpression of sev-
eral associated nuclear export factors, most also involved in various stages of mRNA 
export, has been linked to cancers as well. Some oncogenic nucleoporin mutants are 
mislocalized to either the cytoplasm or nucleoplasm while others are incorporated 
into the NPC, and in all these cases they are thought to misregulate signaling path-
ways and transcription through either altered or diminished nucleoporin functional-
ity. Intriguingly, many viruses target the same cancer-linked nucleoporins, often 
causing their degradation or mislocalization, implying that these viruses exploit 
some of the same weaknesses as the oncogenic defects.  
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  Abbreviations 

   NPC    Nuclear pore complex   
  NE    Nuclear envelope   
  Tpr    Translocated promoter region   
  NLS    Nuclear localization signal   
  HGFR    Hepatocyte growth factor receptor   
  NTrk1    Neurotrophic tyrosine receptor kinase 1   
  FGFR1    Fibroblast growth factor receptor 1   
  EMS    8p11 myeloproliferative syndrome   
  AML    Acute myeloid leukemia   
  AUL    Acute undifferentiated leukemia   
  MDS    Myelodysplastic syndrome   
  T-ALL    T-cell acute lymphoblastic leukemia   
  IMT    Infl ammatory myofi broblastic tumor   
  Alk    Anaplastic lymphoma kinase   
  B-ALL    B-cell acute lymphoblastic leukemia   
  CML    Chronic myelogenous leukemia   
  CMML    Chronic myelomonocytic leukemia   
  JMML    Juvenile myelomonocytic leukemia   
  eIF4E    Eukaryotic initiation factor 4E   
  TMEV    Theiler’s murine encephalomyelitis virus   
  VSV    Vesicular stomatitis virus   
  HIV-1    Human immunodefi ciency virus   

          Introduction 

 The nuclear envelope (NE), a double membrane extension of the ER, separates the 
nucleoplasm from the cytoplasm. Embedded within pores in the NE (termed nuclear 
pores) are nuclear pore complexes (NPCs). The NPC is arguably the largest multi- 
protein complex in eukaryotic cells (60–120 MDa in human cells) with an evolu-
tionarily conserved eightfold structural symmetry [ 1 – 4 ]. Each NPC is organized 
around a core composed of eight spokes joined by rings that surround the central 
transport channel (Fig.  1 ). A single NPC is comprised of multiple copies of ~30 
different proteins, termed nucleoporins, which are made up from a limited set of 
structural domains that includes α-helices, β-propellers, (Phe-Gly) FG repeats, WD 
domains, and transmembrane domains [ 3 – 5 ]. Despite much progress, we still have 
neither a high-resolution structure for the NPC, nor a full picture of the many vari-
ants on this structure that are suspected between different organisms and tissues [ 4 ].

   The primary, and perhaps best characterized, function of the NPC is to mediate 
the passive exchange of small molecules and the active transport of macromolecules 
between the nucleoplasm and cytoplasm. FG repeat-containing nucleoporins form 
an intrinsically disordered barrier in the central transport channel that, through a still 
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largely undetermined mechanism, impedes the passage of nonspecifi c macromole-
cules while mediating the passage of FG repeat-binding soluble transport factors 
(most falling into a family of chaperones termed karyopherins, or importins and 
exportins) carrying their specifi c cognate cargo macromolecules through the NPC 
[ 3 ,  6 ]. A gradient of the GTPase Ran, maintained by Ran cofactors, determines trans-
port directionality by triggering the release of cargoes on the correct side of the NE 
[ 7 ]. Peripheral fi laments, formed by a subset of nucleoporins, emanate from the core 
structure into both the nucleoplasm and cytoplasm—and though they too play a role 
in transport, they also connect the NPC to numerous other cellular processes. On the 
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cytoplasmic side, the fi laments are mostly disorganized and play a vital role in medi-
ating traffi c through the NPC [ 3 ,  6 ]; they couple mRNA export to translation initia-
tion at ribosomes [ 8 ] and connect the NPC to the cytoskeleton [ 9 – 11 ]. The nuclear 
fi laments appear more structured, forming a basket-like structure. This  basket plays 
key roles in transport regulation, in particular the assembly and proofreading of 
mRNP (messenger ribonucleoprotein) complexes prior to export. It also connects 
RNA export with DNA maintenance and transcriptional regulation, organizing com-
plexes in the vicinity of the NPC that control DNA damage repair, chromatin silenc-
ing and the transcriptional activation of many genes [ 12 – 15 ]. However, the molecular 
mechanisms of these NPC-associated processes are still largely unresolved. 

 The NPC is therefore essential not only to regulating transport between the nucleo-
plasm and cytoplasm but also to controlling genome organization and expression. 
These central cellular roles make it unsurprising—in retrospect—that the NPC has 
been linked with many diseases. These especially include cancers (Fig.  1 ). 
Nucleoporins have been directly implicated in cancers via three routes: chromosomal 
translocations generating fusion proteins; changes in protein expression levels; and 
single point mutations. Although found associated with cancers, whether or not many 
of these fusions and mutations are the primary cause or a downstream consequence of 
the disease, or are directly or indirectly linked to the processes of oncogenesis, 
remains unclear. Additionally, many viruses target NPC components, clearly facilitat-
ing viral infections and even sometimes also leading to oncogenesis. As viruses have 
been termed “nature’s cell biologists,” it seems likely that they are exploiting some of 
the same weaknesses as the oncogenic defects. The involvement of NPC components 
in cancer has been described in great detail in several recent reviews [ 4 ,  16 – 21 ], here, 
we will give a brief overview of these rapidly burgeoning areas of investigation, 
focussing on those nucleoporins particularly implicated in these diseases.  

    Tpr 

 Translocated Promoter Region (Tpr) is a ~270 kDa protein that forms the bulk of the 
NPC nuclear basket. With Nup153 and other partners, it forms NPC-linked fi laments 
that extend into the nuclear interior [ 22 ]. Tpr and the various macromolecular com-
plexes it recruits also maintain chromatin-free “channels” near the NPC, mediate 
export of proteins and mRNA, regulate telomere length and the mitotic spindle check-
point, and help organize both the nuclear peripheral epigenetic silencing of some 
genes and the regulated transcriptional activation of others [ 13 ,  23 – 30 ]. The N-terminal 
coiled-coil domain of Tpr consists of multiple heptad repeat or leucine zipper motifs, 
while the acidic C-terminus is mostly unstructured (Fig.  2a ) [ 31 ]. The coiled-coil 
domains are proposed to mediate dimerization and assembly of Tpr into the NPC, 
while the C-terminal domain contains a Nuclear Localization Sequence (NLS) [ 32 ].

   Tpr was the fi rst NPC component linked to cancer, as part of the MET oncogene 
in transformed osteogenic sarcoma cells, although at the time it was not yet known 
as a nucleoporin [ 33 ]. In this chromosomal translocation, the fi rst 199 residues of 
Tpr are fused with the kinase domain of the Hepatocyte Growth Factor Receptor 
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(HGFR), generating a 65 kDa protein that localizes to the cytoplasm (Fig.  2a ). The 
fusion protein dimerizes via the Tpr heptad domains and, since it lacks the HGFR 
ligand binding domain and the domain modulating its ubiquitin- mediated degrada-
tion, it acts as a constitutively active kinase that activates the Ras/MAPK and PI3K 
pathways [ 34 – 37 ]. Thus the mechanism of oncogenesis in this case seems at fi rst 
glance to be incidental to Tpr being an NPC component. Despite being the fi rst 
carcinogenic chromosomal translocation fusion of a tyrosine kinase to be discov-
ered, Tpr translocations are actually rare in human tumors but Tpr-Met fusions are 
associated with gastric carcinomas where they are thought to represent an early step 
in carcinogenesis [ 38 ,  39 ]. 

 Tpr has also been found fused with other tyrosine receptor kinases. Two different 
chromosomal translocations joining Tpr and Neurotrophic tyrosine receptor kinase 
1 (NTrk1 or TrkA) were found in patients diagnosed with papillary thyroid carcino-
mas. In these translocations, either the fi rst 199 or 1024 Tpr residues are fused with 
the kinase domain of NTrk1 generating oncogenic proteins with predicted masses 
of 66 kDa and 171 kDa, respectively (Fig.  2a ) [ 40 ,  41 ]. As with Tpr-Met fusions, the 
Tpr-NTrk1 fusion creates a constitutively activated kinase that activates signaling 
via PLC-γ, SHC, FRS2, FRS3, IRS1, and IRS2 [ 17 ,  41 ,  42 ]. The Tpr- NTrk1 fusion 
containing the fi rst 1024 Tpr residues includes the NPC-targeting site, but associa-
tion of the fusion protein with NPCs has not been tested [ 42 ]. More recently a 
translocation generating a ~160 kDa fusion of the fi rst 1032 residues of Tpr with the 
kinase domain of Fibroblast Growth Factor Receptor 1 (FGFR1) was identifi ed in a 
patient diagnosed with 8p11 myeloproliferative syndrome (EMS) [ 43 ]. 

 Notably, when six different human colorectal cancer tumors were examined, Tpr 
expression levels were found to be decreased fourfold to fi vefold in all of them [ 44 ]. 
In yeast, disruption of the basket components (the MLP proteins) leads to a multi-
tude of viable and disparate phenotypes, including alterations in gene expression, 
telomere tethering, epigenetic control, and RNA processing and export [ 28 ,  30 ]. 
Thus, as well as dimerization activation of the fusion protein described above, it is 
possible that the reduction of normal Tpr at the NPC may contribute signifi cantly to 
the mechanism of oncogenesis.  

    Nup214 

 Nup214 (originally named CAN) is a developmentally essential nucleoporin local-
ized to the cytoplasmic side of the NPC [ 45 ]; it is a component of cytoplasmic fi la-
ments, and forms a sub-complex with Nup88 that mediates mRNA export [ 46 ,  47 ]. 
The N-terminal portion of Nup214 contains β-propeller and coiled-coil domains, 
while the C-terminus is largely unstructured and contains degenerate FG and FxFG 
type repeats which bind to nuclear transport factors including the export receptor 
Crm1 (Fig.  2b ) [ 48 ]. 

 Nup214 was fi rst identifi ed as part of fusion proteins from chromosomal translo-
cations in patients diagnosed with acute myeloid leukemia (AML), which have 
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since also been found in acute undifferentiated leukemia (AUL), myelodysplastic 
syndrome (MDS), and T-cell acute lymphoblastic leukemia (T-ALL) [ 17 ,  20 ]. Many 
of these chromosomal translocations join Nup214 to either Dek (~165 kDa; [ 49 ]) or 
Set (~155 kDa; [ 50 ]). Dek and Set are both normally localized in the nucleoplasm 
where they are thought to play roles in chromatin organization and transcriptional 
regulation [ 20 ,  51 ]. Both fusions are structurally similar, joining almost the full Dek 
or Set proteins to the C-terminal two-thirds of Nup214, which includes a portion of 
the coiled-coil domain and the entire FG-repeat domain (Fig.  2b ). Neither Nup214- 
Dek nor Nup214-Set fusion proteins have been found to associate with the NPC, but 
are instead located in distinct nucleoplasmic puncta [ 52 ]. 

 The mechanisms by which Nup214-Set and Nup214-Dek fusions lead to cancers 
are unknown, but it has been proposed that the fusion proteins aberrantly alter tran-
scription and chromatin organization [ 17 ,  20 ]. The  HOXA  genes are upregulated in 
fi ve patients analyzed carrying the Nup214-Set fusion, suggesting that Nup214-Set 
may act by blocking differentiation of hematopoietic cells [ 53 ]. Overexpression of 
the Nup214-Dek fusion protein also increases mRNA translation in myeloid cells 
due to hyper-phosphorylation of the eukaryotic initiation factor 4E (eIF4E) [ 54 ]. 
The fusion proteins in the nucleoplasmic puncta may still bind to Nup88 via the 
partial coiled-coil domain of Nup214 [ 55 ] and can still bind to Crm1 via the FG 
repeat domain of Nup214. This in turn suggests that aberrant recruitment of nucleo-
porins and transport factors to these puncta may contribute to the mechanism of 
oncogenesis, compounded with reduction of normal Nup214 (and these aberrantly 
recruited proteins) at the NPCs [ 17 ,  55 ,  56 ]. 

 A unique Nup214 chromosomal translocation was discovered in ~5 % of T-ALL 
patients where a small portion of chromosome 9 is circularized and episomally 
expressed generating a fusion of the Nup214 N-terminal domain with most of the 
Abl1 kinase [ 57 ]. The Nup214-Abl1 fusion is the second most common Abl1- 
containing cancer associated gene fusion, where only the circularized form of this 
fusion has been found to date [ 58 ]. Nine different Nup214-Abl1 fusions, ranging in 
size from ~239 to 333 kDa, have been observed in T-ALL patients. In all of these 
the N-terminus of Nup214 (including its β-propeller, coiled-coil, and varying 
amounts of the FG repeat regions) is fused to most of the Abl1 protein (including its 
SH2, SH3, and tyrosine kinase domains) (Fig.  2b ) [ 58 ]. The Nup214-Abl1 protein 
is an active kinase [ 57 ]. Unlike Tpr-Met, the coiled-coil domains from Nup214 are 
not suffi cient for dimerization and activation of the kinase in the Nup214-Abl1 pro-
tein. Instead, the coiled-coil domains bind to Nup88 and mediate association of the 
fusion protein with the NPC. Kinase activation then occurs though cross-phosphor-
ylation of Nup214-Abl1 by neighboring fusion proteins [ 59 ]. Consequently, the 
activated Nup214-Abl1 fusion protein is tethered to the cytoplasmic fi laments of the 
NPC from where it perhaps misregulates transport through the NPC by an unknown 
mechanism, or may aberrantly activate signaling cascades by phosphorylation of 
signaling proteins in the cytoplasm [ 17 ,  20 ]. The Nup214-Abl1 fusion protein is 
relatively weak as an oncogenic protein requiring 70–200 days to induce disease in 
mice compared to the 20 days necessary for the Bcr-Abl1 fusion to cause cancer in 
mouse T-cells [ 17 ,  59 ]. 
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 One T-ALL patient was found to carry a chromosomal translocation fusing a 
small portion of the Nup214 FG repeat domain (14 repeats out of 44) with the 
N-terminal half of Sequestosome 1 (SQSTM1/p62) (Fig.  2b ) [ 60 ]. The localization 
of this fusion protein and mechanism of its activity are unknown. SQSTM1 is a 
ubiquitin binding adaptor protein that facilitates formation of signaling complexes 
in NFκB, ERK-1/2, p38 MAPK, and PKCζ pathways and thus functions in bone 
remodeling, adipocyte differentiation, and the infl ammatory response [ 61 – 66 ]. 
SQSTM1 is also involved in targeting unfolded proteins for degradation [ 64 ,  67 ]. 
Interestingly, SQSTM1 knockout correlates with decreased growth of multiple 
myeloma cells in mice [ 62 ], but whether this occurs through its function in ubiqui-
tination or another mechanism is unknown. Finally, in three B-cell acute lympho-
blastic leukemia (B-ALL) patients a portion of chromosome 9 that included genes 
for SET, Nup214, and Nup188 was deleted, resulting in a ~2-fold decrease of mRNA 
levels of Nup214 and Nup188 [ 68 ]. Expression of several  HOXA  genes was upregu-
lated in these patients, suggesting that normal function of SET, Nup214, and Nup188 
is necessary for correct transcriptional regulation of  HOXA  genes, but whether via 
transport functions or loss of the SET oncogene or other functions is unknown.  

    Nup358/RanBP2 

 A multifunctional component of the cytoplasmic fi laments, Nup358/RanBP2 is 
anchored at the NPC by the Nup88/Nup214 subcomplex [ 69 ]. It plays major roles 
in nuclear export [ 69 ,  70 ] and import [ 71 ] by providing a docking site for Ran and 
its cofactors, also mediating SUMOylation of the Ran cofactor RanGAP1 as well as 
of various cargo proteins [ 72 – 74 ]. Nup358/RanBP2 has multiple domains, includ-
ing a leucine-rich domain, zinc-fi nger motif, four Ran binding domains, a cyclophilin 
homology domain, a SUMO E3 ligase domain, and several FG repeats (Fig.  2c ) 
[ 75 ]. During mitosis Nup358/RanBP2 is found at kinetochores where it is involved 
in spindle formation and chromosome segregation [ 9 ,  76 ,  77 ]. Nup358/RanBP2 also 
links the NPC to the cytoskeleton by binding to the kinesin motors KIF5B and 
KIF5C [ 10 ,  11 ]. 

 In one EMS patient the leucine-rich domain of Nup358/RanBP2 was fused with 
the tyrosine kinase domain of FGFR1 (Fig.  2c ) [ 78 ]. The breakpoint in FGFR1 was 
the same as in the Tpr-FGFR1 fusion, which was also identifi ed in an EMS patient 
[ 43 ]. However, four patients with infl ammatory myofi broblastic tumors (IMTs) were 
found to carry chromosomal translocations that fuse the N-terminal leucine- rich 
domain of Nup358/RanBP2 with the tyrosine kinase domain of Anaplastic 
Lymphoma Kinase (Alk) (Fig.  2c ) [ 79 – 81 ]. The resulting fusion protein has a pre-
dicted mass of ~160 kDa and localizes at the NE [ 79 ]. Whether it specifi cally inter-
acts with the NPC and the potential mechanisms of oncogenesis are unknown. Single 
point mutations in Nup358/RanBP2 have been found in some human colorectal can-
cers [ 82 ] and, in mice, decreasing levels of Nup358/RanBP2 correlate with increased 
incidence of aneuploidy [ 83 ], suggesting that, as with the other nucleoporins 
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discussed above, reduction of the protein at the NPC and disruption of normal trans-
port function may contribute to oncogenesis. Overexpression of Nup358/RanBP2 is 
suffi cient to inhibit eIF4E-induced oncogenic transformation [ 84 ]; and eIF4E has in 
turn been shown to function as an mRNA export factor (see below).  

    Nup98 

 Nup98 is a nucleoporin that localizes at both the cytoplasmic and nucleoplasmic 
sides of the NPC [ 85 ,  86 ] and also dynamically shuttles to chromatin throughout the 
nucleoplasm, and to poorly characterized FG repeat nucleoporin containing intra-
nuclear “GLFG bodies” [ 87 – 89 ]. At the NPC, Nup98 interacts with transport factor 
Rae1 and mediates nuclear transport while in the nucleoplasm it acts as a transcrip-
tional activator [ 15 ,  89 ,  90 ]. Nup98 consists of a large, mostly disordered region 
containing degenerate GLFG repeats with binding sites for Rae1, another transport 
factor TAP, and the transcriptional regulator CBP/p300 followed by a globular 
RNA-binding domain at the C-terminus (Fig.  2d ) [ 91 ]. 

 Nup98 was fi rst linked to cancer when it was identifi ed as part of fusions gener-
ated by chromosomal translocations in AML patients [ 92 ,  93 ]. The 59 kDa fusion 
protein contained all of the Nup98 GLFG repeats fused to the DNA-binding home-
odomain of HoxA9 (Fig.  2d ). This fusion protein principally localized at punctate 
foci in the nucleoplasm [ 94 ], although some foci appear to be near or at the NE [ 17 ]. 
Since the discovery of the Nup98-HoxA9 fusion, Nup98 has been found fused to at 
least 31 different proteins in a variety of myeloid malignancies, revealing itself to be 
something of an oncogenic hot spot [ 17 – 20 ,  95 – 97 ]. Cancers in which Nup98 fusion 
proteins have been found include AML, MDS, T-ALL, chronic myelogenous leuke-
mia (CML), chronic myelomonocytic leukemia (CMML), and juvenile myelo-
monocytic leukemia (JMML). Structurally all of the fusion proteins are similar, 
consisting of the majority or all of the Nup98 GLFG repeats joined to the C-terminus 
of various partners. They also have similar localizations, mostly nucleoplasmic and 
in GLFG bodies, but excluded from nucleoli [ 18 ]. 

 The fusion partners of Nup98 can be categorized as either homeodomain (HD) 
proteins or non-HD proteins [ 17 – 19 ]. HD proteins are transcription factors charac-
terized by the DNA-binding HD domain that play crucial roles in embryonic devel-
opment [ 98 ]. In Nup98 translocations involving HD proteins, the fusion protein 
always contains the DNA-binding HD domain (Fig.  2d ). Several Nup98 fusions 
with non-HD proteins contain DNA- or chromatin-binding domains such as PHD 
fi nger, SET, PWWP, or AT-Hook. In other cases Nup98 is fused to a RNA helicase, 
DNA topoisomerases, or proteins with no known transcriptional roles [ 18 ,  19 ]. 
More than half of the fusion proteins contain coiled-coil domains that have been 
proposed to mediate oligomerization of the fusion proteins [ 99 ]. 

 The mechanisms by which Nup98 fusion proteins lead to cancer are once again 
largely unknown, but recent studies in murine models of two non-HD fusions 
revealed some clues. The fusion of Nup98 with the histone methyltransferase NSD1 
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upregulates expression of  HOXA  genes by maintaining high levels of histone H3-K36 
methylation and acetylation. Deletion of the Nup98 GLFG repeats or mutations 
inactivating NSD1 methyltransferase function both eliminated  HOXA  activation and 
leukemogenesis [ 100 ]. In the Nup98–JARID1A fusion, the PHD fi nger domain from 
JARID1A binds to trimethylated histone H3 at hematopoietic-specifi c promoters, 
leading to constitutive activation of these genes [ 101 ]. While informative, these stud-
ies do not explain how Nup98 fusions with so many different partners, some of 
which lack any DNA or chromatin binding ability, can cause similar disease pheno-
types. This has led some to propose that leukemogenesis may arise due to aberrant 
function of Nup98 in either its transport or nucleoplasmic transcriptional roles. Since 
Nup98 is synthesized as a Nup98-Nup96 precursor molecule that is posttranslation-
ally cleaved, any chromosomal translocation at the  NUP98-NUP96  locus would 
most likely decrease Nup96 protein levels leading to misregulation of nucleocyto-
plasmic transport [ 20 ]. Another possibility is that Nup98 normally functions as a 
transcriptional regulator during hematopoiesis. Chromosomal translocations involv-
ing Nup98 could lead to misregulation of its target genes and mislocalization of the 
wild-type Nup98 due to interactions between GLFG domains [ 19 ]. 

 Recent fi ndings indicate that Nup98 may have an important additional role: as a 
tumor suppressor. Nup98 binds to and prevents degradation of select p53 target 
mRNAs, supporting the tumor suppressing activity of p53; furthermore, the expres-
sion of Nup98 was found to be signifi cantly decreased in one-quarter of surveyed 
hepatocellular carcinoma patients [ 102 ]. These results raise the intriguing idea that 
some nucleoporins, or the NPC itself, may function—directly or indirectly—as a 
suppressor of oncogenesis.  

    Nup88 

 Nup88 is a non-FG component of the cytoplasmic fi laments. It consists of an 
N-terminal β-propeller domain and a C-terminal coiled-coil domain (Fig.  2e ). 
Interestingly, in  Drosophila  larvae, Nup88 is expressed in a tissue-specifi c manner 
[ 103 ]. Within the NPC it forms a subcomplex with Nup214 that helps regulate 
export from the nucleus [ 46 ,  47 ,  104 ,  105 ]. Curiously, Nup88 also interacts with 
Nup98 and Nup358/RanBP2, nucleoporins that are also linked to cancers—and to 
mRNA export [ 69 ,  85 ]. 

 Unlike the other oncogenic nucleoporins, Nup88 does not form fusion proteins 
but is instead often overexpressed in cancer cells. Nup88 was fi rst found overex-
pressed in several human cancer cell lines and 75 % of ovarian tumors [ 106 ]. 
Subsequent studies revealed overexpression of Nup88 in a variety of tumors [ 107 , 
 108 ]. In these tumors other nucleoporins such as Nup214, Nup153, or Nup107 were 
not overexpressed [ 108 ,  109 ], suggesting that overexpression is unique to Nup88 
and not a result of a general increase in expression of NPC components or upregula-
tion of certain subcomplexes [ 17 ]. However, no comprehensive analysis of all 
nucleoporins in these cancers has ever been performed, and alterations in expression 
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of different nucleoporins have been observed in other cancers. A different study of 
breast cancers showed increased expression of Nup133 and decreased expression of 
Nup214 but no changes in Nup88 expression [ 110 ]. A study of ovarian cancers 
revealed downregulation of Nup62 in several tumors but did not examine any other 
nucleoporins [ 111 ]. Closer attention clearly needs to be paid in the future to changes 
in expression or localization of all nucleoporins in different tumor cell lines. 

 When it is overexpressed in cancer cells, the excess Nup88 is usually found in 
granular dots in the cytoplasm [ 17 ], though additional copies at the NPC cannot 
currently be excluded. The intensity of cytoplasmic Nup88 staining correlates with 
tumor grade: overexpression is typically seen in advanced tumors as opposed to 
benign tumors or mild hyperplasias [ 109 ,  112 – 114 ]. High overexpression correlates 
with tumor aggressiveness and poor differentiation [ 21 ,  109 ,  114 – 116 ], and is often 
seen at tumor edges suggesting a link to tumor invasivity [ 108 ,  113 ]. Due to these 
observations Nup88 is proposed to be a marker of tumor state and indicator of 
patient prognosis [ 17 ,  20 ]. 

 The mechanistic link between Nup88 overexpression and cancer is unknown. 
Due to its known function in nuclear export it has been suggested that overexpres-
sion of Nup88 in cancer cells may cause mislocalization of its subcomplex partner 
Nup214 and export receptors causing misregulation of transport of signaling pro-
teins and transcription factors [ 17 ,  20 ]. For example, loss of Nup88 causes accumu-
lation of NF-κB in the cytoplasm due to increased nuclear export [ 103 ,  117 ]. Since 
NF-κB is seen mainly in the nucleus in many cancer types [ 118 ], it has been pro-
posed that overexpression of Nup88 may lead to a decrease in NF-κB export from 
the nucleus leading to its accumulation and upregulation of target genes [ 17 ].  

    Nuclear Export Factors 

 All of the oncogenic nucleoporins described above play major roles in mediating 
nuclear export of mRNAs. It is therefore not surprising that several nuclear export 
factors (transport receptors) that associate with these proteins are also linked to 
cancers [ 119 ]. Rae1, an mRNA export factor that also plays a role in cell cycle regu-
lation and binds to the FG repeat domain of Nup98 [ 120 ,  121 ], is upregulated in 
breast cancers [ 122 ]. Expression levels of two components of the transcriptional 
export (TREX) complex are altered in several cancer types. One component, 
THOC1, is upregulated in lung, colon, and ovarian cancers but is downregulated in 
thyroid, skin, and testis cancers [ 123 – 126 ]. Increased expression of THOC1 in 
breast cancers correlates with tumor size and metastatic state while siRNA-medi-
ated downregulation of THOC1 in cancer cells leads to inhibition of mRNA export 
and decrease in cell proliferation [ 124 ]. Aly/REF, another component of the TREX 
complex, is upregulated in a wide variety of tumors [ 123 ,  127 ]. GANP, a component 
of the TREX-2 complex, is overexpressed in mantle cell, diffuse large B cell, and 
Hodgkin’s lymphomas [ 128 ]. eIF4E mediates nuclear export of certain mRNAs via 
the Crm1 pathway [ 84 ,  129 ] and is overexpressed in ~30 % of analyzed tumors 
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[ 130 ]. Crm1 is also overexpressed in many tumors, such as cervical and pancreatic 
cancers as well as gliomas [ 131 – 134 ]. Along with Crm1, Karyopherin β1 and 
Karyopherin α2 are overexpressed in cervical cancers and also in transformed epi-
thelial and fi broblast cells [ 134 ]. Importantly, downregulation of Crm1 and 
Karyopherin β1, but not of Karyopherin α2, in cancer cells causes cell cycle arrest 
and apoptosis, suggesting a link between tumorigenesis and increased expression 
levels of these export factors [ 119 ,  134 ]. Presumably as a result of Crm1 overex-
pression many cell cycle inhibitors and tumor suppressing proteins are mislocalized 
to the cytoplasm in a variety of cancers [ 133 ].  

    Viruses Exploit the NPC, Also Targeting the Oncogenic 
Nucleoporins 

 A remarkable number of viruses, including some major human pathogens, have 
specifi c mechanisms to alter the structure, composition, and function of the NPC. 
These viruses usually target the nucleoporins with links to cancer (Fig.  1 ) [ 135 –
 137 ], suggesting they exploit some of the same weaknesses as the oncogenic defects. 
For example, the 2A pro  protease of enteroviruses poliovirus (PV) and human rhino-
virus (HRV) sequentially cleaves Nup62 (2 h post-infection), Nup98 (4.5 h post- 
infection), and fi nally Nup153 (6 h post-infection) [ 138 – 140 ]. After all three are 
cleaved, nuclear import is inhibited and host nuclear proteins accumulate in the 
cytoplasm [ 140 ]. This could prevent tumor suppressor proteins, and apoptosis 
inducing proteins, from acting in the nucleus. Overexpression of the HRV 3C pro  
protease leads to proteolysis of Nup153, Nup214, and Nup358/RanBP2 [ 141 ]. 
Enterovirus infected cells show signifi cantly reduced staining with mAb414, which 
recognizes eight different nucleoporins, indicating defects in NPC organization and 
composition [ 138 ,  139 ]. 

 Cardioviruses also target NPC components, but instead of degradation they are 
hyperphosphorylated in infected cells. The proteins affected are Nup62, Nup153, 
and Nup214 by  encephalomyocarditis  (EMCV) and Nup98 by Theiler’s Murine 
Encephalomyelitis Virus (TMEV) [ 142 – 144 ]. Phosphorylation is mediated by the 
zinc fi nger domain of viral L protein, which does not possess kinase activity but is 
thought to recruit cellular kinases to the NPC [ 142 ,  145 ]. The BGLF4 kinase of 
Epstein-Barr virus associates with, and presumably phosphorylates, Nup62 and 
Nup153 [ 146 ]. 

 Two types of human adenoviruses (Ad2 and Ad5) bind to Nup214 and the Nup358/
RanBP2-associated kinesin-1 on the cytoplasmic side of the NPC [ 147 ]. This leads 
to disassembly of the viral coat, import of the viral genome into the nucleus, and 
mislocalization of Nup62, Nup214, and Nup358/RanBP2 into the cytoplasm. 
Nup153, found at the nuclear side of the NPC, was not affected. Why kinesin-1 is 
involved is unclear, but it is thought that binding of kinesin-1 to Nup358/RanBP2 
activates its motor function, causing disassembly of the viral coat and the virus in 
turn acts on the NPC causing release of Nup62, Nup214, and Nup358/RanBP2 into 
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the cytoplasm [ 135 ,  147 ]. Downregulation of either Nup358/RanBP2 or Nup214 
using siRNA was suffi cient to prevent viral uncoating and genome import into the 
nucleus. After release from the NPC the displaced nucleoporins, along with RanGAP1 
and Crm1, colocalize with disassembled virus particles at the cell periphery [ 147 ]. 
Herpesviruses also attach at the NPC cytoplasmic fi laments, binding specifi cally to 
Nup214, Nup358/RanBP2, and hCG1 (NupL2). As with adenoviruses, siRNA- 
mediated downregulation of either Nup214 or Nup358/RanBP2 was suffi cient to pre-
vent viral uncoating and genome import into the nucleus [ 148 ,  149 ]. 

 The M protein of vesicular stomatitis virus (VSV) associates with the Nup98/
Rae1 complex in order to inhibit host cell transcription and mitotic progression 
[ 150 ,  151 ]. Remarkably, VSV preferentially infects cancer cells rather than normal 
cells and therefore acts as an oncolytic agent [ 152 ,  153 ]. The infl uenza A virus 
affects nucleocytoplasmic traffi cking by disrupting many mRNA export factors 
[ 137 ]. Nup98 expression is also signifi cantly decreased in infected cells while 
Nup62 or Nup153 are unaffected [ 154 ], suggesting that infl uenza specifi cally tar-
gets and disrupts normal Nup98 function. 

 The human immunodefi ciency virus (HIV-1) hijacks over 1,000 cellular proteins 
during its infection cycle [ 155 ,  156 ]. At the NPC it binds to the cyclophilin homol-
ogy domain of Nup358/RanBP2 [ 157 ,  158 ]. siRNA-mediated downregulation of 
Nup358/RanBP2 but not of Nup98, Nup153, or Nup214 signifi cantly reduced viral 
import [ 158 ]. However, Nup153 is necessary for the transport of HIV-1 through the 
NPC after it has docked at Nup358/RanBP2 [ 158 – 160 ]. Furthermore, in infected 
cells the heterogeneous nuclear ribonucleoprotein (hnRNP) A1 protein and its 
import receptor Karyopherin β2 are retained in the cytoplasm, due to downregula-
tion and displacement of Nup62 into the cytoplasm [ 161 ]. Expression levels of 
many nucleoporins were also affected: Nup43, Nup45, Nup54, and Nup58 were 
downregulated, Nup35, Nup98, and Tpr were upregulated, and others were differ-
entially regulated in different studies [ 162 – 164 ]. Surprisingly, Nup62 was also 
detected in budding virions, suggesting that it might play a role in assembly and 
infectivity of HIV-1 [ 135 ,  164 ]. Supporting this, siRNA-mediated downregulation 
of Nup62 caused decreased viral protein synthesis and viral production [ 164 ].  

    Emerging Themes 

 The tremendous amount of data now being accrued on the nature of the links 
between particular nucleoporins, tumorigenesis, and viral infection allows us to see 
a possible pattern of disease sensitivity at the NPC. Firstly, the nucleoporins linked 
to cancers and viral infections are all found in the same places in the NPC—fl anking 
the entrance and exit of the central tube (Fig.  1 ). They are a discrete subset of pro-
teins, representing less than a quarter of the total number of nucleoporins compris-
ing the NPC, and are proximal to or components of the nuclear basket or the 
cytoplasmic fi laments (Fig.  1 ). Secondly, these particular proteins—and most of the 
nuclear transport factors similarly implicated in disease—are especially important 
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for the mechanism or regulation of mRNA export. Why exactly this should be so is 
still unclear. However, because many of the disease-causing defects or alterations 
lead to reduction of one or more of these nucleoporins at the NPC, it could be that 
an important additional function of these nucleoporins, and the NPC itself, is in 
tumor suppression. Such a function has already been demonstrated for Nup98, 
which supports p53 tumor suppressing activity [ 19 ,  102 ]. A possibility is that many 
of the oncogenic nucleoporin fusions represent a lethal double hit to the cell, as a 
consequence of both the fusion itself and the resulting depletion of normal nucleo-
porin from the NPC—the former altering the function of the fused protein, and the 
latter compromising the tumor suppressor activity of the NPC. 

 Of course, the complete pathway leading from a nucleoporin defect to full disease 
is surely multifactorial and will include oncogenic effects functionally unrelated to 
the fact that the protein involved is a nucleoporin, but nonetheless may combine with 
NPC-related alterations in function such as reduction of a key protein at the NPC or 
mis-targeting of nucleoporins or transport factors. What is certain is that, in recent 
years, the NPC has emerged as a major nexus of key human diseases, and that we 
now urgently need to determine the basic cell biology of the nucleocytoplasmic 
transport machinery if we are to understand how these diseases can be cured.     
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    Abstract     Tpr is a prominent architectural component of the nuclear pore complex 
that forms the basket-like structure on the nucleoplasmic side of the pore. Tpr, 
which stands for  t ranslocated  p romoter  r egion, was originally described in the con-
text of oncogenic fusions with the receptor tyrosine kinases Met, TRK, and Raf. Tpr 
has been since implicated in a variety of nuclear functions, including nuclear trans-
port, chromatin organization, regulation of transcription, and mitosis. More recently, 
Tpr function has been linked to events including p53 signaling and premature aging 
in Hutchinson–Gilford Progeria Syndrome (HGPS). Here we provide an overview 
of the various processes that involve Tpr, and discuss how the levels and localization 
of a single protein can affect diverse pathways in the cell.  

  Keywords     Tpr   •   Translocated promoter region   •   Nuclear pore   •   Met   •   TRK   •   Raf   • 
  Oncogenic fusion   •   Mad1   •   Mad2  
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  HGPS    Hutchinson–Gilford progeria syndrome   
  MSL    Male-specifi c lethal   
  MNNG     N -methyl- N ′-nitronitrosoguanidine   
  NES    Nuclear export signal   
  NLS    Nuclear localization signal   
  NPC    Nuclear pore complex   
  NUP    Nucleoporin   
  SAC    Spindle assembly checkpoint   
  TPR    Translocated promoter region   

          The Nuclear Pore Complex 

    The nuclear envelope serves as a boundary that separates the nucleus from the cyto-
plasm. This simple arrangement allows compartment-based regulation of numerous 
cellular activities including transcription, cell cycle, DNA replication, and signal 
transduction. Movement of proteins and RNAs between these compartments is 
accomplished by highly specialized, macromolecular assemblies termed nuclear 
pore complexes (NPCs). The central channel of the NPC is thought to contain a 
meshwork of proteins that creates a selectivity barrier. This allows the free diffusion 
of ions and other small molecules, but restricts the translocation of proteins larger 
than approximately 40 kDa. Molecules larger than approximately 40 kDa require a 
transport signal (or binding to a partner that contains a transport signal) in order to 
gain entry into the nucleus via the NPC. Transport through the NPC is estimated to 
occur at a rate of approximately 1,000 translocation events per second [ 1 ,  2 ]. 

 Detailed studies of the NPC over the past three decades have provided rich 
insights into its structure and probable mechanisms of nuclear transport. Two sur-
prising outcomes of these studies are that the NPC is not a static channel, and that the 
NPC has roles beyond nuclear transport. There are approximately 30 different pro-
teins that make up the NPC, termed nucleoporins (Nups), which are present in mul-
tiple copies per NPC and refl ect the eightfold rotational symmetry of the NPC [ 3 ]. 
Many of the nucleoporins were discovered and characterized biochemically and 
genetically before a detailed understanding of NPC structure emerged. The NPC has 
a total mass estimated by cryo-electron microscopy of ~125 MDa in mammals and 
~60 MDa in yeasts [ 4 ]. These values are larger than estimates based on proteomics 
[ 5 ], and the extent to which mass estimates are infl uenced by NPC- associated trans-
port factors and their substrates is currently unknown. Several of the Nups are located 
exclusively on the cytoplasmic or nuclear sides of the NPC [ 6 ] an indication that 
certain nuclear transport events, or possibly other pathways involving the NPC, are 
regulated differently on the two sides of the NPC. This is clearly the case with the 
proteins that defi ne the “terminal” structures of the NPC. Thus, on the cytoplasmic 
side of the NPC, there are 50 nm fi laments composed of the nucleoporin RanBP2/
Nup358 project into the cytoplasm [ 7 ,  8 ]. On the nucleoplasmic side of the NPC, 
100 nm fi laments built from the protein Tpr are organized into a nuclear basket [ 4 ].  

C.J. Snow and B.M. Paschal



311

    Tpr at the NPC 

 The nuclear basket (Fig.  1a, b ), composed of Tpr and possibly other proteins, is one 
of the most visually striking features of the NPC [ 9 – 11 ]. Tpr is a 267 kDa nucleo-
porin [ 11 ] which, in its purifi ed form, appears as a mostly fi brillar protein [ 10 ]. Tpr 
contains 14 clusters of heptad repeats (identifi ed in [ 10 ]) that are predicted to medi-
ate coiled-coil interactions that give rise to a Tpr dimer, while the carboxy terminal 
region of Tpr is probably globular [ 12 ] (Fig.  1c ). Electron microscopy indicates the 
basket contains eight fi laments (Fig.  1b ), which are believed to represent eight cop-
ies of the Tpr homodimer, each with a mass of approximately 534 kDa. The basket 
ends with a structure termed the terminal ring, the composition of which might 
simply be a part of Tpr, or it could involve another protein.

   Tpr attachment to the NPC is mediated by the nucleoporin Nup153 [ 13 ]. 
Knockdown of Nup153 is suffi cient to disrupt Tpr association with the NPC, resulting 
in an entirely nucleoplasmic distribution. Tpr amino acids 436–606, which includes 
heptad repeat 5, are suffi cient for its NPC localization, and proline substitutions of 
amino acids 458 and 489 are suffi cient to disrupt NPC binding (and Nup153 binding 
in vitro) but do not affect the ability of Tpr to homodimerize [ 10 ,  13 ]. Tpr also binds 

a b
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  Fig. 1    Structure and properties of Tpr. ( a ) Cartoon of the NPC showing the location of Tpr and 
the NPC docking site (Nup153). ( b ) Scanning electron micrograph of the nuclear basket from the 
nuclear face of the NPC, from  Xenopus  oocytes. Spokes (Tpr coiled-coils) are pseudocolored  blue . 
( c ) Structural features and protein interactions associated with Tpr. Heptad repeat assignments 
were drawn based on a publication [ 11 ]. Electron micrograph image copyright Dr. Martin 
Goldberg, courtesy of the Biology Image Library (  http://biologyimagelibrary.com/imageID=35958    )       
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Nup98 [ 14 ]; however, the interaction with Nup98 does not regulate Tpr assembly into 
the NPC. The relative positions of Tpr, Nup153, and Nup98 and other Nups within the 
NPC have been delineated by elegant immunogold studies in mammals and yeast [ 11 , 
 15 ]. It deserves mention that a small amount of soluble (triton-releasable) Tpr dimers 
can be detected within the nucleoplasm [ 10 ], leading to the suggestion that a pool of 
Tpr forms a “fi lamentous network” throughout the nucleus [ 16 ]. 

 During mitosis, the NPC including the nuclear basket is disassembled in pro-
phase and reassembled in telophase/early G1 in a stepwise and coordinated fashion. 
Experiments mapping temporal assembly of the NPC showed that Tpr is added at 
the end of NPC reassembly [ 17 ,  18 ]. Thus, a nearly complete and functional NPC 
exists prior to Tpr addition. Because the exclusion properties and transport abilities 
of the NPC are established prior to Tpr incorporation, its assembly on the nucleo-
plasmic side of the NPC requires signal dependent transport typical of other pro-
teins that are imported into the nucleus. Tpr import relies on its bipartite 31 amino 
acid nuclear localization sequence (NLS; aa 1829–1860) located in its C-terminal 
domain, which binds the import receptors importin-α1 (also known as KPNA2) and 
importin-β [ 12 ,  19 ,  20 ]. 

 Tpr has homologs in yeast, termed Mlp1 and Mlp2, in  D. melanogaster , termed 
Megator, and  Arabidopsis  termed NUCLEAR PORE ANCHOR, or NUA. The 
yeast homologues designated Mlp1/2, stand for  m yosin- l ike  p rotein, due to the sim-
ilar structure (globular head and fi brillar region). At least some functions of Tpr are 
conserved across the plant and animal kingdoms. Tpr and its homologues have been 
implicated in an impressive list of cellular activities, including transcription control, 
mRNA export/splicing control, protein export, deSUMOylation, mitosis, telomere 
length control, and senescence. 

    Transcription Regulation and Chromatin Organization 

 The nuclear periphery is believed to be a site of heterochromatin formation and 
maintenance. In yeast and metazoans; however, the concentration of heterochroma-
tin at the nuclear envelope is interrupted by the presence of NPCs [ 21 ]. Moreover, 
Nups have been shown to be associated with transcriptional activation of certain 
genes in budding yeast and  Drosophila . This implies the NPC might play an impor-
tant role in transcription independent of its role in transport, but the exact mecha-
nism and its relevance to higher eukaryotes have not been determined yet. 

 The yeast homolog Mlp1 associates with the promoters of GAL genes in S. cere-
visiae upon induction with galactose [ 22 ]. In this setting, Mlp1 also undergoes 
inducible binding to the histone acetyl-transferase SAGA, a known regulator of 
gene activation. Human Tpr has been shown to associate with the HSP70 promoter 
upon heat shock induction. At 42 °C, Tpr interacts with HSF1, a transcription factor 
that undergoes recruitment to heat shock elements including those in the HSP70 
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gene (HSPA1). These examples suggest that Tpr is recruited to promoters of genes 
undergoing inducible activation, possibly to serve as a scaffold for assembly of 
transcription complexes [ 23 ]. 

 Dosage compensation in  Drosophila , in which the male X chromosome is hyper-
transcribed, is dependent upon association of the male-specifi c lethal (MSL) dosage 
compensation proteins with Megator ( Drosophila  Tpr) and Nup153 [ 23 ]. Both 
Megator and Nup153 co-precipitate with the dosage compensation complex. 
Knockdown of Megator and Nup153, but not other Nups, causes loss of MSL pro-
teins from the X chromosome and reduced expression of X-linked genes [ 23 ]. These 
experiments provide strong evidence for Tpr and Nup153 involvement in gene 
expression in fl ies. 

 In human cells, Tpr also helps maintain heterochromatin-free zones in the vicin-
ity of NPCs, termed heterochromatin exclusion zones (HEZs) [ 24 ]. In HeLa cells 
transfected with Poliovirus, which induces heterochromatin formation, cone-shaped 
HEZs can be observed proximal to NPCs by TEM (transmission electron micros-
copy). When Tpr is depleted from cells, HEZs are no longer observed, and dense 
heterochromatin appears in the NPC region. These experiments suggest that Tpr 
might play a role as a chromatin organizing factor [ 24 ].  

    Protein and RNA Export 

 Tpr participates in nuclear export of both protein and RNA. Reducing Tpr activity 
by antibody injection or by siRNA treatment has been shown to disrupt Crm1- 
dependent protein export [ 15 ,  25 ]. Tpr binds Crm1 directly in the presence of pep-
tide containing a nuclear export signal (NES) [ 15 ,  19 ,  25 ]. Tpr function may be 
involved in export of p53 [ 25 ], a critical tumor suppressor protein. Thus far, there is 
no direct evidence that Tpr has a role in classical NLS-dependent import; however, 
Tpr is capable of binding the import receptor Importin-β [ 19 ]. 

 Tpr is also required for effi cient RNA export, and can regulate export of unspliced 
mRNA. Injection of antibodies to Tpr, or overexpression of Tpr causes poly(A) + RNA 
to accumulate in the nucleus [ 26 ,  27 ]. Knockdown of Tpr has also been shown to 
increase nuclear export of unspliced RNA, which normally should be retained for 
processing or degradation. Tpr knockdown enhances the export of mRNA contain-
ing a constitutive transport element (CTE) on the pathway mediated by Nxf1/Nxt1, 
but does not affect export of mRNA containing a Rev Response Element (RRE) 
mediated by Rev and Crm1 [ 28 ,  29 ]. Nuclear retention of unspliced RNA in this 
experimental setting requires NPC localization of Tpr. A wild-type siRNA resistant 
Tpr construct rescues mRNA retention, while a double mutant (L458P/M489P), 
which localizes to the nucleoplasm, does not [ 29 ]. Yeast Mlp1 and 2 are also impli-
cated in retention of unspliced mRNA [ 30 ,  31 ]. Collectively, these observations 
suggest an important role for Tpr and the nuclear basket in mRNA quality control.   
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    Oncogenic Fusions with Tpr 

 Tpr was originally discovered as part of the  tpr - met  oncogenic gene fusion product, 
and was termed  t ranslocated  p romoter  r egion [ 32 ].  Tpr  was later shown to form two 
separate fusion products with the oncogenic proteins TRK (termed TRK-T1 and 
TRK-T2) and another with Raf. Each of these oncogenes is a receptor tyrosine 
kinase. Although Tpr participates in several oncogenic fusions, the breakpoints 
used to generate the different fusions occur at distinct sites within the  Tpr  gene 
(Fig.  1c , note the sections of N-terminal Tpr in each human fusion). 

    The Met, TRK, and Raf Oncogenes 

 The Met receptor, also known as the hepatocyte growth factor (HGF) receptor, is 
normally localized to the plasma membrane. In response to HGF, also known as 
scatter factor, the Met receptor forms dimers and activates signal transduction cas-
cades, including the PI3 Kinase and Ras pathways. Overexpressed or gain-of- 
function mutant forms of Met are oncogenic in a variety of cancers [ 33 ]. The  tpr - met  
oncogene fusion transcript was fi rst described in 1986. Treatment of a human osteo-
genic sarcoma (HOS) cell line with the carcinogen  N -methyl- N ′-nitronitrosoguanidine 
(MNNG) for 7 days resulted in formation of a hybrid mRNA encoding a 65 kDa 
gene product [ 32 ]. The untreated HOS cell line is non-tumorigenic (does not pro-
duce tumors when injected into mice), while the HOS-MNNG cell line is tumori-
genic. Tpr-Met is the product of a genomic fusion between sections of chromosomes 
1 and 7 (1q25:7q31). The 5′ end of the transcript is contributed by a section of the 
 Tpr  gene encoding the fi rst two heptad repeats in Tpr, making the product capable 
of dimerization, while the 3′ end of the transcript encodes the kinase domain of Met 
(Tpr amino acids 1–142; Met amino acids 1010–1390). Signifi cantly, transfection 
of this hybrid RNA is suffi cient to transform cells and transgenic mice expressing 
the Tpr-Met fusion develop mammary tumors [ 34 ]. 

 The fusion with Tpr has profound effects on Met localization and activity. The 
fusion protein does not localize to the NPC, which is not surprising given that NPC 
targeting of Tpr is mediated by a domain that is absent from the fusion product [ 13 , 
 27 ]. The fusion product also lacks the transmembrane and juxtamembrane portions 
of Met that are required for plasma membrane localization. Thus, the Tpr-Met fusion 
localizes to the cytoplasm. Because the fusion retains two heptad repeats from Tpr, 
the Tpr-Met fusion product undergoes homodimerization and  trans - phosphorylation  
that is independent of Met ligand binding [ 35 ]. Constitutive activation of Met induces 
proliferation, migration, and invasion in a process termed the invasive growth path-
way [ 36 ]. This includes activation of the JNK/SAPK pathway, likely through PI-3-
kinase signaling, which is required for transformation by Tpr- Met [ 37 ]. 

 Recent evidence demonstrates that cytoplasmic Tpr-Met is able to escape recep-
tor-mediated endocytosis [ 38 ]. This is due in part to the fact that the segment of Met 
required for binding the ubiquitylation machinery is missing from the Tpr- Met 
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fusion protein (see Table  1  for a summary of Met and Tpr-Met features) [ 38 ]. The 
signaling functions and tumorigenic effects of Tpr-Met are lost when amino acid 
substitutions are introduced into the dimerization domain of the Tpr fusion [ 35 ]. 
Thus, the oncogenic properties of Tpr-Met are driven by gain-of-functions that are 
dependent on dimerization.

   The Tpr-Met rearrangement was fi rst observed in human tumors in 1991, where 
it was detected in gastric carcinoma as well as precursor lesions [ 39 ]. It has been 
suggested that the  tpr - met  rearrangement occurs at an early stage in the disease 
process. In a small study of gastric carcinoma in nine patients with  tpr - met  fusions, 
fi ve had  tpr - met  RNA in both tumors and noncancerous tissue, while two had the 
fusion in cancer tissue only, and two exhibited  tpr - met  only in noncancerous tissue 
[ 40 ]. This may indicate that the  tpr - met  translocation can occur as an early or late 
genetic event. 

 Two additional oncogenic fusion partners with Tpr have been described, TRK 
and Raf. TRK can form two different oncogenic fusions with Tpr (TRK-T1 and 
TRK-T2; 1q25:1q21-22) [ 41 ]. These involve fusion of  Tpr  with the gene encoding 
the NTRK1 kinase, which is a receptor for nerve growth factor. Both of these rear-
rangements are found in human papillary thyroid carcinomas. The rat homologue of 
Tpr can occur as a fusion with the Raf kinase, though it is unknown whether this 
fusion occurs in humans [ 42 ].  

    Other Nucleoporin Oncogenic Fusions 

 Intriguingly, Tpr is not the only Nup known to form oncogenic fusions. Nup98, 
perhaps the most widely studied Nup in oncogenic fusions, forms at least 28 genetic 
fusions associated with various leukemias [ 43 ]. Nup214 and Nup358 also occur in 
oncogenic chromosomal translocations [ 44 ,  45 ]. Why multiple Nups have emerged 
as oncogenic fusions is not clear, but the lessons learned from the Tpr-Met fusion 
suggests at least one contribution provided by the Nup is dimerization, which leads 
to kinase activation and oncogenesis. Self-association of Nups is a biochemical 
property that likely underpins NPC assembly; this might be the key gain-of-function 
provided by a fusion with Tpr (and other Nups) for kinases that rely on dimerization 
as part of their activation mechanism.   

   Table 1    Properties of the Tpr-Met fusion   

 Wild-type Met  Tpr-Met fusion 

 Promoter  Met  Tpr 
 Protein localization  Plasma membrane  Cytoplasm 
 Regulation by HGF  Yes  No 
 Dimerization  Regulated  Constitutive 
 Ubiquitinated  Yes  No 
 Regulation by endocytosis  Yes  No 
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    Tpr and the Spindle Assembly Checkpoint 

 During mitosis the NPC disassembles into Nup-containing subcomplexes that, 
unexpectedly, play roles in mitotic spindle assembly and kinetochore attachment 
[ 46 ]. It has been known that components of the mitotic  s pindle  a ssembly  c heckpoint 
(SAC) localize to the nuclear periphery, and it was recently shown that Tpr acts as 
an anchor for SAC components in both mitotic and interphase cells. 

 The SAC functions during metaphase to protect cells from aneuploidy, one of the 
hallmarks of cancer. Mad1 and Mad2 ( m itotic  a rrest  d efi cient  p rotein) are two of the 
central players in the SAC [ 47 ]. This checkpoint is activated if chromosomes fail to 
align at the metaphase plate. Consequently, Mad2 binds and inhibits the anaphase- 
promoting complex (APC). Tpr is necessary for the recruitment of both Mad1 and 
Mad2 to the kinetochore in mitosis and nuclear periphery in interphase [ 48 ]. Mad1 
binds directly to an N-terminal region of Tpr in vitro (aa 1–774), while Mad2 inde-
pendently binds the C-terminal region (aa 1700–2350). Tpr depletion by siRNA 
disrupts the association of Mad1 with Mad2 and results in aneuploidy and multi-
nucleated cells. These data suggest that Tpr serves as a scaffold that helps regulate 
the SAC by controlling the localization and activity of Mad1 and Mad2. Inactivation 
of the SAC, which involves removal of Mad1 and Mad2 from the kinetochore, 
appears to involve an interaction between Tpr and the motor protein dynein [ 49 ].  

    Tpr Functions in Senescence and Aging 

 Recent studies have demonstrated several unanticipated roles for Tpr in senescence, 
autophagy, signal transduction, and aging. 

    Tpr and p53 

 Under normal conditions the tumor suppressor p53 is maintained at a low concen-
tration in the cell. In response to cellular stress, p53 is modifi ed, stabilized, and 
functions as a transcriptional activator for genes involved in cell cycle control, 
senescence and autophagy. Nuclear levels and activity of p53 are also regulated by 
nuclear export by the export receptor Crm1 [ 50 ]. Several studies suggest there is a 
pathway that links Tpr to p53 signaling and senescence (Fig.  2 ). Tpr knockdown 
increases the level and nuclear accumulation of p53. In turn, there is increased 
expression of the target gene p21, as well as upregulation of p16, both of which are 
tumor suppressor genes, along with reduced growth and proliferation [ 25 ,  51 ]. Tpr 
knockdown also arrests cells at the G0–G1 phase of the cell cycle, reducing the 
number of cells in S phase to less than half of controls after 2 days of knockdown. 
Eventually, after 6 days of siRNA treatment, Tpr depletion induces the expression 
of senescence-associated β-galactosidase, which is dependent on the presence of p53. 
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In addition, Tpr depletion induces expression of several autophagy markers. 
Interestingly, Nup153 knockdown (which causes Tpr to mislocalize to the nucleo-
plasm) also causes nuclear accumulation of p53, indicating p53 localization requires 
Tpr at the NPC [ 25 ]. These data suggest that Tpr plays a key role in regulating 
nuclear levels of p53 through a transport-based mechanism (Fig.  2 ). Tpr loss might 
also affect p53-related gene expression events via mRNA export pathways, though 
this is a point of speculation.

       Tpr Is a Scaffold and Kinase Substrate for ERK2 

 Tpr has an interesting function in the context of signal transduction within the MAP 
kinase pathway. Addition of mitogens, such as epidermal growth factor (EGF), 
induces phosphorylation, activation, and nuclear translocation of ERK2 [ 52 ,  53 ]. In 
the nucleus, activated ERK2 regulates multiple genes involved in growth, invasion, 
and apoptosis. Indeed, the ERK signaling cascade is deregulated in one third of all 
human tumors [ 54 ]. Knockdown of Tpr results in ERK2 import defects, and ERK2 
binds and phosphorylates Tpr and Tpr-associated proteins [ 52 ]. These data suggest 
that Tpr performs two distinct functions that help transduce the effects of EGF on the 
nucleus. The fi rst is to facilitate ERK2 translocation into the nucleus, and the second 
is to promote ERK2 interactions with substrates on the nuclear side of the NPC.  

Progerin

Ran Gradient
Disruption

Tpr Import
Defect

p53
Signaling

Growth Inhibition
(Senesence)

  Fig. 2    Model linking Tpr to p53 signaling. The model is based on experiments performed in HeLa 
cells, human fi broblasts, and transgenic mice. Progerin induces a disruption of the Ran protein 
distribution in HGPS, which reduces Tpr import [ 20 ,  56 ]. Loss of Tpr from the nucleus increases 
p53 signaling [ 25 ,  51 ]. The induction of p53 can also occur as a result of the DNA damage caused 
by Progerin [ 58 ], and by simply reducing the nuclear concentration of Ran [ 57 ]. Growth inhibition 
and premature aging in mouse model of Progeria requires p53 function [ 58 ]       
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    Tpr and Premature Aging 

 The premature aging disease Hutchinson–Gilford Progeria Syndrome (HGPS) is 
caused by a mutation in the gene that encodes lamin A, a major component of the 
nuclear lamina. Mutant lamin A, termed progerin, acts in a dominant negative man-
ner to cause changes in nuclear morphology and gene expression [ 55 ]. Fibroblasts 
from HGPS patients have defects in the Ran GTPase system that cause an import 
defect in Tpr [ 20 ,  56 ]. By immunofl uorescence microscopy, Tpr in normal fi bro-
blasts localizes to the NPC (Fig.  3 , upper panels). In HGPS cells expressing 
Progerin, Tpr is detected in the cytoplasm (Fig.  3 , lower panels). The Tpr import 
defects in HGPS cells are heterogeneous and refl ect the extent to which the range of 
Ran gradient is disrupted in the cell population.

  Fig. 3    Tpr is mislocalized in fi broblasts from patients with Hutchinson–Gilford Progeria 
Syndrome. In normal fi broblasts ( upper panels ), Tpr ( green ) is concentrated at the NPC and also 
found in the nucleoplasm. In HGPS patient fi broblasts ( lower panels ) Tpr is found primarily in the 
cytoplasm       
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   Progerin phenotypes can be induced in mice by deleting Zmpste24, which is the 
protease responsible for pre-lamin A processing. The accumulation of pre-lamin A 
in these mice leads to p53 activation and increased expression of p53 target genes 
whose functions contribute to aging phenotypes [ 57 ]. The premature aging pheno-
types induced by the accumulation of pre-lamin A (which can be functionally 
equivalent to Progerin expression) in these mice is abrogated by deletion of the p53 
gene [ 57 ]. These data, together with studies linking Tpr and Ran levels to p53 acti-
vation [ 25 ,  51 ,  58 ], and our data placing Progerin upstream of Ran gradient disrup-
tion and Tpr import, suggests there is a pathway that links the nuclear lamina to 
premature aging (Fig.  2 ). The pathway refl ects a synthesis of observations made in 
cultured cells and mice, and as indicated, loss of Tpr is probably one of several trig-
gers for induction of p53 activity. Given the variety of functions linked to Tpr and 
the nuclear basket, several of which were discussed in this review, we speculate that 
additional “outputs” affected by changes in Tpr and the Ran system might be impor-
tant for p53 and development of growth inhibition and senescence associated with 
premature aging.   

    Conclusions 

 Tpr contributes to a variety of cellular pathways, several of which are clearly inde-
pendent of the anticipated roles of Tpr in nuclear transport. Chromosomal translo-
cations that generate fusions between Tpr and kinases are oncogenic, and Tpr can 
promote oncogenesis through mechanisms that involve cell cycle checkpoints, p53 
and possibly MAP kinase signaling. The diverse biology and signifi cant disease 
associations revealed from the studies on Tpr illustrate the multifunctional nature of 
Tpr and importance of developing a deep understanding of the NPC and its constitu-
ent proteins.     
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    Abstract     Ran is a small ras-related GTPase that controls the nucleocytoplasmic 
exchange of macromolecules across the nuclear envelope. It binds to chromatin 
early during nuclear formation and has important roles during the eukaryotic cell 
cycle, where it regulates mitotic spindle assembly, nuclear envelope formation and 
cell cycle checkpoint control. Like other GTPases, Ran relies on the cycling between 
GTP-bound and GDP-bound conformations to interact with effector proteins and 
regulate these processes. In nucleocytoplasmic transport, Ran shuttles across the 
nuclear envelope through nuclear pores. It is concentrated in the nucleus by an 
active import mechanism where it generates a high concentration of RanGTP by 
nucleotide exchange. It controls the assembly and disassembly of a range of com-
plexes that are formed between Ran-binding proteins and cellular cargo to maintain 
rapid nuclear transport. Ran also has been identifi ed as an essential protein in nuclear 
envelope formation in eukaryotes. This mechanism is dependent on importin-β, 
which regulates the assembly of further complexes important in this process, such as 
Nup107–Nup160. A strong body of evidence is emerging implicating Ran as a key 
protein in the metastatic progression of cancer. Ran is overexpressed in a range of 
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tumors, such as breast and renal, and these perturbed levels are associated with local 
invasion, metastasis and reduced patient survival. Furthermore, tumors with onco-
genic KRAS or PIK3CA mutations are addicted to Ran expression, which yields 
exciting future therapeutic opportunities.  

  Keywords     Ran GTPase   •   Nucleocytoplasmic transport   •   Mitotic spindle   •   Nuclear 
envelope   •   RCC1   •   RanBP1   •   CRM1   •   TPX2   •   Importin-β   •   Cell cycle checkpoint 
control   •   Osteopontin   •   Metastasis  

  Abbreviations 

   ARF    ADP ribosylation factor   
  CLL    Chronic lymphocytic leukemia   
  FEISEM    Field emission in-lens scanning electron microscopy   
  IMT    Infl ammatory myofi broblastic tumors   
  NES    Nuclear export signal   
  NLS    Nuclear localization signal   
  NPC    Nuclear pore complex   

          Introduction 

 In every cell, a plethora of molecules are continually shuttling between the cyto-
plasm and nucleus in a complex system that ensures cellular homeostasis is main-
tained. This is necessitated by the compartmentalization within cells that separates 
transcription and translation. The separation by the nuclear envelope contributes to 
the ability of cells to regulate gene expression, but it also requires cells to develop 
mechanisms to transport cargoes between the nucleus and cytoplasm. Extensive 
research in eukaryotic model systems has identifi ed RanGTP as a key protein in 
nucleocytoplasmic transport [ 1 ,  2 ]. Ran is a member of the Ras family of small G 
proteins, although highly unique due to a lack of the -CAAX membrane anchoring 
motif at its C-terminus (that is a characteristic feature of small GTPases) and its 
nuclear localization [ 3 ]. Ran contains a 20 kDa catalytic core domain and shares 
other similarities with Ras family members such as relying on a specifi c guanine 
nucleotide exchange factor (Regulator of Chromosome Condensation 1; RCC1 also 
known as RanGEF), and requiring a GTPase activating protein (Ran GTPase 
Activating Protein 1; RanGAP1) to contribute to its overall GTPase activity [ 4 ,  5 ]. 
Ran also possesses an unusually acidic tail at its C-terminus, stabilizing both GDP 
binding to Ran and its interaction with Ran Binding Protein 1 (RanBP1), which 
promotes GTP hydrolysis [ 6 ,  7 ]. The function of Ran has been studied in detail in 
interphase cells, where its regulator proteins RCC1, RanGAP1, and RanBP1 interact 
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with RanGTP in the cytosol while RCC1 is located in the nucleus bound to chroma-
tin [ 8 – 10 ]. This creates a RanGTP gradient across the nuclear envelope with a higher 
concentration of RanGTP in the nucleus than in the cytoplasm. The assembly and 
disassembly of cargo complexes for import and export is regulated by an asymmetri-
cal distribution of various Ran factors, which direct nuclear-cytosolic exchange of 
these proteins [ 11 ]. RanGTP-binding receptors, such as chromosome region mainte-
nance 1 (CRM1) and importin-α/β, control the transport of cargoes containing 
nuclear localization signals (NLS) or nuclear export signals (NES) [ 12 ]. When the 
nuclear envelope disassembles with the onset of mitosis, RCC1 continues to concen-
trate RanGTP near chromosomes, while RanGAP1/RanBP1 hydrolyzes RanGTP 
located further from chromosomal regions [ 13 ]. Spindle assembly factors are inhib-
ited by importin-β in complexes located away from chromatin where RanGTP con-
centration is lower [ 14 ,  15 ]. It has been proposed that importin-β interacts with Ran 
on chromatin, highlighting the essential role importin-β plays in recruiting mem-
brane vesicles to chromatin [ 16 ,  17 ]. However, an alternative model has also been 
reported, suggesting that importin-β inhibits NPC and nuclear envelope assembly 
[ 18 ]. When mitosis is completed and the mitotic spindle disintegrates, normal cel-
lular structure must be resumed. The nuclear envelope and NPCs are reestablished 
and nucleocytoplasmic transport resumes. This process is dependent on a functional 
Ran system, as characterized by a number of specifi c in vitro and in vivo studies 
[ 19 – 23 ]. In addition to the intracellular functions of this small GTPase in nuclear 
transport and mitosis biology, Ran has been identifi ed as a key protein in the induc-
tion of an invasive and metastatic phenotype in cancer [ 24 ]. Although no sporadic 
mutations in Ran have been reported in human cancer, extensive evidence has dem-
onstrated the overexpression of Ran in various tumor types compared to normal 
tissue and increased Ran levels in vitro leads to malignant transformation [ 24 – 32 ]. 
Furthermore, Ran overexpression induces a metastatic phenotype through deregula-
tion of its effector proteins with known oncogenic effects such as Aurora A [ 33 ], the 
microtubule associated protein HURP [ 34 ,  35 ], and BRCA1 [ 36 ]. Loss of Ran in 
normal cells confers minimal effects, whereas downregulation in cancer cells is 
associated with mitotic defects and increased apoptosis [ 37 ]. This provides the 
opportunity for the development of Ran inhibitors that selectively induce apoptosis 
in malignant cells as a potential future therapy.  

    Identifi cation and Structure of Ran GTPase 

 Ran GTPase was identifi ed while screening for genes homologous to  ras -like cod-
ing sequences in a human teratocarcinoma cDNA library [ 3 ]. Of the ten clones that 
were initially discovered to hybridize to the conserved  ras  domain Asp-Thr-Ala- 
Gly-Gln-Glu (H- ras  residues 57–62), four of these sequences (named TC4, TC10, 
TC21, and TC25) were identifi ed as novel  ras -like genes. Alignment of these clones 
with the H- ras  amino acid sequence confi rmed that four of the H- ras  functional 
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domains were present in the TC clones. Furthermore, a number of residues distinct 
from these domains, such as Phe-28 (interacts with the guanine ring), Thr-35 
(important in Mg 2+  ion regulation), Arg-68, Tyr-71, Pro-110, and Phe-156, were 
also conserved in the TC clones. This suggested that the proteins encoded by the 
novel sequences had biochemical characteristics similar to other  ras -like proteins, 
such as guanine nucleotide binding and GTP hydrolysis. Despite the striking homol-
ogy between the clones and H- ras , one of the four sequences was found to be unique 
from the others. The TC4 clone did not terminate with a CAAX coding sequence, a 
common feature of many  ras  superfamily proteins, whereas the other three clones 
did contain this motif. In addition to lacking a terminal CAAX sequence, the TC4 
coding sequence did not end with a cysteine or YPT ( Y east  P rotein  T ransport) group 
members, leading to the suggestion that TC4 was similar to ADP ribosylation factor 
(ARF), another low-molecular-weight GTP-binding protein [ 3 ]. However, the TC4 
sequence, unlike ARF, encoded all four of the  ras  functional domains. In review of 
these fi ndings, TC4 was classifi ed as a  ras -related gene. Subsequent studies on 
RCC1 identifi ed TC4 as a protein that bound to an anti-RCC1 antibody and formed 
a nuclear complex with RCC1 [ 38 ]. Moreover, Bischoff and Ponstingl reported the 
25 kDa  ras -related protein was present in the nucleoplasm as a soluble monomer 
in 25-fold higher levels than the TC4-RCC1 complexed form [ 39 ]. Due to its 
 homology to conserved  ras  sequences and nuclear localization, TC4 was named 
Ran ( Ra s-related   n uclear protein) or Ran GTPase. 

 Ran contains a 20 kDa catalytic core domain similar in structure to GTP-binding 
domains of the Ras GTPases [ 4 ]. It shares other similarities with Ras family mem-
bers as it relies on a specifi c guanine exchange factor (RCC1), and requires a GTPase 
activating protein (RanGAP) to contribute to its GTPase activity [ 5 ]. The fi rst crystal 
structure of Ran, as part of the Ran•GDP•Mg 2+  complex, demonstrated that despite 
the similarity with the Ras core, there were substantial differences in domains 
important in regulation of GDP and Mg 2+  binding, suggesting there could be signifi -
cant conformational alterations following GTP binding [ 6 ]. Furthermore, Ran lacks 
a -CAAX motif and is therefore not subject to lipid modifi cation at its C-terminus 
[ 3 ]. It instead possesses an unusually acidic carboxyl terminus ( 211 DEDDDL 216 ), 
stabilizing both GDP binding to Ran and interaction with RanBP1, which facilitates 
GTP hydrolysis [ 7 ]. Analysis of the crystal structure also revealed that the amino-
terminus (residues  1 MAAQGEP 7 ) and the extended tail are fl exible [ 6 ].  

    The Roles of Ran in Nucleocytoplasmic Transport 

 Transport of molecules between the nucleus and cytoplasm is an essential activity 
of eukaryotic cells. It occurs through NPCs and is mediated by soluble receptors 
that shuttle between the nucleus and cytoplasm [ 40 ]. NPCs are approximately 
170 nm in length and consist of more than 30 proteins called nucleoporins (or Nups) 
arranged in a symmetrical, octagonal structure that spans the nuclear envelope [ 41 ]. 
Nucleoporins form a semi-permeable barrier to macromolecules via an association 
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of phenylalanine-glycine (FG) motifs, which can also act to mediate transport of 
cellular cargo [ 42 ]. Molecules less than 40 kDa are free to diffuse across the NPC, 
at a rate inversely related to their molecular size, but mRNA and other macromole-
cules rely on nucleocytoplasmic carrier proteins, called karyopherins, and other 
proteins to facilitate their transport [ 43 ]. The process is bidirectional, signal medi-
ated, and energy dependent [ 44 ]. Karyopherins can be divided into two subgroups: 
importins (nuclear import) and exportins (nuclear export). These karyopherins rec-
ognize specifi c signals on the cargo to be transported, form complexes with them 
and attach onto the NPC through interactions with nucleoporins [ 41 ]. 

 Ran was identifi ed as a key factor for protein import into the nucleus and has since 
been demonstrated to have an essential role in the nucleocytoplasmic transport of mac-
romolecules [ 1 ,  2 ,  45 ]. The nuclear envelope acts as a barrier to compartmentalize (and 
protect) the nuclear DNA from the cytoplasm and the enzymes that are found there, 
many of which could damage the genetic material. To maintain cellular homeostasis, 
cytoplasmic proteins are prevented from entering the nucleus by active transport, 
whereas nuclear proteins remain in the nucleoplasm by active import or by binding to 
nuclear structures [ 45 ]. Moreover, proteins that are important in nuclear/cytoplasmic 
communication transit rapidly in and out of the nucleus [ 45 ]. The directionality of this 
transport is largely supported by a concentration gradient of Ran GTP/GDP, which is 
characterized by a high nucleocytoplasmic concentration of RanGTP [ 11 ]. 

 Ran, like other GTPases of the Ras family, switches between two conformations, 
GTP-bound and GDP-bound, which represent the active and inactive forms, respec-
tively (Fig.  1 ). The conformation of Ran dictates how it interacts with effector pro-
teins: for example the GTP/GDP bound state of Ran directs its recognition of the 
cargo to be transported, the directionality of transport and the timing of the transport 
[ 6 ,  46 ,  47 ]. In vitro disruption of the guanine nucleotide cycle can be achieved by 
introducing mutations in Ran that either block GTPase activity (e.g., RanQ69L) or 
inhibit nucleotide binding (e.g., RanT24N), resulting in the formation of an inhibi-
tory Ran-RCC1 complex that prevents RanGTP production (Fig.  1a ) [ 45 ,  48 ].

   Both the GTP and GDP conformations of Ran are distributed asymmetrically in 
the cell. RanGTP is predominately located in a soluble form in the nucleus, whereas 
RanGDP is concentrated in the cytoplasm. Furthermore, more than 10 5  copies of 
Ran leave the average mammalian nucleus every second and the rapid nuclear effl ux 
is consistent with the high nuclear concentration of Ran [ 8 ,  9 ]. Elevated Ran levels 
in the nucleus are maintained by a nuclear import mechanism involving nuclear 
transport factor-2 (NTF2), a cytosolic protein that interacts with RanGDP (Fig.  1b ) 
[ 49 ,  50 ]. Moreover, the nucleocytoplasmic shuttling of NTF2 has recently been 
reported to be a regulated process in mammalian cells that may incorporate a tyro-
sine kinase-dependent signal transduction mechanism [ 51 ]. Loading of the Ran mol-
ecule with GTP during the GDP/GTP exchange reaction is necessary because 
intracellular concentrations of GTP are approximately tenfold higher than GDP 
[ 52 ]. Furthermore, RCC1 activates the RanGDP-RanGTP gradient by binding to the 
nucleosome (consisting of repeating units of chromatin), which recruits Ran to chro-
matin and activates Ran nucleotide exchange activity [ 53 ]. The binding of RCC1 to 
chromatin is important to this spatial signaling within the nucleus, and the process 
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  Fig. 1    Ran controls nucleocytoplasmic transport. ( a ) The guanine nucleotide cycle of Ran. 
The inactive RanGDP (lacking GTPase activity) is loaded with GTP by RCC1 in the cell nucleus 
to produce active RanGTP, which has GTPase activity. This reaction produces a conformational 
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depends on the N-terminal tail extension of RCC1, which is altered by an unusual 
amino methylation [ 10 ,  54 ]. Also, the RCC1 β-propeller motif associates with the 
histone H2A-H2B complex, which increases its nucleotide exchange activity [ 55 ]. 

 In the cytoplasm, Ran mediated hydrolysis of GTP to GDP is stimulated by 
RanGAP1, and RanBP1, which interacts with Ran through a RanGTP-binding 
motif [ 56 – 59 ]. GTP hydrolysis by RanGAP can also be catalyzed by RanBP2 (also 
known as Nup358), a nucleoporin that localizes to cytoplasmic fi laments and con-
tains multiple binding domains for the nucleocytoplasmic transport machinery [ 60 , 
 61 ]. Although RanBP2 is one of the few reported SUMO E3 ligases, it only exhibits 
its E3 ligase activity when complexed with RanGAP1•SUMO1/Ubc9, indicating 
that complexed RanBP2, rather than free RanBP2, is the E3 ligase [ 62 ]. 

 Upon receiving GTP, Ran GTPase becomes activated and initiates the formation 
of nuclear import and export complexes. Karyopherins that mediate import, such as 
the importin-α/importin-β heterodimer, form complexes with proteins possessing a 
classical lysine-rich NLS in the cytoplasm [ 12 ]. The import complexes then trans-
locate to the nucleus and are dissociated by RanGTP, which binds to importin-β and 
releases both the cargo protein and importin-α. The karyopherin is then recycled 
back to the cytoplasm to import the next cargo. Importin-α/β regulated import of 
NLS-carrying cargo is more effective than alternative Ran-dependent pathways that 
do not rely on importin-α [ 63 ]. Furthermore, digitonin permeabilized cell assays 
have shown that the association between importin-α and Nup153 (a NPC compo-
nent) is required for nuclear import of proteins containing importin-β binding motifs 
but not other cargo substrates that bind directly to importin-β [ 63 ]. These assays 
work on the premise that digitonin permeabilization can permeabilize the plasma 
membrane specifi cally, leaving the nuclear membrane intact. This allows the dif-
ferentiation between antigens on the nuclear and cytoplasmic sides of the nuclear 
envelope [ 64 ,  65 ]. Structural analysis of importin-β proteins have shown that they 
contain superhelices of HEAT repeats that can enclose an interacting protein or 
form a superhelix that can “spring” open to expose a potential binding site [ 66 ]. 

Fig. 1 (continued) alteration in Ran that facilitates interactions with effector molecules, such as 
karyopherins. In the cytoplasm, RanGTP is hydrolyzed back to RanGDP in a reaction dependent 
on RanGAP1, and promoted by RanBP1 and RanBP2. The in vitro mutants of the Ran GTP-GDP 
cycle disrupt GTPase activity by independent mechanisms—RanT24N blocks nucleotide binding 
and forms a stable inhibitory complex with RCC1, whereas RanQ69L lacks the ability to hydrolyze 
GTP and it remains in a fi xed GTP-bound state. ( b ) Ran dynamics in macromolecular transport. 
Ran moves across the nuclear envelope in a bidirectional manner but is retained in the nucleus by 
an active import mechanism involving nuclear transport factor-2 (NTF2). Import complexes which 
incorporate proteins carrying a nuclear localization signal (NLS) are dissociated by RanGTP, and 
export is promoted by RanGTP binding with chromosome-region maintenance protein-1 (CRM1). 
Dissociation of the export complexes occurs in the cytoplasm when RanGTP associates with 
RanGAP and RanBP1 or RanBP2 (also known as Nup358), causing hydrolysis of GTP. Other 
importin family members are involved in the nucleocytoplasmic transport of certain cargoes       

Ran GTPase in Nuclear Envelope Formation and Cancer Metastasis



330

RanGTP can then form a stabilizing complex with these compacted structures. In 
contrast, the structure of CAS/CSE1, an export factor that recycles importin-α to the 
cytoplasm, opens up in response to RanGTP binding, permitting the binding of 
importin-α and the formation of a trimeric complex [ 45 ,  66 ]. 

 In addition to nuclear import, Ran also controls the assembly and disassembly of 
complexes important for the export of macromolecules from the nucleus. To date, 
eight RanGTP-driven exporters have been identifi ed in humans, differing widely in 
the cargo they transport [ 40 ]. Exportin 6, for example, specifi cally interacts with 
actin only and actively reverses its leakage into the nuclear space [ 40 ]. In contrast, 
RanGTP binds to the leptomycin-B-sensitive factor CRM1, an exportin with a vari-
ety of structurally diverse cargo [ 67 ]. This range of specifi city of CRM1 is not only 
due to its highly adaptable cargo-binding site, but also a conformational change on 
CRM1 that occurs following RanGTP binding that increases its affi nity for a short 
peptide sequence containing a canonical Leucine-rich NES [ 68 ]. When the RanGTP-
CRM1- cargo export complex translocates across the nuclear pore, it is disassociated 
by Ran hydrolysis of GTP, which involves interaction with RanGAP and RanBP1 or 
RanBP2 [ 69 ]. CRM1 cargo proteins include several tumor suppressor proteins, such 
as FoxO3a, p53, and IκB [ 70 ]. CRM1 prevents the activation of these proteins, in 
the absence of DNA damage and other aberrations, by exporting them from the 
nucleus of normal cells. 

 Nucleocytoplasmic transport also regulates the compartmentalization of several 
of the effectors of the Ran GTP-GDP cycle. The amino terminal tail of RCC1 con-
tains an NLS that associates with the importin-β-importin-α3 complex, and is trans-
located actively from the cytoplasm to the nucleus [ 71 ]. This pathway requires an 
established Ran gradient and is energy dependent [ 72 ]. Despite containing an NES, 
RanBP1, moves continuously between the nucleus and cytoplasm, but is largely a 
cytoplasmic protein [ 73 ]. In contrast, RanGAP1 is prevented from entering the 
nucleus because it carries an NES [ 74 ,  75 ]. Moreover, transport factors are also 
shuttled in both directions across the nuclear envelope by precise mechanisms, such 
as the CAS-mediated export of importin-α, highlighting the range of dynamic trans-
port across the nuclear membrane at any one time [ 76 ]. Therefore, the spatial orga-
nization of Ran regulators may not be solely dictated by the localization of fi xed 
structures, such as the NPC, but may also be due to the maintenance of protein 
gradients across the nuclear envelope [ 45 ].  

    The Roles of Ran in the Cell Cycle 

 In addition to the function of Ran in nucleocytoplasmic transport, it also has a distinct 
role in cell cycle regulation. The Ran system was fi rst implicated in control of the cell 
cycle in 1990 when it was shown that a point mutation introduced in RCC1, which 
caused the amino acid change serine to phenylalanine, resulted in premature chromo-
some condensation [ 77 ,  78 ]. Further evidence that Ran is involved in cell cycle regu-
lation has since been demonstrated in several organisms. In human cells, expression 
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of a dominant active mutant of Ran disrupted cell cycle progression causing arrest 
primarily in G 2  but also in the G 1  phase of the cell cycle [ 79 ]. Likewise, disruption of 
the Ran system in yeast also resulted in similar cell cycle defects, whereas mutation 
of the RCC1 homologue Dcd1/Pim1 causes a defect at the end of mitosis which can 
be rescued by the Ran homologue spi1 [ 80 ]. In  Xenopus  egg extracts, generation of 
GTP bound Ran was required for activation of cyclin- dependent kinase-1 (CDK1)-
cyclin B and entry into mitosis [ 81 ,  82 ]. However, the precise mechanism remains to 
be elucidated. In addition to its role in regulating cell cycle progression, Ran also 
controls formation of the mitotic spindle during mitosis. 

 Early experiments in  X. laevis  egg extracts suggested that RanGTP is required 
for the activation of CDK1-cyclin B and entry into mitosis. A dominant-inhibitory 
mutant form of Ran (T24N), which remains GDP-bound, promoted phosphoryla-
tion of CDK1 on tyrosine residues that inhibited its kinase activity thereby prevent-
ing entry into mitosis [ 81 ,  82 ]. Furthermore, when the extracts were supplemented 
with RCC1 protein together with Ran T24N, inhibition of CDK1-cyclin B was 
reduced, suggesting that Ran T24N sequesters RCC1 into an inactive form. In con-
trast, the GTP bound dominant activated mutant of Ran, Q69L, did not prevent 
CDK1-cyclin B activation, suggesting that RanGTP is required for entry into mito-
sis [ 82 ]. Experiments were also carried out on hamster tsBN2 cells, a temperature 
sensitive cell line with a point mutation in the RCC1 gene. When the cells were 
exposed to the nonpermissive temperature, RCC1 protein levels decreased signifi -
cantly [ 82 ]. Moreover, cells prematurely entered S phase when RCC1 function was 
lost, probably as a consequence of impaired ability to actively exclude entry of 
mitotic inducers, such as cyclin B, from the nucleus. The presence of these mitotic 
inducers allows the activation of CDK1-cyclin B, and hence entry into mitosis. This 
discrepancy in the function of RCC1 during mitotic entry could be explained by an 
as yet undiscovered role of Ran in control of entry into mitosis. Alternatively, dis-
crepancies in the studies could be explained by the experimental systems used in 
these studies: RCC1 is largely absent in the tsBN2 hamster kidney cell line while in 
the  X. laevis  egg extracts it is still present but in an inactive form. Ran also has an 
active role in the temporal control of progression through mitosis. Experiments in 
 X. laevis  egg extracts show that elevated levels of exogenous RCC1, and thus higher 
RanGTP levels, abrogate the spindle checkpoint [ 83 ]. Presumably, this is a conse-
quence of delocalizing mitotic regulators, including Mad2, CENP-E, Bub1, and 
Bub3, from kinetochores. The displacement of these proteins prevents inhibition of 
APC/C, and so causes the cleaving of cohesion and transition from metaphase to 
anaphase. Reducing RanGDP levels (by depletion of RanGAP1 and RanBP1) abro-
gates the checkpoint arrest in a similar manner. In contrast, increasing RanGDP 
levels (by addition of RanGAP1 and RanBP1) in extracts with exogenous RCC1 
restores the spindle checkpoint [ 83 ]. This suggests that the spindle checkpoint is 
directly linked to the RanGTP–GDP ratio. Therefore, changes in the production of 
RanGTP and release of cells from metaphase could be linked to the successful com-
pletion of spindle assembly.  
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    The Roles of Ran in Mitotic Spindle Formation 

 The mitotic spindle is formed during mitosis from the reorganization of the micro-
tubule network and functions to separate replicated chromosomes between the two 
daughter cells. There is considerable evidence that Ran plays a key role in mitotic 
spindle assembly during mitosis. In 1999, multiple groups demonstrated that 
increasing the amount of GTP bound Ran by addition of either RCC1 or dominant 
active Ran mutants promoted spindle formation in  Xenopus  egg extracts [ 84 – 87 ]. In 
contrast, inhibiting formation of GTP bound Ran caused abnormal spindle assem-
bly and either RCC1 or dominant active Ran mutants promoted spindle formation 
[ 84 – 87 ]. Studies in somatic cells have shown similar mitotic defects when the Ran 
system is manipulated to those observed in  Xenopus  egg extracts. For example, 
expression of Q69L or T24N Ran mutants in human cells causes defects in mitotic 
spindle morphology and chromosome alignment [ 10 ]. Similarly, mis-localization of 
RCC1 through removal of the N-terminal region, which is required for chromosome 
interaction, causes comparable defects [ 10 ]. Furthermore, Ran has been implicated 
in various processes that are important in mitotic spindle assembly such as microtu-
bule nucleation, dynamics, and motor activity [ 87 – 90 ]. 

 RanGTP indirectly promotes microtubule nucleation in the vicinity of chromo-
somes through release of spindle assembly factors from inhibitory complexes with 
importins (Fig.  2 ) [ 14 ,  15 ,  91 ]. Spindle assembly factors are targeted to the nucleus 
during interphase through their NLS. Thus, the importin-α and importin-β dimer 
binds to the NLS of spindle assembly factors during mitosis and inhibits their activ-
ity. Subsequently, binding of RanGTP to importin-β displaces these factors and 
releases them from the inhibitory effect of importin binding [ 91 ]. Thus, RanGTP 
uses components of the nucleocytoplasmic transport system to localize active spin-
dle assembly factors near to chromatin. Several spindle assembly factors, such as 
NuMA, XCTK2, and TPX2, are directly regulated by RanGTP [ 14 ,  92 ,  93 ]. TPX2 is 
one of the best-characterized downstream targets of RanGTP, and it is displaced 
from importin-α due to RanGTP activity (Fig.  3a ) [ 91 ]. TPX2 mediates the binding 
of the motor protein XKLP2 to microtubules and activates Aurora A kinase which is 
associated with the centrosome (Fig.  3a ) [ 33 ,  94 ,  95 ]. TPX2 has also been shown to 
form a multi protein complex with Aurora A kinase, Eg5 (a plus end-directed motor), 
and the microtubule associated proteins XMAP215 and HURP [ 34 ]. Formation and 
function of this complex is dependent on Aurora A kinase activity [ 34 ]. HURP is 
another key downstream target of RanGTP; it is an importin-β regulated protein that 
is involved in stabilizing and targeting K-fi bers (microtubule bundles that attach the 
kinetochore to the spindle pole) to chromosomes [ 34 ,  35 ,  96 ]. More recently, the 
protein MCRS1 has also been identifi ed as a spindle assembly factor that is released 
from interaction with importin-β by RanGTP binding [ 97 ]. MCRS1 is an essential 
protein for proper spindle assembly, as it stabilizes K-fi bers by suppressing depoly-
merization at the minus end [ 97 ]. CDK11 is a further downstream target of RanGTP 
that is essential for microtubule stabilization around chromosomes [ 98 ].
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    An indirect target of RanGTP is XRHAMM, a TPX2 and γ-tubulin associated 
factor that is required for microtubule nucleation and spindle pole formation [ 99 ]. 
It has also been suggested that the E3 ubiquitin ligase activity of the tumor suppres-
sor complex BRCA1/BARD1 regulates Ran dependent spindle formation through 
attenuation of XRHAMM activity, thereby permitting accumulation of TPX2 on 
spindle poles (Fig.  3a ) [ 100 ]. The nuclear export receptor CRM1 is another example 
of a RanGTP effector that is critical for mitotic spindle formation [ 101 ]. CRM1 and 
RanGTP are required for the recruitment of RanGAP1 and RanBP2 to kinetochores, 
for K-fi ber assembly and proper chromosome segregation (Fig.  3b ) [ 101 ]. The 
RanGTP-CRM complex may also have a role in regulating centrosome duplication 
during cell division (Fig.  3b ) [ 102 ,  103 ].  

  Fig. 2    Ran releases spindle assembly factors. Generation of RanGTP from the guanine nucleotide 
cycle forms a “cloud” of RanGTP around the mitotic spindle. RanGTP then acts to dissociate 
spindle assembly factors (SAF) from inhibitory complexes incorporating importin-α and 
importin-β. The importin dimer then binds to a nuclear localization sequence (NLS) of a SAF, 
which inhibits their activity       
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  Fig. 3    Ran controls protein complexes during mitotic spindle formation. ( a ) RanGTP promotes 
the activation of Aurora A kinase (localized at spindle microtubules and centromeres) by catalyz-
ing the release of TPX2 from a TPX2-importin complex. Free TPX2 activates Aurora A, which 
phosphorylates TPX2, producing a region of active TPX2 near chromosomes. XRHAMM can also 
activate TPX2, whereas the breast cancer type-1 susceptibility protein (BRCA1)-BARD1 (BRCA1- 
associated RING domain protein-1) ubiquitin ligase complex can inhibit XRHAMM. BRCA1 is 
also phosphorylated by Aurora A kinase. ( b ) Ran regulates mitotic spindle assembly through 
CRM1, which associates with RanBP1 and RanBP2 and interacts with kinetochores. The interac-
tion between kinetochores and kinetochore fi bers, which consist of microtubules that stretch from 
the centromeres to the kinetochore, is in part controlled by the RanBP2-RanGAP1 complex       
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    The Roles of Ran in Nuclear Envelope Assembly 

 The completion of mitosis is characterized by disassembly of the mitotic spindle 
and formation of the nuclear envelope. Following the fi rst report in 1995, the role of 
Ran in directing nuclear envelope assembly has been established in several eukary-
otic organisms. In those seminal experiments, the introduction of a mutant form of 
RCC1 in  Schizosaccharomyces pombe  caused signifi cant fragmentation of the 
nuclear envelope [ 104 ]. This also resulted in the aggregation of pore-containing 
membranes in the cytoplasm and “free” chromatin that was not compartmentalized. 
Subsequent studies using cell-free  Xenopus  extracts and demembraned sperm chro-
matin demonstrated that Ran was important in nuclear assembly and lamina forma-
tion around the nucleus [ 19 – 21 ]. However, it was suggested that these effects may 
be a result of disrupted nucleocytoplasmic transport, since the Ran mutants utilized 
in the experiments inhibited nuclear import of a protein containing a NLS [ 21 ]. 
Subsequently, Ran was shown to be directly required for the extensive vesicle fusion 
events that lead to membrane fusion and nuclear envelope formation in  Xenopus  
extracts [ 22 ,  23 ]. The requirement of Ran in NPC assembly has since been further 
demonstrated [ 105 – 107 ] and a role for Ran in regulating the structure and function 
of the pore has been suggested [ 108 ]. Furthermore, Ran is essential for nuclear 
envelope assembly in  Drosophila melanogaster  [ 109 ] and  Caenorhabditis elegans  
[ 110 ,  111 ], and for NPC formation in  Saccharomyces cerevisiae  [ 112 ], showing that 
these functions are conserved across eukaryotes. 

 In two independent studies, membrane vesicles, which fuse to form the lipid 
membrane of the nuclear envelope, were shown to rapidly accumulate around arti-
fi cial beads coated with recombinant Ran protein [ 23 ,  113 ]. This lipid layer con-
tained nucleoporins, formed NPCs and facilitated the active import of nuclear 
proteins through the formation of pseudo-nuclei [ 23 ]. Zhang and Clarke reported 
that RanGDP-coated beads require RCC1 in cell-free extracts to convert the 
RanGDP to RanGTP, which will promote vesicle binding and fusion. By contrast, 
RanGTP-coated beads can promote vesicle binding and fusion to form nuclear 
envelopes independently of RCC1. Inhibition of RCC1 and RanGAP using block-
ing antibodies decreased vesicle recruitment and fusion, indicating that RanGDP 
must be converted to RanGTP before vesicles can be recruited and subsequently 
GTP hydrolysis is required for vesicle fusion to form the nuclear envelope [ 113 ]. 
Elevated concentrations of RanGDP, but neither RanQ69L nor RanT24N, enhanced 
nuclear envelope formation around chromatin in  Xenopus  extracts, including the 
assembly of increased smoothed membranes and NPCs that can be observed by 
fi eld emission in-lens scanning electron microscopy (FEISEM) [ 105 ]. In similar 
observations to RanBP1, RanT24N, a mutant with perturbed nucleotide binding, 
does not enhance nuclear envelope assembly, whereas RanQ69L, a mutant that 
 disrupts GTPase activity, facilitates isolated vesicle recruitment to chromatin 
 without membrane fusion or NPC formation, highlighting either decreased vesicle 
binding to chromatin or an inhibition in vesicle fusion [ 105 ]. 

 Hetzer and colleagues demonstrated in other experiments that Ran is essential 
for nuclear membrane fusion events and integration of nucleoporins during nuclear 
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envelope formation [ 22 ]. The incorporation of either Ran Q69L or T24N mutants 
into  Xenopus  extracts resulted in signifi cant defects in nuclear membrane vesicle 
fusion, suggesting that both the generation and GDP-GTP cycling of RanGTP are 
essential for vesicle fusion events. Depletion of RCC1 also inhibited vesicle fusion 
around chromatin and this could be rescued by the re-addition of RCC1 or RanGTP, 
but not RanGDP [ 22 ]. Therefore, generation of RanGTP by RCC1 is essential for 
the events leading to nuclear envelope assembly. In contrast, extracts containing the 
GTP analogue GTPγS, which is non-hydrolyzable, are unable to rescue RCC1 
reduction. This suggests Ran GTP hydrolysis is important for membrane assembly, 
but as we shall discuss later, this may not be entirely correct [ 22 ]. The inclusion of 
NPCs into existing nuclear membranes in  Xenopus  extracts is also RanGTP- 
dependent and can occur from both the nucleoplasmic and cytoplasmic pools [ 107 ]. 

 The failure of GTPγS or RanQ69L to promote nuclear envelope formation 
around chromatin was initially thought to refl ect the necessity for GTP hydrolysis 
in the fusion of vesicles [ 22 ]. However, the Q69L Ran mutant also prevents the 
chromatin recruitment of RCC1 thereby preventing generation of new RanGTP 
molecules on chromatin [ 105 ]. Typically, Ran in its GDP-bound conformation, 
associates with chromatin at an early stage in nuclear assembly, recruiting RCC1 
which is essential for RanGTP generation at the chromatin surface [ 105 ]. This 
explains why RanGDP can support nuclear membrane formation—by catalyzing 
production of RanGTP on chromatin. It also explains why excess RanGTP (either 
through GTPγS or Q69L) inhibits viable nuclear envelope assembly—because the 
spatial organization is disrupted, rather than GTP/GDP cycling [ 105 ]. 

 The mechanism of how Ran controls nuclear envelope formation is poorly under-
stood, but the involvement of importin-β has been reported [ 16 ]. Zhang and col-
leagues demonstrated that the addition or removal of importin-β to Ran-coated 
beads inhibits the nuclear envelope formation initiated by Ran, whereas importin-β- 
coated beads were suffi cient to initiate envelope assembly [ 16 ]. Importin-β is also 
essential for nuclear membrane formation in other eukaryotes such as  C. elegans  
[ 23 ,  111 ] and  D. melanogaster  [ 109 ], and nuclear envelope assembly surrounding 
sperm chromatin in vitro [ 106 ]. Importin-α functions in concert with importin-β, 
and is also important in nuclear envelope assembly; formation of the envelope is 
dependent on membrane-bound importin-α, and this association is regulated by 
phosphorylation [ 114 ]. Lu and colleagues recently demonstrated that NLS- 
containing proteins bound to chromatin provide sites where nucleoporins and pre-
mature membrane vesicles can dock via importin-α and importin-β during nuclear 
membrane formation [ 115 ]. During this process, importin-β binds premature 
 membrane nucleoporins and vesicles, while importin-α rapidly associates with 
NLS- containing proteins, such as histones and nucleoplasmin, which quickly accu-
mulate around free chromatin in  Xenopus  extracts. Nucleoporins and membrane 
vesicles are subsequently recruited to the sperm chromatin surface by importin-β 
following importin-α–importin-β interactions on chromatin. Finally, Importin-β 
binds to RanGTP on demembraned chromatin and releases nucleoporins and mem-
brane vesicles for nuclear envelope assembly. Experiments using reduced importin-β 
or perturbed levels of NLS-containing proteins can disrupt importin-α/
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NLS-containing protein interactions, which result in defective nuclear membrane 
formation [ 115 ]. 

 Importin-β regulation of membrane assembly probably requires RanGTP-
mediated interactions with both FG and non-FG nucleoporins (Fig.  4 ). The Nup107–
Nup160 complex, which is controlled by importin-β, may form a primary pre-pore 
on the chromatin surface where mature complexes are then formed [ 116 ]. Importin-
β-driven inhibition of this pore complex is circumvented by RanGTP, indicating that 
RanGTP produced at chromosomes can release nucleoporins from inhibitory asso-
ciations with importin-β [ 18 ,  106 ,  117 ].

   The isolation of MEL-28/ELYS as a key factor in Nup107–Nup160 recruitment to 
chromatin has been a signifi cant development in understanding how Ran directs 
nuclear envelope formation [ 118 – 121 ]. MEL-28/ELYS also associates with the 
MCM2-7 replication proteins on chromatin and ELY chromatin loading, and NPC 
formation, and nuclear membrane assembly are inhibited when MCM2-7 loading 
onto chromatin is inhibited [ 122 ]. Lamin B receptor (LBR), a lamin and chromatin 
binding nuclear membrane protein, is also involved in importin-β-mediated nuclear 
membrane formation [ 123 ]. LBR promotes membrane generation, membrane stack 
formation, nuclear envelope invagination and vesicle recruitment to chromatin. 
LBR has been identifi ed in a mechanism that tethers heterochromatin to the nuclear 
envelope, in combination with lamin A/C [ 124 – 127 ]. These two tethers are utilized 
sequentially during development and have recently been found to regulate differentia-
tion inversely. LBR-dependent heterochromatin tethers delay myogenic differentia-
tion, whereas lamin A/C-dependent tethers promote myogenic differentiation [ 127 ].  

  Fig. 4    Ran regulates nuclear-envelope assembly. RanGTP is recruited to the chromatin surface 
during telophase and its localized production recruits vesicles and nucleoporins through importin-β. 
Interactions between RanGTP and importin-β promote the assembly of nucleoporins and vesicles 
into nuclear pore complexes (NPCs), formation of the nuclear envelope and nuclear transport 
restart. The RanGTP-activating proteins RanGAP1 and RanBP1 or RanBP2 stimulate release of 
importin-β from Ran. FXFG is representative of a Phe-Gly (FG) repeat sequence       
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    Ran: The Effector of Metastatic Disease 

 As described earlier, Ran is best known for having established roles in nuclear cyto-
plasmic transport and mitosis. However, recent publications have clearly demon-
strated an intriguing role for Ran in cancer development and progression. Ran is 
expressed at higher levels in numerous tumor derived cell lines and in tumor tissue 
compared to normal cells or tissues (Table  1 ) [ 25 ,  26 ,  128 – 133 ]. In both ovarian and 
renal cell carcinoma high Ran expression is associated with high-grade tumors, 
local invasion and tumor metastasis, establishing it as a promising prognostic 
 indicator of poor survival [ 27 ,  28 ].

   The spotlight was not on Ran from the outset. It was discovered through research 
carried out on an upstream regulator of Ran, osteopontin (OPN). Osteopontin is a 
33 kDa glycophosphoprotein widely expressed in human cells, including osteoclasts, 
kidney cells, and endothelium, as well as breast and skin epithelial cells [ 134 ,  135 ]. 
It has been shown to enhance the transformative, migratory and invasive capacity of 
cancer cells in vitro [ 136 ,  137 ], and promote metastasis in vivo [ 138 – 140 ]. It does 
this by simultaneously inhibiting tumor suppressor genes and promoting oncogenic 
signaling, primarily via its downstream effector, Ran. 

 The Ran associated factor, RanBP2 has also been implicated in tumorigenesis in 
various studies. Dawlaty and colleagues demonstrated that transgenic mice with 
reduced RanBP2 expression developed severe aneuploidy and were predisposed to 
7,12-dimethylbenz[a]anthracene (DMBA)-induced tumor formation [ 141 ]. Skin 
cancer incidence was signifi cantly higher in RanBP2 hypomorphic mice compared 

      Table 1    Ran is over expressed in several tumor derived cell lines and 
tumor specimens compared to the equivalent normal cell lines or 
tissues, using various detection methods   

 Tumor type  Reference/detection method 

 Breast  [ 26 ] (WB) 
 [ 128 ] (SSH, NH, qRT-PCR) 

 Lung  [ 25 ] (IHC) 
 Cervical  [ 129 ] (MA, qRT-PCR) 
 Prostate  [ 26 ] (WB) 

 [ 130 ] (ISH) 
 Ovarian  [ 27 ] (IHC) 
 Colon  [ 25 ] (IHC) 

 [ 26 ] (WB) 
 [ 131 ] (MA) 
 [ 132 ] (MA) 
 [ 133 ] (IHC) 

 Renal  [ 28 ] (WB, IHC) 
 Nasopharyngeal  [ 29 ] (MA, qRT-PCR) 
 Mesothelioma  [ 30 ] (MA) 
 Mantle-Cell Lymphoma  [ 31 ] (qRT-PCR) 
 Myeloma  [ 32 ] (GEP) 

   WB  western blotting,  IHC  immunohistochemistry,  SSH  suppressive 
subtractive hybridization,  qRT-PCR  quantitative RT-PCR,  ISH  in situ 
hybridization,  MA  microarray,  GEP  gene expression profi le (custom), 
 NH  northern hybridization  
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to mice that carried at least one wild-type allele of RanBP2, with lung metastasis 
detectable in most of the hypomorphic mice. This suggests that RanBP2 has tumor 
suppressor activity so that when levels of this protein fall below a particular thresh-
old, animals are more susceptible to carcinogen-induced tumorigenesis. In other 
studies, novel anaplastic lymphoma kinase (ALK) fusions with RanBP2 have been 
identifi ed in infl ammatory myofi broblastic tumors (IMT), rare cancers that are char-
acterized by mesenchymal proliferation of myofi broblasts and numerous infl amma-
tory cells. In these rearrangements, the amino terminal 867 residues of RanBP2 are 
fused to the cytoplasmic domain of ALK, generating a novel chimeric protein that 
has unique nuclear-membrane ALK staining compared to other ALK rearrange-
ments in IMT [ 142 ]. Recently, a novel mutation in the ALK kinase domain (F1174L) 
has been identifi ed in IMT patients that conferred resistance to the clinically approved 
ALK ATP-competitive inhibitor crizotinib in patients harboring the RanBP2-ALK 
translocation [ 143 ]. Overexpression of the  RanBP2  gene has also been associated 
with cisplatin resistance in ovarian cancer cell lines [ 144 ]. Furthermore, the RanGTP-
associated export factor CAS/CSE1 has also been implicated in cancer. CAS/CSE1 
has been identifi ed in protein complexes that interact with p53 target promoters in 
vivo [ 145 ]. Downregulation of CAS/CSE1 was found to decrease apoptosis by 
reducing transcription from those p53 target promoters, including  PIG3 , a gene 
involved in early cellular DNA damage response [ 146 ]. Lately, CAS/CSE1 has also 
been reported as a pro-survival protein in ovarian cancer where it is regulated by the 
c-Met tyrosine kinase receptor, a receptor also implicated in Ran biology [ 147 ]. 
Another Ran-related protein that is perturbed in tumorigenesis is CRM1. 
Overexpression of CRM1 has been found in a number of solid and hematological 
tumors, and the upregulated expression correlates with reduced overall survival and 
therapy resistance [ 148 – 150 ]. Recently, nuclear export inhibitor studies have identi-
fi ed CRM1 as a therapeutic target in chronic lymphocytic leukemia (CLL) [ 70 ]. 

 The decreased survival of cancer patients may depend on the overexpression 
of Ran, which is known to promote metastasis [ 24 ]. For instance, overexpression of 
Ran has been shown to induce a metastatic phenotype in an experimental model 
of breast cancer dissemination both in vitro and in vivo [ 24 ]. Stable transfection of 
benign mammary epithelial cells with Ran stimulated increased anchorage- 
independent growth, cell adhesion to fi bronectin and invasion through Matrigel in 
vitro, and metastasis in a syngeneic rat model in vivo (Fig.  5 ) [ 24 ]. Conversely, this 
metastatic phenotype could be reversed both in vitro and in vivo by suppressing Ran 
expression through transfection of the cells with Ran-targeted siRNA [ 24 ]. 
Subsequent studies have corroborated these fi ndings by further demonstrating that 
Ran expression increased the invasiveness of human lung carcinoma cells [ 151 ]. 
The GTPase activity of Ran is also required for effi cient metastasis [ 24 ] and 
increased RanGTP levels have been associated with increased cell transformation 
and tumorigenicity [ 152 ].

   As a consequence of the differential Ran expression between normal cells and 
tumor tissue, it has been suggested that Ran may represent a potential anticancer ther-
apeutic target. Inhibition of Ran expression in several tumor cell lines causes abnor-
mal mitotic spindle formation, mitochondrial dysfunction, and apoptosis [ 26 ,  153 ]. 
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  Fig. 5    Ran drives tumor invasion and metastasis. ( a ) In vitro analysis of Ran/OPN in cell invasion. 
Overexpression of Ran in benign noninvasive mammary Rama37 cells generated an invasive cell pheno-
type. Similarly, overexpression of Ran, together with OPN depletion, generated an invasive phenotype. 
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However, knock down of Ran has little effect on normal cells and does not result in 
decreased cell viability, indicating that tumor cells may become dependent on Ran 
signaling for survival [ 26 ]. Furthermore, inhibition of Ran expression may be a 
particularly effective anticancer therapeutic strategy in K-Ras mutant tumors since 
silencing Ran expression caused increased apoptotic cell death in K-Ras mutant cell 
lines in comparison to their isogenic counterparts [ 153 ].  

    Ran as a Novel Cancer Therapeutic Target 

 Nanomedicines have signifi cant potential in enhancing delivery of cancer therapeu-
tics. The proper understanding of the characteristics of tumor biology, coupled with 
proper tumor targeting using colloidal nanoparticles has been propelled to the fore-
front of cancer research. A nanoparticle constructed from a drug-loaded core with a 
peripheral targeting ligand is probably the design with the most potential to achieve 
these objectives. Such design has the potential to achieve tumor size reduction and 
elimination via its target-specifi c nature of action without damaging healthy tissue. 
However, the clinical worth of such nanoparticles is determined by their ability to 
disseminate in the body and reach target sites in therapeutically effective doses 
[ 154 ]. There is now a large overlap between tumor-targeting mechanisms and their 
utilization for diagnosis and therapy of cancer. This refl ects the heterogeneity of 
tumor biology and the large potential for multiple targeting schemes using the same 
mechanism or ligand [ 155 ]. 

 It is now well established that Ran is overexpressed in various cancers and this 
overexpression is correlated with increased aggressiveness of the cancer cells in 
vitro and in vivo [ 24 ,  151 ,  152 ]. Targeting the Ran pathway, through peptide block-
ades or siRNA molecules directed against human Ran and/or RCC1, represents a 
promising novel therapeutic modality for the treatment of complex diseases such as 
cancer [ 24 ]. However, delivering peptides or siRNA to tumors using clinically viable 
formulations remains the major technical hurdle. Over the past several years, signifi -
cant effort has been devoted to explore novel delivery strategies, whereas relatively 
little attention has been paid to understand the impact of physiological constraints 
such as tumor vasculature on the effi ciency of peptide/siRNA delivery [ 156 ]. 
Engineered virus particles can serve as multifunctional targeted, non- immunogenic, 

Fig. 5 (continued) In contrast, overexpression of OPN and siRNA-mediated silencing of Ran ren-
dered the cells noninvasive. This suggests the induction of an invasive phenotype is due to Ran 
expression and is induced independently of OPN. ( b ) In vivo analysis of Ran/OPN in tumor inci-
dence and metastasis. In a syngeneic rat model of tumor formation and secondary metastasis, 
Rama37 generated tumors in 90 % of cases, but none of these progressed to metastasis. 
Overexpression of OPN (with concomitant increased Ran expression) in Rama37 cells induced 
both tumors and metastases. However, silencing of Ran abolished incidents of tumor metastasis, 
despite the formation of primary tumors in all cases. Overexpression of Ran was suffi cient to gener-
ate tumor metastasis in low OPN expressed Rama37 or depleted by OPN-antisense. This suggests 
that Ran is the downstream effector of OPN-mediated invasion and metastasis       
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nanoscale devices with potential for a broad range of in vivo uses, especially for 
siRNA delivery. However, the limitations of viral vectors, particularly regarding 
safety concerns, have led to the development of colloidal nanoparticles based on 
biodegradable polymers and liposomes [ 156 ,  157 ]. A wide variety of synthetic 
nanoparticles have been shown to target tumor cells, enter cancer cells, and release 
therapeutic agents [ 158 ]. To reach cells, nanoparticles must readily diffuse through 
the capillary network, escape macrophage surveillance and interact with the cell 
membrane [ 159 ]. Their small size should allow penetration of cell membranes, bind-
ing and stabilization of proteins and lysosomal escape following endocytosis [ 160 ]. 

 One interesting novel approach for nanoparticle delivery is a system using trans-
ferrin modifi ed poly(ethylene) glycol (PEG) nanoparticles encapsulating the desired 
therapeutic agent [ 161 ]. This system combines both passive and active targeting 
mechanisms. Surface modifi cation with hydrophilic polymers, such as PEG, has 
been used for steric stabilization and results in “stealth-like” nanoparticles that 
reduce serum protein interaction, thus prolonging drug residence time in the circu-
lation and allowing nanoparticles, smaller than the fenestrations, to migrate and 
accumulate across leaky vasculature in tumor tissue by way of the enhanced perme-
ation and retention effect (EPR). EPR is a form of passive targeting and can be also 
called selective targeting. Simultaneously, transferrin exhibits active targeting 
through transferrin-mediated endocytosis [ 155 ,  160 ]. In active targeting strategies, 
a targeting ligand is attached to the nanoparticles to allow site-specifi c delivery.  

    Conclusion 

 In summary, Ran is recognized as having a number of important roles in various 
cellular functions. Most notably, Ran is essential for proper nucleocytoplasmic 
transport, mitosis and nuclear envelope formation, with a further emerging role in 
tumor progression and metastasis. Ran mediates nucleocytoplasmic transport 
through the association of RanGTP with the importin-β family of karyopherins. 
This association with RanGTP regulates the interaction of karyopherins with the 
cargo proteins and NPC proteins. The localization of the RanGEF RCC1 to the 
nucleus, whilst RanGAP and Ran binding proteins are localized to the cytoplasm, 
causes the accumulation of RanGTP in the nucleus. This differential distribution of 
RanGTP guides the spatial orientation of the mitotic spindle and the nuclear enve-
lope. Thus, defects in the Ran system may result in chromosomal instability, aneu-
ploidy and tumorigenesis. Moreover, there is mounting evidence that Ran plays a 
crucial role in cancer development and progression. Ran is highly expressed in mul-
tiple tumor types and is associated with a more aggressive phenotype. It has been 
demonstrated that overexpression of Ran in benign mammary epithelium causes 
neoplastic transformation, dissemination and metastasis [ 24 ]. Current research sug-
gests that Ran may not only be a useful prognostic biomarker but may also be a 
potential anticancer therapeutic target, which, when inhibited, selectively kills the 
more aggressive cancer cells. Ran’s association with metastasis makes it an even 
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more valuable therapeutic target since metastatic disease is often refractory to cur-
rent treatments and remains the main cause of cancer related deaths. Whilst the 
discovery of Ran’s involvement with cancer is a signifi cant fi nding, many aspects of 
its role remain to be elucidated and it is not yet clear whether this knowledge will 
lead to an improvement in the diagnosis or treatment of cancer. However, the rate of 
progress in understanding the Ran system has been rapid to date, and it is an  exciting 
area of interest for cancer biologists.     
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    Abstract     Several components of the Wnt signaling pathway have in recent years 
been linked to the nuclear pore complex. β-catenin, the primary transducer of Wnt 
signals from the plasma membrane to the nucleus, has been shown to transiently 
associate with different FG-repeat containing nucleoporins (Nups) and to translo-
cate bidirectionally through pores of the nuclear envelope in a manner independent 
of classical transport receptors and the Ran GTPase. Two key regulators of β-catenin, 
IQGAP1 and APC, have also been reported to bind specifi c Nups or to locate at the 
nuclear pore complex. The interaction between these Wnt signaling proteins and 
different Nups may have functional implications beyond nuclear transport in cellu-
lar processes that include mitotic regulation, centrosome positioning and cell migra-
tion, nuclear envelope assembly/disassembly, and the DNA replication checkpoint. 
The broad implications of interactions between Wnt signaling proteins and Nups 
will be discussed in the context of cancer.  
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  Abbreviations 

   APC    Adenomatous polyposis coli   
  IQGAP1    IQ motif containing GTPase activating protein   
  MTOC    Microtubule organizing center   
  NE    Nuclear envelope   
  NES    Nuclear export signal   
  NLS    Nuclear localization signal   
  NPC    Nuclear pore complex   
  NUP    Nucleoporin   
  PML    Promyelocytic leukemia   

          Introduction 

 Wnt signaling pathways play a critical role in regulating normal cell and tissue pro-
cesses including embryonic development, stem cell self-renewal, tissue homeosta-
sis, cell polarity and cell migration [ 1 – 4 ]. When constitutively activated by gene 
mutations, inappropriate Wnt signaling can drive cell transformation and the initia-
tion of tumor progression, particularly of the colonic epithelium [ 1 – 3 ]. Therefore, 
aberrations in Wnt signaling can promote colorectal cancer [ 5 ]. In recent years, 
different protein components of the Wnt pathway, in particular the proteins 
β-catenin, adenomatous polyposis coli (APC), and IQ motif containing GTPase 
activating protein (IQGAP1), have been found to associate with the nuclear enve-
lope (NE). These and other proteins of the Wnt pathway shuttle between nucleus 
and cytoplasm [ 6 – 8 ], and in some cases form complexes with nucleoporin (Nup) 
proteins that make up the nuclear pore complex (NPC). β-catenin is a unique exam-
ple. In response to Wnt ligand activation of transmembrane Frizzled receptors at the 
cell surface, β-catenin is stabilized and rapidly translocates into the nucleus where 
it can transactivate proteins that promote cellular transformation and cancer [ 4 ]. We 
describe the unusual nuclear transport mechanism of β-catenin, which itself appears 
to act like a classical transport receptor in that it can traverse the NPC via multiple 
transient interactions with phenylalanine-glycine (FG)-containing Nups. Then the 
nuclear shuttling protein APC is discussed in the context of its binding to Nup153 
and Nup358, and the potential impact on cytoskeletal regulation leading to changes 
in cell polarity and migration. Finally, the recent discovery of IQGAP1 in the 
nucleus and at the outer face of the NE is addressed, outlining how NE-associated 
IQGAP1 might tether and regulate the actin and microtubule cytoskeletons to con-
trol nuclear positioning or NE breakdown/assembly as cells enter mitosis.  
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    β-Catenin Associates with the NPC: Implications 
for Nuclear Translocation and Transactivation 

    Wnt Signaling, β-Catenin Stabilization and Cancer 

 In the absence of Wnt signaling, β-catenin is immobilized by E-cadherin at the cell- 
cell junctions. It also binds to α-catenin at these junctions and indirectly modulates 
the actin cytoskeleton [ 2 ,  5 ,  9 ]. The accumulation of excess β-catenin is tightly 
controlled through its N-terminal phosphorylation by a destruction complex (com-
prising several factors including casein kinase 1, APC, glycogen synthase kinase 
3-β(GSK3β) and axin) which marks it for proteosome-mediated degradation. Wnt 
signaling or gene mutations that disrupt specifi c members of the destruction com-
plex result in increased levels of cytoplasmic β-catenin [ 5 ]. The stabilized β-catenin 
then enters the nucleus where it associates with members of the LEF-1/TCF family 
of transcription factors and drives transcription of diverse Wnt/β-catenin target 
genes [ 4 ,  10 ,  11 ]. The nuclear transactivation function of β-catenin is suffi cient to 
induce cell immortalization and transformation [ 1 ]. Therefore, nuclear accumula-
tion of β-catenin is linked to cellular transformation and cancers, especially those of 
the colon, breast, skin and liver [ 2 ,  3 ,  12 ]. More than 80 % of colorectal cancers 
have mutations in the  APC  gene and a majority of the remainder has mutations in 
other destruction complex proteins [ 13 ]. As a consequence, β-catenin stabilization 
is a common feature of colon cancers.  

    β-Catenin Moves Through the NPC via Direct Transient 
Association with FG-Rich Nups: The Nuclear Transport Process 

 The nuclear transport of proteins is a specifi c, rapid and highly active process medi-
ated by chaperone proteins commonly referred to as nuclear import (importins) and 
export (exportins) receptors [ 14 ,  15 ]. The importins ferry protein cargo into the 
nucleus by interacting with Nuclear Localization Signals (NLSs) that are mostly 
positively charged recognition sequences. Conversely, proteins are exported from 
nucleus to the cytoplasm by exportins that bind to Nuclear Export Signals (NESs); 
the most common of these comprise closely spaced hydrophobic amino acids recog-
nized by CRM1/exportin1. The majority of nuclear proteins are carried into the 
nucleus by the importin-β/importin-α complex. Importin-α binds directly to the pro-
tein NLS and importin-β mediates passage of the complex through the NPC by 
interacting with the FG rich repeats of certain Nups at the NPC. The import complex 
is dissociated in the nucleus when importin-β-bound Ran-GDP is exchanged for 
Ran-GTP, causing release of the cargo protein. Nuclear export of proteins by CRM1 
requires Ran-GTP and release in the cytoplasm is achieved by its conversion to Ran-
GDP; the reverse situation to import. Thus, the Ran-GTPase gradient across the 
NPC maintains directionality of movement. There are several mechanisms proposed 
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for the actual movement of the importins/exportins and their protein- bound 
 complexes through the NPC, which are discussed in detail elsewhere [ 15 – 21 ]. Of 
particular relevance here is that β-catenin appears to behave like a nuclear transport 
receptor, able to move back and forth rapidly across the NPC without need of other 
carriers and independently of the Ran-GTPase (see model in Fig.  1d ).

       β-Catenin Shuttles In and Out of the Nucleus Independently 
of Importins/Exportins 

 The link between nuclear accumulation of β-catenin and cancer has been known for 
many years, and yet we are only beginning to understand what are likely to be mul-
tiple mechanisms for β-catenin translocation into the nucleus. In normal cells not 
stimulated by Wnt signal, β-catenin is expressed in very small amounts and this is 
mostly found in complex with other proteins. Several of these partners, such as APC 
and axin, shuttle into and out of the nucleus through classical importin/exportin 
pathways and provide an indirect route for nuclear transport of β-catenin [ 6 ,  8 ]. In 
cancer cells or in Wnt-stimulated cells, however, β-catenin is highly expressed and 
its movement is not dictated by APC or other partners. Under these conditions it 
was discovered that β-catenin is unique in that it shuttles in and out of the nucleus 
independently of the importin/exportin pathway (β-catenin contains no typical NLS 
or NES sequence) [ 22 – 25 ]. Structurally, β-catenin comprises 12 Armadillo (Arm) 
repeat sequences that form a helical coil, and this central coil is fl anked by unstruc-
tured N-and C-terminal tails [ 26 ,  27 ]. Arm repeats are ~43 amino acid motifs that 
form a super-helical structure with a major groove that mediates interaction with 
key protein partners [ 28 ]. The Arm repeats 9–12 are structurally similar to the 
HEAT repeats of importin-β [ 29 ]. These helicoidal repeats provide importins and 
exportins the fl exibility with which to bind cargo proteins and the FG repeats of 
Nups simultaneously, allowing for translocation of the complex through the NPC 
[ 21 ,  30 ]. Recently, the β-catenin Arm repeats 10–12 have been shown to mediate 
rapid nuclear import/export of β-catenin and to bind directly to the FG repeats of 
NPC components Nup62, Nup98 and Nup153, and with the outer NPC cytoplasmic 
fi lament protein Nup358 [ 31 ]. The fi ndings support a model wherein β-catenin 
translocation through the NPC is mediated by a series of transient and sequential 
interactions with multiple Nups. Of these, Nup358 has a crucial role given that it is 
located at the cytoplasmic fi laments and is known to act as a docking platform for 
import complex formation at the entry point to the NPC [ 19 ]. Indeed, the loss of 
Nup358 was found to slow down the rate of nuclear entry of β-catenin in live cell 
assays (Fig.  1 ). By analogy to its role in regulating nuclear passage of importin-β 
[ 32 ], it is possible that Nup358 captures and concentrates β-catenin at the NPC to 
increase its import/export effi ciency [ 19 ]. 

 The interaction of Arm repeats 10–12 of β-catenin with components of the NPC 
has many implications. Firstly, most of the key partners of β-catenin (i.e., APC, LEF/
TCFs, E-cadherin) bind within the fi rst 8 Arm repeats, leaving Arm repeats 10–12 
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free and accessible to transport the β-catenin-protein complexes [ 31 ]. Thus, β-catenin 
could function as a highly specialized transport receptor in cancer cells. Moreover, 
other proteins that contain Arm repeat domains such as the Wnt proteins APC, 
α-catenin and p120-catenin, might be capable of importin/exportin- independent 

  Fig. 1    Silencing Nup358 slows nuclear export and import of β-catenin. Analysis of GFP-tagged 
β-catenin transport in living cells by FRAP assay. ( a ) Mouse NIH 3T3 fi broblast cells were trans-
fected with control siRNA or Nup358 siRNA and co-transfected with β-catenin-GFP for nuclear 
export FRAP analysis. Confocal cell images are shown before and after photobleaching the cyto-
plasm and fl uorescence recovery was monitored over 400 s. Nuclear export rates ( right - hand  
panel) were calculated for the fi rst 30 s from initial recovery slopes using linear regression analysis 
(see [ 31 ] for details). ( b ) FRAP analysis of nuclear import was performed on β-catenin- GFP trans-
fected cells by photobleaching the nucleoplasm. Nuclear import rates were calculated as in A 
revealing an inhibitory effect of Nup358 silencing ( right - hand  panel). ( c ) Western blot analysis to 
confi rm knockdown of Nup358. ( d ) Schematic model for receptor-independent transport of 
β-catenin (β) through the NPC. β-catenin transiently binds to the FG-repeats of Nup358 (located at 
the cytoplasmic fi laments), Nup62 (central channel of NPC), Nup98 and Nup153 (located at the 
nuclear basket of NPC). These data were originally published in [ 31 ] and reproduced with permis-
sion of the American Society for Biochemistry and Molecular Biology       

 

Wnt Signaling Proteins Associate with the Nuclear Pore Complex…



358

movement through the NPC. In conclusion, it appears that β-catenin has evolved to 
transit rapidly and independently into the nucleus [ 7 ,  31 ], producing a dynamic 
nuclear pool readily available to transactivate gene expression.  

    Nuclear Transport of Other Wnt Proteins 

 A number of Wnt proteins shuttle in and out of the nucleus but, unlike β-catenin, 
they utilize canonical importin/exportin routes. These include APC, GSK-3β [ 33 ] 
and axin [ 34 ]. APC is transported by importin-α/β complexes into the nucleus and 
can bind to nuclear β-catenin to transport it out of the nucleus to stimulate its deg-
radation in the cytoplasm [ 35 – 37 ]. Since all of the above factors are components of 
the β-catenin destruction complex, it is possible that β-catenin degradation may also 
occur in the nucleus. 

 In the more specialized case of nuclear transport of upstream Wnt receptors, a 
recent study of neuronal development found that a fragment of the  Drosophila  
Wnt-1 receptor, named Dfrizzled2, was able to bind large mRNA particles and to 
presumably exit the nucleus through a process of budding [ 38 ]. This type of nuclear 
transport was previously ascribed only to viruses, and might provide the fi rst link 
between Wnt signaling and a noncanonical form of nuclear transport that occurs 
independently of the nuclear pores. Alternatively, such data might also implicate 
movement of Wnt complexes through peripheral channels of the NPC. 

 It is intriguing to note that Nups, especially the mobile nucleoplasmic ones such 
as Nup98 and Nup153, are intimately connected to chromatin and contribute to 
gene regulation [ 39 ,  40 ], and are enriched in markers for active transcription such as 
RNA polymerase II [ 41 ] and the histone deacetylation and chromatin binding pro-
tein (CBP/p300) [ 42 ,  43 ]. These Nups were shown to regulate the expression of 
developmental and cell cycle related genes [ 39 ]. It is possible that β-catenin might 
regulate the transcription function of these Nups in the nucleus of cancer cells, or 
alternatively that these Nups could alter regulation of specifi c Wnt target genes.  

    The Role of Nup358 Sumo Ligase Activity in β-Catenin 
Transport and Function 

 Nup358, in addition to its role in protein docking and transport through the NPC, is 
a major constituent of the cytoplasmic fi laments at the face of the NPC and acts as a 
Sumo E3-ligase involved in sumoylation of various target proteins. Interestingly, 
Nup358 has recently been found to sumoylate the Wnt protein TCF-4 [ 44 ]. TCF-4 is 
a member of the LEF-1/TCF family of transcription factors that are co-activated by 
β-catenin in colon cancers [ 45 ]. Sumoylated TCF-4 displayed an increased affi nity 
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for β-catenin and increased its transcriptional activity in colon cancer cell lines [ 44 ]. 
It is possible that sumoylated TCF-4 binds to β-catenin fi rst in the cytoplasm and that 
the complex is then transported into the nucleus by β-catenin. At present there is no 
evidence that Nup358 can sumoylate β-catenin, although we note that the de-
sumoylation activity of a different protein, Axam, was linked to the degradation of 
β-catenin [ 46 ]. Another Wnt-related sumo-substrate of Nup358 is promyelocytic 
leukemia protein (PML). Sumoylation of the PML tumor suppressor is essential for 
formation of PML nuclear bodies that regulate processes such as DNA replication 
and gene transcription. Wnt-stabilized β-catenin was found to inhibit Nup358 medi-
ated sumoylation of PML and to prevent formation of PML nuclear bodies in cancer 
cells [ 47 ]. However, the mechanism of β-catenin action in this process has not yet 
been resolved. In future experiments it will be important to clarify whether Nup358 
does sumo-modify β-catenin, and to explore whether β-catenin binding has a more 
global impact on Nup358 sumo-ligase activity, particular in relation to the nuclear 
transport process.   

    APC Associates with Specifi c Nups: Implications 
for Polarization of the Microtubule Cytoskeleton 
and Centrosome Orientation 

 Unlike other Wnt regulatory proteins, APC is a very large molecule and directly 
associates with the cellular cytoskeleton. Through its C-terminal BASIC domain, 
APC can bind directly to both microtubules [ 48 ] and to actin fi laments [ 9 ,  49 ] in 
vitro and in vivo. Moreover, APC has recently been shown to associate (through its 
Arm domain) with vimentin, a component of intermediate fi laments [ 50 ]. In inter-
phase cells, APC binds and stabilizes the plus-end “cap” of microtubules, promoting 
assembly of microtubule bundles that drive formation of membrane protrusions dur-
ing cell migration [ 48 ]. APC binds directly (via its extreme C-terminus) to end- 
binding protein-1 (EB1) which also stabilizes microtubule plus-ends. APC is most 
frequently detected by microscopy in clusters at the end of microtubules in mem-
brane protrusions, and is thought to indirectly move along microtubules in a plus- 
end directed fashion with the aid of kinesin motor proteins and the adaptor KAP3A 
complex [ 51 ,  52 ]. At the membrane clusters, APC co-locates with other Wnt pro-
teins including DLG, axin and β-catenin [ 53 ,  54 ]. APC is also present to some extent 
at actin-dependent membrane lamellipodia and ruffl es of migrating cells where it 
interacts with IQGAP1, an effector molecule of Rac1-GTPase [ 55 ,  56 ]. At the 
plasma membrane, the APC–IQGAP1 interaction was proposed to mediate cross-
linking between microtubules and actin to coordinate movement of the cell mem-
brane during migration [ 55 ]. APC further regulates polarization of the centrosome 
during migration [ 57 ,  58 ]. Interestingly, two specifi c Nups, Nup153 and Nup358, 
were shown to interact with APC and regulate its role in cytoskeletal architecture. 
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    APC, Nups and Microtubules 

 Microtubules are dynamic cytoskeletal tube-like structures that contribute to cell 
shape but also are linked to the NE where they contribute to the process of cell divi-
sion through positioning of the centrosome and mitotic spindle and possibly through 
facilitation of NE breakdown and reassembly [ 59 ]. In interphase cells microtubules 
originate from the microtubule organizing center (MTOC) or centrosomes. They 
nucleate from γ-tubulin RING complexes at the centrosome (referred to as the minus-
end of the microtubules) and extend as polymers outward to the cell cortex. Like 
APC, Nups can regulate microtubule stability and polymerization to control mitotic 
spindle assembly and disassembly [ 60 ] and if misregulated cause severe aneuploidy 
and missegregation of chromosomes [ 61 ,  62 ]. In interphase cells microtubules asso-
ciate with, and were reported to be stabilized by, Nup358 [ 63 ] and Nup98 [ 64 ]. 

 Microtubules and actin play an important role in cell migration and in cancer cell 
invasion, particularly in the direction of cell movement through generation of mem-
brane protrusions (the relationship between Wnt proteins and actin will be discussed 
later). APC has been documented to associate with three distinct NPC-associated 
factors to date; the mobile Nups Nup358 [ 65 ], Nup153 [ 66 ] and the nuclear import 
receptor, importin-β [ 67 ]. The interaction with importin-β was proposed to stimu-
late microtubule stability and spindle formation, based mostly on in vitro assays 
with  Xenopus  egg extracts [ 67 ]. In contrast, the two Nups were each implicated in 
torsioning of the microtubule network for cell polarity and orientation of the centro-
some (Fig.  2 ). In the case of Nup358, Murawala [ 65 ] reported that APC binds this 
Nup through its central β-catenin-binding domain, raising the possibility that 
β-catenin or axin might modulate the interaction between APC and Nup358. 
Curiously, and quite distinct from its role in the docking stages of nuclear transport, 
the cytoplasmic form of Nup358 was claimed to bind the kinesin-2 motor complex 
and promote movement of APC to the cell cortex and microtubule plus-ends, lead-
ing to centrosome polarization during cell migration [ 65 ]. This differs to the role of 
Nup153, which in fi broblasts and astrocytes was shown to bind APC and further 
postulated to anchor APC in the vicinity of the NPC at the NE [ 66 ]. The idea was 
that a subset of interphase microtubules are attached to the NE through an APC- 
Nup153 complex to assist in centrosome positioning during cell migration, although 
the evidence presented is mostly circumstantial. In future experiments it will be 
important to defi ne more accurately the cellular localization of APC-Nup interac-
tions, such as by proximity ligation assays, and also to determine whether the 
sumoylation function of Nup358 contributes to APC binding and/or cell polarity 
and migration. It is not yet known whether these APC-Nup interactions contribute 
to, or modulate, the rate of APC nuclear transport.

   In the Wnt system, APC plays a key role in chromosome stability, and cancer 
associated mutations of APC lead to aneuploidy [ 61 ]. A similar outcome has been 
observed after loss of specifi c Nups such as Nup358, Nup98, and the Nup107-160 
complex [ 60 ]. Thus, future research efforts can be envisaged to elucidate a more 
complex interplay or network between Wnt signaling and Nups in regulation of 
microtubules in cancer.  
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    APC and Other Wnt Components at the Centrosome 

 As described above, both β-catenin and APC form complexes with Nup358. In addi-
tion to the role of APC-Nups in orienting the centrosome to optimize microtubule 
dynamics for cell movement during interphase, Nup358 has recently been shown to 
bind to the microtubule motor-adaptor protein Bicaudal D2 [ 68 ] to regulate posi-
tioning of the nucleus and centrosome during late G2, prior to entry into mitosis. 
This mechanical process is important for integrity of NE breakdown and positioning 

  Fig. 2    APC localization, transport, and activities in interphase cells. APC localizes to different 
subcellular sites spanning from the nucleus to plasma membrane as shown. APC is thought to 
move to the plasma membrane along microtubules and driven by kinesin-motor proteins; at the 
membrane APC accumulates in clusters with other proteins including β-catenin and Nup358 to 
promote cell migration. Inside the cell, cytoplasmic APC (wild-type or cancer mutated forms) 
localize to the centrosome, a tiny structure that nucleates the microtubule network and primes 
assembly of the mitotic spindle in mitotic cells. The truncated cancer linked APC mutants accumu-
late at mitochondria in the cytoplasm with a predicted role in cancer cell survival. APC is known 
to shuttle in and out of the nucleus. At the nuclear pore complex (NPC) it associates with the 
nucleoporin Nup153 (and possibly Nup358). Inside the nucleus APC functions to regulate DNA 
repair, replication, and transcription. APC returns to the cytoplasm via the CRM1-dependent 
nuclear export pathway. Full-length APC is thought to act as a mobile scaffold that moves slowly 
between locations to regulate assembly of specifi c protein complexes [ 113 ]. Mutant truncated 
forms of APC are more dynamic but often display altered activity       
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of the mitotic spindle, and involves regulation of two counteracting forces along 
microtubules driven by kinesin-1 and dynein motors. At this stage it is not known 
whether APC or β-catenin contribute to this pre-mitotic orientation of the centro-
some and nucleus. 

 Several different Wnt proteins have been detected at the centrosome, including 
APC [ 69 ], β-catenin [ 70 ], Axin [ 71 – 73 ], and the protein phosphatase 2A subunit 
B56α [ 74 ]. While some have been ascribed roles in microtubule nucleation [ 72 ] or 
centriole cohesion [ 70 ], it is worth noting that they are all components of the 
β-catenin destruction (or pre-degradation) complex, suggesting that they might 
share a role in regulating the posttranslational modifi cation and possible turnover of 
β-catenin at the centrosome.  

    Nuclear APC Regulates the DNA Replication Stress Check Point 

 APC is involved in DNA repair and replication in the nucleus (Fig.  2 ). The silencing 
of APC expression causes cells to arrest in early S-phase and blocks their progres-
sion through the cell cycle [ 75 ]. Cancer cells treated with different drugs (e.g., 
hydroxyurea) to induce arrest at G1/S phase were delayed in their ability to reen-
gage replication when APC levels were knocked down using RNAi [ 76 ]. The latter 
study found that APC binds to the replication protein A (RPA) subunit RPA32 in the 
nuclear chromatin fraction and that this interaction positioned APC as a regulator of 
the DNA replication stress response in cancer cells. The role of APC in safe- 
guarding the replication process is underscored by the fact that cancer mutations 
reduce its binding to RPA protein [ 76 ]. Nup153 has independently been shown to 
regulate the DNA damage and repair response [ 77 ] and, like APC, to regulate the 
phosphorylation of CHK1 kinase after DNA damage, suggesting that APC-Nup153 
complexes may cooperate in managing the cellular responses to DNA damage or to 
specifi c chemotherapeutic agents during colon cancer treatment.   

    IQGAP1 at the Outer Surface of the NE: 
Functional Implications 

    Regulation of Wnt Proteins at the Plasma Membrane 
by IQGAP1 

 IQGAP1 can bind to β-catenin and to APC [ 78 ]. It is a multi-domain actin- regulatory 
protein frequently detected at actin-dependent membrane structures such as lamel-
lipodia and membrane ruffl es involved in cell locomotion [ 79 ,  80 ]. Through its 
interaction with the plus-end binding proteins APC and CLIP-170, IQGAP1 tethers 
microtubules to the actin meshwork for cortical cell polarization cues [ 80 ]. 
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Interruption of IQGAP1–APC linkages causes defective cell polarization [ 55 ]. 
IQGAP1 also regulates the internalization of β-catenin, APC and N-cadherin from 
membrane ruffl es via macropinocytosis [ 56 ]. IQGAP1 expression is often high in 
cancers, and in some cases may promote cancer progression [ 78 ]. In this regard, 
IQGAP1 can destabilize membrane  adherens  junctions and indirectly coerce 
β-catenin from the plasma membrane to the nucleus where it activates the Wnt 
oncogenic transcription program.  

    Role of IQGAP1 in Cell Migration 

 There is evidence for a stimulatory role of IQGAP1 on cell migration [ 55 ,  81 ,  82 ]. 
At the leading edge of migrating cells, actin polymerization events induce mem-
brane ruffl es/lamellipodia that propel the cell across a substratum. IQGAP1 is 
unique in that it contributes to F-actin bundling/cross-linking capability [ 83 ] at 
membrane ruffl es [ 83 – 85 ] and barbed-end capping of actin [ 86 ]. IQGAP1 targets 
two key actin nucleators, the N-WASp/Arp2/3 complex and Diaphanous1 (Dia1), to 
membrane ruffl es [ 79 ,  87 ,  88 ], although at present it is not well understood how 
IQGAP1 coordinates the actin rearrangements that ensue. Prevailing evidence 
shows that Rac1 or Cdc42 regulate IQGAP1 activity [ 78 ]. These GTPases are also 
potent stimulators of N-WASp activity [ 89 ]. The ability of IQGAP1 to suppress the 
intrinsic GTPase activity of Rac1/Cdc42 could be critical for its ability to coordi-
nate actin branching and nucleation at the membrane. In this context, for example, 
IQGAP1 may act as a scaffold linking active GTPase to N-WASP and actin fi la-
ments, and therefore have its strong effects on cell migration.  

    Implications for IQGAP1 at the NE 

 IQGAP1 has recently been found to localize to the NE in a range of cancer and non- 
tumorigenic cell lines [ 90 ]. Immunofl uorescence staining and electron microscopy 
immune-gold labeling of IQGAP1 overlapped with cytoskeletal F-actin structures 
and, in part, microtubules at the NE (Fig.  3 ). This pattern is comparable to that 
observed at plasma membrane ruffl es where IQGAP1 bridges the plus-ends of 
microtubules with the underlying actin meshwork. At the NE, actin and microtu-
bules directly associate with outer nuclear membrane KASH and Nesprin proteins 
to assist nuclear positioning and cell polarization during cell migration. Several 
cytoskeletal proteins regulate the dynamics of NE-associated actin and/or nuclear 
positioning during cell migration [ 91 – 93 ]. Actin has been shown to polymerize 
directly from the cytoplasmic face of the NE [ 94 ]. Perinuclear actin polymerization 
would require the targeting of actin capping, bundling and nucleating proteins. Due 
to the scaffolding roles of IQGAP1, its ability to target and tether other cytoskeletal- 
associated proteins, and its F-actin regulatory properties, we speculate that IQGAP1 
is a key mediator of cytoskeletal dynamics at the NE (Fig.  4 ).
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    As discussed earlier, APC binds to Nup153 [ 66 ]. This was proposed to promote 
NE anchorage of proximal microtubules that radiate from the centrosome. It is con-
ceivable that IQGAP1 assists in such events to aid positioning of the MTOC. This 
theory is supported by the observation that silencing of IQGAP1 in Vero fi broblasts 
inhibited MTOC reorientation as indicated by the formation of multiple leading 
edges [ 55 ]. We propose that this effect is caused not only by a defi ciency in IQGAP1 
cortical polarization cues, as suggested, but by defects in actin dynamics in the 
vicinity of the NE. 

 In migrating fi broblasts, repositioning of the nucleus is important during cell 
polarization [ 92 ], and can be facilitated by the retrograde movement of actin 

  Fig. 3    Localization of IQGAP1 at the NE. ( a ) NE staining of IQGAP1. Deconvolution microscopy 
fl uorescence images are shown of human MCF-7 epithelial cancer cells. IQGAP1 was detected at 
the cytoplasmic face of the outer nuclear membrane. Cells were stained with antibodies against 
IQGAP1 ( red ) and nups (mAb414;  green ). ( b ) Electron micrographs of ultrathin cryosections of 
MCF-7 cells immunolabeled with IQGAP1.  Thin closed arrow  indicates nuclear rim;  broad open 
arrow  indicates immunogold-labeling of IQGAP1. White scale bar, 200 nm. ( c ) Confocal fl uores-
cence microscopy images of detergent-extracted MCF-7 cells labeled for detection of IQGAP1 
( a ;  red ), F-actin ( b ;  green ), and β-tubulin ( c ;  blue ). The  bottom  panel and enlarged image on the 
 right  show merged fl uorescence micrographs, revealing overlap between IQGAP1 and the actin 
and microtubule networks at the outer edge of the nuclear envelope. These data were originally 
published in BioArchitecture [ 90 ] and reproduced with permission from Landes Bioscience       
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fi laments coupled to TAN lines [ 95 ,  96 ] (Fig.  4 ). IQGAP1 is involved in recruitment 
of different actin regulators such as APC [ 55 ], N-WASp [ 87 ,  88 ] and Dia1 [ 79 ] to 
membrane ruffl es. Therefore, we speculate that IQGAP1 similarly recruits specifi c 
actin or microtubule-associated proteins to the outer NE to direct cytoskeletal rear-
rangements during nuclear repositioning. Alternatively, the NE-localized action of 
IQGAP1 in cytoskeletal dynamics and tethering might contribute to regulation of 
NE breakdown or reassembly, a process that commences late in G2 and in early 
mitosis and requires action of both actin and microtubule motors [ 97 ].  

  Fig. 4    Model proposing the roles of IQGAP1 at the cytoplasmic face of the nuclear envelope. 
At dynamic plasma membrane regions involved in cell migration ( a ), IQGAP1 tethers microtubule 
networks to the cortical actin network through a complex formed with APC. ( b ) At the cytoplasmic 
face of the nuclear envelope, IQGAP1 co-locates with microtubules and actin and may tether these 
cytoskeletal networks via APC or interaction with other NE proteins. ( c ) TAN lines in mesenchy-
mal cells assist in nuclear repositioning during cell polarization and cell migration. ( d ) IQGAP1 
recruits several actin-associated proteins to subcellular sites, and potentially targets proteins to the 
NE during cell migration or cell cycle events such as NE breakdown. This fi gure was originally 
published in BioArchitecture [ 90 ] and reproduced with permission from Landes Bioscience       
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    Links Between Nuclear IQGAP1, the Nucleoskeleton 
and Wnt Proteins 

 IQGAP1, like β-catenin and APC, is able to shuttle between the nucleus and the 
plasma membrane. Nuclear IQGAP1 may have roles comparable to those of 
β-catenin and APC in transcription and the DNA replication checkpoint, respec-
tively. Nuclear IQGAP1 levels are regulated by two means, GSK-3β signaling and 
cell cycle-mediated cues, such as the DNA replication stress checkpoint [ 98 ]. 
Pharmacological or Wnt-mediated inhibition of GSK-3β increases both nuclear 
IQGAP1 and β-catenin levels. Although β-catenin-IQGAP1 complexes were not 
detected in nuclear extracts [ 98 ], it remains possible that these two proteins associ-
ate within the nucleus. Indeed, β-catenin nuclear localization and transcriptional 
activity are augmented by elevated IQGAP1 expression [ 99 ,  100 ]. 

 IQGAP1 is linked to cell proliferation [ 82 ,  101 – 104 ], and silencing IQGAP1 
expression was found to slow S phase progression [ 98 ]. This may be attributable to 
association of nuclear IQGAP1 with PCNA and RPA32 [ 98 ], components of the 
DNA replication machinery previously shown to also bind APC [ 76 ]. In mouse 
fi broblasts arrested in early S phase, nuclear actin and Rac1-GTPase levels increased 
in parallel with that of nuclear IQGAP1; moreover, immunoprecipitation and 
proximity- ligation assays suggest that IQGAP1 associates with both nuclear actin 
and Rac1 in S phase arrested cells (Johnson, Sharma and Henderson, unpublished 
results). Nuclear actin has been implicated in several nuclear processes, most notably 
transcription regulation and chromatin remodeling [ 105 ,  106 ]. The principal feature 
of actin is its ability to form fi laments, which are readily detectable in the cytoplasm 
through fl uorescently linked labels such as phalloidin. Despite any clear evidence 
that nuclear actin exists in a polymeric form, due to lack of nuclear phalloidin stain-
ing under physiological conditions, several studies implicate polymeric nuclear actin 
in transcription, chromatin remodeling and DNA repair [ 107 – 109 ]. We propose that 
nuclear-localized IQGAP1 stimulates polymerization of nuclear actin either through 
its actin-bundling/cross-linking activity or via actin nucleating machinery such as 
the ubiquitously nuclear N-WASp/Arp2/3 complex. Recent studies implicate nuclear 
Rac1 in DNA replication and repair processes [ 110 – 112 ]. Given that Rac1 is a key 
regulator of IQGAP1 activity at the plasma membrane, we postulate a similar role 
for Rac1 in mediating nuclear IQGAP1–actin regulation of gene transcription 
(e.g., linked to Wnt signaling responses) and/or DNA replication processes.      
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               Introduction 

 DNA damage is both a hallmark of and a major cause of cancer. When there is a lot 
of damage, repaired double strand breaks (DSBs) often result in chromosome trans-
locations so that such translocations are used diagnostically as a refl ection of the 
degree of damage that the progenitor cells suffered. Translocations during repair of 
breaks in gene sequences can yield gene fusions that, particularly when involving 
transcriptional regulators, result in changes to gene expression that can initiate or 
support tumorigenesis and metastasis (reviewed in [1]). The cell has checkpoints to 
prevent a nucleus with unrepaired damage from entering the cell cycle; however, the 
checkpoint can be overridden after about 15 h [2]. Unrepaired damage can result in 
loss of chromosome regions resulting in gene dosage and other pleiotropic effects. 
When the genes involved contribute to cell cycle regulation and cell migration or 
genes lost include tumor suppressors or genes directing error prone cells to an apop-
totic pathway, the progeny cells may rapidly proliferate and/ or migrate to promote 
or enhance tumorigenesis and metastasis. At the same time, to proliferate tumor 
cells must maintain a balance between the limited DNA damage that supports such 
changes and too much damage that would direct the cells to apoptosis or necrosis. 
Therefore, the control and functioning of both DNA repair pathways and of DNA 
damage response checkpoints are critical for the host organism to avoid tumorigen-
esis and our ability to manipulate such processes in a tumor could promote apopto-
sis instead of proliferation. Indeed, driving irreparable DNA damage is the basis for 
most radiation and chemotherapy in cancer treatment [3]. 

 The nuclear envelope has been lately linked to both processes of the DNA dam-
age response and to stress pathways that can induce the DNA damage itself. First it 
was observed that nuclear envelope mutations in premature aging syndromes result 
in heightened accumulation of DNA damage [4, 5]. This initiated a number of 
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studies more focused on DNA damage itself linked to the nuclear envelope and it 
was observed that if a DSB escapes repair and persists, it will be relocated to the 
nuclear envelope. Two types of nuclear envelope proteins have been clearly linked 
to this process: the nuclear envelope transmembrane (NET) SUN proteins and 
nuclear pore complex (NPC) proteins. In yeast the SUN domain-containing protein 
Mps3p was found to be responsible for recruiting DSBs to the nuclear periphery and 
notably this tethering delayed the recombination-repair process [6]. This might at 
fi rst seem counterintuitive as one might have expected that tethering of breaks 
would facilitate mechanisms for their fusion; however, it has been shown by Susan 
Gasser’s laboratory that DSBs are highly dynamic in the interphase nucleus [7, 8]. 
In mammals both the SUN1 and SUN2 proteins have been found to play redundant 
roles in DNA damage responses that, in addition to recruitment of breaks to the 
nuclear envelope, also seem to involve direction of signaling events for ATM activa-
tion and deposition of H2A.X at break sites [9]. NPC proteins have also been found 
to be involved in recruiting persistent DSBs to the nuclear envelope. In particular 
Nup84 has been reported to be required for the tethering of DSBs to the nuclear 
envelope [10]. One possibility for why persistent DSBs are relocated to the nuclear 
envelope would be that this allows for more effective recruitment of DNA repair 
factors or alternatively association of DSBs with the relatively stable nuclear enve-
lope and lamin polymer might stabilize the genome suffi ciently to overcome a 
checkpoint despite the break persisting. Regardless, there is clearly a mechanism 
that recognizes broken chromosome ends and relocates them to the nuclear enve-
lope. Interestingly, there also appears to be a corresponding mechanism that can 
recruit the nuclear envelope to a DSB. Treatment with etoposide, which induces 
DSBs, results in lamin B1-containing invaginations of the membrane into the inte-
rior of the nucleus [11]. 

 In this section Suzana Gonzalo, an expert in DNA repair pathways, of St Louis 
University comprehensively overviews aspects of DNA damage and genome insta-
bility associated with lamin A mutations and mutations in an enzyme that modifi es 
lamins in premature aging syndromes. She also gives a detailed description of DNA 
damage and repair mechanisms and their links to telomere function and mainte-
nance along with how these processes are affected by lamins. Next, Paola Vagnarelli, 
an expert in mitotic chromatin organization, of Brunel University discusses the pro-
tein phosphatase targeting subunit Repo-Man, which has both critical mitotic and 
interphase roles. In mitosis, Repo-Man counteracts Aurora B and facilitates nuclear 
envelope reassembly, relevant to cell cycle controls discussed in Part II. In inter-
phase, Repo-Man targets in part to the nuclear envelope and negatively regulates 
DNA damage-induced signal transduction. As noted earlier, imbalanced DNA dam-
age responses can increase metastasis and Repo-Man has now been found to be 
upregulated in more metastatic cancers for a number of tumor types. Finally, in this 
section Takeshi Shimi and Robert (Bob) Goldman, one of the historical discoverers 
of the lamins and leading intermediate fi lament researcher, of Northwestern 
University discuss how lamin B1 regulates the decision between cell proliferation 
and senescence through reactive oxygen species (ROS) signaling pathways. This is 
again a situation where fi nding the right balance, in this case for lamin B1 levels, 
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could regulate choices for the cell relating to proliferation and the levels of the DNA 
damage causing ROS. Accordingly, the p53 tumor suppressor also plays a role in 
this mechanism.
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    Abstract     The spatial and temporal organization of the genome has emerged as an 
additional level of regulation of nuclear functions. Structural proteins associated 
with the nuclear envelope play important roles in the organization of the genome. 
The nuclear lamina, a polymeric meshwork formed by lamins (A- and B-type) and 
lamin-associated proteins, is viewed as a scaffold for tethering chromatin and pro-
tein complexes regulating a variety of nuclear functions. Alterations in lamins func-
tion impact DNA transactions such as transcription, replication, and repair, as well 
as epigenetic modifi cations that change chromatin structure. These data, and the 
association of defective lamins with a whole variety of degenerative disorders, pre-
mature aging syndromes, and cancer, provide evidence for these proteins operating 
as caretakers of the genome. In this chapter, we summarize current knowledge about 
the function of lamins in the maintenance of genome integrity, with special empha-
sis on the role of A-type lamins in the maintenance of telomere homeostasis and 
mechanisms of DNA damage repair. These fi ndings have begun to shed some light 
onto molecular mechanisms by which alterations in A-type lamins induce genomic 
instability and contribute to the pathophysiology of aging and aging-related  diseases, 
especially cancer.  
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  Abbreviations 

   DDR    DNA damage response   
  DSB    Double-strand break   
  EDMD    Emery–Dreifuss muscular dystrophy   
  FTI    Farnesyltransferase inhibitor   
  HGPS    Hutchinson–Gilford progeria syndrome   
  HR    Homologous recombination   
  IR    Ionizing radiation   
  IRIF    Ionizing radiation-induced foci   
  LAD    Lamin-associated domain   
  MADA    Mandibuloacral dysplasia type A   
  MEF    Mouse embryonic fi broblast   
  NER    Nucleotide-excision repair   
  NHEJ    Nonhomologous end-joining   
  ROS    Reactive oxygen species   
  shRNA    Short hairpin RNA   

          Introduction 

 The human genome is organized into different levels of complexity. The DNA is 
packaged into nucleosomes to form the chromatin fi ber, which in turn can acquire 
different structures and states of compaction. Chromatin compaction is fundamental 
for fi tting 2 m of DNA in humans into the small volume of the nucleus. Another 
level of complexity is the 3D nuclear organization of the genome, which is respon-
sible for maintaining the territories occupied by the different chromosomes, as well 
as the accumulation of repressive chromatin or heterochromatin at the nuclear 
periphery [ 1 – 3 ]. Alterations in nuclear architecture and chromatin structure are 
associated with disease, thus providing evidence of the importance of genome orga-
nization for genome function [ 4 – 6 ]. 

 In recent years, the nuclear lamina has arisen as a key structure in the organiza-
tion of genome function. The nuclear lamina is a fi lamentous structure under the 
inner nuclear membrane composed of A-type and B-type lamins and lamin- 
associated proteins, which provide a scaffold for tethering chromatin and protein 
complexes to specifi c subcompartments [ 7 – 11 ] (Fig.  1 ). This compartmentalization 
is brought about by the interaction of the nuclear lamina with large domains through-
out the genome, known as lamina-associated domains (LADs), which vary in size 
between 0.1 and 10 Mb. LADs are usually gene-poor regions enriched in repressive 
chromatin marks and demarcated by boundaries including insulators, CpG islands, 
and gene promoters oriented away from the lamina [ 12 ]. The organization of the 
genome orchestrated by the nuclear lamina is thought to be essential for the proper 
regulation of nuclear functions, including gene transcription and silencing, DNA 
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replication and repair, positioning of nuclear pore complexes, chromatin remodeling, 
and nuclear envelope breakdown and reassembly during mitosis [ 6 ,  13 ,  14 ].

   A-type and B-type lamins are type V intermediate fi lament proteins with a char-
acteristic central α-helical coiled coil rod domain fl anked by non-helical globular 
N-terminal “head” and C-terminal “tail” domains [ 15 ] (Fig.  2 ). While B-type lam-
ins are constitutively expressed in all cell types and during all stages of develop-
ment, A-type lamins are only expressed after the onset of cell differentiation. In the 
mouse, expression of A-type lamins is not observed until embryonic day 12. The 
B-type lamins class includes lamin B1, encoded by the  LMNB1  gene, and lamins B2 
and B3 that result from alternative splicing of the  LMNB2  gene. In contrast, four 
A-type lamins (lamins A, C, AΔ10, and C2) proteins result from alternative splicing 
of a unique  LMNA  gene [ 16 ]. A-type and B-type lamins contain a -CAAX motif at 
their C-terminus, which undergoes farnesylation and carboxymethylation shortly 
after synthesis [ 17 ,  18 ]. This posttranslational modifi cation is thought to facilitate 
anchoring of lamins to the inner nuclear membrane. In the case of lamin A, further 
processing of the protein takes place by the metalloprotease Zmpste24, which 
removes 15 residues at the C-terminus, including the farnesylated cysteine [ 19 ,  20 ], 
rendering mature lamin A (Fig.  2 ). This processing step is crucial for the proper 
function of lamin A, and alterations in this process result in severe nuclear abnor-
malities linked to disease, as discussed below. In addition, different studies have 

  Fig. 1    A-type lamins function as a scaffold that ensures nuclear function. A-type lamins are a 
special class of intermediate fi laments that form the nuclear lamina, a protein meshwork underly-
ing the inner nuclear membrane, which can also extend throughout the nucleoplasm. They serve as 
a scaffold for tethering chromatin and proteins to specifi c nuclear subcompartments. A whole 
variety of functions have been ascribed to A-type lamins including processes such as DNA replica-
tion, transcription, and DNA repair. For the most part, the molecular mechanisms behind these 
functions remain poorly understood       
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shown that the C-terminal domain of A-type lamins contains the binding sites for 
most lamin-binding proteins, as well as chromatin [ 13 ,  21 ,  22 ].

   In recent years, interest in lamins has increased due to the association of hun-
dreds of mutations in the LMNA gene with over a dozen degenerative disorders, 
broadly termed laminopathies, which include muscular dystrophies, neuropathies, 
lipodystrophies, and a variety of premature aging syndromes. In addition, altera-
tions of A-type lamins function have been associated with physiological aging and 
cancer [ 4 ,  23 ,  24 ]. The connection between A-type lamins and aging came primarily 
from the discovery that the fatal premature aging disease Hutchinson Gilford 
Progeria Syndrome (HGPS) is caused by a mutation in the  LMNA  gene that results 
in the expression of a mutant dominant-negative prelamin A isoform known as 
“progerin” [ 25 – 27 ]. Progerin contains an internal deletion of 50 amino acids near 
the C-terminus, which removes the second cleavage site by Zmpste24. Thus, a 
farnesylated form of the protein accumulates, which is toxic for the cell. 

  Fig. 2    Schematic representation of lamin A structure and posttranslational processing. Lamins 
consist of a central rod domain, fl anked by a globular head and a globular tail domain. Lamin A is 
synthesized as a prelamin A precursor which undergoes processing of its C-terminus. The 
C-terminal -CAAX motif ( blue ) undergoes farnesylation ( green ), cleavage of the last three amino 
acids ( red ), followed by carboxymethylation ( purple ) of the new terminal cysteine. A second 
cleavage by the metalloprotease Zmpste24 ( red ) removes another 15 amino acids, including the 
farnesyl group, rendering mature lamin A. Sites of interaction with gene transcriptional regulators 
such as Rb family members, lamin-associated proteins such as LAP2α, inner nuclear membrane 
proteins such as emerin, or chromatin have been described that involve primarily the C-terminal 
part of the protein and the central rod domain       
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 Interestingly, the mouse knockout for Zmpste24 exhibits similar phenotypes as 
human patients with HGPS [ 20 ,  28 ], representing a good model to study progeria. 
The fact that progerin accumulates in fi broblasts from old individuals has impli-
cated A-type lamins also in physiological aging [ 29 ,  30 ]. Furthermore, a link 
between A-type lamins and cancer has been established by studies showing that 
their expression is altered in many types of malignancies, which is often associated 
with increased aggressiveness [ 31 – 34 ]. Methylation-induced silencing of the  LMNA  
gene is a major event in leukemia, lymphomas, and small cell lung cancer, while 
overexpression is associated with colon carcinoma. Thus, expression of mutant 
forms of A-type lamins as well as changes in their expression can lead to disease 
states. Although the specifi c molecular mechanisms affected by defects in lamins 
remain poorly understood, various lines of evidence have linked laminopathies with 
increased genomic instability. Here, we provide an overview of the advances made 
in recent years elucidating the roles of lamins, primarily A-type lamins, in mecha-
nisms of DNA repair and maintenance of genome integrity.  

    Genomic Instability 

 Genomic instability is defi ned as the tendency of the genome to acquire mutations 
and epimutations as well as alterations in gene or chromosome dosage when pro-
cesses involved in maintaining and replicating the genome become dysfunctional. 
Maintaining the stability and the correct sequence composition of the three billion 
bases that form our genome is critical for a faithful transmission of genomic infor-
mation. Our genome is under constant attack by endogenous and exogenous agents 
[ 35 ]. As much as 10 5  lesions in DNA can occur per cell per day. DNA damage can 
result from side products of our normal metabolic activities such as free radicals and 
reactive oxygen (ROS) and reactive nitrogen species, as well as from environmental 
factors such as UV radiation, X-rays, and chemical compounds [ 36 ]. In addition, 
defi ciencies in DNA replication or loss of telomere function can result in DNA 
lesions, primarily DNA double-strand breaks (Fig.  3 ). These dangerous lesions are 
repaired primarily by nonhomologous end-joining (NHEJ) or homologous recombi-
nation (see below). Improper or ineffi cient repair of DNA damage causes mutations, 
chromosomal translocations, or loss of genetic information that could ultimately 
lead to a large number of human syndromes, including premature aging, various 
cancer predispositions, and genetic abnormalities [ 36 ,  37 ]. A whole body of evi-
dence has also implicated alterations in nuclear architecture and chromatin structure 
(epigenetic changes) in the acquisition of genomic instability. Furthermore, defects 
in the integrity of mitochondria profoundly impact on the stability of our genome, 
by generating ROS that damage DNA and oxidize proteins. Importantly, genomic 
instability increases with age and represents one of the highest risks for aging- 
related diseases, including cardiovascular diseases and cancer [ 38 ,  39 ]. Thus, under-
standing the molecular mechanisms behind the age-related acquisition of genomic 
instability is an active area of research, which will be fundamental to learn how to 
counteract its pathogenic effects.
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       The DNA Damage Response 

 The cell has evolved a complex pathway, termed DNA damage response (DDR), to 
sense, signal, and ultimately repair DNA lesions that arise from endogenous or 
exogenous insults [ 37 ,  38 ,  40 – 42 ]. A variety of DNA repair mechanisms, with spec-
ifi city towards different categories of DNA damage have been identifi ed. These 
include base-excision repair, nucleotide-excision repair (NER), transcription- 
coupled repair, homologous recombination (HR), and NHEJ. HR and NHEJ, the 
main mechanisms responsible for the repair of DNA double-strand breaks (DSBs), 
are considered to compete for repair substrates and be mutually exclusive [ 37 ,  43 , 
 44 ]. These pathways have been extensively characterized due to the fact that DSBs 
are particularly dangerous to the cell [ 45 ]. HR repairs the damage with great fi delity 
and requires both resection of the 5′ ends around the break and the presence of a 
homologous template. In contrast, NHEJ is an error-prone mechanism of DNA 
repair, which involves end ligation of broken DNA. While the HR repair mechanism 
is active during S and G2 phases of the cell cycle, NHEJ seems to be active 
 throughout the cell cycle [ 46 ]. 

 A growing list of factors has been clearly implicated in the DDR. These include 
sensors of the lesions such as the MRN complex (made up of the factors MRE11, 

  Fig. 3    Processes essential for maintenance of genome stability. Maintenance of telomere homeo-
stasis and mechanisms of DNA DSB repair is critical for genome stability. DSBs resulting from 
telomere dysfunction or exogenous or endogenous insults are repaired primarily by two mecha-
nisms: nonhomologous end-joining (NHEJ) and homologous recombination (HR)       
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NBS1, and RAD50), which recruits and activates the kinase ATM at sites of damage 
[ 47 ,  48 ]. ATM is considered a master regulator that phosphorylates a whole variety 
of factors involved in DDR and in the activation of cell cycle checkpoints [ 49 ,  50 ]. 
One of the earlier events in DDR is phosphorylation of the histone variant H2AX in 
the chromatin surrounding the break [ 51 ,  52 ] (Fig.  4 ). The presence of nuclear foci 
labeled with phospho-H2AX (γ-H2AX) indicates sites of DNA damage, and the 
kinetics of formation and resolution of these foci is widely used to identify defects 
in DNA repair. In turn, these events facilitate the recruitment of additional factors 
such as MDC1 [ 53 ], and ubiquitin and SUMO ligases that introduce further changes 
in the chromatin surrounding the break [ 54 – 58 ]. These changes facilitate the recruit-
ment of downstream effectors of DNA DSB repair mechanisms. Two effectors have 
been recently in the spotlight due to their key role in regulating the balance between 
HR and NHEJ to repair DSBs: BRCA1 and 53BP1. BRCA1 promotes HR by facili-
tating end-resection and RAD51 recruitment, which is essential for homology 
search and strand invasion during recombination. In contrast, 53BP1 facilitates the 

  Fig. 4    Important factors in the DNA damage response (DDR). The presence of a DNA DSB is 
sensed by the MRN complex, which recruits and activates ATM, a master regulator of DDR. ATM 
phosphorylates H2AX, which targets MDC1 and other mediator factors to the break. These factors 
attract RNF8 and RNF168 which ubiquitylate histones around the break. These histone modifi ca-
tions facilitate recruitment of factors that participate in DNA DSB repair such as 53BP1 and 
BRCA1. 53BP1 promotes recruitment of the NHEJ machinery and leads to end-joining of the 
break. In contrast, BRCA1 promotes end-resection of the break, which initiates the complex pro-
cess of recombination. The presence of DSBs can be easily visualized by performing immunofl uo-
rescence, as shown for γ-H2AX ionizing radiation-induced foci (IRIF)       
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recruitment of proteins necessary for NHEJ such as Ku70/Ku80, DNA-PKcs, and 
XRCC4/Ligase IV, while inhibiting end-resection [ 59 ,  60 ] (Fig.  4 ). Thus, the DDR 
is a complex pathway that mobilizes and recruits a whole variety of nuclear proteins 
to sites of DNA damage. Activation of this pathway can halt cell cycle progression 
until the damage is restored, or initiate mechanisms of growth arrest or cell death if 
the damage is beyond repair [ 40 ,  41 ]. A number of studies in the last few years have 
found that defects in different steps in the DDR occur in laminopathies.

       Evidence for Defective DNA Repair in Laminopathies 

 Several lines of evidence have linked laminopathies with increased genomic instabil-
ity. In particular, the expression of A-type lamin mutants has been associated with 
impairment in the ability of cells to properly repair DNA damage and maintain telo-
mere homeostasis. Defects in DNA repair were fi rst reported in the premature aging 
laminopathy HGPS and the  Zmpste24  −/−  mouse model of progeria. Fibroblasts from 
HGPS patients and  Zmpste24  −/−  mice have increased levels of basal DNA damage, 
showing chromosome aberrations and increased sensitivity to DNA-damaging agents 
[ 28 ,  61 ], as well as a permanently activated DDR [ 30 ]. As a consequence of the 
defects in DNA repair,  Zmpste24  −/−  mice exhibit increased sensitivity to ionizing 
radiation (IR). When exposed to γ-irradiation, 80 % of knockout mice died within 12 
days, in contrast to only 20 % of control mice [ 61 ]. Later studies indicated that the 
accumulation of unrepairable DNA damage in laminopathies such as HGPS and 
Restrictive Dermopathy is in part due to elevated levels of ROS and greater sensitivity 
to oxidative stress [ 62 ]. As such, the presence of ROS scavengers reduced the basal 
levels of DNA damage, thus suggesting that these types of compounds might help 
ameliorate the phenotype in some laminopathies. Similarly, the laminopathy man-
dibuloacral dysplasia type A (MADA), caused by the homozygous R527H mutation 
in the  LMNA  gene, is characterized by genomic instability. Fibroblasts from MADA 
patients exhibit defects in their ability to repair DNA damage, including reduced 
activation of p53 and its downstream targets, increased chromosome damage, and 
presence of residual γ-H2AX foci characteristic of unrepaired DNA lesions [ 63 ]. 

 A whole variety of molecular mechanisms have been proposed to contribute to 
the defects in DNA repair and the increased genomic instability in progeria. The 
landmark study by Liu and colleagues [ 61 ] demonstrated that progeria cells exhibit 
delayed recruitment of 53BP1 and RAD51 to γ-H2AX-labeled DNA repair foci after 
IR. Later studies showed that HGPS and  Zmpste24  −/−  fi broblasts have an aberrant 
accumulation of Xeroderma Pigmentosum group A (XPA), a protein involved in 
NER, at sites of DNA lesions [ 64 ]. Binding of XPA also activates ATM- and ATR-
dependent signaling cascades that contribute to proliferation arrest, and thus could 
contribute to premature senescence in these cells. Interestingly, depletion of XPA 
by siRNA in progeria cells partially restored the recruitment of HR factors Rad50 
and Rad51 to sites of DNA damage [ 61 ,  64 ]. However, the partial rescue indicated 
that additional mechanisms contribute to the DNA repair defi ciencies in these 
cells. Some proposed mechanisms include the absence of the nuclear DNA-PK 
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holoenzyme, a key factor in NHEJ repair that is linked to premature and physiological 
aging [ 65 ], as well as defects in chromatin-modifying activities. In particular, loss 
of components of the NuRD complex and decreased levels of the histone acetyl-
transferase Mof were observed in progeria cells and associated with impaired recruit-
ment of DNA repair factors and increased basal DNA damage [ 66 ,  67 ]. The decrease 
in Mof levels in  Zmpste24  −/−  cells correlates with lower global levels of H4K16 acety-
lation, a histone mark associated with chromatin compaction, and decreased recruit-
ment of DNA repair factors such as 53BP1. The importance of this histone modifi cation 
is demonstrated by the restoration of 53BP1 recruitment upon ectopic expression of 
Mof [ 67 ]. Overall, these reports provide a strong correlation between mutations or 
alterations in the processing of A-type lamins and a hindered ability to maintain the 
integrity of the genome. In addition, they have started to shed some light into putative 
molecular mechanisms behind the increased genomic instability in progeria. 
Elucidating the specifi c steps during these processes could bring about new possibili-
ties for treatment of progeria, other laminopathies, and cancer.  

    Role of A-Type Lamins in Telomere Maintenance 

 Telomere dysfunction due to excessive attrition of telomeric DNA repeats or to 
defects in telomere-binding proteins known as the “shelterin” complex is sensed by 
the cell as DNA damage, which activates DDR and checkpoint pathways [ 68 ]. 
Dysfunctional telomeres, which can be easily visualized by the colocalization of 
γ-H2AX with a telomere DNA probe, are aberrantly repaired by the NHEJ pathway, 
which results in toxic chromosome end-to-end fusions [ 69 ] (Fig.  5 ). Telomere dys-
function leads to cell death or a permanent growth arrest, which can be bypassed by 
inactivation of tumor suppressor mechanisms, contributing to genomic instability.

   There is evidence in the literature that A-type lamins associate with telomeres, 
putatively via telomere-binding proteins [ 70 ,  71 ]. This association has been shown 
to be important for the proper distribution of telomeres within the 3D nuclear space. 
A-type lamins-defi cient cells exhibit accumulation of telomeres towards the nuclear 
periphery during interphase [ 72 ]. In addition, lamins have an impact on the mobility 
of telomeres in the nucleus [ 73 ]. Monitoring telomere dynamics in human fi bro-
blasts revealed that HGPS cells have reduced mobility with respect to normal fi bro-
blasts. Moreover, loss of A-type lamins increases telomere dynamics. These changes 
could contribute to the alterations in telomere metabolism observed in lamin- 
defi cient cells [ 74 ]. HGPS fi broblasts are characterized by faster telomere attrition 
during proliferation [ 75 ,  76 ]. This was shown to be a direct consequence of the 
expression of progerin, as hematopoietic cells from HGPS patients, which do not 
express progerin, do not show this phenotype. In contrast, no differences in telo-
mere length were observed in  Zmpste24  −/−  fi broblasts, although whether or not 
 Zmpste24  −/−  telomeres are dysfunctional due to uncapping remains to be tested. 
Furthermore,  Lmna  −/−  mice exhibit a modest but consistent decreased telomere 
length when compared to wild-type littermates, as well as an increased frequency of 
chromosomes that lack telomere signals, presenting with signal-free ends [ 72 ]. 
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Further evidence for a role of A-type lamins in telomere biology was the fi nding that 
proliferative defects on human fi broblasts expressing lamin A mutants are rescued 
by telomerase [ 77 ]. 

 The above data indicate that A-type lamins participate in the localization and 
mobility of telomeres within the nucleus, as well as in the maintenance of telomere 
homeostasis. Recent studies show that A-type lamins also participate indirectly in 
the aberrant processing of dysfunctional telomeres by NHEJ, which leads to chro-
mosome end-to-end fusions. Expression of a dominant-negative version of the 
telomere-binding protein TRF2 (TRF2 ΔBΔM ) leads to uncapping of telomeres and 
massive appearance of chromosome end-to-end fusions in most cell types. However, 
in  Lmna  −/−  mouse embryonic fi broblasts (MEFs), the extent of chromosome fusions 
in response to TRF2 ΔBΔM  was greatly reduced [ 78 ] (Fig.  5 ). As discussed below, this 
defect was linked to the degradation of 53BP1, a protein that is essential for NHEJ 
of dysfunctional telomeres [ 79 ].  

  Fig. 5    A-type lamins are essential for NHEJ of dysfunctional telomeres. ( a ) Telomere dysfunction 
due to overexpression of a dominant-negative version of the telomere-binding protein TRF2 causes 
chromosome end-to-end fusions, a process that requires a functional NHEJ mechanism of repair. 
( b ) Graph shows that loss of A-type lamins reduces signifi cantly the frequency of chromosome 
end-to-end fusions by NHEJ. ( c ) Table shows the total number of fusions observed as well as the 
percentage of metaphases with fusions in  Lmna  +/+  and  Lmna  −/−  MEFs. These data demonstrated an 
unprecedented role for A-type lamins in NHEJ of dysfunctional telomeres       
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    Novel Aspects of DNA Double-Strand Repair Revealed 
by Loss of A-Type Lamins 

 The generation of a mouse model defi cient in A-type lamins ( Lmna  −/− ) revealed 
important information about the function of these structural nuclear proteins at the 
cellular and organismal level. However, a recent study showed that the  Lmna  −/−  
mouse model is not a complete knockout [ 80 ] and that low levels of a truncated 
form of the protein is produced lacking exons 8–11. These mice develop to term 
with no obvious abnormalities, but they exhibit severe postnatal growth retardation, 
dying at around 5–6 weeks of age.  Lmna  −/−  mice develop defects in skeletal and 
cardiac muscles, a phenotype characteristic of muscular dystrophy. At the cellular 
level, perturbations of the nuclear envelope, loss of heterochromatin from the 
nuclear periphery, epigenetic alterations, and nuclear fragility are observed, con-
comitant with mislocalization of emerin, an inner nuclear membrane protein linked 
to Emery–Dreifuss muscular dystrophy (EDMD) [ 81 ]. The  Lmna  −/−  mouse model 
has been utilized to improve our understanding of the role of A-type lamins in DNA 
repair, signaling through the DDR, and telomere maintenance. 

 Recent studies have shown that  Lmna  −/−  MEFs exhibit signs of genomic instability 
illustrated by increased aneuploidy, higher incidence of chromosome and chromatid 
breaks, and basal levels of unrepaired DNA, as shown by the presence of γ-H2AX 
foci. As discussed above,  Lmna  −/−  MEFs also present with decreased telomere length 
[ 72 ]. These data indicate that A-type lamins defi ciency affects the ability of cells to 
properly repair DNA damage and maintain genome integrity. However, given the 
great variety of diseases associated with the different mutations/loss of A-type lam-
ins, it is tempting to speculate that different types of alterations in these proteins 
would impact different aspects of the DDR and specifi c mechanisms of DNA repair. 
Establishing which    steps in the DDR each type of alteration in lamins affects could 
provide new avenues for targeted treatment. In the case of cancer for example, know-
ing if tumor cells in which the  LMNA  promoter is silenced by DNA methylation are 
defective in DNA repair and more sensitive to DNA-damaging agents, would provide 
valuable information towards the use of specifi c cancer therapeutics. 

    Mechanisms Behind Genomic Instability in  Lmna  −/−  Mice 

 One of the mechanisms behind genomic instability in A-type lamins-defi cient cells 
is the loss of the DNA repair factor 53BP1. Studies monitoring the ability of A-type 
lamins-defi cient cells to sense DNA damage did not fi nd any defects in the activa-
tion of DDR [ 78 ]. ATM-dependent phosphorylation of H2AX (γ-H2AX) and phos-
phorylation of p53 at Ser15 were not affected in  Lmna  −/−  MEFs, and the kinetics of 
formation and resolution of γ-H2AX ionizing radiation-induced foci (IRIF) was 
indistinguishable between  Lmna  +/+  and  Lmna  −/−  MEFs [ 78 ]. In contrast, this study 
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demonstrated a marked decrease in the accumulation of 53BP1 at IRIF in  Lmna  −/−  
MEFs when compared to  Lmna  +/+  at all postirradiation times tested. Importantly, 
this defi ciency is due to a marked decrease in the global levels of 53BP1 protein, 
and not to failed recruitment, since a similar number of 53BP1 IRIF formed although 
at a much lower intensity [ 78 ] (Fig.  6 ). Further evidence for a role of A-type lamins 
in the stabilization of 53BP1 protein came from experiments showing that acute 
depletion of A-type lamins by lentiviral transduction with shRNAs leads to 
decreased levels of 53BP1 protein but not transcript levels. Interestingly, reconstitu-
tion of either lamin A, lamin C, or both, into  Lmna  −/−  MEFs, rescued normal levels 
of 53BP1.

       Loss of 53BP1 and Defects in NHEJ in  Lmna  −/−  Mice 

 The DNA repair factor 53BP1 has been shown to be important for long-range NHEJ 
processes such as class-switch and  V ( D ) J  recombination, as well as processing of 

  Fig. 6    Loss of A-type lamins impacts on 53BP1 stability and IRIF formation. Immunofl uorescence 
showing a marked decrease in global levels of 53BP1 protein in  Lmna  −/−  MEFs and reduced inten-
sity of 53BP1 labeling of DNA repair foci at 1 h postirradiation. Thus, loss of A-type lamins 
decreases the accumulation of 53BP1 protein at DNA repair foci, which explains reduced NHEJ in 
lamin-defi cient cells       
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dysfunctional telomeres [ 79 ,  82 – 84 ]. In addition, 53BP1 participates in the repair of 
short-range DNA DSBs by inhibiting end-resection and facilitating the recruitment 
of the NHEJ DNA repair machinery [ 85 ,  86 ]. 

 The decreased levels of 53BP1 protein in  Lmna  −/−  MEFs suggest that these cells 
could be defi cient in long-range and short-range NHEJ. The reduced ability of 
lamin A/C-defi cient cells to promote chromosome end-to-end fusions upon telo-
mere dysfunction is consistent with a defect in long-range NHEJ [ 78 ] (Fig.  5 ). In 
addition, studies were performed to assess putative defects in short-range NHEJ by 
monitoring the kinetics of repair of IR-induced DNA DSB by neutral comet assays. 
This assay examines the presence of unrepaired DNA by combining DNA gel elec-
trophoresis with fl uorescence microscopy to visualize migration of DNA fragments 
from individual agarose-embedded cells. The comet head contains high-molecular 
weight and intact DNA, and the comet tail contains the leading ends of migrating 
fragments. Olive moment, calculated as the product of the amount of DNA in the 
tail and the mean distance of migration in the tail, is a measure of unrepaired DNA 
[ 87 ] (Fig.  7 ). The comet assay showed a typical biphasic mode of repair for  Lmna  +/+  
MEFs, with a fast phase of repair corresponding to classical NHEJ, and a slower 

  Fig. 7    Lamin-defi cient cells exhibit defects in the repair of DNA DSBs induced by IR. ( a ) Images 
of neutral comet assays.  Lmna  +/+  and  Lmna  −/−  MEFs were irradiated and subjected to single cell 
electrophoresis at different times postirradiation. Note how the comet tail decreases over time due 
to repair of DSBs. ( b ) Olive moment measures unrepaired DNA damage. A bimodal form of DNA 
DSB repair is clearly observed in  Lmna  +/+  fi broblasts, with the fast phase corresponding to NHEJ 
occurring within the fi rst hour after DNA damage.  Lmna  −/−  fi broblasts exhibited a greatly reduced 
rate of the fast component of DSB repair, indicating that these proteins play a role in the NHEJ 
repair mechanism       
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phase of repair that is associated with alternative mechanisms of repair [ 88 ]. 
In contrast,  Lmna  −/−  MEFs exhibited profound defects in the fast phase of DNA 
DSB repair [ 78 ,  89 ]. Importantly, reconstitution of 53BP1 into  Lmna  −/−  cells res-
cued the fast phase of repair of IR-induced DNA DSBs, as well as the processing of 
dysfunctional telomeres by NHEJ [ 78 ]. Altogether, these fi ndings indicate that 
53BP1 defi ciency is a major contributor of the defects in long-range and short-range 
NHEJ observed in lamins-defi cient cells.

       How Do A-Type Lamins Regulate 53BP1 Levels? 

 A search for mechanisms by which A-type lamins affect DNA DSB repair revealed 
a role for cathepsin L (CTSL) in regulating 53BP1 protein stability. CTSL is a cys-
teine protease ubiquitously expressed in tissues that is synthesized as an inactive 
zymogen which undergoes autoproteolytic processing within the lysosomal/endo-
somal compartment to produce the mature active form [ 90 ]. In addition to its clas-
sical localization in the lysosomes, CTSL has been found in the nucleus [ 91 ] and 
secreted into the extracellular space [ 92 ]. Extracellular CTSL has been reported in 
numerous types of cancer and is often associated with increased invasiveness and 
metastasis [ 93 – 95 ]. 

 The fi rst association between CTSL and A-type lamins was established in 
 Zmpste24  −/−  mice, which present with a marked increase in CTSL transcript levels 
[ 28 ]. Studies on  Lmna  −/−  mice showed a marked increase in the levels of CTSL 
mRNA and protein, suggesting that loss of A-type lamins induces transcriptional 
upregulation of CTSL or increased stability of its transcripts [ 89 ]. Moreover, the 
increase in CTSL is directly responsible for the decrease in 53BP1 protein levels, 
since depletion of CTSL via shRNAs restored 53BP1 protein levels in  Lmna  −/−  
MEFs. Importantly, depletion of CTSL rescued the fast phase of repair of IR-induced 
DNA DSBs as well as NHEJ of dysfunctional telomeres. Interestingly, depletion of 
both 53BP1 and CTSL prevented restoration of NHEJ, demonstrating that the res-
cue is due to stabilization of 53BP1 (Fig.  8 ).

   The regulatory effect of CTSL on 53BP1 and thus in DNA repair is not restricted 
to lamin A/C-defi cient cells. A recent study shows that loss of the tumor suppressor 
DNA repair factor BRCA1 leads to upregulation of CTSL and degradation of 53BP1 
protein [ 96 ]. Interestingly, activation of CTSL-mediated degradation of 53BP1 
allows the bypass of the characteristic growth arrest induced by BRCA1 loss. 
Moreover, increased levels of nuclear CTSL were observed in human tumors with 
the poorest prognosis, including sporadic triple negative breast cancers and tumors 
from women carrying germline mutations in the BRCA1 gene. Importantly, upregu-
lation of CTSL was correlated with decreased levels of 53BP1 in these tumors. 
These studies suggest that upregulation of CTSL activity is a novel mechanism 
contributing to genomic instability in some laminopathies and some types of cancer, 
which could be targeted with therapeutic purposes.  
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    Defects in HR Upon Loss of A-Type Lamins 

 Based on the theory of competition between NHEJ and HR for the repair of DNA 
DSBs [ 86 ,  97 ], one could envision that loss of 53BP1-dependent NHEJ in lamin 
A/C-defi cient cells is compensated by an increase in HR. However, studies in MCF7 
cells carrying a reporter construct for monitoring HR demonstrated that depletion of 
A-type lamins leads to a 40 % decrease in HR, despite a marked downregulation of 
53BP1 [ 78 ]. Experiments aiming to gain insight into mechanisms behind this defect 
revealed that depletion of lamins A/C results in transcriptional repression of the 
BRCA1 and RAD51 genes, which encode proteins essential for HR [ 78 ]. Previous 
reports had shown transcriptional repression of BRCA1 and RAD51 under stresses 
such as hypoxia, via formation of p130/E2F4 repressor complexes at their promoters 
[ 98 ,  99 ]. Interestingly, loss of A-type lamins is associated with increased degradation 

  Fig. 8    Model of roles of A-type lamins in DNA repair. Loss of A-type lamins upregulates CTSL 
expression, resulting in elevated protein levels both in the nucleus and in the lysosomes. CTSL 
participates in the degradation of 53BP1, and the Rb family members pRb and p107, favoring the 
formation of p130/E2F4 repressor complexes, which in turn inhibit BRCA1 and RAD51 gene 
expression. The decrease in 53BP1 hinders NHEJ and the decrease in BRCA1 and RAD51 impairs 
HR repair. Other factors are likely to contribute to genomic instability in different laminopathies 
such as the accumulation of XPA at DSBs, the defi ciency in DNA-PK, the increase in generation 
of ROS, epigenetic alterations, and loss of telomere homeostasis (not shown in the model). 
Importantly, vitamin D treatment inhibits CTSL-mediated degradation of 53BP1 and upregulates 
transcription of BRCA1 and RAD51, thus providing a potential therapeutic strategy       
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of the Rb family members pRb and p107, with only a minor effect on p130 [ 100 , 
 101 ]. Importantly, in lamin A/C-defi cient cells, repression of BRCA1 and RAD51 
genes was linked to the status of Rb family members, with repression requiring p130 
and occurring in the context of pRb and p107 defi ciency. These data suggest activa-
tion of a repressive mechanism in lamin A/C-defi cient cells, whereby altering the 
balance of the pocket proteins facilitates the association of p130 with E2F4, leading 
to transcriptional inhibition of certain genes (Fig.  8 ). However, given the role of 
A-type lamins in nuclear compartmentalization, it is also possible that lamin A/C 
defi ciency alters the nuclear localization of BRCA1 and RAD51 genes, which might 
in turn contribute to their transcriptional repression. Although many more studies are 
needed to fully understand the consequences of lamins dysfunction for genomic sta-
bility and DNA repair, the data so far support a role for A-type lamins in the mainte-
nance of mechanisms of DNA DSB repair. A-type lamins regulate HR indirectly by 
impacting on transcriptional regulation of key factors in this process, BRCA1 and 
RAD51. On the other hand, lamin A/C defi ciency activates CTSL-mediated degra-
dation of 53BP1, contributing to defects in long-range and short-range NHEJ.   

    Development of Therapeutic Strategies for Laminopathies 

 The progress made in recent years about the molecular mechanisms contributing to 
the pathogenesis of laminopathies has expedited the search for therapeutic strate-
gies that could ameliorate these diseases. Preclinical studies on mouse models of 
laminopathies have identifi ed farnesyltransferase inhibitors (FTIs) and prenylation 
inhibitors, such as statins and bisphosphonates, as benefi cial treatments for certain 
lamin-related diseases [ 102 ,  103 ]. Cell-based assays have also suggested that 
rapamycin, scavengers of ROS, and vitamin D could have a protective role against 
increased genomic instability brought about by lamin dysfunction. 

    Farnesyltransferase Inhibitors, Statins and Bisphosphonates 

 Several lines of evidence indicate that the farnesylated forms of prelamin A and 
progerin cause the phenotypes associated with progeroid syndromes [ 104 ]. FTIs 
block prelamin A and progerin farnesylation and translocate these proteins from the 
nuclear envelope to the nucleoplasm [ 23 ,  105 ,  106 ]. FTI treatment of cells from 
HGPS knock-in and Zmpste24 knockout mouse models, as well as HGPS and 
Face1/Zmpste24-defi cient human cells improved nuclear abnormalities, albeit not 
being effi cient in reducing defects in DNA repair. In addition, treatment with FTIs 
ameliorates the disease phenotypes of  Zmpste24  −/−  mice and improves their longev-
ity, although there is considerable variation in the effect in different progeria mouse 
models [ 107 ,  108 ]. Based on these exciting results, the fi rst clinical drug trial for 
children with progeria was started on May 2007. The FTI lonafarnib has proven 
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some effectiveness for progeria, with patients showing improvement in rate of 
weight gain, hearing, bone structure, and fl exibility of blood vessels [ 109 ]. For 
information see   http://www.progeriaresearch.org/    . However, the improvements 
were minor and the FTI treatment is far from curing the syndrome. Thus, the main 
challenge in the fi eld of progeria is to fi nd additional strategies to improve such 
dramatic phenotypes, which requires a detailed understanding of the molecular 
pathways affected. 

 In 2008, a study showed that some prelamin A undergoes geranylgeranylation 
when farnesylation is inhibited with FTIs [ 103 ]. This can explain the marginal effi -
ciency of FTIs improving the overall progeria phenotype. Interestingly, a combina-
tion of two common drugs blocking several steps of the farnesyl pyrophosphate and 
geranylgeranyl pyrophosphate biosynthetic pathway, statins and aminobisphospho-
nates, have been shown to signifi cantly improve aging-like symptoms and longevity 
in  Zmpste24  −/−  mice [ 103 ]. Interestingly, these drugs improved nuclear morphology 
and also DNA damage, as assessed by decreased levels of γ-H2AX foci. These stud-
ies indicate that these drugs are likely to be more effi cient than FTIs in ameliorating 
the phenotype of progeria patients. A follow-up trial is now in place in 45 children 
with HGPS being treated with lonafarnib in combination with a bisphosphonate 
(zoledronate) and a statin (pravastatin), with the hope that this regimen will be more 
effi cient than FTI alone.  

    Novel Strategies: Vitamin D, Rapamycin, and ROS Scavengers 

 The identifi cation of CTSL-mediated degradation of 53BP1 as a contributor to 
genomic instability in  Lmna  −/−  fi broblasts prompted the exploration of strategies to 
inhibit this protease, with the goal of rescuing the DNA repair defects in these cells. 
As expected, treatment of A-type lamins-defi cient cells with cathepsin inhibitors 
rescued the levels of 53BP1, as well as defects in DNA damage repair [ 89 ]. Studies 
in colon cancer models had previously shown that vitamin D exerts an inhibitory 
effect on cathepsins. The mechanism underlying this effect seems to be the tran-
scriptional upregulation by vitamin D receptor (VDR) of cystatin D, an endogenous 
inhibitor of cathepsins, including CTSL [ 110 ]. Consistent with this notion, treat-
ment of  Lmna  −/−  MEFs with vitamin D inhibited CTSL-mediated degradation of 
53BP1, rescued long-range and short-range NHEJ events, while causing a reduction 
in the percentage of cells presenting with nuclear morphological abnormalities and 
basal unrepaired DNA damage [ 89 ]. These cell-based studies suggest that vitamin 
D could represent a novel, safer, and cost-effective therapeutic strategy for lamin- 
related diseases that present with defects in DNA repair and genomic instability. 
Preclinical studies with vitamin D alone or in combination with FTIs or prenylation 
inhibitors in mouse models of laminopathies need to be performed to test the effi -
cacy of such therapeutic regimens. 

 A recent report suggested that rapamycin, an immunosuppressant drug, reduces 
nuclear defects in fi broblasts from HGPS patients and prolongs cellular lifespan. 
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The mechanism behind this improvement is the increased clearance of toxic progerin 
by autophagy [ 111 ]. It will be interesting to determine whether rapamycin is capa-
ble of reducing disease phenotypes and extending life in mouse models of 
laminopathies. 

 New evidence has also linked lamin dysfunction with increased generation of 
ROS and reduced levels of antioxidant enzymes [ 112 ,  113 ]. In turn, persistent ROS 
can oxidize some cysteine residues in lamins, causing alterations in the structure of 
the nuclear lamina [ 113 ]. The accumulation of ROS could play a role in the increased 
levels of DNA damage and the genomic instability observed in lamin-defi cient 
cells. This notion is supported by the fact that treatment of progeroid cells with the 
ROS scavenger  N -acetyl cysteine reduces the amount of unrepairable DNA damage 
[ 62 ]. Thus, compounds that reduce the levels of ROS in the cell could represent yet 
another strategy to reduce genomic instability in lamin-related diseases [ 114 ].   

    Concluding Remarks 

 In recent years, interest in A-type lamins has increased due to the association of 
alterations of these structural nuclear proteins with a variety of human diseases, 
including severe premature aging syndromes and cancer. The molecular mecha-
nisms contributing to the phenotypes of lamin-related diseases are beginning to be 
uncovered. New evidence indicates that A-type lamins play a key role maintaining 
telomere localization, structure, length and function, keeping in check the levels of 
ROS, as well as regulating the levels of factors participating in cell cycle regulation 
(Rb family members) and DNA repair (53BP1, BRCA1, RAD51, XPA). 
Understanding how lamins maintain genome integrity will surely provide new ther-
apeutic strategies towards laminopathies and potentially cancer.     
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    Abstract     Nuclear structure and chromatin changes are very useful biomarkers in 
cancer diagnosis. Despite this, their biological signifi cance and relevance to cancer 
progression are still not well understood. The identifi cation of new proteins that link 
the nuclear envelope to chromatin organization and the understanding of the molec-
ular mechanisms underlying these connections have begun to provide some impor-
tant clues. This review discusses the role of the nuclear protein Repo-Man ( CDCA2 ) 
in the maintenance of genome stability. Repo-Man ( CDCA2 ) is a targeting subunit 
for the protein phosphatase 1 involved in the dephosphorylation of histone H3 dur-
ing mitotic exit. In this role, it is important for the chromatin organization in post- 
mitotic nuclei. Repo-Man ( CDCA2 ) is also essential for proper nuclear envelope 
reformation and the regulation of DNA damage responses. The relevance of this 
complex for cancer biology is also corroborated by emerging evidence that provides 
a correlation between Repo-Man ( CDCA2 ) expression levels and cancer progres-
sion; several studies now suggest that Repo-Man ( CDCA2 ) represents a very strong 
prognostic marker for poor patient survival.  
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  FRAP    Fluorescence recovery after photobleaching   
  MT    Microtubule   
  OSCC    Oral squamous cell carcinoma   
  PP1    Protein phosphatase 1   
  Repo-Man    Recruits PP1 onto mitotic chromatin at anaphase   
  RCA    Regulator of chromatin architecture   
  SS    Synovial sarcoma   

          Introduction 

    Nuclear structure changes are widely used by pathologists as they currently repre-
sent useful clinical biomarkers in cancer diagnosis for a number of cancer types. In 
fact, tumor cells are often distinguished by the presence of a lobulated nuclear enve-
lope and abnormalities in chromatin organization [ 1 ]. Despite these criteria being of 
such general and important use in cancer diagnosis, we still do not have a clear 
picture of the causal-effect relationships of the observed changes and how or if any 
of the pathways that lead to such morphological changes could also be important as 
drug targets for cancer treatments. 

 Therefore, it is important to ultimately understand the molecular basis of altera-
tions in nuclear structure that are associated with the clinical risk for disease recur-
rence and progression to metastasis. These changes may play an active role in 
cancer progression by contributing to many of the nuclear changes observed in the 
functionality of a cancer cell. Nuclear matrix changes appear to be a rich source for 
potential cancer biomarkers and may indeed reveal important cellular clues about 
the cancer process and its progression. Therefore the identifi cation of the molecular 
pathways that link the nuclear envelope to chromatin organization and function has 
become of pivotal importance. Some components are well-known players in the 
process and currently under detailed investigation, while others have just emerged 
on the scene. In this review, we discuss the discovery and function of the novel 
chromatin binding and nuclear envelope interacting protein Repo-Man ( CDCA2 ) 
and its connection with cancer progression.  

    Repo-Man Is a Cell-Cycle Associated Protein Phosphatase 1 
Targeting Subunit 

 Cell division cycle associated 2 (CDCA2/Repo-Man) is localized on chromosome 8 
(8p21.2) and was fi rst identifi ed by Walker [ 2 ] as a novel putative cell-cycle associ-
ated gene in a study that used co-expression analyses of several microarray data-
bases to identify genes that were expressed in a similar way to known cell-cycle 
genes. However, the function for this protein remained unknown until Trinkle- 
Mulcahy and Lamond found CDCA2 in a proteomic analysis of protein 
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phosphatase 1 (PP1) binding proteins. In this study, it was fi rst shown that CDCA2 
was a PP1 targeting subunit, responsible for the targeting of PP1 to chromatin in 
anaphase, and that it was essential for cell proliferation in vitro [ 3 ]. Because of these 
characteristics, it was renamed Repo-Man for “ Re cruits  P P1  o nto  M itotic chromatin 
at  an aphase.” 

 Repo-Man is a nuclear protein in interphase that becomes dispersed in the cyto-
plasm at the onset of mitosis (Fig.  1a ). In early mitosis (prometaphase/metaphase), 
it associates with chromatin in a highly dynamic manner as shown by fl uorescence 
recovery after photobleaching analyses [ 4 ], and this dynamic behaviour is regulated 
by phosphorylation. At anaphase, Repo-Man becomes more tightly associated with 
chromatin, and it remains so during interphase where the chromosome-bound pool 
of Repo-Man has a very low turnover [ 4 ].

   The biological importance of this protein was soon after revealed by a study of 
Vagnarelli and colleagues who showed that the Repo-Man/PP1 complex was a 

  Fig. 1    Localization and interactions of Repo-Man (CDCA2). ( a ) Repo-Man is a nuclear protein 
in interphase (panel 4), it becomes dispersed in early mitosis (panel 1) and re-associates with the 
chromatin during mitotic exit (panels 2 and 3) where it localizes to the bulk of chromatin but has a 
separate population enriched at the periphery of the chromosomes. Repo-Man ( green ), α-Tubulin 
( red ), DNA ( blue ). ( b ) Repo-Man schematic illustrating the binding domains for the interactors so 
far identifi ed (see text for details)       
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critical component of the chromatin reorganization machinery responsible for 
 chromosome de-condensation at the transition from mitosis to G1 [ 5 ]. The targeting 
of Repo-Man/PP1 to anaphase chromatin is responsible for the inactivation of an as 
yet unknown factor, functionally termed Regulator of Chromosome Architecture 
(RCA), that acts in parallel with Condensin, Topoisomerase II, and Kif4 to orga-
nize/form the highly structured condensed form of chromatin in mitotic chromo-
somes [ 6 – 8 ]. 

 In order to identify the molecular pathways that are controlled by Repo-Man, a 
few groups have used different approaches. The consensus from all their published 
studies is that Repo-Man is the phosphatase that regulates Aurora B kinase localiza-
tion during mitotic progression and that dephosphorylates some chromosome-asso-
ciated Aurora B substrates [ 9 – 12 ]. It was also found that Repo- Man interacts with 
nuclear membrane components, thus contributing to post-mitotic nuclear reforma-
tion [ 9 ]. Moreover, it was shown that the Repo-Man/PP1 complex modulates ATM 
activation, thereby setting the threshold for checkpoint activation [ 13 ]. Thus Repo-
Man has crucial functions not only during mitosis but also before and after. This 
marks Repo-Man as a crucial hub for the regulation of chromatin organization and 
the maintenance of genome stability. I will analyze separately these different func-
tions, but we have to bear in mind that the importance of Repo- Man function could 
rely on the coordination of all of them.  

    Repo-Man Counteracts Aurora B Kinase in Mitosis 

 Aurora B is a very important kinase for the regulation of mitotic progression. It is 
the catalytic subunit of the Chromosomal Passenger Complex (CPC) (for a recent 
review see ref.  14 ). In mitosis it modulates the strength of kinetochore attachments 
to microtubules (MTs) by differentially phosphorylating components of the kineto-
chore in response to tension and it is necessary for the establishment of bi- 
orientation and to allow correct chromosome segregation. The CPC is localized at 
the inner centromere of the mitotic chromosomes in metaphase, and this is due to 
the ability of the complex to recognize specifi cally the tail of Histone H3 when it is 
phosphorylated at Thr3. (This modifi cation occurs only in mitosis at the inner cen-
tromeric region and it is accomplished by Haspin kinase [ 15 – 21 ].) This interaction 
is mediated by the CPC scaffolding protein Survivin. In fact, a sustained Haspin 
activity even after anaphase onset compromises the ability of the CPC to transfer to 
the spindle [ 18 ], while a premature removal of this phosphorylation by a hyperac-
tive form of the Repo-Man/PP1 phosphatase causes a displacement of the CPC 
from the centromere and the increased dephosphorylation blocks the cells ability to 
correct inappropriate kinetochore-microtubules attachments [ 9 ,  10 ]. The complex 
interplay of this network of kinases and phosphatases at the kinetochore has become 
even clear based on some recent results from the Bollen laboratory. Repo-Man 
itself appears to be a substrate of Aurora B kinase: phosphorylation of Repo-Man 
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at Ser893 decreases its affi nity for chromatin. This site is then dephosphorylated by 
PP2A at anaphase onset which allows the targeting of the phosphatase back to the 
chromosomes where Repo-Man directs the dephosphorylation of H3Thr3ph by 
PP1 [ 12 ]. 

 During mitotic exit the Repo-Man/PP1 complex also dephosphorylates Histone 
H3 at Ser10 and Ser28 (other Aurora B substrates) [ 9 ,  11 ]. This phosphatase has 
important functions also after cell division. Lack of Repo-Man/PP1 results in the 
inability to remove H3 mitotic phosphorylation which impairs binding of HP1. This 
in turn alters chromatin structural organization at the beginning of the new cell cycle 
[ 9 ]. All these results together clearly link Repo-Man to the maintenance of genome 
stability during cell division and they could explain why proper regulation of the 
expression levels of this PP1 targeting subunit is crucial for error-free mitoses.  

    Repo-Man Contributes to Nuclear Envelope Reassembly 
During Mitotic Exit 

 Beside its role as an important mitotic phosphatase, Repo-Man has a very peculiar 
localization during mitotic exit. As mentioned before, it targets to chromatin at ana-
phase onset where it localizes widely to the bulk of chromatin, but some becomes 
enriched at the periphery of the chromosomes (Figs.  1a  and  2 ) in regions where both 
Importinβ and Nup153 are present. Mass spectrometry analyses of Repo-Man inter-
actors have revealed that Repo-Man interacts directly with Importinβ and directly or 
indirectly with Nup153 [ 9 ] (Fig.  1b ). These interactions are not present in early 
mitosis, but are established during mitotic exit and possibly maintained during 
much of interphase as well. Perturbation of these interactions by depleting Repo- 
Man causes major defects in nuclear envelope reorganization, thereby revealing yet 
another important function of the Repo-Man/PP1 complex in the establishment of a 
functional G1 nucleus after division.

   The different chromatin sub-localizations are driven by two distinct chromatin- 
targeting domains in Repo-Man: the N-terminal domain is essential for the chromo-
some periphery targeting (aa 1–135), and the C-terminal domain (aa 560–9,250) is 
responsible for targeting to the bulk of chromatin (Fig.  1b ). This enrichment of the 
protein in distinct compartments is established during mitotic exit but is maintained 
in interphase as well where a distinction in targeting is observed for the fragments 
between the nuclear periphery and the nucleoplasm (Fig.  2a, b ). However, it is 
unclear whether the population of Repo-Man at the periphery of mitotic chromo-
somes directly corresponds to the same population/interactions responsible for tar-
geting to the nuclear envelope/periphery in interphase. Another open question is 
whether these different enrichments in interphase have functional relevance. We 
presently do not know the chromatin binding sites for Repo-Man and the chromatin 
landscape that the binding of this phosphatase establishes; however, both aspects 
are pivotal toward the understanding of its complex functions in the cell cycle.  
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    Repo-Man and the DNA Damage Response 

 The fi rst link between Repo-Man/PP1 and DNA repair was provided by studies in 
 Xenopus  oocytes and egg extracts where it was shown to be required for setting the 
threshold for checkpoint activation after DNA damage. In this system, Repo-Man 
interacts with ATM (Fig.  1b ) and co-localizes with ATM on chromatin [ 13 ]. 
However, the interaction between ATM and Repo-Man does not seem to be con-
served in other systems as ATM was not found by proteomic analyses of the 

  Fig. 2    Different chromatin-targeting domains localize Repo-Man in different nuclear compart-
ments. ( a ) The C-terminal domain of Repo-Man targets the protein to the nuclear chromatin with 
exclusion of the nucleoli (panels 1–3), while the N-terminal domain (aa 1–135) targets the protein 
to the nuclear periphery (panels 5–7), as indicated by the proximity of Repo-Man ( green ) with 
Importinβ ( red ). ( b ) Co-staining of Repo-Man N-terminal domain ( green ) with the nucleoporins 
Nup153 and ELYS/MEL28       
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Repo- Man interactome in DT40 and HeLa [ 9 ,  22 ], though it remains possible that 
other experimental conditions might reveal the interaction. 

 In the  Xenopus  system, Repo-Man appears to be responsible for targeting PP1γ 
to negatively regulate DNA damage-induced signal transduction. Further evidence 
indicates that Repo-Man overexpression reduces DNA damage-induced ATM acti-
vation, whereas a PP1 binding-defi cient Repo-Man dominant-negative mutant 
enhances the response. By a mechanism that is not very clear at the moment (but 
possibly involves phosphorylation of Repo-Man itself) Repo-Man is released from 
the chromatin at DNA damage sites and dissociates from active ATM; this release 
presumably facilitates DNA damage response (DDR) activation. 

 These fi ndings are very important since DDR is activated in early, pre-cancerous 
cells as a barrier to suppress cell proliferation and cancer progression [ 23 ], but it is 
reduced in late-stage cancer cells and the mechanism of this modulation in DNA 
damage responsiveness is unknown. In light of this, it is quite possible that overex-
pression of Repo-Man could result in desensitization of cells to DDR. Analyses of 
Repo-Man overexpression levels have revealed that indeed several but not all late- 
stage cancer cells have upregulated levels of Repo-Man. It has been proposed by 
J. Maller and collaborators that in the early stages of cancer progression DDR is 
activated in response to elevated genomic instability to prevent further cell prolif-
eration [ 13 ]. If in some cells Repo-Man is upregulated, this will provide a selective 
growth advantage but also an increase of DNA damage, resulting in acquisition of 
additional mutations and further cancer progression. This implies that a reduction of 
Repo-Man levels should restore a normal DDR and this appears to be the case: 
Repo-Man depletion in advance stage cancer cells resensitizes them to the DDR and 
restrains their growth. 

 Additional support to these fi ndings came from studies on oral squamous cell 
carcinoma (OSCC). Microarray analysis has shown that Repo-Man ( CDCA2 ) is one 
of the genes upregulated in this cancer [ 24 ]. Depletion of Repo-Man in OSCC cell 
lines causes a decrease in cell proliferation due to cell-cycle arrest at the G1 phase. 
This is due to the upregulation of p21Cip1, p27Kip1, p15 INK4B, and p16INK4A 
and down-regulation of CDK4, CDK6, Cyclin D1, and Cyclin E [ 25 ]. In cells with 
wild-type p53, activated ATM phosphorylates p53 at Ser15 [ 26 ]. This stabilizes p53 
so that it can induce transcription of p21Cip1 (CDK inhibitor) and prevent CDK4 
and/or CDK6 and CDK2-mediated G1/S transition [ 27 – 30 ]. The activated ATM 
phosphorylates p53 at Ser46 as well, and this phosphorylation is essential for the 
induction of apoptosis after DNA damage [ 31 ]. 

 The very important role of Repo-Man/PP1 in cancer progression and DNA dam-
age signal transduction marks this complex a potentially very important target for 
cancer therapy. In fact, depletion of Repo-Man reactivates the DDR and blocks the 
abnormal proliferation of late-stage cancer cells [ 13 ]. This also suggests the possi-
bility that lowering the levels of Repo-Man (in cancer where it is overexpressed) 
combined with the induction of DNA damage should drive the cells into the apop-
totic pathway. This was proved to be correct, and it was shown that Repo-Man 
RNAi in OSCC (where Repo-Man is upregulated) combined with Cisplatin ( cis - 
diamminedichloroplatinum (II); CDDP) treatments leads these cells into apoptosis 
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while the control cells did not enter the apoptotic pathway [ 25 ]. This suggests that 
Repo-Man suppression might have a considerable potential in enhancing the thera-
peutic effects of irradiation and anticancer drugs that cause DNA damage, though 
more models must be examined in order to determine if this pathway could repre-
sent a general hit for future drug development.  

    Repo-Man and Cancer Progression 

 From the studies mentioned above, it is quite clear that the Repo-Man/PP1 complex 
could have a potential role in cancer progression. However, the question is what the 
relevance of these biological fi ndings is in the landscape of human cancer types. 
Since the fi rst identifi cation of the gene it was clear that Repo-Man was associated 
with proliferative markers, but one of the fi rst correlations between levels of expres-
sion of Repo-Man and malignant transformation came by studies of neuroblastomas 
[ 32 ]. Expression profi ling of 103 neuroblastoma tumors revealed that Repo-Man 
( CDCA2 ) is among the top-scored genes that are upregulated in stage 4 neuroblas-
toma cancers. In collaboration with A. Sala (Brunel University, UK), we have inves-
tigated these fi ndings further, demonstrating an increase in Repo-Man also at the 
protein level and showing a correlation between Repo-Man level and Myc-N 
expression (Fig   .  3e ). The Kaplain–Meyer curve for survival of neuroblastoma 
patients with low and high levels of Repo-Man also shows that upregulation of 
Repo-Man correlates with a bad prognosis (Vagnarelli and Sala, unpublished). 
Although we still do not know the molecular aspects that are behind this correlation, 
it becomes quite clear that Repo-Man profi ling could add some more diagnostic and 
prognostic value for this particular tumor.

   Another study has compared gene expression profi les from a series of melanoma 
cell lines representing discrete stages of malignant progression that recapitulate 
critical characteristics of the primary lesions from which they were derived [ 33 ]. 
The reported analyses have identifi ed expression signatures associated with mela-
noma progression that include principally the upregulation of activators of cell- 
cycle progression and DNA replication/repair; Repo-Man ( CDCA2 ) is part of this 
cohort of 18 signature genes. However, no further studies have been conducted to 
understand the biological signifi cance of this correlation and its relevance with the 
progression of melanoma. 

 The theme that Repo-Man is overexpressed in late-stage cancers and correlates 
to a bad prognosis stands true also in other cancer types. A recent study was carried 
out to identify gene signatures that could be prognostic for the metastatic behavior 
of Synovial sarcoma (SS) [ 34 ]. SS occurs in both children and adults, although 
metastatic events are much more common in adults. Whereas the importance of the 
t(X;18) translocation in SS oncogenesis is well established, the genetic basis of SS 
metastasis is not clear. By comparing expression profi les of tumors with or without 
metastasis Repo-Man ( CDCA2 ) was identifi ed as one of the two top-ranked genes 
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  Fig. 3    Repo-Man functions in cancer progression. ( a ) Repo-Man is overexpressed in malignant 
breast cancer cell lines (CA1h) compared to normal breast cancer cells (MCF10A) in whole cell 
lysates. ( b ,  c ) In the malignant breast cancer cells, Repo-Man accumulates at the periphery of the 
nucleoli. ( d ) Repo-Man ( CDCA2 ) levels are upregulated in breast cancer cells. Depletion of Repo- 
Man in malignant breast cancer cells restores the normal DNA damage response and blocks the 
ability of these cells to grow in soft agar [ 13 ]. ( e ) Depletion of Repo-Man in squamous cell carci-
noma cell lines causes a G1 arrest and sensitizes the cells to DNA damaging agents [ 25 ]       
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(together with  KIF14 ) for the metastatic prognosis of this cancer type. Kif14 belongs 
to the large family of kinesin proteins and appears to be a well-known oncogene that 
is overexpressed and associated with metastatic outcomes in lung [ 35 ], breast [ 36 ], 
ovary [ 37 ], and liver [ 38 ] carcinomas. 

 From the work presented above, it appears that increased levels of Repo-Man 
may represent a relatively common signature in human cancer biology. Analyses of 
Repo-Man ( CDCA2 ) expression in different cancer types compared to their corre-
sponding normal tissues clearly show this to be the case for many cancer types 
(Fig.  3a–e ), though, interestingly, not all types show elevated expression of Repo- 
Man. These initial studies highlight Repo-Man as an important player in cancer, 
though much work is needed to test for a correlation with the prognosis for most of 
these cancer types, what is the molecular mechanism, and, most importantly, is the 
Repo-Man/PP1 complex a potential drug target for therapy?  

    Is Repo-Man (CDCA2) a Cancer Driver Gene? 

 Based on the data available so far it is quite clear that Repo-Man represents a bio-
marker for poor prognosis in cancer progression for at least some tumor types. What 
is less clear is why this is the case and which one of the functions so far revealed for 
this protein is the most relevant in cancer biology. The understanding of this aspect 
is extremely important if Repo-Man represents a drug target: we need to understand 
if the catalytic or the structural function of the protein is required for cancer 
progression. 

 Clearly all these cancer types and in particular their metastases are characterized 
by a high level of genome instability. However, it has been reported in several papers 
that Repo-Man can act at different levels that all promote genome instability. First, 
there are data supporting its role in modulating the DDR, therefore providing a plat-
form for mutations and chromosome rearrangements. Second, it controls the regula-
tion of chromosome segregation and Aurora B function. Impairing Aurora B leads 
to an increase of aneuploidy and lagging chromosomes. Lagging chromosomes are 
not lost in the cells but give rise to the formation of micronuclei. These phenomena, 
although very well known and widely used as a diagnostic signature for chromo-
some instability, have been recently shown to be the source of even greater genome 
instability [ 39 ,  40 ]. In this respect, increased Repo-Man levels could represent one 
of the means for generating the instability that characterizes late-stage cancers. 
Third, it has been clearly shown that Repo-Man is the phosphatase for histone H3 
and that compromising its function causes problems in chromatin organization after 
cell division. Fourth, a change in the chromatin landscape for methylation and acet-
ylation could well be another source of instability due to drastic changes in gene 
expression profi les. We do not know at the present time which type of chromatin 
Repo-Man binds to and how its expression levels alters the gene expression land-
scape of cells. It is clearly a question that needs to be addressed in the future. 
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 Moreover, if we take a look at the localization of the protein in cancer cells where 
it is overexpressed, we can clearly see not just a general enhanced staining, but also 
a distinct pattern with accumulation to the nuclear periphery and at the periphery of 
the nucleoli (Fig.  4c ). This is in contrast to normal interphase nuclei where it is 
evenly distributed in the nucleoplasm (Fig.  4b ). Because it has been shown that 
Repo-Man binds Nup153 and Importinβ and is involved in aspects of nuclear 

  Fig. 4    Repo   -Man overexpression in cancer. ( a – d ). Repo-Man is overexpressed in breast, ovary, 
lung, and colon cancers as shown by microarray data obtained in Oncomine. ( e ) Repo-Man is 
overexpressed in Neuroblastomas [ 32 ] and the expression levels correlate with Myc-N expression 
(Oncomine analyses)       
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envelope reformation, we could also contemplate a scenario where this protein 
plays a role in the abnormal dynamics of the nuclear lamina that have been reported 
in cancer cells [ 40 – 42 ]. Addressing the role of Repo-Man in several cancer types 
and analyzing all of these aspects will help to clarify how Repo-Man is important in 
cancer progression and why. The answers to these questions are essential to develop 
adequate strategies to block the important aspect of Repo-Man function in cancer.
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    Abstract     In mammalian cells, the nuclear lamina is composed of a complex fi brillar 
network associated with the inner membrane of the nuclear envelope. The lamina 
provides mechanical support for the nucleus and functions as the major determinant 
of its size and shape. At its innermost aspect it associates with peripheral compo-
nents of chromatin and thereby contributes to the organization of interphase chromo-
somes. The A- and B-type lamins are the major structural components of the lamina, 
and numerous mutations in the A-type lamin gene have been shown to cause many 
types of human diseases collectively known as the laminopathies. These mutations 
have also been shown to cause a disruption in the normal interactions between the 
A and B lamin networks. The impact of these mutations on nuclear functions is 
related to the roles of lamins in regulating various essential processes including 
DNA synthesis and damage repair, transcription and the regulation of genes involved 
in the response to oxidative stress. The major cause of oxidative stress is the produc-
tion of reactive oxygen species (ROS), which is critically important for cell prolif-
eration and longevity. Moderate increases in ROS act to initiate signaling pathways 
involved in cell proliferation and differentiation, whereas excessive increases in 
ROS cause oxidative stress, which in turn induces cell death and/or senescence. 
In this review, we cover current fi ndings about the role of lamins in regulating cell 
proliferation and longevity through oxidative stress responses and ROS signaling 
pathways. We also speculate on the involvement of lamins in tumor cell proliferation 
through the control of ROS metabolism.  
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  Abbreviations 

   ADLD    Autosomal dominant leukodystrophy   
  DDR    DNA damage response   
  HDFs    Human diploid fi broblasts   
  HGPS    Hutchison-Gilford progeria syndrome   
  iPSCs    Inducible pluripotent stem cells   
  LA    Lamin A   
  LB1    Lamin B1   
  LB2    Lamin B2   
  LC    Lamin C   
  MSC    Mesenchymal stem cells   
  MEFs    Mouse embryonic fi broblasts   
  NE    Nuclear envelope   
  ROS    Reactive oxygen species   
  VSMCs    Vascular smooth muscle cells   

           Introduction 

 In mammalian cells, the nuclear lamina is a major determinant of nuclear architec-
ture. The lamina is located at the inner membrane of the nuclear envelope (NE). The 
major structural components of the lamina in somatic cells are the A-type lamins 
(LA, LC) and the B-type lamins (LB1, LB2). LA and LC are derived from the single 
gene  LMNA  by alternative splicing, and LB1 and LB2 are encoded by two genes 
 LMNB1  and  LMNB2 , respectively [ 1 ]. In embryonic stem cells, the expression of 
LA and LC is low and they begin to increase at the onset of differentiation and con-
tinue to increase to relatively high levels in certain terminally differentiated cell 
types [ 2 ]. In contrast, LB1 and/or LB2 are expressed in all cells throughout develop-
ment [ 2 ]. For example, T-cells and B-cells express only B-type lamins but not 
A-type lamins [ 1 ]. 

 Lamins are type V intermediate fi lament proteins, which assemble into higher 
order fi lamentous structures within the peripheral lamina under the NE [ 3 ,  4 ]. All 
lamins contain a long central α-helical rod domain, fl anked by globular N-terminal 
(head) and C-terminal (tail) domains. Many lamin subtypes are posttranslationally 
modifi ed either transiently or permanently (see below). In particular, LA is tran-
siently modifi ed by C-terminal farnesylation and the failure to remove this farnesyl-
ation site results in nuclear defects, while B-type lamins tend to be permanently 
farnesylated. Electron microscopy has revealed that the lamina in  Xenopus  oocytes 
appears as a meshwork of ~10–15 nm fi laments [ 5 ]. Lamin structures organized into 
meshworks have also been seen in nuclei of mouse cells by super resolution light 
microscopy [ 6 ]. Furthermore, it has been shown that A- and B-type lamin fi brils 
form separate but interacting meshworks within the lamina [ 7 ]. These lamin fi brils 
play important roles in assembling the lamina and contribute to the size, shape, and 
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mechanical stability of the nucleus. Lamins are also involved in nuclear functions 
including chromatin organization, DNA replication, DNA repair, and transcription 
[ 7 – 10 ]. With respect to chromatin organization, the lamins provide anchorage sites 
for peripheral elements of heterochromatin, which are involved in the local regula-
tion of gene expression [ 11 – 13 ]. Interestingly, silencing LB1 expression in HeLa 
cells dramatically alters the structure of the LA/C meshworks and induces LA/C-
enriched NE blebs [ 7 ] that contain transcriptionally inactive gene-rich euchromatin 
in cancer cells [ 7 ]. 

 The functional importance of lamins is further supported by the fi nding that 
structural changes in the lamina are among the most dramatic hallmarks of differen-
tiation, cancer and aging and that numerous mutations in the  LMNA  gene are now 
known to be responsible for a wide range of genetic disorders called laminopathies. 
These combined studies suggest that lamins play important roles as key regulators 
of epigenetic events that may be critical in cellular stress responses. In particular, 
knowledge is accumulating to show an interdependence between oxidative stress 
and lamins. For example, oxidative stress modulates the expression and posttransla-
tional modifi cation of lamins. Conversely, mutations of lamin genes and depletion 
of lamins affect oxidative stress responses. Reactive oxygen species (ROS), major 
products of oxidative stress, are natural by-products of mitochondrial respiration 
which are normally eliminated in protective mechanisms such as antioxidant 
defenses [ 14 – 16 ]. Moderate increases in ROS act as a signaling mechanism to pro-
mote cell proliferation and differentiation [ 14 – 16 ]. However, excessive increases in 
ROS cause damage to DNA, proteins, and lipids, resulting in defects in proliferation 
and longevity that have been linked to cardiovascular and neurodegenerative dis-
eases, as well as chronic infl ammation [ 17 ]. Importantly, it is now becoming evident 
that lamins are involved in modulating ROS to regulate proliferation and longevity. 

 Here, we discuss current knowledge regarding the involvement of lamins in oxi-
dative stress, cell proliferation, and longevity. Specifi cally, we focus our attention 
on the role of lamins in mediating cell proliferation and longevity through oxidative 
stress responses and ROS signaling pathways. We also consider the possible involve-
ment of this nexus in tumor proliferation.  

    The Expression and Stability of Lamin Proteins 
Is Modulated by Oxidative Stress 

 Several studies have indicated that the expression and stability of lamin proteins is 
altered in response to oxidative stress, which in turn is tightly coupled to cell prolif-
eration, cellular senescence, apoptosis, and autophagy. 

 Lamin expression is regulated by the tumor suppressors p53 and retinoblastoma 
protein (pRb) and by telomere functions; all master regulators of the cell cycle, 
apoptosis, replicative senescence, and autophagy. For example, LA/C expression is 
signifi cantly upregulated upon the activation of p53 [ 18 ]. The LA mutant progerin, 
which causes the premature aging disease Hutchinson-Gilford Progeria Syndrome 
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(HGPS) [ 19 ] is also expressed during normal aging [ 20 ]. Progerin expression is 
induced by telomere dysfunctions [ 21 ]. In contrast, the expression of LB1, but not 
LB2, is signifi cantly down-regulated during senescence induced by replicative 
exhaustion, DNA damage, and oncogenic stress [ 22 – 24 ] (Fig.  1 ). A decrease in LB1 
expression has also been observed in HGPS and in atypical progeroid syndromes 
caused by different mutations in the  LMNA  gene [ 25 – 27 ]. This decrease in LB1 
expression is specifi cally coupled to senescence, since it does not occur in quies-
cence induced by serum depletion [ 22 ,  23 ]. The activation of pRb is required for the 
decrease in LB1 expression in senescence [ 22 ], and this is attributable to the fact 
that the  LMNB1  gene is a downstream target of the pRb–E2F pathway [ 28 ]. Based 
on these fi ndings, it would be predicted that LA/C expression increases and LB1 
expression decreases with no change in expression of progerin and LB2 when oxi-
dative stress activates p53 and pRb [ 22 ] (Fig.  2 ). However, it has been reported that 
fi broblasts derived from patients with the recessive autosomal genetic disorder 
ataxia telangiectasia show an increase in LB1 expression in response to oxidative 
stress mediated by the activation of p38 mitogen-activated protein (MAP) kinase 
[ 29 ]. It is therefore, possible that the mutation causing ataxia telangiectasia alters 
the pathways required for regulating LB1 expression levels.

    In addition to the transcriptional regulation of lamin expression described above, 
other studies have indicated that lamin levels are affected by directed degradation. 
Rapamycin induces autophagic protein degradation by inactivating the mammalian 
target of rapamycin (mTOR) pathway [ 30 ]. In this fashion, the non-farnesylated 
form of LA, premature LA (pre-LA), and progerin are degraded by rapamycin treat-
ment [ 31 ,  32 ]. Therefore, it could be that oxygen tension which is upstream of 

  Fig. 1    The distribution and expression of lamin proteins were determined at population doublings 
(PD) 30 and 41 in WI-38 human embryonic lung fi broblasts. These cells are proliferating at PD 30 
and senescent by PD 41. ( a ) LA/C, LB1, and LB2 are localized by immunofl uorescence. ( b ) The 
expression of LA/C, LB1, and LB2 was determined by immunoblotting. The expression of LB1 
but not LA/C or LB2 was signifi cantly decreased during replicative senescence (permission to 
reproduce these data from Cold Spring Harbor Lab Press [ 22 ])       
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mTOR complex 1 (mTORC1) affects the protein levels of pre-LA and progerin 
through the mTOR pathway [ 33 ]. LB1 is degraded in transformed rat fi broblasts and 
a human cervical carcinoma cell line after these cells are exposed to a ROS inducer 
by the ubiquitin–proteasome pathway [ 34 ]. The lamina is also known to be broken 
down by caspases during apoptosis, and lamins are considered to be among the 
initial nuclear targets cleaved during the apoptotic process [ 35 ]. A- and B-type lam-
ins are cleaved at their conserved VEID and VEVD sites by caspase-6 and 3, respec-
tively [ 36 – 39 ]. Furthermore, both serine proteases, granzyme A and B, are known 
to cleave B-type lamins, whereas only granzyme A but not B appear to cleave 
A-type lamins [ 40 ]. Since oxidative stress can induce apoptosis [ 41 ], it is also likely 
that these cleavages of lamin proteins are induced by oxidative stress (Fig.  2 ). 
Together, these studies strongly support the idea that oxidative stress modulates the 
expression and stability of lamin proteins through transcription and proteolysis.  

    Posttranslational Modifi cations of Lamins in Response 
to Oxidative Stress 

 Lamins are known to be posttranslationally processed and the resulting modifi ca-
tions are likely to affect their functions, their interactions with each other, and their 
binding partners [ 42 ]. Several studies have indicated that lamins are posttranslation-
ally modifi ed by oxidation and enzymes in response to oxidative stress. 

 Lamins contain some amino acid residues that could be oxidized. During senes-
cence, increased ROS results in the oxidation of cysteine residues in the LA tail 
domain, which in turn appears to inhibit the formation of LA inter- and intra- 
molecular disulfi de bonds [ 43 ]. Additionally, S-thiolation of A-type lamins is 
induced in isolated rat kidneys subjected to ischemia and reperfusion [ 44 ]. 

 Phosphorylation of lamins has been the most extensively studied among many 
lamin posttranslational modifi cations. Though it is well known that hyperphosphor-
ylation of lamins drives NE disassembly in mitosis [ 45 – 48 ], little is known regard-
ing interphase phosphorylation of lamins. During interphase A-type lamins are 

  Fig. 2    A summary of the 
p53, pRb, and apoptotic 
pathways known to modulate 
the levels of lamin expression 
in response to oxidative 
stress. Oxidative stress 
induces an increase in LA/C 
expression, a decrease in LB1 
expression, but no change in 
the expression of LB2 
through the p53 and pRb 
pathways. Lamin proteins can 
be  cleaved by oxidative-
stress induced apoptosis       
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known to be phosphorylated in response to oxidative stress in human neuroblastoma 
cells [ 49 ]. Since extracellular signal-regulated kinase 1/2 (ERK1/2) is activated by 
oxidative stress [ 50 ], it is possible that A-type lamins are phosphorylated by this 
kinase. In support of this, A-type lamins have been identifi ed as among the most 
heavily phosphorylated proteins following activation of ERK1/2 [ 51 ,  52 ]. LB1 is 
also phosphorylated by p38 MAP kinase during senescence induced by oxidative 
stress, which leads to an increase in LB1 expression [ 29 ]. 

 Furthermore, it has been shown that LA posttranslational processing by farnesyl-
ation is affected by oxidative stress. This is supported by the accumulation of pre-
 LA in old vascular smooth muscle cells (VSMCs) but not in young healthy blood 
vessels [ 53 ]. This accumulation of pre-LA correlates with the downregulation of the 
metallopeptidase Zmpste24/FACE-1, which is required for the processing of pre-
 LA into mature LA. Since both the mRNA and protein level of Zmpste24 are 
reduced in response to oxidative stress [ 53 ], this affects pre-LA levels. 
Posttranslational modifi cations and levels of B-type lamins are also altered by oxi-
dative stress. For example, in transformed and cancer cells, LB1 protein is oxidized 
by ROS, which mediates the degradation of LB1 protein [ 34 ]. 

 It still remains unclear how these posttranslational modifi cations of lamins 
induced by oxidative stress affect their structures and functions. However, one study 
shows that aggregates of LA/C and LB1 are observed in the nucleus during the early 
response to liver injury induced by oxidative stress [ 54 ]. This suggests, but certainly 
does not prove, that changes in posttranslational modifi cations of lamins caused by 
oxidative stress may inhibit lamin assembly into the lamina, which may lead to 
dysfunctions of the nucleus.  

    Lamin Functions in Cell Proliferation and Longevity 

 As mentioned above, the lamina and lamins are known to be involved in various 
nuclear functions including chromatin organization, DNA replication, DNA repair, 
and transcription (see “ Introduction ”). Some studies have indicated that the deregu-
lation of these lamin functions by disease causing mutations and/or alterations in 
the expression levels of the different types of lamins inhibit cell proliferation and 
induce senescence or cell death. 

 The functions of A-type lamins in cell proliferation have been most extensively 
studied in the premature aging diseases, HGPS, and atypical progeroid syndromes. 
Dermal fi broblasts obtained from progeria patients are commonly found to prolifer-
ate slowly and become prematurely senescent [ 27 ,  55 ]. In several transgenic mouse 
models for HGPS, the mice also show marked reduction in body size and fi broblasts 
derived from the progeria mice exhibit slow proliferation and premature senescence 
[ 56 ,  57 ]. Mutations in the gene encoding a pre-LA processing enzyme, Zmpste24 
and  Zmpste24  knockout mice ( Zmpste24   −/−  ) cause a severe progeroid phenotype 
similar to HGPS [ 58 ,  59 ]. In support of this, the accumulation of pre-LA by silenc-
ing Zmpste24 expression or the overexpression of pre-LA accelerates VSMC 
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senescence [ 53 ]. Similarly, silencing of LA/C expression slows cell proliferation 
and induces premature senescence in human diploid fi broblasts (HDFs) [ 60 ].  Lmna  
knockout mice ( Lmna   −/−  ) also have proliferation defects within 4 weeks after birth 
and die by 8 weeks [ 61 ]. 

 Alterations in LA/C either caused by silencing or defects in processing by 
Zmpste24 appear to increase the susceptibility of cells to DNA damage [ 62 – 65 ], 
most likely resulting in the activation of p53. In support of this, silencing LA/C 
expression or overexpression of LA and progerin slows proliferation and induces 
premature senescence in a p53-dependent but not pRb-dependent manner [ 60 ,  66 ] 
(Fig.  3 ). In  Zmpste24   −/−   mice, p53 and the p53 target genes are upregulated and 
induce proliferation defects and premature death [ 67 ].

   Recent studies have shown that B-type lamins are also involved in cell prolifera-
tion, differentiation, and longevity. Silencing the expression of LB1 slows cell pro-
liferation in HDFs [ 22 ,  24 ] and induces premature senescence [ 22 ].  Lmnb1  mutant 
mice ( Lmnb1   ∆/∆  ),  Lmnb1  knockout mice ( Lmnb1   −/−  ), and  Lmnb1 / Lmnb2  double 
knockout mice ( Lmnb1   −/−   Lmnb2   −/−  ) are born, but die immediately after birth due to 
developmental defects in specifi c differentiated cell types such as those comprising 
the lung and brain [ 68 ,  69 ].  Lmnb2   −/−   mice also have severe brain abnormalities, but 
these developmental defects are rather minor compared to those in  Lmnb1   −/−   mice 
[ 69 ,  70 ]. Importantly, mouse embryonic fi broblasts (MEFs) derived from  Lmnb1   ∆/∆   
mice and the mutant mice expressing a polymorphic variant of LB1 responsible for 
the curly tail phenotype show proliferation defects and prematurely senesce [ 68 , 
 71 ]. On the other hand, mice with the conditional  Lmnb1   −/−   Lmnb2   −/−   restricted to 
their skin keratinocytes develop normally [ 72 ]. These fi ndings support the idea that 
cell proliferation defects caused by the absence of B-type lamins are most likely to 
be tissue specifi c. 

  Fig. 3    A summary of p53- 
and Oct-1 dependent 
pathways linking lamin 
functions to oxidative stress 
responses, cell proliferation, 
and longevity. LA/C and LB1 
suppress oxidative stress to 
promote proliferation and 
longevity through the p53 
pathway. The suppression of 
oxidative stress by LB1 is 
mediated by Oct-1. LB1 also 
maintains ROS metabolism 
through the p53 pathway       
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 As in the case of the A-type lamins, there is evidence that p53 mediates the regu-
lation of proliferation by LB1. Changes in proliferation rates caused by silencing 
LB1 expression and overexpression of LB1 can be restored by the inactivation of 
p53 [ 22 ,  24 ] (Fig.  3 ).  

    The Involvement of Lamins in Regulating Oxidative Stress 

 Oxidative stress activates several signaling pathways including the DNA damage 
response (DDR), the p38 MAP-kinase pathway, and the p53 pathway to induce slow 
proliferation, senescence, and cell death. Several studies have shown that lamins are 
involved in responses to oxidative stress. 

 There is signifi cant evidence that in fi broblasts derived from HGPS patients, 
ROS levels are higher than those of normal fi broblasts, and these elevated levels of 
ROS are correlated with slow proliferation rates [ 73 ]. In addition, ROS-induced 
DNA double-strand breaks in HGPS fi broblasts are not repaired normally, and this 
appears to be related to their slow rate of proliferation [ 73 ]. This increase in ROS 
level in HGPS fi broblasts could be due to cysteine residues missing in progerin, 
which appear to be hyperoxidized during senescence and may contribute to the sup-
pression of ROS-responsive genes [ 43 ]. Furthermore, mesenchymal stem cells 
(MSCs) overexpressing progerin or LA shows a decrease in expression of an anti-
oxidant SOD2 and a SOD2-dependent increase in mitochondrial ROS, which leads 
to defects in chondrogenic differentiation potential [ 74 ]. Another study also shows 
that the viability of MSCs and VSMCs which have been differentiated from plu-
ripotent stem cells (iPSCs) derived from HGPS fi broblasts are compromised by 
oxidative stress [ 75 ]. 

 Other mutations in the  LMNA  gene have been reported to cause the accumulation 
of pre-LA and/or an increase in oxidative stress. Fibroblasts derived from patients 
with the  LMNA  mutations D47Y, L92F, L387V, R399H, L421P, and R482W, caus-
ing insulin resistance and/or lipodystrophy, accumulate pre-LA, and this is related 
to increased oxidative stress and the decreased expression of mitochondrial respira-
tory chain proteins that trigger premature cellular senescence [ 76 ]. Another study 
shows that cells from lipodystrophy patients with the LA mutations R439C, R482W, 
and H506D also accumulate pre-LA and show the expression of adipogenic proteins 
with brown fat-like features, an increased number of mitochondria and the overex-
pression of thermogenin (uncoupling protein 1, UCP1), which decreases the proton 
gradient generated in oxidative phosphorylation [ 77 ]. Higher levels of ROS are also 
induced by oxidative stress in fi broblasts from other lipodystrophy patients with a 
R439C  LMNA  mutation [ 78 ]. In addition, a homozygous  LMNA  mutation leads to 
expression of a mutated pre-LA with a deletion of 48 C-terminal amino acids, pre-
venting its farnesylation and maturation. The resulting form of pre-LA is associated 
with increased oxidative stress and premature senescence [ 79 ].  Zmpste24   −/−   mice 
also accumulate pre-LA and show an increased mitochondrial response to oxidative 
stress [ 80 ]. Moreover, the mitochondrial proteins related to lipid metabolism, the 
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tricarboxylic acid cycle, and oxidative phosphorylation are all upregulated in these 
mice. This supports the relationship between defective pre-LA processing and mito-
chondrial dysfunction, in addition to highlighting the relevance of pre-LA to oxida-
tive damage in lipoatrophy and aging [ 80 ]. These results strongly support the idea 
that dysfunctions of LA/C cause oxidative stress (Fig.  3 ). 

 LB1 is also known to be involved in oxidative stress responses. The proliferation 
defects induced by silencing LB1 expression are accompanied by a p53-dependent 
reduction of mitochondrial ROS in HDFs, which can be rescued by growth under 
hypoxic conditions [ 22 ] (Fig.  3 ). RT-PCR analyses show that p53-target genes are 
altered under the experimental conditions used for silencing LB1 expression. For 
example, the antioxidant genes  SOD1 ,  SOD2 ,  SESN1 ,  SESN2 , and  GPX1  are all 
upregulated, resulting in lowering the levels of ROS in LB1-silenced cells [ 22 ]. 
Other than p53, the POU-domain transcription factor Oct-1 also appears to mediate 
the LB1 regulation of the genes involved in oxidative stress responses [ 81 ]. Most 
importantly, Oct-1 has been shown to associate with the lamina through LB1 [ 11 , 
 81 ]. This association is disrupted in the  Lmnb1   ∆/∆   fi broblasts, causing the elevation 
of ROS levels [ 81 ]. In autosomal dominant leukodystrophy (ADLD) fi broblasts, 
there is an increased expression of LB1 due to the duplication of the  LMNB1  gene, 
which is also coincident with an increase in the amount of Oct-1 associated with the 
lamina and a decrease in the nucleoplasmic fraction of Oct-1 by oxidative stress 
[ 82 ]. Since Oct-1 regulates the expression of genes involved in oxidative stress 
responses by binding to their putative octamer-binding DNA sequences [ 81 ], the 
sequestration of Oct-1 to the lamina by LB1 could be another mechanism by which 
LB1 modulates ROS levels (Fig.  3 ). 

 LB2 appears to regulate mitochondrial functions in neurons. For example, in 
 Lmnb2   −/−   mice, a neuronal layering abnormality is caused by defective neuronal 
migration [ 70 ]. Inhibition of  LMNB2  mRNA translation in  Xenopus  retinal ganglion 
cell axons in vivo does not affect guidance but causes axonal degeneration [ 83 ]. 
This is attributable to the fi nding that a form of axonal LB2 associates with mito-
chondria and in LB2-defi cient axons mitochondria are dysfunctional causing defects 
in axonal transport [ 83 ]. These results suggest that axonally synthesized LB2 plays 
a crucial role in axon maintenance by promoting mitochondrial functions to protect 
against oxidative stress.  

    Possible Pathways Related to Lamin Functions in Response 
to Oxygen Metabolism and Oxidative Stress Responses 

 Recent studies have indicated that lamins play important roles in regulating signal-
ing pathways mediated by SIRT1, NF-κB, and mTORC1. These pathways are 
known to be involved in regulating oxygen metabolism and oxidative stress. Though 
in many cases, direct biochemical evidence has yet to be provided, these studies 
imply that lamins may regulate a cellular response to oxidative stress through these 
pathways. 
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 In this regard, LA has been shown to interact with and activate an NAD-dependent 
deacetylase, Sirtuin 1 (SIRT1) [ 84 ]. SIRT1 deacetylates FOXO3, a member of the 
FOXO family of Forkhead transcription factors in response to oxidative stress, lead-
ing to cell cycle arrest, resistance to oxidative stress, and inhibition of cell death 
[ 85 ]. The presence of progerin or the accumulation of pre-LA in  Zmpste24   −/−   mice 
induces a decrease in deacetylase activity of SIRT1, leading to rapid depletion of 
adult stem cells [ 84 ]. This scenario might also explain why a mitochondrial response 
to oxidative stress is increased in  Zmpste24   −/−   mice and fi broblasts derived from 
HGPS patients [ 73 ,  80 ]. Therefore, it is possible that LA functions in oxidative 
stress responses are mediated by SIRT1. 

 It has also been shown that the accumulation of pre-LA activates an ATM- and 
NEMO-dependent signaling pathway, leading to the activation of NF-κB and secre-
tion of proinfl ammatory cytokines in  Zmpste24   −/−   and progeria mice 
( Lmna   G609G/  G609G) [ 86 ]. The activation of NF-κB suppresses cell death by inducing 
the expression of genes encoding pro-oxidants [ 87 ]. In this fashion, the accumulation 
of pre-LA might increase the levels of ROS through the activation of NF-κB [ 80 ]. It 
is also possible that NF-κB mediates LA functions in oxidative stress responses. 

 Cellular oxygen sensing is upstream of the mTOR pathway [ 88 ,  89 ]. Interestingly, 
 Lmna   −/−   mice show enhanced mTORC1 signaling in cardiac and skeletal muscle 
cells. Pharmacologic reversal of elevated mTORC1 signaling by rapamycin 
improves cardiac and skeletal muscle function and the longevity of the mice. In 
addition, this treatment also alleviates the defective autophagic-mediated degrada-
tion in  Lmna   −/−   mice [ 90 ]. Based on these fi ndings, it has been suggested that there 
is molecular cross talk between LA and oxygen sensing mechanisms.  

    The Prospective for Future Studies of Lamin Functions 
in Oxidative Stress 

 We have discussed current evidence for roles of lamins in regulating cell prolifera-
tion and longevity through the cellular response to oxidative stress and ROS signal-
ing pathways. Though the lamin-related diseases that we have described are not 
directly involved in cancer, there are signifi cant implications that lamins could be 
involved in tumor cell growth and in cancer progression. Many types of cancer cells 
are known to produce increased reactive ROS compared to normal cells [ 91 ]. Cancer 
cells also develop a unique way to control their proliferation as their increased glu-
cose metabolism is coupled to fast proliferation [ 22 ] and their mitochondrial metab-
olism regulates ROS production which is essential for anchorage-independent 
growth [ 14 ]. Cancer cells are also more susceptible to oxidative stress compared to 
normal cells [ 91 ]. Therefore, progress in understanding how lamins control ROS 
metabolism in normal and cancer cells will provide new insights for cancer treat-
ment. The modulation of ROS metabolism by changing lamin expression might 
provide a biochemical basis to design therapeutic strategies, including vectors for 
gene therapy and small molecule compounds for chemotherapy, to selectively slow 
cancer development, growth, and progression.     
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               Introduction 

 The nucleoskeleton is comprised of both the peripheral lamina and a less- 
characterized internal nuclear matrix. Protein components of both have been linked 
at various points to cancer and tumorigenesis. The nuclear matrix will only be 
touched on briefl y in this section because its composition is less clearly delineated 
than the peripheral nucleoskeleton. However, work from Ronald Berezney and 
Jeffrey Nickerson has clearly demonstrated changes in the nuclear matrix in cancer-
ous and proliferating cells and perhaps more importantly found that the AML tran-
scription factors associated with acute myelogenous leukemia target to the nuclear 
matrix and require association with the matrix for function [1–4]. The lamina is 
made up of a polymer of the intermediate fi lament nuclear lamins, whose involve-
ment in cancer was introduced in Part I, together with nuclear envelope transmem-
brane proteins (NETs) that connect it to the nuclear membrane. Some inner nuclear 
membrane NETs that bind the lamin polymer connect across the lumen of the dou-
ble membrane nuclear envelope to NETs in the outer nuclear membrane. These 
outer nuclear membrane NETs in turn can connect to the cytoskeleton so that all the 
connections together connect the nucleoskeleton to the cytoskeleton. The main 
inner nuclear membrane NETs found thus far to be involved in these connections 
are the SUN proteins, and the outer nuclear membrane NETs involved are Nesprins/
Syne proteins. The complex they form is generally referred to as the LINC complex 
for  LI nker of  N ucleoskeleton and  C ytoskeleton [5]. The Nesprin/Syne proteins have 
been found to bind directly only to actin among the three major cytoskeletal systems 
[6, 7]; however, they likely connect at least indirectly to all three as they have been 
found also to bind microtubule motors [8, 9] and plectin [10] which can in turn con-
nect to the intermediate fi lament, actin, and microtubule cytoskeletal systems. 

 Disruption of these connections has been found to affect the mechanical stability 
of cells, gene expression (likely through mechanotransduction), and cell polarity 
and migration. Moreover, specifi c links to cancer have been observed. In this 
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section Celine Denais and Jan Lammerding of Cornell University, world experts on 
biophysical measurements of mechanical stability, discuss the overall role of 
the nuclear envelope in mechanical stability and mechanotransduction, touching on 
nuclear and cell mechanical stability, how this stability affects the nuclear shape 
changes observed in cancer, nuclear deformations leading to nuclear breaks in 
cancer, and mechanical connections involvement in cell migration. Then David 
Razafsky, Denis Wirtz, and Didier Hodzic of Washington University address the 
involvement of the LINC complex, discovered by Professor Hodzic, in cell polarity, 
cell migration, and nuclear migration. The role in nuclear migration is particularly 
intriguing as within different neuronal layers in the retina the spatial position of 
the nucleus changes in a highly reproducible manner. Next Sascha Neumann and 
Angelika Noegel from the University of Cologne, leading experts on the Nesprin 
proteins, discuss the roles of these proteins in nuclear size, centrosome positioning, 
and cell migration and the relationship of these functions to cancer. They also 
describe work that demonstrates a role for Nesprins in signal transduction mecha-
nisms, likely more linked to mechanical strain than the types of mechanisms of 
inner nuclear membrane proteins described in Parts II and III. Finally, Daniel Osorio 
and Edgar Gomes of the University of Pierre et Marie Curie, who fi rst described the 
role of TAN lines in nuclear migration, describe this more specifi c phenomenon and 
its connections with small GTPases involved in cell migration and metastasis.
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    Abstract     Despite decades of research, cancer metastasis remains an incompletely 
understood process that is as complex as it is devastating. In recent years, there has 
been an increasing push to investigate the biomechanical aspects of tumorigenesis, 
complementing the research on genetic and biochemical changes. In contrast to the 
high genetic variability encountered in cancer cells, almost all metastatic cells are 
subject to the same physical constraints as they leave the primary tumor, invade sur-
rounding tissues, transit through the circulatory system, and fi nally infi ltrate new 
tissues. Advances in live cell imaging and other biophysical techniques, including 
measurements of subcellular mechanics, have yielded stunning new insights into 
the physics of cancer cells. While much of this research has been focused on the 
mechanics of the cytoskeleton and the cellular microenvironment, it is now emerg-
ing that the mechanical properties of the cell nucleus and its connection to the cyto-
skeleton may play a major role in cancer metastasis, as deformation of the large and 
stiff nucleus presents a substantial obstacle during the passage through the dense 
interstitial space and narrow capillaries. Here, we present an overview of the molec-
ular components that govern the mechanical properties of the nucleus, and we 
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 discuss how changes in nuclear structure and composition observed in many  cancers 
can modulate nuclear mechanics and promote metastatic processes. Improved 
insights into this interplay between nuclear mechanics and metastatic progression 
may have powerful implications in cancer diagnostics and therapy and may reveal 
novel therapeutic targets for pharmacological inhibition of cancer cell invasion.  

  Keywords     Cytoskeleton   •   LINC complex   •   Mechanotransduction   •   Mechanical 
stability   •   Nuclear lamina  

  Abbreviations 

   ER    Endoplasmic reticulum   
  KASH    Klarsicht, ANC-1, Syne Homology   
  LAPs    Lamina-associated polypeptides   
  LBR    Lamin B receptor   
  LINC     L inker of  N ucleoskeleton and  C ytoskeleton   
  NPC    Nuclear pore complex   

          Introduction 

 The cell nucleus was the fi rst organelle discovered in the seventeenth century. In the 
oldest preserved depictions of the nucleus, Antonie van Leeuwenhoek described a 
central “clear area” in salmon blood cells that is now commonly acknowledged as the 
nucleus [ 1 ]. A more detailed description of the nucleus was subsequently provided 
by the botanist Robert Brown, who fi rst articulated the concept of the nucleated cell 
as a structural unit in plants [ 1 ]. Today, the nucleus is recognized as the site of numer-
ous essential functions in eukaryotes, including storage and organization of the 
genetic material, DNA synthesis, DNA transcription, transcriptional regulation, and 
RNA processing. In cancer biology, much of the research has traditionally been 
focused on this “DNA-centric view,” starting with the identifi cation of oncogenes and 
tumor-suppressor genes to the establishment of the multiple “hits” (i.e., mutations) 
concept now commonly accepted as a requirement for cancer initiation and progres-
sion [ 2 ]. Recently, however, it has become apparent that in addition to these genetic 
components, it is necessary to take the physical, i.e., biomechanical, factors of tumor 
cells and their microenvironment into consideration. Research conducted within the 
last 10 years has revealed that cancer cells have reduced stiffness [ 3 – 7 ], generate 
increased contractile forces [ 8 ], and are strongly infl uenced by their biomechanical 
environment [ 9 ,  10 ]. Furthermore, not only can cancer cells be mechanically distin-
guished from non-tumorigenic cells, but physical measurements also allow telling 
apart highly invasive cells from less invasive cells, for example, by their increased 
cell deformability [ 4 ] and increased traction forces [ 8 ], yielding the promise of future 
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diagnostic and prognostic applications. Here, we focus on a particular aspect of cel-
lular mechanics that has traditionally received less attention in cancer cell biology: 
the role of nuclear structure and mechanics in cancer progression. 

 Despite many advances in understanding the biology of cancer and its associated 
molecular changes, the most common and reliable diagnosis of cancer cells in tissue 
biopsies by pathologists still relies on the presence of morphological changes in 
nuclear structure, i.e., increased size, irregular shape and organization [ 11 ]. 
Nonetheless, the functional consequences of these characteristic changes have yet 
to be determined; thus, it remains unclear whether the observed morphological 
changes merely correlate with other, more diffi cult to observe cellular defects, or 
whether they can directly contribute to the disease progression. 

 In recent years, a growing number of studies have reported altered nuclear enve-
lope composition in various cancers [ 12 ,  13 ]. The structure and composition of the 
nucleus, particularly the nuclear envelope, play an important role in cellular mechan-
ics and function, ranging from determining nuclear deformability and fragility 
[ 14 – 17 ] to participating in mechanotransduction signaling, i.e., the sensing of bio-
mechanical factors and the corresponding signaling response [ 15 ,  18 ]. One potential 
mechanism by which changes in nuclear envelope composition could contribute to 
cancer progression is that softer and more lobulated nuclei facilitate cancer cell 
invasion through dense tissues, where cells often have to pass through constrictions 
smaller than the nuclear diameter [ 19 ,  20 ]. Furthermore, the physical coupling 
between the nucleus and the cytoskeleton is critical for cytoskeletal organization 
and cell polarization [ 21 – 24 ], which could further affect cancer cell migration. In 
the following sections, we provide a brief review of normal nuclear structure and 
mechanics, highlight changes that occur during oncogenic transformation, and dis-
cuss recent fi ndings suggesting an important role of nuclear mechanics and nucleo-
cytoskeletal coupling in cancer progression.  

    Normal Nuclear Compartmentalization and Structure 

    The nucleus is a highly compartmentalized organelle that can be roughly subdi-
vided into the nuclear envelope and the nuclear interior (Fig.  1 ), the latter repre-
senting most of the chromatin in diverse states of organization [ 25 ], the nucleolus, 
and diverse smaller subnuclear structures such as Cajal bodies and nuclear speck-
les [ 26 – 28 ]. In addition, the nuclear interior contains a still incompletely defi ned 
structural network (i.e., the nucleoskeleton or nuclear matrix), which may provide 
additional mechanical support and also act as scaffold for transcriptional com-
plexes and other nuclear processes. The nuclear envelope forms the physical bar-
rier between the nucleus and the cytoplasm. It consists of two phospholipid 
bilayers, the inner and the outer membranes, and the underlying nuclear lamina, a 
dense protein meshwork mostly comprising lamins. The inner and outer nuclear 
membranes are connected at the sites of nuclear pore complexes (NPCs) and 
encapsulate the perinuclear space or lumen.
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      The Outer Nuclear Membrane 

 The outer nuclear membrane is continuous with the endoplasmic reticulum (ER); 
like the ER, its surface is scattered with ribosomes. The outer nuclear membrane 
exhibits a high degree of similarity to the ER membrane in terms of protein, enzyme, 
and lipid composition [ 29 ]. Nonetheless, recent studies have suggested that the 
outer nuclear membrane displays a certain degree of specialization [ 30 ] and partici-
pates in protein synthesis and processing [ 31 ]. The specialized protein composition 
of the outer nuclear membrane likely results from retention of specifi c proteins by 

  Fig. 1    Schematic overview of the nuclear structure and the LINC complex. The nuclear envelope 
is composed of the inner nuclear membrane (INM) and the outer nuclear membrane (ONM) punc-
tuated by nuclear pore complexes (NPC). The ONM is continuous with the endoplasmic reticulum 
(ER). Several structures of the nuclear interior are depicted here, including the nucleolus, Cajal 
bodies, promyelocytic leukemia bodies (PML), and speckles. Chromatin is shown in its two states, 
very condensed (heterochromatin) and loosely organized (euchromatin). Only a subset of nuclear 
membrane proteins are portrayed in this picture: lamin B receptor (LBR), emerin, MAN1, and 
nurim. The schematic also illustrates some of the interactions between these proteins with the 
lamina meshwork (lamins B and A/C). The LINC complex is represented by nesprins, Sad1p/
UNC-84 (SUN) proteins and Samp1. On the outer membrane, nesprin-1 and -2 can directly bind 
to actin fi laments or indirectly interact with microtubules through motors proteins (dyneins or 
kinesin). Nesprin-3 is shown interacting with intermediate fi laments via plectin       
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direct interaction with inner nuclear membrane proteins across the lumen, thereby 
enriching them compared to the ER fraction [ 32 ,  33 ]. In mammals, one particularly 
important family of outer nuclear membrane proteins is the nesprins [ 34 ], which 
play a central role in connecting the nucleus to the cytoskeleton [ 35 – 39 ].  

    The Nuclear Lumen and Nuclear Pore Complexes 

 The nuclear lumen, also commonly termed the perinuclear space, is a 30–50 nm 
wide aqueous space separating the inner from the outer nuclear membrane that is 
continuous with the ER lumen [ 40 ]. It accommodates the luminal domains of inte-
gral nuclear membrane proteins [ 41 ]. The inner and outer nuclear membranes come 
together at sites of NPC insertion [ 42 ]. NPCs act as the main gateway for molecules 
between the cytoplasm and the nuclear interior (and also proteins of the inner 
nuclear membrane). Small molecules can diffuse freely through the NPC, while the 
exchange of macromolecules larger than ~40 kDa is mediated by a tightly con-
trolled import and export mechanism requiring nuclear import and export signals 
and interaction with specifi c transport molecules [ 43 – 45 ].  

    The Inner Nuclear Membrane 

 The inner nuclear membrane contains at least 70–100 unique membrane-associated 
and integral membrane proteins that are retained at the inner nuclear membrane 
through interaction with nucleoplasmic proteins (e.g., lamins) and chromatin [ 13 ]. 
Most of these proteins have only been identifi ed in recent proteomic studies [ 46 – 50 ], 
and the function of several of the nuclear envelope transmembrane proteins remains 
unclear. Some well-characterized inner nuclear membrane proteins include lamin B 
receptor (LBR), lamina-associated polypeptides (LAPs) [ 30 ], emerin, MAN1, 
nurim, nesprins, and Sad1p/UNC-84 (SUN) proteins [ 13 ]. Mislocalization or loss of 
these proteins due to mutations in nuclear envelope proteins causes a spectrum of 
diseases collectively known as laminopathies that include certain types of muscular 
dystrophies (e.g., Emery–Dreifuss muscular dystrophy and limb-girdle muscular 
dystrophy), dilated cardiomyopathy, and the premature aging disease Hutchinson–
Gilford progeria syndrome [ 51 ].  

    The Nuclear Lamina 

 The lamina corresponds to a dense meshwork of proteins mainly composed of lam-
ins underlying the inner nuclear membrane [ 52 ]. Lamins are type V intermediate 
fi laments [ 53 ,  54 ] and display the characteristic tripartite molecular organization of 
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all intermediate fi laments, which consists of a central a-helical rod domain fl anked 
by a short non-helical N-terminal “head” and a C-terminal “tail” domain that 
includes an Ig-like fold [ 55 ]. 

 In vertebrates, lamins are classifi ed into two major classes, A- and B-type lam-
ins, depending on their sequence, expression pattern, and biochemical properties 
[ 56 ,  57 ]. A-type lamins, including lamins A, C, A∆10, and C2, result from alterna-
tive splicing of the  LMNA  gene on chromosome 1. These proteins are expressed in 
a tissue-specifi c manner later in differentiation [ 58 ,  59 ], have neutral isoelectric 
points, and are dispersed upon phosphorylation of lamins during mitosis [ 60 ]. 
Lamin A and C can be distinguished by their unique C-terminal tail and processing: 
the C-terminus of prelamin A contains a CaaX motif, which is subject to a series of 
posttranslational modifi cations, including isoprenylation and proteolytic cleavage, 
to give rise to mature lamin A [ 61 ,  62 ]. In contrast, the shorter lamin C has a unique 
C-terminus that lacks the CaaX motif and does not require posttranslational pro-
cessing. In addition to their localization at the nuclear lamina, A-type lamins are 
also present in the nuclear interior, where they form stable structures [ 63 ]. 

 Unlike A-type lamins, B-type lamins are encoded by two separate genes:  LMNB1  
for lamin B1 [ 64 ,  65 ] and  LMNB2  for lamin B2 and B3 [ 66 ,  67 ]. Only lamins B1 
and B2 are found in somatic cells; expression of lamin B3 is restricted to germ cells. 
Unlike A-type lamins, at least one B-type lamin is expressed in all cells, including 
embryonic stem cells; B-type lamins are acidic and remain associated with mem-
branes during mitosis [ 68 ]. The C-terminus of B-type lamins is also isoprenylated 
but, unlike prelamin A, does not undergo proteolytic cleavage. Consequently, 
B-type lamins remain permanently farnesylated, facilitating their attachment to the 
inner nuclear membrane.  

    The Nuclear Interior 

 In addition to DNA and histones, the nucleoplasm contains distinct structural and 
functional elements such as nucleoli [ 69 ], Cajal bodies [ 70 ], the Gemini of coiled 
bodies or gems [ 71 ], promyelocytic leukemia (PML) bodies [ 72 ], and splicing speck-
les [ 73 ]. The growing interest to decipher the detailed structure and composition of 
the nuclear interior has led to the recent discoveries that the nuclear interior contains 
actin [ 74 ,  75 ], myosin [ 76 ,  77 ], spectrin [ 78 ], and even titin [ 79 ]. It is now well estab-
lished that actin oligomers or short polymers are present in the nucleus [ 80 – 82 ] and 
that all isoforms of actin contain nuclear export sequences [ 83 ], which may help 
prevent spontaneous assembly of actin fi laments inside the nucleus. To date, many 
aspects of nuclear actin remain incompletely understood, including its precise struc-
tural organization [ 84 ]. Nonetheless, nuclear actin has been implicated in a number 
of functions highly relevant to tumorigenesis, including DNA organization, stabiliza-
tion, and orientation during replication, determination of nuclear morphology, orga-
nization of gene regulatory complexes, and RNA synthesis [ 85 ]. The existence and 
function of the “nuclear matrix” or nucleoskeleton, typically defi ned as the insoluble 
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structure remaining after nuclease, detergent, and high salt treatment of isolated 
nuclei [ 86 ], remains a matter of lively debate, but given the plethora of structural 
proteins present in the nucleus and their often low diffusional mobility, it is likely 
that some (possibly local) structural frameworks exist in the nuclear interior.   

    Nuclear Mechanics and Mechanotransduction 

 In recent years, it has emerged that physical factors, such as the biomechanical 
properties of the microenvironment and the mechanical forces acting between cells 
and their environment, play an important role in cellular function [ 87 ]. With regard 
to cancer cells, modulation of cytoskeletal tension by Rho inhibition alone can be 
suffi cient to phenotypically revert epithelial morphogenesis of malignant cells [ 10 ]. 
Rho proteins belong to the family of small signaling G-proteins (GTPases) that can 
act as “molecular switches” in regulating actin cytoskeleton dynamics, while also 
playing important roles in cell polarity, migration vesicle traffi cking, mitosis, pro-
liferation and apoptosis [ 88 ]. Furthermore, recent studies found that aggressive can-
cer cells can be distinguished from less invasive and non-tumorigenic cancer cells 
based on their cytoskeletal stiffness [ 3 ] and their contractile force generation [ 8 ]. 
What is now becoming apparent is that in addition to cytoskeletal stiffness and force 
generation, nuclear deformability, as well as the physical coupling between the 
nucleus and the cytoskeleton, play a critical role in cell motility in three- dimensional 
(3D) environments [ 19 ,  20 ]. In this section, we discuss the molecular players gov-
erning normal nuclear mechanics, i.e., nuclear deformability and nucleo- cytoskeletal 
coupling, as well as their potential contribution to cellular mechanosensing. Their 
involvement in cancer progression is then described in the subsequent section. 

    Nuclear Deformability and Stability 

 Over the years, a variety of experimental techniques have been developed to probe 
the mechanical properties of the nucleus, particularly its deformability under applied 
forces. These approaches include micropipette aspiration [ 89 – 93 ], atomic force 
microscopy [ 91 ,  94 – 96 ], cell stretching [ 14 ,  97 – 99 ], tracking of particles within the 
nucleoplasm [ 100 ], and, most recently, optical stretching [ 101 ] and measuring tran-
sit times through microfl uidic constriction channels [ 102 ,  103 ]. These experiments 
have revealed that the nucleus exhibits both elastic (the nuclear lamina) and visco-
elastic (the nuclear interior) behavior and is typically ~2–10 times stiffer than the 
surrounding cytoplasm [ 93 ,  99 ,  104 ,  105 ]. The precise measurements for the appar-
ent Young’s modulus, a measure of material elasticity, range from ~0.1 to 10 kPa, 
depending on the experimental conditions and technique. This broad range of stiff-
ness measures likely refl ects a large degree of cell-to-cell variability, as well as dif-
ferent domains and mechanical behavior probed by the diverse experimental 
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methods. For example, tracking of small particles within the nucleoplasm is sensi-
tive to entanglement of the tracked particle within the nucleoskeleton/chromatin; in 
addition, the resulting measurements exclude contributions to nuclear stiffness from 
the nuclear envelope [ 90 ,  91 ]. In contrast, cell stretch experiments and other tech-
niques that result in large nuclear deformations will yield “bulk” measurements that 
combine contributions from the nuclear interior and the nuclear envelope, but may 
also depend on the mechanical properties of the cytoskeleton and its connection to 
the nucleus [ 17 ]. 

 Micropipette aspiration experiments [ 90 – 92 ] and computational modeling [ 105 ] 
indicate that the mechanical deformability of the nucleus is mainly governed by the 
nuclear lamina and the nuclear interior; the relative contribution of each component 
depends on diverse factors such as mechanical load (e.g., applied tension vs. com-
pression), the specifi c cell type, differentiation state, and chromatin confi guration. 
The contribution of the inner and outer nuclear membranes to the deformability of 
the nucleus is largely negligible [ 106 ], as lipid membranes exhibiting relatively low 
bending stiffness and a two-dimensional (2D) liquid-like behavior, i.e., they can 
fl ow in response to applied shear stress, with connections to a large membrane res-
ervoir in the form of the ER [ 16 ,  106 ]. 

 The importance of the nuclear lamina in providing structural support to the 
nucleus and controlling nuclear size is now well established [ 12 ,  17 ], with the 
nuclear lamina acting as a load-bearing, elastic shell surrounding a viscoelastic 
nuclear interior [ 90 ,  91 ,  107 ]. Experiments on cells from gene-modifi ed mice lack-
ing specifi c lamin isoforms [ 98 ] and  Xenopus  oocytes ectopically expressing human 
lamins [ 95 ] suggest that lamins A and C are the main contributors to nuclear stiff-
ness, with loss of lamin A or C resulting in softer, more deformable nuclei, while 
increased expression of lamin A results in stiffer, less deformable nuclei. Given the 
structural similarities between A-type and B-type lamins, it may be somewhat sur-
prising that these proteins have distinct roles in affecting nuclear deformability. 
However, recent fi ndings suggest that A- and B-type lamins—and even lamins A 
and C—may form distinct but overlapping networks [ 108 ,  109 ], and that A-type 
lamins may form a thicker protein network at the nuclear envelope [ 110 ]; however, 
as imaging the nuclear lamina in intact somatic cells with suffi ciently high resolu-
tion remains technically extremely challenging, the exact structure and organization 
of the lamina and the different lamin isoforms at the nuclear envelope remains 
unclear. Interaction of specifi c lamin isoforms with other nuclear (envelope) pro-
teins may serve as additional explanation for the distinct roles of the diverse lamins 
in nuclear mechanics. For example, loss of the inner nuclear membrane protein 
emerin, which directly interacts with lamins A/C, results in more deformable nuclei, 
although to a lesser degree than functional loss of lamins A/C [ 92 ,  97 ]. In addition, 
functional loss of lamins due to mutations or (partial) deletion can also affects chro-
matin organization [ 111 – 114 ], which could affect nuclear deformability. 

 Further illustrating the importance of A-type lamins in nuclear mechanics, lamin 
A/C-defi cient cells have more deformable nuclei that are more susceptible to rup-
ture under mechanical stress [ 14 ,  115 ]. Of note, mutations in A-type lamins, as well 
as emerin, cause a spectrum of human diseases (laminopathies) that include 
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Emery–Dreifuss muscular dystrophy, limb-girdle muscular dystrophy, dilated car-
diomyopathy, Dunnigan-type familial partial lipodystrophy, and Hutchinson–
Gilford Progeria syndrome [ 51 ]. In many cases, cells from affected patients show 
characteristic features such as misshapen nuclei, increased nuclear fragility, and 
herniations [ 16 ]; furthermore,  LMNA  mutations resulting in disease affecting car-
diac and skeletal muscle often cause defects in nuclear mechanics [ 116 ], providing 
a potential disease mechanism for the muscular laminopathies. 

 Importantly, lamins also interact with other inner nuclear membrane proteins 
(e.g., emerin, LAPs, and LBR), nuclear pore components, DNA, chromatin, and 
transcription factors (e.g., retinoblastoma protein [Rb], SREBPs, GCL, and MOK2), 
and structural proteins such as nuclear actin and titin [ 117 ]. These interactions could 
further modulate nuclear stiffness by forming nucleoskeletal structures or affecting 
chromatin organization and transcriptional regulation. For example, nuclear abnor-
malities have been observed in cells depleted of large repeat-domain proteins such 
as titin and αII-spectrin [ 118 ,  119 ]. On the other hand, the role of nuclear actin in 
providing structural support to the nucleus remains unclear [ 84 ]. Through their 
interaction with SUN proteins, nesprins, and Samp1, lamins also play an important 
role in connecting the nucleus to the surrounding cytoskeleton [ 120 ], as discussed 
in more detail below. 

 Besides the nuclear lamina, chromatin is an important contributor to nuclear 
stiffness. Unlike the mostly elastic nuclear lamina, chromatin exhibits more visco-
elastic material behavior, i.e., it fl ows when subjected to forces (Fig.  2 ) and under-
goes plastic deformations [ 106 ,  107 ]. Chromatin decondensation during initial 
lineage commitment of embryonic stem cells is associated with a signifi cant soften-
ing of the nucleus [ 101 ]. Subsequently, the viscoelastic deformability of the cell 
nucleus in human embryonic stem cells changes during further cellular 

  Fig. 2    Invasive cancer cell MDA-MB-231 squeezing into an 8 μm width constriction. Image 
sequences of a cancer cell being perfused through an 8 μm-wide constriction at a pressure differ-
ence (ΔP) of 10 psi. The viscoelastic deformation as the nucleus fl ows through the constriction is 
clearly visible       
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differentiation [ 107 ], becoming 6 times stiffer and also less fl uid-like during  terminal 
differentiation. It remains unclear, however, to what extent this behavior is caused 
by changes in chromatin organization, e.g., switching from loose euchromatin to 
more compacted heterochromatin, or results from the increased expression of 
A-type lamins in differentiated cells.

       Nucleo-cytoskeletal Coupling 

 Over the last 10 years, it has become well established that the nucleus is physically 
coupled to the surrounding cytoskeleton [ 120 ]. Many of the molecular components 
are highly preserved throughout evolution, being present in unicellular organisms 
such as yeast all the way to mice and humans [ 121 ]. Building on work in yeast and 
drosophila, several of the molecular details of nucleo-cytoskeletal coupling were 
fi rst unraveled in  Caenorhabditis elegans , where UNC84 and ANC-1, in conjunc-
tion with Ce-lamin, participate in the actin-dependent anchorage and positioning of 
the nucleus [ 32 ,  122 – 125 ]. Subsequent studies have confi rmed that closely related 
proteins are also responsible for nucleo-cytoskeletal coupling in mammalian cells; 
this physical connection is now commonly referred to as the  Li nker of  N ucleoskeleton 
and  C ytoskeleton (LINC) complex [ 126 ]. In the strictest defi nition, the LINC com-
plex contains two essential parts: (1) a member of the trimeric inner nuclear mem-
brane SUN- [ 127 ] domain protein family, which engages with nucleoplasmic 
proteins such as lamins [ 121 ,  128 ,  129 ]; (2), KASH- (Klarsicht, ANC-1, Syne 
Homology) domain containing nesprins located on the outer nuclear membrane that 
bind across the perinuclear space to the SUN domain of Sun1/Sun2 trimers [ 130 ]. 
The cytoplasmic ends of nesprins interact directly or indirectly with various compo-
nents of the cytoskeleton, including actin, intermediate fi laments (via plectin) [ 131 ], 
and microtubules (via microtubule-binding motors such as dynein and kinesin), 
thereby completing the physical connection across the nuclear envelope [ 121 ]. In 
many cases, lamins are considered an extended part of the LINC complex, as they 
bind to SUN proteins and inner membrane variants of nesprins and help tether these 
proteins to the nuclear interior [ 132 ]. Since the cytoskeleton also connects to focal 
adhesion and cell-cell junctions, cells contain a continuous mechanical network 
linking the nuclear interior and the extracellular matrix and neighboring cells, 
thereby allowing forces exerted from the cellular environment or the cytoskeleton to 
be transmitted directly to the nuclear interior [ 39 ,  120 ,  133 ,  134 ]. 

    SUN Domain Proteins 

 The characteristic feature of SUN domain family proteins is a 115–175 amino acid 
domain that shares homology with the Sad1 protein from  Schizosaccharomyces 
pombe  [ 135 ] and the UNC84 protein from  C. elegans  [ 122 ]. Mammalian cells have 
fi ve SUN domain proteins, with two of these proteins (SUN1 and SUN2) present on 
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the nuclear envelope in somatic cells (SUN3-5 are testis specifi c) [ 136 ]. SUN1 and 
SUN2 proteins consist of a helical N-terminal domain that can bind to lamins [ 137 ] 
and nuclear pore complex proteins [ 138 ,  139 ], a single pass transmembrane domain 
to anchor the protein in the inner nuclear membrane [ 140 ], a luminal helical domain 
required for trimerization of SUN proteins [ 130 ], and the C-terminal SUN domain, 
which interacts with the KASH domain of nesprins [ 126 ].  

    Nesprins and Other KASH Domain Proteins 

 Mammals have four nesprins (genes  SYNE 1 – 4 ), with nesprins 1–3 having multiple 
isoforms resulting from alternative splicing, initiation, and termination [ 34 ,  120 , 
 121 ]. Expression of various nesprin isoforms can be highly tissue-specifi c [ 34 ]. In 
skeletal muscle, levels of nesprin-1 (fi rst described as Syne-1 for synaptic nuclear 
envelope protein-1) are highest in synaptic nuclei, suggesting that it might participate 
in the migration and anchoring of these specialized muscle nuclei [ 141 ]. Common to 
all nesprins is a central region containing multiple spectrin domains, whose number 
can greatly vary between isoforms [ 142 ]; all nesprins (but not all isoforms) contain a 
~60 amino acid-long C-terminal KASH domain, consisting of a transmembrane 
domain and a short, highly conserved luminal domain, which is essential for anchor-
ing nesprins to the nuclear envelop [ 59 ,  142 ]. The N-terminal domain of nesprins 
typically contains specifi c motifs to interact with different cytoskeletal proteins. For 
instance, the nesprin-1 and -2 “giant” isoforms (1,000 and 800 kDa in size, respec-
tively) contain an actin-binding domain (ABD) composed of two calponin homology 
domains [ 35 ,  37 ,  143 ]; additionally, nesprins-1 and -2 can interact with the microtu-
bule-associated motors dynein/dynactin and kinesin [ 120 ]. Nesprin-3 can connect to 
intermediate fi laments via plectin [ 36 ]. Nesprin-4 binds the microtubule-associated 
motor kinesin, and ectopic expression of nesprin-4 induces dramatic changes in cen-
trosome positioning in cells [ 144 ]. While localization of larger nesprin isoforms is 
restricted to the outer nuclear membrane, shorter isoforms can also be present at the 
inner nuclear membrane, where they can interact with lamins and emerin [ 38 ,  145 –
 147 ]. Nesprin isoforms lacking the KASH domain may also be found in other cel-
lular structures. In addition to nesprins 1–4, mammals express at least one additional 
KASH-domain protein, aptly named KASH5, which is found exclusively in 
 spermatocytes and oocytes, where it plays a critical role in meiosis [ 148 ].  

    Other Molecules Involved in Nucleo-cytoskeletal Coupling 

 With the growing interest in understanding the mechanics of the nucleus and its 
connection to the cytoskeleton, several recent studies have focused on identifying 
additional molecular players involved in nucleo-cytoskeletal coupling. Based on 
experimental fi ndings in emerin-defi cient cells, one study has proposed that emerin 
binds to microtubules and that a subset of emerin located on the outer nuclear mem-
brane is involved in coupling the centrosome to the nuclear envelope [ 149 ], but it 
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remains unclear whether the emerin-microtubule interaction is direct or mediated 
through other proteins such as nesprins. 

 A more recent candidate to be involved in nucleo-cytoskeletal coupling is the 
inner nuclear membrane protein Samp1 [ 150 ], which associates with lamin A/C, 
emerin, Sun1, and Sun2 [ 150 – 152 ]. During mitosis, Samp1 is associated with the 
mitotic spindle [ 150 ]; during interphase, however, Samp1 is an important compo-
nent of transmembrane actin-associated nuclear (TAN) lines [ 152 ], which promote 
rearward nuclear movement in polarizing fi broblasts by connecting the nucleus to 
retrograde actin fl ow via nesprin-2giant and SUN2 [ 153 ]. The involvement of lam-
ins A/C in nucleo-cytoskeletal coupling is further illustrated by the fi nding that 
lamin mutants associated with muscular dystrophies can disrupt this retrograde 
nuclear movement [ 132 ] and that lamin A/C is required for retaining Samp1 at the 
nuclear envelope [ 152 ]. Another potential mediator of nucleo-cytoskeletal coupling 
is the luminal protein torsinA, part of the AAA + ATPase superfamily. TorsinA inter-
acts with the KASH domains of nesprins 1–3, and loss of torsinA results in mislo-
calization of nesprin-3 from the nuclear envelope and impaired cell polarization and 
migration [ 131 ]. Given the promiscuous interaction of SUN domain proteins and 
nesprins [ 154 ], it is likely that tissue-specifi c expression of their isoforms, as well as 
potential interaction with other nuclear envelope proteins such as Samp1, play an 
important role in the spatial and temporal control of nucleo-cytoskeletal coupling.  

    Nucleo-cytoskeletal Coupling Is Critical for Many Cell Functions 

 Studies investigating molecules involved in connecting chromatin and cytoskeletal 
structures have often focused on processes during mitosis and meiosis. For instance, 
analysis of chromosome condensation during yeast prophase has unraveled a direct 
interaction between Sad1 (a Sun homologue protein) and meiotic-specifi c bouquet 
(Bqt) proteins [ 155 ]. Sad1 has also been linked to Kms1 protein [ 156 ] and this inter-
action is known to couple telomeres to microtubules and cytoplasmic dynein [ 157 , 
 158 ]. Similar results were obtained in  C. elegans , where selective inactivation of 
Sun1 protein or Kdp-1 (KASH domain protein-1) protein delays cell cycle progres-
sion [ 159 ,  160 ]. In mammalian cells, lamins, SUN proteins, KASH5, and Samp1 
have all been implicated in specifi c roles during mitosis and/or meiosis [ 148 ,  161 ], 
and loss of A-type lamins causes telomere shortening defects and overall genomic 
instability [ 162 ]. 

 In recent years, research has increasingly focused on the role of LINC complex 
proteins in interphase cells and consequences of LINC complex disruption. In  
C. elegans , deletion of the nesprin and SUN1 orthologues ANC-1 and UNC-84 
result in impaired nuclear positioning and anchoring in muscle cells [ 32 ,  122 ]. In 
mammalian cells, LINC complex disruption causes defects in nuclear positioning, 
cell polarization, and migration [ 133 ] by impairing force transmission between the 
nucleus and cytoskeleton [ 24 ,  153 ]. LINC complex proteins are particularly impor-
tant during cell migration in 3D environments, for example, inside collagen matri-
ces or tissues. In particular, lamins A/C, nesprin-2giant, and nesprin3 modulate 
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perinuclear actin organization and actin protrusions; consequently, deletion of 
 lamins A/C or LINC complex disruption results in signifi cantly impaired migration 
of cells in 3D collagen matrices [ 163 ]. The implications of impaired nucleo- 
cytoskeletal coupling in cancer progression are discussed in more detail below.   

    Nuclear Mechanics Stiffness and Nucleo-cytoskeletal Coupling 
in Mechanotransduction 

 As described above, the cytoskeleton physically connects the nucleus to the cellular 
microenvironment. Consequently, pulling on integrins on the surface of intact endo-
thelial cells results not only in reorientation of cytoskeletal fi laments, but also in 
distortion of the nucleus and spatial redistribution of subnuclear structures [ 134 ]. 
Similar results, including force-induced dissociation of nuclear protein complexes, 
have recently been obtained in HeLa cells subjected to forces applied via magnetic 
tweezers [ 164 ] and in human umbilical vein endothelial and osteosarcoma cells 
exposed to fl uid shear stress [ 165 ]. It has long been speculated that such mechani-
cally induced changes in nuclear structure and chromatin confi guration could 
directly activate specifi c mechanosensitive genes, for example, by changing acces-
sibility to transcription factors [ 18 ,  166 ]. This idea is further supported by studies 
that have found interactions between applied forces, Rho signaling, cell shape, and 
histone acetylation [ 167 – 169 ]. Nonetheless, direct evidence for such nuclear mech-
anosensing remains scarce, and the majority of data are rather correlative, making it 
diffi cult to discern whether mechanical forces acting on the nucleus are suffi cient to 
directly induce changes in gene regulation, or whether the observed activation of 
mechanosensitive genes is the downstream result of signaling cascades originating 
in the cytoskeleton or the plasma membrane [ 15 ]. A recent study [ 24 ] addressing 
this question found that LINC complex disruption had no discernible effect on the 
mechanically induced expression of the mechanosensitive genes  Iex - 1  and  Egr - 1 , 
whose activation is impaired in lamin A/C-defi cient cells [ 14 ,  170 ], even though 
LINC complex disruption resulted in substantially reduced nuclear deformation 
when the fi broblasts were subjected to substrate strain [ 24 ]. 

 At the same time, changes in nuclear envelope composition undoubtedly affect 
cellular structure and function. For example, LINC complex disruption alters the 
mechanically induced proliferation of C2C12 myoblasts [ 171 ]; LINC complex 
depletion also causes impaired propagation of intracellular forces and disturbed 
organization of the perinuclear actin and intermediate fi lament networks, leading to 
defects in nuclear positioning and cell orientation [ 22 ,  24 ,  171 ]. In the case of 
impaired expression of mechanosensitive genes in lamin A/C- and emerin-defi cient 
cells, it remains unclear whether this effect is due to direct mechanical defects or a 
consequence of altered interaction of lamins with specifi c transcriptional factors. 
An additional mechanism by which lamins and emerin can affect mechanotransduc-
tion signaling has recently been identifi ed, revealing that the actin polymerization- 
promoting activity of emerin at the nuclear envelope can infl uence nuclear and 
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cytoskeletal actin dynamics, thereby modulating localization and activity of the 
mechanosensitive transcription factor MKL1 (also known as MRTF-A or MAL), 
whose localization is dependent on interaction with monomeric G-actin [ 172 ].   

    Relevance of Nuclear Mechanics and Mechanotransduction 
in Cancer Progression 

 With growing advances in the understanding of the physics of cell motility, the 
mechanical properties of cancer cells have become an increasing area of interest [ 3 ]. 
As the nucleus is typically the largest and stiffest organelle, often occupying a large 
fraction of the cell’s volume, the properties of the nucleus can dominate the overall 
cellular mechanical response when cells are subjected to large deformations [ 17 ]. 
Several lines of evidence suggest that the ability of the nucleus to deform can 
impose a rate-limiting step in non-proteolytic cell migration in 3D environments, 
when cells attempt to squeeze through narrow constrictions imposed by extracellu-
lar matrix fi bers and other cells (Fig.  3 ) [ 19 ,  20 ]. In this section, we summarize 
changes in nuclear structure and morphology observed in various cancers and 
describe the role of nuclear deformability in cell motility. In addition, we discuss the 
intricate feedback between the mechanics of the cellular microenvironment and 
intracellular organization and function.

      Altered Nuclear Structure and Morphology in Cancer Cells 

 With few exceptions, the nuclei of normal cells have an ellipsoid shape with smooth 
outlines; in contrast, many cancer cells are easily identifi able by increased nuclear 
size, irregular nuclear contours, and disturbed chromatin distribution, making 
nuclear morphology one of the oldest and most commonly used cancer markers 
[ 11 ]. The irregular nuclear outline in cancer cells is mainly the result of grooving, 
convolutions and invaginations of the nuclear envelope [ 173 ]. While the character-
istic changes in nuclear morphology in cancer cells are well documented, their 
cause and consequence remain unclear. Interestingly, the irregular nuclear morphol-
ogy of cancer cells often bears striking resemblance to the abnormal nuclear shapes 
observed in cells lacking or expressing mutant nuclear envelope proteins such as 
lamins A/C, lamin B1/B2, or LBR [ 174 ,  175 ], suggesting a possible involvement of 
dysregulated nuclear envelope proteins [ 173 ,  176 ]. 

 This idea is supported by a growing number of publications that report altered 
expression of lamins in a variety of human tumors, often associated with particu-
larly malignant phenotypes (Table  1 ). Interestingly, while some cancers frequently 
show downregulation of lamin A/C [ 177 – 179 ], other cancers have upregulated lev-
els of lamins A/C [ 177 ,  180 ,  181 ], and for some cancers, such as colon cancer, both 
increased [ 182 ] and decreased [ 183 ] levels of lamin A/C have been reported. 
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Furthermore, even within single tumors and individual cancer cell lines [ 184 ], 
highly heterogeneous expression levels of lamin A/C can be found [ 185 ]. Similarly, 
both high and low levels of lamins A/C have been considered poor prognostic mark-
ers for cancer patients, depending on the specifi c study and cancer subtype. For 
example, reduced lamin A/C expression is a sign of poor prognosis for patients with 
gastric carcinoma [ 186 ], and patients with stage II and III colon cancer have a sig-
nifi cantly increased risk of cancer recurrence when their tumors are marked by loss 
of lamin A/C expression [ 183 ]. At the same time, another study found that patients 
with increased expression of lamins A/C in colorectal cancer tumors were almost 

  Fig. 3    Migration of cancer cell in a constrained environment. ( a ) Fibrosarcoma cell (HT1080 cell 
line) migrating through a dense collagen fi ber matrix. The rat tail collagen matrix was imaged by 
refl ection microscopy; the nucleus is visible in  red  (DAPI), F-actin in  green  (phalloidin). The cell 
body has already advanced in the direction of migration ( yellow arrow ), while the nucleus is still 
in the process of squeezing through constrictions in the collagen matrix ( red arrow head ). Image 
courtesy of Katarina Wolf, University of Nijmegen. ( b ) Fibrosarcoma cells (HT1080) migrating 
through 2 μm × 5 μm and 5 μm × 5 μm constrictions in a microfl uidic channel. The cytoplasm is 
visible in  green , the nucleus in  blue , and the nuclear lamina (lamin B2) in  red . ( c ) Time-lapse series 
of MDA-MB-231 breast cancer cell expressing a green fl uorescent protein migrating through a 
5 μm-wide constriction in a microfl uidic channel. The nucleus is outlined in  red  ( dashed line )       
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twice as likely to die of the disease than patients with tumors negative for lamin A/C 
[ 187 ], possibly by lamin A/C promoting cell motility [ 188 ]. These apparently 
inconsistent fi ndings point at the multiple roles lamin can play in cancer progres-
sion, which will be discussed in more detail below.

   In addition to lamins, other nuclear (envelope) proteins have recently been impli-
cated in a variety of cancers. A genome-wide scan in several patients with either 
breast, colorectal or ovarian cancer revealed genetic alterations in nesprin-1 [ 189 ], 
and another genome-wide study identifi ed mutations in nesprin-1, -2 and lamin A/C 
in a panel of 100 breast cancer patients [ 190 ]. Furthermore, downregulation and 
mutations in nesprin have been associated with an increased risk of invasive ovarian 
cancer [ 191 ]. Lastly, several “nuclear matrix” or nucleoskeletal-associated proteins 
such as NuMA or nucleoporin proteins (NUP 88, NUP 98) have been correlated with 
aggressive tumor phenotypes [ 192 ] and used as prognostic markers of disease [ 193 ].  

    Implications of Altered Nuclear Envelope Composition 
in Cancer 

 What is the impact of altered nuclear envelope composition on nuclear mechanics? 
As lamin expression and chromatin organization determine nuclear deformability, it 
is expected that changes in nuclear architecture will alter the rigidity of the nucleus. 
In cancer, increased nuclear deformability may benefi t metastatic cells that need to 
pass through narrow interstitial spaces or small capillaries, while defects in nucleo- 
cytoskeletal coupling may impair migration in 3D tissues [ 20 ]. In addition to these 
mechanical functions, the nuclear envelope and nuclear interior play important roles 
in the processing of genetic information [ 194 – 196 ]. Thus, changes in nuclear orga-
nization could have consequences on gene expression or DNA stability with impor-
tant implications in cancer progression. 

    Nuclear Deformability and Cell Motility 

 The abnormal nuclear shapes observed in cancer cells and their resemblance to 
lamin-defi cient or mutant cells, combined with the increasing reports of altered 
expression of nuclear envelope proteins in various cancers (Table  1 ), suggests that 
cancer cells may have altered nuclear mechanics. While direct measurements of 
nuclear deformability in cancer cells have not yet been reported, studies that mea-
sure whole-cell deformability consistently fi nd that cancer cells, particularly highly 
invasive ones, have increased cellular deformability [ 3 ,  4 ,  7 ]. Why should (nuclear) 
deformability matter in cancer progression? During the metastatic process, cancer 
cells must undergo modifi cations and large elastic deformations to invade the tissue 
surrounding the primary tumor, intravasate blood vessels, survive the physical 
stresses during circulation in the blood stream, extravasate at new sites in the body, 
and eventually proliferate in a nutrient-deprived microenvironment [ 197 ]. 
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Particularly during invasion and intravasation and extravasation, cells penetrate 
through interstitial spaces and openings ranging in size from 2 to 30 μm [ 198 ,  199 ]. 
Cytoskeletal shape is highly adaptive, owing to the rapid cytoskeletal remodeling 
and plasma membrane fl exibility; consequently, cytoskeletal protrusions can invade 
spaces of less than 1 μm 2  in cross section [ 200 ,  201 ]. In contrast, the ability of the 
nucleus to pass through narrow constrictions is more limited due to its size and stiff-
ness. Transient nuclear deformations, resulting in hourglass- and cigar- shaped 
nuclei, as well as nuclear protrusions indicative of attempts to pass through narrow 
constrictions, can be observed (at least transiently) during cancer cell migration in 
vivo [ 20 ]. Importantly, a recent report by Friedl, Wolf, and colleagues [ 19 ] found 
that deformation of the nucleus poses a rate-limiting step during proteolysis- 
independent cell migration. They found that in the absence of proteolysis, e.g., dur-
ing matrix metalloprotease (MMP) inhibition or knockdown, migration of cancer 
cells through 3D collagen matrices and polycarbonate fi lters is limited by the avail-
able pore size: cell migration speed and migration effi ciency gradually drops with 
decreasing cross-sectional areas of the constrictions until cell body movement is 
completely stalled [ 19 ]. A similar size-dependent effect was observed by Tong and 
colleagues [ 202 ] when studying cell migration in microchannels with varying width. 
Indeed, decreasing channel width below 20 μm (at a fi xed channel height of 10 μm) 
resulted in increasing reduction in migration speed. At the extreme, cells in 
3 μm-wide channels had a 70 % reduction in migration speed compared to 50 and 
20 μm-wide channels. Interestingly, the minimum size requirement for (non- 
proteolytic) migration through 3D environments was found to be independent of the 
shape of the constriction and only depends on the available cross-sectional area [ 19 ]. 

 While these studies illustrate the importance of nuclear deformability in cell 
migration in confi ned environments, the role of the nuclear lamina and nuclear stiff-
ness in this process remains to be explored [ 20 ]. At least in neutrophil-like cells, 
which normally have extremely low levels of lamins A/C and which can migrate 
through constrictions only a few micrometers in diameter, overexpression of lamin 
A results in less deformable nuclei that have reduced effi ciency at crossing narrow 
constrictions and that take signifi cantly longer to transit narrow microfl uidic chan-
nels mimicking capillaries [ 103 ]. Similarly, fi broblasts expressing a mutant form of 
lamin A (progerin) that is responsible for Hutchinson–Gilford progeria syndrome 
have diffi culties migrating through an array of microfabricated pillars spaced 6 μm 
apart [ 203 ], likely due to the increased nuclear stiffness caused by progerin [ 204 , 
 205 ], as migration on non-constricted surfaces was comparable to cells from healthy 
controls [ 203 ]. Although these fi ndings suggest an important role of lamins A/C in 
moderating the ability of cells to pass through narrow constrictions, Wolf and col-
leagues [ 19 ] found that the maximal deformation the nucleus could achieve during 
passage through narrow constrictions, indicated as the ratio of the nuclear cross 
section in the constriction to the undeformed nuclear cross section, was consistently 
around 1:10, regardless of the cell type studied. These fi ndings suggest that the size 
limit for nuclear passage through small constriction may be governed by the maxi-
mal compressibility of the nucleus. The theoretically maximal compression depends 
on the solid fraction of the nucleus, as the chromatin (and other nucleoplasmic 
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proteins) can be no further compressed once all void spaces have been eliminated. 
This idea is consistent with the observed reduction in nuclear volume by up to 60 % 
during migration of skin fi broblasts through microfabricated constrictions [ 203 ] and 
with micropipette aspiration experiments that revealed that the nuclear volume can 
be compacted to about 20–40 % of its original size before reaching a state that 
resists further compression [ 92 ,  106 ]. 

 But what about cancers in which increased, rather than decreased, levels of lamin 
A/C have been reported, which is expected to result in reduced nuclear deformabil-
ity [ 98 ]? Cancer cells are highly plastic and heterogeneous in their gene expression, 
so it is likely that different subpopulations of cells with distinct roles in cancer 
progression exist. Increased lamin levels could help protect cells from mechanical 
stress caused by the high hydrostatic pressure inside solid tumors. At the same time, 
lamins are also involved in multiple signaling pathways [ 51 ,  117 ], which could 
modulate functions relevant to cancer progression. For example, increased levels of 
lamin A/C in prostate cancer cause changes in the PI3K/AKT/PTEN pathway [ 206 ], 
and upregulation of lamin A/C in colorectal cancer induces changes in cytoskeletal 
organization that promote cell motility [ 188 ]. As such, it is likely that different cells 
and tumors have found different approaches to fi nd the best compromise between 
increasing nuclear deformability and activation of signaling pathways to increase 
cell motility and invasiveness.  

    Nuclear Rupture of Cancer Cells 

 As described earlier, the nuclear envelope forms a well-defi ned compartment that 
acts as a protective shield for the genetic material. In normal cells, nuclear envelope 
breakdown and reassembly is limited to mitosis and precisely regulated [ 207 ]. 
Recently, Vargas et al. [ 208 ] have reported that in many cancer cells, the nuclear 
envelope transiently ruptures and then reseals during interphase, resulting in tempo-
rary exchange between the nucleus and cytoplasm and the occasional entrapment of 
cytoplasmic organelles inside the nucleus. Nuclear envelope rupture was associated 
with the formation of micronuclei, portions of chromatin exiting the nuclear inte-
rior, and mislocalization of nucleoplasmic/cytoplasmic proteins. Importantly, the 
frequency of nuclear rupture events was increased in cells with small defects in the 
nuclear lamina [ 208 ]. These results are consistent with previous reports of increased 
nuclear fragility in lamin A/C-defi cient mouse embryonic fi broblasts [ 14 ] and spon-
taneous (transient) nuclear rupture in these cells [ 209 ]. In our laboratory, we have 
frequently observed that cancer cells undergo transient nuclear rupture while 
migrating through narrow (~2 μm × 5 μm) microfl uidic constrictions, with lamin- 
defi cient cells displaying signifi cantly increased rates of nuclear rupture (unpub-
lished observations). Breakdown of the nuclear compartment during repetitive 
nuclear rupture could potentially result in increased genomic instability and chro-
matin rearrangements, which could further contribute to cancer progression, but this 
idea has not yet been experimentally tested.  
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    Changes in Chromatin Organization in Cancer Cells 

 Epigenetic changes in chromatin confi guration can directly impact nuclear stiffness. 
Therefore, the chromatin modifi cations frequently observed in cancer cells, includ-
ing disturbed heterochromatin organization [ 11 ], could be associated with altered 
nuclear deformability and thereby affect 3D cell migration, in addition to their role 
in transcriptional activity. Importantly, there is a strong interplay between nuclear 
envelope proteins and chromatin organization. Lamin A regulates dynamics of het-
erochromatin proteins in early embryonic stem cells [ 25 ]; lamins A/C-defi ciency 
and mutations in the  LMNA  gene result in loss of heterochromatin [ 111 ,  210 ]. 
Furthermore, lamins and lamin B receptor (LBR) play an important role in tethering 
specifi c chromatin regions to the nuclear periphery [ 211 ,  212 ], which typically 
serves as a transcriptionally repressive environment [ 195 ]. LBR also interacts with 
heterochromatin protein 1 [ 213 ] and histones H3⁄H4 [ 213 ]. Lamin-associated 
polypeptide-2β (LAP2β) can modulate gene expression by regulating higher order 
chromatin structure or binding the transcriptional repressors germ cell less (GCL) 
[ 214 ] and histone deacetylase 3 [ 215 ], resulting in deacetylation of histone H4 
[ 215 ]. Emerin can directly associate with chromatin modifi ers and transcriptional 
repressors such as the death promoting factor Btf [ 216 ], the splicing associated fac-
tor YT521-B [ 217 ], and the transcriptional repressor GCL [ 218 ]. Given these fi nd-
ings, it is tempting to speculate that the altered expression of nuclear envelope 
proteins found in various cancers (Table  1 ) can directly affect chromatin organiza-
tion and gene expression. Of course, the observed changes in expression of nuclear 
envelope proteins could also be the consequence, rather than the cause of altered 
chromatin organization. In this case, the changes in nuclear envelope composition 
could still result in further modifi cations of nuclear structure and organization while 
also directly altering nuclear mechanics.    

    Conclusion and Future Perspectives 

 The fi eld of cancer cell biology has dramatically changed since 1943, when 
George Papanicolaou published his book  Diagnosis of Uterine Cancer by the 
Vaginal Smear , which laid the basis for the now abundant “pap smear” to detect 
early signs of cervical cancer. Since then, researchers and clinicians have learned 
not only to identify and assess cancer cells based on characteristic morphological 
changes, but also to peek inside the inner life of cancer cells, including their 
genetic changes, biochemical composition, and metabolic state. In recent years, 
these approaches have been complemented by a new research direction, focused 
on the biophysical changes in cancer cells and their microenvironment. This 
research has already led to striking discoveries, including the role of the extracel-
lular matrix stiffness, composition and topology in cancer progression [ 219 ] and 
the characteristic difference in cell deformability of cancer cells, which may lead 
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to new diagnostic and prognostic applications [ 3 ]. Motivated by research in other 
diseases (laminopathies), it is now emerging that the mechanical properties of 
the cell nucleus, particularly its deformability and connection to the cytoskele-
ton, may play a similarly important role in cancer metastasis. The idea that defor-
mation of the large and stiff nucleus presents a rate-limiting factor during the 
passage of metastatic cancer cells through tight interstitial spaces or narrow 
capillaries has recently found increasing experimental support [ 19 ,  103 ,  165 ]. 
Given the increasing reports of altered expression and mutations in nuclear enve-
lope proteins responsible for determining nuclear stiffness, it is intriguing to 
speculate that (a subset of) cancer cells may have acquired specifi c adaptations 
in their nuclear structure and mechanics to promote metastatic spreading. 
Nonetheless, experimental verifi cation of this idea is still lacking. Additional 
experiments, using sophisticated combinations of live cell imaging and measure-
ments of subcellular mechanics, including primary tumor (and metastatic) cells 
from cancer patients and complemented by in vivo studies in mouse models, will 
be required to fi rmly establish this hypothesis. These experiments will also have 
to address why some cancers frequently have increased lamin levels while others 
have decreased or unchanged levels, and whether such changes in nuclear enve-
lope composition can serve as reliable prognostic markers. Given the diverse 
functions of lamins, it is likely that (varying) combinations of altered cellular 
mechanics, cell signaling, and stem cell differentiation contribute to the increas-
ingly emerging role of lamins in cancer progression. Done correctly, such experi-
ments have the potential to not only address these key questions but to also 
produce novel insights into the dynamic nature of cancer cells, which may switch 
between different morphological and mechanical modes depending on their cur-
rent role in cancer progression. Novel technology developments to probe single 
cell mechanics at substantial higher throughput than traditional methods [ 5 ,  102 , 
 220 ,  221 ] will enable detection of rare cell subpopulations, which could play a 
crucial role in cancer progression. Identifying key (mechanical) parameters that 
govern cancer cell metastasis may reveal novel therapeutic targets for pharmaco-
logical inhibition. 

 These clinical translation-driven experiments should be complemented by 
research to address some of the more fundamental questions in cancer cell biology, 
including the molecular mechanisms by which cells manage to squeeze the nucleus 
through constrictions only one tenth the diameter of the nucleus in size, and whether 
induced nuclear deformations can directly contribute to cellular mechanosensing. 
We are only at the beginning of a long road ahead, the destination a complete under-
standing of the physics of cancer progression und the underlying biology, but it will 
be exciting to see what is awaiting us around the next corner.     
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    Abstract     Hauling and anchoring the nucleus within immobile or motile cells, 
 tissues, and/or syncytia represents a major challenge. In the past 15 years, Linkers 
of the Nucleoskeleton to the Cytoskeleton (LINC complexes) have emerged as 
evolutionary- conserved molecular devices that span the nuclear envelope and pro-
vide interacting interfaces for cytoskeletal networks and molecular motors to the 
nuclear envelope. Here, we review the molecular composition of LINC complexes 
and focus on how their genetic alteration in vivo has provided a wealth of informa-
tion related to the relevance of nuclear positioning during tissue development and 
homeostasis with a special emphasis on the central nervous system. As it may be 
relevant for metastasis in a range of cancers, the involvement of LINC complexes 
in migration of nonneuronal cells via its interaction with the perinuclear actin cap 
will also be developed.  
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  Abbreviations 

   CNS    Central nervous system   
  DKO    Double knockout   
  ER    Endoplasmic reticulum   
  IKNM    Interkinetic nuclear migration   
  INM    Inner nuclear membrane   
  KO    Knockout   
  LINC    Linkers of the nucleoskeleton to the cytoskeleton   
  MTOC    Microtubule organizing center   
  NE    Nuclear envelope   
  NMJ    Neuromuscular junction   
  ONM    Outer nuclear membrane   

          Introduction 

    The nuclear envelope (NE) physically separates the genome from the cytoplasm 
(Fig.  1 ). It is composed of an inner and outer nuclear membrane (INM and ONM, 
respectively) that connect at nuclear pores and delineate the luminal compartment 
that is continuous with the lumen of the endoplasmic reticulum (ER). Whereas the 
ONM is an extension of the rough ER, the INM is devoid of ribosomes and displays 
a unique set of resident proteins that are immobilized within the INM by virtue of the 
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  Fig. 1    Linkers of the nucleoskeleton to the cytoskeleton (LINC complexes) organization at the 
nuclear envelope in mammals (see text for more details). Nesprin α, β, γ refers to shorter spliced 
isoforms of Nesprin 1 and 2.  INM ,  ONM  inner and outer nuclear membrane, respectively,  NE  
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interaction of their nucleoplasmic domains with the nuclear lamina and/or chromatin 
[ 1 ]. The nuclear lamina is a meshwork of nuclear type-V intermediate fi laments 
represented by A- and B-type lamins [ 2 – 4 ]. Whereas B-type lamins appear to be 
ubiquitously expressed both within progenitors and differentiated tissues, A-type 
lamins expression is restricted to subsets of differentiated cells and tissues [ 5 – 7 ].

       LINC Complexes: Macromolecular Assemblies That Span 
the Nuclear Envelope and Mediate Nuclear Migration 
and Anchorage 

 The diversity of physiological functions exerted by resident proteins of the INM has 
completely redefi ned the functionality of the NE [ 8 ]. In particular, major progress 
has been made in the identifi cation and physiological roles of macromolecular com-
plexes that span the NE and mediate nuclear movements during development as 
well as nuclear anchorage in differentiated tissues. The term LInkers of the 
Nucleoskeleton to the Cytoskeleton (LINC) was coined to describe these molecular 
assemblies [ 9 ] (Fig.  1 ). They consist of interactions, within the lumen, between 
evolutionarily conserved motifs that characterize two families of integral transmem-
brane proteins of the NE: Sun (Sad1/Unc84) proteins and Nesprins (Nuclear 
Envelope SPectrin Repeat containing proteINS). In the following sections, we 
review the molecular nature of Sun proteins and Nesprins as well as their role as 
LINC complexes in nuclear dynamics and single cell migration. 

    Sun Proteins 

 Fifteen years ago, a seminal study by Malone et al. identifi ed  unc84 , a gene whose 
mutation prevented both the migration and subsequent anchorage of nuclei populating 
the developing hypodermal syncytium of  C. elegans  [ 10 ]. UNC84 was identifi ed as a 
transmembrane protein residing at the NE. One of its remarkable features was a 
C-terminal region of about 200 amino acids that displayed a strong homology with the 
C-terminal region of Sad1, a spindle pole body-associated protein in  S. pombe  [ 11 ]. 
This region, called the SUN domain ( S ad1- Un c84 homology, PFAM family PF03856), 
was also identifi ed in two human genes called  SUN1  and  SUN2 . Mammalian Sun1 
and Sun2 proteins were later identifi ed as type II integral membrane proteins of the 
INM with their conserved C-terminal SUN domain protruding within the luminal 
region between the INM and ONM of the NE [ 12 – 14 ]. Since then, orthologs have 
been identifi ed in many phyla as well as in the plant kingdom [ 15 ] confi rming 
the strong evolutionary conservation of SUN domains [ 16 ]. Recent crystallography 
studies have shown that SUN domains form homotrimeric structures displaying a 
cloverleaf-like arrangement [ 17 ,  18 ]. 
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 The N-terminal nucleoplasmic region of Sun proteins is less well characterized. 
This region interacts with nuclear lamins [ 9 ,  13 ], but lamins are not required for 
human Sun proteins localization at the NE [ 19 ]. An emerging feature of Sun1 is the 
versatility of its primary sequence [ 20 ] due to the alternative splicing of exons 5–10 
that encode the central nucleoplasmic region (Fig.  2 ). The nucleoplasmic region of 
Sun2, by contrast, does not display any comparable alternative splicing (data not 
shown). Interestingly, the extensively spliced region encodes a region reported to 
bind to nucleoplasmic binding partners of Sun1 [ 21 ], suggesting that specifi c Sun1 
isoforms interact with distinct nucleoplasmic proteins. To date, the best- characterized 
nucleoplasmic variant of Sun1 was identifi ed in testes and functionally defi ned by 
Gob et al. as being involved in mammalian sperm head formation [ 22 ]. Another 
intriguing feature of the nucleoplasmic region of Sun1 is the presence of a 
 M itochondrial  R NA binding  P rotein domain (MRP, PFAM family PF09387) whose 
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motif is highly conserved in mammalian Sun1 but not Sun2 (Fig.  2 ). In Trypanosoma, 
MRP1 and MRP2 belong to a complex machinery involved in mitochondrial RNA 
editing, a hallmark of kinetoplastids [ 23 ]. Whether the synthesis of MRP-like pro-
teins by Sun1 genes actually occurs in mammals and their functional roles remains 
to be established.

       Nesprins 

 Within the lumen, the SUN domain interacts directly with the evolutionary- conserved 
KASH ( K larsicht/ A nc-1,  S yne  H omology, PFAM family PF10541) domain, a stretch 
of ~60 amino acids made up of a transmembrane domain followed by a short stretch 
of ~30 luminal C-terminal amino acids (Fig.  1 ). To date, KASH domain-containing 
proteins have been functionally identifi ed in  S. pombe ,  D. melanogaster ,  C. elegans , 
and mammals [ 16 ]. In the latter, it is the typical molecular signature of a family of 
mammalian NE proteins called Nesprins that are encoded by fi ve distinct genes 
(Nesprin-1 to -5) [ 24 – 28 ]. Whereas Nesprin-1, -2, and -3 are expressed in a wide 
variety of tissues; Nesprin-4 expression is more restricted and Nesprin-5 is a meiosis-
specifi c KASH protein [ 28 ]. Nesprins harbor variable numbers of spectrin repeats 
along their cytoplasmic region that extend from ~50 kDa (Nesprin-4) to an astounding 
1,000 kDa (giant isoform of Nesprin-1). Importantly, due to their gene size, a chal-
lenging plethora of Nesprin-1 and -2 isoforms (with and without KASH domains) are 
expressed to different degrees in different tissues and at different development times 
[ 29 – 31 ]. Next to these common structural features, giant isoforms of Nesprin-1 and -2 
directly interact with actin through N-terminal actin-binding domains [ 32 ,  33 ] and 
Nesprin-3 with plectin [ 26 ] (Fig.  1 ). Nesprins also associate with molecular motors. In 
 C. elegans , nuclear migration is mediated through direct interactions of the cytoplas-
mic region of UNC-83 with both kinesin- 1 and dynein and their regulators [ 34 ,  35 ]. In 
mammals, Nesprin-2 coimmunoprecipitates with the dynein complex and Nesprin-4 
with kinesin-1 [ 27 ,  36 ]. Together, these fi nding strongly support a model whereby 
LINC complexes connect the nucleus to the cytoskeleton and molecular motors.  

    LINC Complexes: Hubs for Force Transduction 
Across the NE 

 Interactions between SUN and KASH domain-containing proteins across the NE are 
direct and essential for the recruitment of KASH domain-containing proteins at the 
NE. Indeed, studies in different biological systems clearly demonstrate that the pres-
ence of SUN domains is strictly required for the ONM localization of KASH domain-
containing proteins [ 9 ,  36 ,  37 ]. In addition, the KASH domain, by itself, is both 
suffi cient to localize at the NE and strictly required to specify the NE localization of 
KASH proteins [ 38 ]. Accordingly, either the targeted expression of SUN domains 
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within the perinuclear space or the overexpression of recombinant tagged KASH 
domains act in a dominant-negative manner by dislodging endogenous KASH 
domain-containing proteins from the ONM to the ER [ 39 ]. As we will see below, this 
property of recombinant KASH domain, such as EGFP-KASH, has multiple experi-
mental applications to examine the role of LINC complexes in different species. 

 Several lines of evidence indicate that LINC complexes transduce forces across 
the NE. Physical coupling between the nucleus and the cytoplasm was directly dem-
onstrated in harpooning experiments of the cytoplasm using microneedles. In this 
experimental setting, the NE clearly protrudes in the direction of an outward cytoplas-
mic pull, whereas it invaginates when the nucleoplasm itself is harpooned [ 40 ]. The 
NE is also distorted by manipulating microbeads attached to integrins, thereby sug-
gesting that mechanical forces can be directly applied at the NE from the cytoplasmic 
membrane. As described above, the structural analysis and domain composition of 
Sun proteins and Nesprins strongly suggested a central role for LINC complexes in 
establishing such physical connections. Accordingly, disruption of SUN/KASH 
interactions drastically reduces nuclear deformation in microneedle manipulations 
[ 41 ] and further disrupts stretch-induced nuclear rotation [ 39 ]. Beside nuclear 
mechanics and dynamics, disruption of LINC complexes induces an overall loss of 
mechanical stiffness across the cytoskeleton [ 39 ], a phenotype that most likely refl ects 
reported alterations of the perinuclear cytoskeleton [ 41 ] as well as decreased cellular 
migration and loss of polarization ensuing from LINC complex disruption [ 39 ]. 

 Human SUN/KASH complexes have recently been crystallized [ 17 ]. Solved 
structures and biochemical approaches indicate that SUN domains physiologically 
assemble as trimers whose interacting interfaces provide large grooves for KASH 
domain binding. Because these interactions consist of an extensive network of non-
covalent interactions between SUN and KASH triads and SUN and KASH domains 
interact covalently through disulfi de bonds [ 17 ], SUN/KASH interactions appear 
well adapted as force-resistant coupling devices to move or still anchor nuclei 
within cells or syncytia [ 42 ]. Accumulating data indicate that forces transduced by 
LINC complexes are used in two important biological phenomena: nuclear posi-
tioning and chromosome movements. For more information on the role of SUN/
KASH interaction in chromosome movements, readers are referred to a recent and 
thorough review by Kracklauer et al. [ 43 ]. Here, we further focus on the involve-
ment of LINC complexes in nuclear positioning.   

    LINC Complexes and Nuclear Positioning 
in CNS Development 

 As described above, pioneering studies in  C. elegans  and  D. melanogaster  [ 44 ] 
clearly pointed out the role of SUN and KASH domain-containing proteins in nuclear 
migration and anchorage. More importantly, they paved the way to more recent stud-
ies aimed at understanding the physiological relevance of different types of nuclear 
movement observed during central nervous system (CNS) development [ 16 ]. 
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The latter proceeds through the transformation of a pseudostratifi ed layer of precur-
sor cells into laminated layers of differentiated neurons whose interconnections 
establish the CNS circuitry. This transformation and its accompanying nuclear 
movements are well illustrated by the development of the mammalian retina. In the 
latter, the pseudostratifi ed neuroepithelium, called the neuroblast layer, morphs into 
three distinct laminae of differentiated neurons. This process can be divided into 
different steps: (1) exit of retinal progenitor cells, which populate the neuroblast 
layer, from the cell cycle, (2) migration of post-mitotic newborn neurons towards 
their fi nal laminar position, (3) anchorage of differentiated neurons to their specifi c 
laminar position. Below, we describe the various types of nuclear movements as 
well as what is known about the involvement of LINC complexes in these different 
developmental steps. 

    Interkinetic Nuclear Migration in Neuronal Progenitors 

 Interkinetic nuclear migration (IKNM, Fig.  3 ) consists of cell cycle-dependent 
oscillations of neuronal progenitors nuclei within pseudostratifi ed neuroepithelia 
(recently reviewed in refs.  45 ,  46 ). Importantly, IKNM appears to be a universal 
property of pseudostratifi ed epithelia. It has mostly been studied in developing neu-
ral tissues but, importantly, it is neither restricted to developing CNS tissues nor 
confi ned to vertebrates [ 46 – 48 ]. During IKNM, nuclei migrate towards the basal 
side of neuroepithelia during the G1 phase of the cell cycle and move back to the 
apical side during G2. As a result, mitoses take place exclusively at the apical side 
(Fig.  3a ), while S-phase proceeds at the basal side of neuroepithelia. Anti-phospho- 
Histone H3, which specifi cally labels mitotic cells, and BrdU labeling, which labels 
S-phase cells, is commonly used to track IKNM in fi xed samples.

   Blocking nuclear oscillations during IKNM does not alter cell cycle progression 
of progenitors [ 49 ,  50 ], whereas cell cycle arrest blocks nuclear oscillations [ 51 , 
 52 ]. These nuclear oscillations require an intact cytoskeleton (microtubule, actin, 
and centrosome) and molecular motors (actomyosin, kinesins, and the dynein com-
plex). The identifi cation of these molecular actors and their respective roles in api-
cobasal migration within neuroepithelial cells has been recently reviewed [ 45 ,  46 ]. 
By comparison to the wide amplitude of apicobasal migration of neuroblast nuclei, 
the centrosome is relatively stationary on the apical side of neuroepithelia [ 53 ] 
(Fig.  3a ). However, recent time-lapse video microscopy experiments on chicken 
neural tube indicate that the centrosome migrates basally to “meet” apically migrat-
ing nuclei at late G2 [ 54 ]. 

 To date, two reports indicate that LINC complexes directly mediate IKNM in 
mammals. Using time-lapse video microscopy, Zhang et al. showed that nuclear 
migration towards the apical side of the ventricular zone was signifi cantly slower in 
brain slices of Nesprin-2 KO and Sun1/Sun2 double knockout (DKO) mouse 
embryos by comparison to wild-type brains [ 36 ]. Accordingly, mitotic cells labeled 
with phospho-Histone H3 antibodies mislocalized across the length of the 
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ventricular zone rather than on its apical side. IKNM is also signifi cantly altered in 
Sun1 and Nesprin-2 KO mouse retina [ 55 ]. In zebrafi sh retina, either the downregu-
lation of Nesprin-2 or the expression of a recombinant dominant-negative EGFP-
KASH protein during IKNM correlates with the accelerated genesis of earlier born 
neurons such as retinal ganglion cells at the expense of later-born photoreceptors 
[ 56 ]. These experiments did not directly examine nuclear positioning during IKNM. 
However, a similar phenotype of accelerated neurogenesis is also observed upon 
nonsense mutations of dynactin that directly affects nuclear positioning during 
IKNM. Because Nesprin-2 interacts with dynactin in mouse retina and brain lysates 
[ 36 ,  55 ] and these interactions are evolutionary conserved, these experimental 
results predict that LINC complex disruption should affect IKNM in Zebrafi sh ret-
ina. Furthermore they would suggest that intact LINC complexes are required to 
maintain an appropriate pool of neural progenitors while generating post-mitotic 
neurons in a timely fashion [ 50 ,  51 ,  56 ]. 

 Together, these results strongly suggest that LINC complexes provide essential 
nucleocytoskeletal connections that directly mediate nuclear positioning during 
IKNM. Molecular motors-generated forces that move nuclei across the neuroepi-
thelial cell length are most likely transduced to the NE through LINC complexes. 
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  Fig. 3    Nuclear movements during embryonic retinal development. ( a ) Interkinetic nuclear migra-
tion consists of the basoapical migration of retinal progenitor cell nuclei (RPC, blue nuclei) in 
phase with the cell cycle. A symmetric mitotic division generating two progenitor cells is also 
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with anti-phosphoHistone3, pH3) on the apical side of the neuroretina. ( b ) In the case of an asym-
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The identifi cation of unc-83 binding domains to dyneins, kinesins, and their acces-
sory proteins further suggest that the Nesprin interaction with molecular motors 
may be direct [ 35 ]. According to a model whereby basalmost migration of progeni-
tor nuclei favors a subsequent asymmetric division into a newborn neuron and 
another retinal progenitor cells [ 49 ,  51 ,  56 ], faulty IKNM within retinal progenitor 
cells may affect the balance of asymmetric vs. symmetric division thereby affecting 
the relative abundance of retinal cell types in adult retinas. By contrast to the altera-
tion of molecular motors that are involved in a diverse array of cellular functions, 
disruption of LINC complexes may provide a more specifi c mean to disrupt nuclear 
positioning during IKNM. Hence, the development of genetic tools to disrupt the 
SUN/KASH interactions in different species may provide additional insight into the 
possible physiological function(s) of IKNM.  

    Nuclear Translocation in Post-mitotic Neurons 

 Exit of progenitor cells from the cell cycle is followed by the migration of post- 
mitotic neurons from the apical side of the neuroepithelium towards their fi nal lami-
nar destination (Fig.  3b ). In the developing neocortex, trekking of these newborn 
neurons towards the pial surface requires the active translocation of their nuclei [ 57 , 
 58 ]. This actin- and microtubule-dependent process is initiated by the rapid exten-
sion and subsequent retraction of the leading neurite. The centrosome, which is 
invariably positioned ahead of the nucleus in these cells, moves away from the 
nucleus towards the leading process. The nucleus then translocates closer to the 
centrosome [ 59 ]. Hence, by contrast to IKNM where the centrosome remains rela-
tively stationary, nuclear translocation within migrating post-mitotic neurons 
requires the coupling of the nucleus to the centrosome via a “fork-like” structure of 
microtubules wrapping the nucleus. The dynein/dynactin complex, LIS1, and other 
proteins that bind to microtubules and regulate dynein activity closely regulate 
nuclear translocation in these cells [ 57 ,  59 – 61 ]. Abnormal nuclear translocation 
underlies the erroneous lamination of cortical layers, a phenotype that characterizes 
a wide range of human pathologies of the CNS called lissencephalies [ 62 ]. Similar 
cortical lamination defects, caused by hypoglycosylation of basement membrane 
components, are also observed in a subgroup of congenital muscular dystrophies 
called dystroglycanopathies. These include muscle–eye–brain disease, Fukuyama 
congenital muscular dystrophy, and the Walker-Warburg syndrome [ 63 ,  64 ]. Severe 
retinal development abnormalities such as microphthalmia, optic nerve hypoplasia, 
and retinal dysgenetic stratifi cation are also prominent in patients affected by lis-
sencephalies [ 65 – 70 ]; and ocular defects are also observed in mouse models of 
human dystroglycanopathies [ 71 ,  72 ]. It is therefore likely that similar molecular 
mechanisms underlying nuclear migration in the neocortex are at play during ret-
inogenesis. For these reasons, a better understanding of the role of nuclear move-
ments during retinogenesis will most likely provide essential information about 
molecular mechanisms underlying both congenital retinopathies and congenital 
brain development disorders. 
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 LINC complexes are required for nuclear translocation during the migration of 
newborn cortical neurons. Indeed, radial migration of newborn cortical neurons is 
severely hampered in the developing cerebral cortex of SUN1/2 DKO and Nesprin-2 
KO embryos [ 36 ]. These defects are clearly associated to the failure of newborn 
cortical neurons to translocate their nuclei due to a loss of physical coupling between 
the nucleus and the centrosome. Indeed, whereas nuclei undergo robust transloca-
tion towards the pial surface in close association with the centrosome in wild-type 
brain slices, newborn cortical neuron nuclei remain at the ventricular side of 
SUN1/2 DKO or Nesprin-2 KO brain slices even though centrosomes keep moving 
towards the pial surface. These observations strongly suggest that transduction of 
apical forces on the migrating neuron nuclei are abolished upon LINC complex 
disruption. Whereas this mode of nuclear translocation has been clearly demon-
strated for tangentially migrating cortical interneurons and radial cortical neurons 
[ 73 ,  74 ], other modes of neuronal nuclear translocation may exist within the CNS. 
Indeed, during radial migration of granule cells in cerebellar slices, the centrosome 
most often localizes between the anterior and posterior poles of the migrating 
nucleus rather than leading the nucleus [ 75 ]. Another example of “unconventional” 
nuclear translocation is provided by newborn retinal ganglion cells migrating 
towards their fi nal laminar position at the beginning of zebrafi sh retinogenesis. In 
that case, the centrosome localizes at the trailing edge of migrating retinal ganglion 
cells [ 53 ]. The postnatal development of cone photoreceptors may provide another 
example of unconventional nuclear translocation within post-mitotic neurons. 
Whereas cone photoreceptors are specifi ed early during embryonic retinal develop-
ment [ 76 ], their nuclei remain on the apical surface of the neuroblast layer. However, 
during postnatal retinal development, mouse cone nuclei localize within the upper 
2/3 of the developing outer plexiform layer before regaining their apical position 
[ 77 ]. Through the spatiotemporal control of EGFP-KASH2 expression during 
mouse cone photoreceptor maturation, we recently showed that LINC complexes 
mediate the apical migration leg of that oscillation, whereas basal migration appears 
unaffected. As a result, cone photoreceptor nuclei mislocalized at the basal edge of 
the outer nuclear layer as well as within the outer plexiform layer in adult retina 
[ 78 ]. Though less severe, a mislocalization phenotype of cone photoreceptor nuclei 
was also reported in adult retinas from Sun1 KO mice [ 55 ]. Even though the local-
ization of the centrosome has not been formally examined during these oscillations, 
their apical location is required to elaborate the connecting cilium of presumptive 
photoreceptors. Hence, nuclear oscillations within maturing cone photoreceptors 
most likely take place without any signifi cant movement of the centrosome thereby 
representing another case of unconventional nuclear translocation within a post-
mitotic neuron. 

 Molecular mechanisms mediating photoreceptor nuclei positioning appear to be 
evolutionary conserved. Indeed, in  D. melanogaster  and zebrafi sh, genetic altera-
tions of either the dynein/dynactin complex or SUN/KASH interactions clearly 
affect nuclear positioning during photoreceptor maturation [ 79 – 81 ]. 

 As mentioned above, the nucleoplasmic region of Sun proteins interacts with 
nuclear lamins. Therefore, forces generated by molecular motors and transduced 
through LINC complexes should act on the lamina meshwork to pull the nucleus in 

D. Razafsky et al.



481

the direction of cellular migration. This essential contribution of lamins is best 
exemplifi ed by nuclear movements associated with the development of the com-
pound eye of  D. melanogaster . Indeed, genetic alteration of  lamin Dm  0  prevents the 
apical migration of photoreceptor precursors nuclei [ 82 ]. Importantly, that same 
failure of apical migration is phenocopied by genetic alteration of  klaroid  (SUN 
protein),  Klarsicht  (KASH protein), or  glued  (Dynactin) mutants [ 80 – 83 ]. In mam-
mals, A- and B-type lamins make up the nuclear lamina of most differentiated cells. 
However, mostly B-type lamins are expressed during CNS development. 
Accordingly, B-type lamins KO mice display severe neurodevelopmental defects 
and die at birth, whereas A-type lamin KO mice develop normally but die by 4–6 
weeks and present muscular dystrophy phenotypes [ 84 ,  85 ].  

    Nuclear Anchorage 

 Mammalian Nesprin-1 was initially discovered as a direct binding partner of MuSK, 
a tyrosine kinase enriched at the post-synaptic membrane of the neuromuscular junc-
tion (NMJ), and further identifi ed as an NE protein whose abundance was signifi -
cantly higher in specialized nuclei that cluster beneath the NMJ (synaptic nuclei) by 
comparison to extrasynaptic nuclei [ 24 ]. Constitutive transgenic overexpression of 
the dominant-negative KASH domain of Nesprin-1 induced a phenotype where syn-
aptic nuclei mislocalize away from the NMJ [ 86 ]. The development of Nesprin-1 KO 
mice confi rmed that phenotype and further indicated that Nesprin-1 also mediates 
the spacing of extrasynaptic nuclei along skeletal muscle fi bers. Because Nesprin-2 
is dispensable for synaptic nuclei to localize at the NMJ [ 87 ], anchoring of synaptic 
nuclei at the NMJ is one of the few cellular functions of Nesprin-1 that does not 
overlap with Nesprin-2. Similar synaptic nuclei mispositioning phenotypes have 
been reported in different models of genetic alterations of the Nesprin-1 gene in mice 
[ 88 ,  89 ], and, in agreement with a central role of SUN/KASH interactions in synap-
tic nuclei anchoring, Sun1 and Sun2 function redundantly in myonuclear anchorage 
[ 90 ]. Synaptic nuclei mislocalization has also been reported in skeletal muscle biop-
sies from patients affected by autosomal recessive cerebellar ataxia type 1 (ARCA1) 
associated to mutations of Nesprin-1 [ 91 ]. In agreement with mouse models, NMJ 
structural organization is not affected by nuclear mislocalization. Whereas these 
results clearly indicate that genetic alteration of Nesprin-1 alters nuclear positioning 
in skeletal muscle, the phenotypical outcome in these different mouse models greatly 
varies from the lack of any overt phenotype [ 87 ] to Emery- Dreifuss muscular dystro-
phy-like [ 89 ] or growth retardation [ 88 ] phenotypes. The reader is referred to [ 88 ] 
for further discussion about the potential reasons underlying this phenotypical vari-
ability. Taken together, these results clearly indicate that LINC complexes, mostly 
made of Nesprin-1 and Sun1 in this case, mediate the anchorage of myonuclei within 
skeletal muscle fi bers. Furthermore, results from different mouse models and 
ARCA1 patients suggest that genetic alterations of Nesprin-1 are clearly associated 
with mispositioning of synaptic nuclei away from the NMJ, but this mispositioning 
is not a good indicator of the clinical presentation. 

Nuclear Envelope in Nuclear Positioning and Cell Migration



482

 By contrast, there is a clear clinical correlation between genetic alteration of 
Nesprin-4 and deafness. Indeed, a study by Horn et al. recently reported that patients 
affected by progressive high frequency hearing loss carry genetic alterations of the 
gene encoding Nesprin-4 [ 92 ], a phenotype that can be reproduced in Nesprin-4 KO 
mice. In agreement for a direct role of LINC complexes in hearing, Sun1KO mice 
also present with severe hearing loss. Within outer hair cells from both KO models, 
nuclei mislocalized on the apical side whereas wild-type outer hair cells maintain 
their nuclei at signifi cantly more basal positions. This mispositioning is accompa-
nied by a severe degeneration of outer hair cells that occurs in a basal to apical gradi-
ent across the cochlea. Disruption of LINC complexes upon expression of 
dominant-negative KASH proteins (under the control of a heat shock promoter) 
induced  after  the full differentiation of zebrafi sh photoreceptors also induce nuclear 
mislocalization, a phenotype that is also accompanied by severe photoreceptor 
degeneration. A challenging question regarding the consequences of LINC complex 
disruption in sensory neurons is the molecular mechanisms leading to their degenera-
tion. Indeed, disruption of LINC complexes in cultured cells is accompanied by sig-
nifi cant cytoskeletal and mechanical cellular defects. Hence, one can wonder whether 
either nuclear positioning per se or the alteration of cytoskeletal organization ensuing 
from LINC complex disruption underlies sensory neurons degeneration.   

    Role of the Nucleus and LINC Complexes in Single Cell 
Migration 

 Since the nucleus is topologically enclosed within the intracellular space of migrat-
ing eukaryotic cells, nuclear movements, and overall cell movements are highly 
correlated. But whether the interphase nucleus plays an active role in cell migra-
tion—and is not simply dragged along by the cell—is only beginning to be investi-
gated. Recent discovery and characterization of LINC complexes suggests a much 
more tightly regulated functional connection between nuclear movements and posi-
tioning in the cell and cell migration than previously thought. 

 During planar cell migration in vitro, the nucleus is typically positioned near the 
myosin-rich contractile tail of the cell, while the microtubule-associated organizing 
center (MTOC) polarizes the cell and is positioned between the nucleus and the 
cell’s leading edge, where active actin fi lament assembly and turnover occur [ 93 ]. 
Mesenchymal migrating cells dynamically switch back and forth between persistent 
moves and periods of migratory arrest, generating trajectories that are well approxi-
mated by a so-called persistent random walk. A persistent random walk is com-
pletely defi ned by just two parameters: cell speed and persistence time, the time it 
takes for the cell to deviate from a straight line, straightforwardly computed from 
fi ts of the mean squared displacements of cells. A long persistence time signifi es a 
directionally persistent migration of the cell. During such migratory patterns, the 
cell dynamically changes its shape, from a mostly elongated morphology during 
persistent moves to a mostly rounded morphology during transient arrest and 
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repolarization of the MTOC for the cell’s next persistent move in a direction uncor-
related to the previous persistent move. 

 Recent work has revealed the existence of a highly contractile acto-myosin fi lamen-
tous structure, the perinuclear actin cap, which tightly wraps around the nucleus and 
regulates its shape [ 94 ]. The perinuclear actin cap is composed of thick and mostly 
parallel fi bers that are rich in phosphorylated myosin II and F-actin crosslinker α-actinin 
and are dynamically anchored to the apical surface and lateral sides of the interphase 
nucleus and its lamina through LINC complexes [ 94 ,  95 ] (Fig.  4a ). Hence, nucleus-
anchored actin-cap fi bers are topologically different from conventional stress fi bers, 
which lie entirely at the bottom of adherent cells and are anchored to the plasma mem-
brane. In interphase cells, the actin cap is not permanently affi xed to the nucleus; rather 
it forms and dissolves dynamically due to both rapid turnover dynamics of F-actin 
fi bers in the cap and the cap’s sliding motion above the apical surface of the nucleus, 
which causes the actin-cap fi bers to take on characteristics of basal stress fi bers [ 95 ].

   Cells forced to elongate on narrow adhesive (fi bronectin- or collagen-coated) 
patterns fl anked with nonadhesive PEG surfaces display an elongated nuclear mor-
phology, while cells on round adhesive micropatterns display a round nucleus [ 94 ]. 
Accordingly, elongated cells show a prominent perinuclear actin cap, while rounded 
cells show no actin cap, suggesting that an important function of the actin cap is 
nuclear shaping and relating nuclear shape to cell shape. Cells on narrow patterns, 
which typically show an actin cap oriented along the long cell axis, are forced to 
undergo highly persistent migration, and cells on round patterns, which lack an 
actin cap, do not undergo net translocation. This global functional correlation 
between cell shape, nuclear shape, actin-cap status, and mode of migration predict 
that cells migrating on fl at (unpatterned) substrates, which undergo persistent 
migration, will dynamically show an actin cap during directionally persistent moves 
and no or disrupted actin cap during transient migratory arrest and repolarization 
events [ 96 ,  97 ]. These results also predict that disruption of the actin cap and LINC 

  Fig. 4    The architecture and function of the LINC-anchored actin cap in 3D cell migration. ( a ) Cells 
with an intact actin cap, form thick pseudopodial protrusions that can pull on the surrounding 
matrix for net translocation. Actin-cap fi bers ( green ) provide mechanical support to the protrusion 
thanks to LINC-mediated anchorage to the nuclear lamina. ( b ) Cells lacking an actin cap (caused 
by lamin A/C defi ciency) cannot generate protrusions and, therefore, cannot translocate effi ciently       
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complexes, either through genetic depletion of LINC complex molecules or phar-
macological inhibition of myosin activity or actin fi lament assembly, should affect 
cell persistence and speed. Cells harvested from mouse models of laminopathies 
typically show a disrupted or missing actin cap [ 94 ] (Fig.  4b ). Therefore they should 
undergo reduced migration, which is indeed experimentally verifi ed [ 98 – 100 ]. 

 Actin-cap fi bers are terminated by focal adhesions that are signifi cantly larger, 
more elongated, and longer-lived than conventional focal adhesions terminating stress 
fi bers at the basal surface of the cell [ 95 ]. These actin-cap-associated focal adhesions 
are localized at the leading edge of migrating cells, while conventional focal adhe-
sions are smaller and localized further away from the leading edge. The location and 
long lifetime of actin-cap-associated focal adhesions may maintain a productive 
lamellipodium in a given direction before retraction and cell repolarization. During 
random migration, upon spontaneous dissolution of the actin cap and of actin-cap-
associated focal adhesions, the lamellipodium retracts, slowing down cell transloca-
tion. While the actin cap is present, the LINC interconnections between actin-cap 
fi bers on the nuclear surface and nuclear lamina would prevent nuclear rotation and 
only allows for nuclear translocation, inducing persistent migration [ 95 ,  101 ]. When 
the actin cap (transiently) disappears, nuclear translocation stops, the brakes to nuclear 
rotation are released, and dynein-mediated nuclear rotation can occur. Accordingly, 
the MTOC can reorient as it is physically connected to the NE and the cell repolarizes 
to prepare for the next persistent move of the cell in a new direction. 

 Fibroblasts and post-epidermal-mesenchymal transition cancer cells migrate 
within a mostly three-dimensional (3D) collagen I-rich matrix. In 3D cell migration, 
the interphase nucleus is typically smaller and more elongated than the same cells 
on 2D fl at collagen-coated surfaces and located in the middle of the cell [ 102 – 105 ]. 
The 3D equivalent of the actin cap for cells inside 3D collagen matrices is consti-
tuted of acto-myosin fi bers that are now isotropically located all around the nucleus 
and prolong the nuclear region into long and thick protrusions [ 103 ]. These pseudo-
podial protrusions mediate traction forces on the collagen fi bers surrounding the 
cell, inducing net cell translocation. Cell migration in 3D matrices is much more 
persistent than in 2D migration presumably because the 3D actin cap is longer-lived 
compared to its 2D counterpart. Moreover, activated fi broblasts and cancer cells 
will locally digest the matrix through the expression of membrane-bound matrix 
metalloproteinases (i.e., MT1-MMP), forming in their wake thin open channels of 
cross-sectional size smaller than the nuclear size [ 96 ,  97 ,  102 ,  106 ]. Disruption of 
LINC complexes signifi cantly reduces the ability of cells to protrude and in turn 
reduces cell-induced matrix traction and therefore cell migration. Hence, the LINC- 
anchored contractile actin cap plays a central role in 3D cell migration by promoting 
the formation of protrusions and actively compressing the nucleus [ 96 ]. 

 Lateral confi nement of cells by microfabricated channels of cross-sectional size 
smaller than nuclear size typically induces actin cap formation, which may help 
migration of these highly confi ned cells even for microchannel sizes that are 
multiple- fold smaller than the natural size of the nucleus [ 105 ,  107 ]. How these in 
vitro systems mimic the in vivo context and whether actin cap formation is neces-
sary for effi cient cancer cell migration in the stromal matrix remains to be experi-
mentally tested.  
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    Concluding Remarks 

 For the past 15 years, our view of the NE has been radically transformed from a 
mere physical barrier between the nucleoplasm and the cytoplasm to a multifunc-
tional compartment with “a life on its own.” In particular, the identifi cation of LINC 
complexes and their roles as force transmission hubs involved in the physical com-
munication between cytoplasmic and nucleoplasmic networks across the NE is cur-
rently fueling new research avenues. Whereas the “core” of LINC complexes is now 
well defi ned, we are starting to have an appreciation of the variability of their cyto-
plasmic and nucleoplasmic interfaces. For these reasons, appropriate tools need to 
be developed to address the variable composition of Nesprins in different tissues at 
different development stages (Which nesprin? Which isoform thereof? When?). By 
the same token, the putative variability of LINC complexes nucleoplasmic 
interface(s) needs to be further addressed. Finally, whereas current knockout animal 
models have been central in our understanding of how the LINC complex affects 
CNS development, conditional models of LINC complex disruption need to be 
developed in order to examine their physiological roles in vivo in a cell-autonomous 
manner and at specifi c developmental stages. Recent advances in methods allowing 
for the expression of exogenous proteins in either organotypic mammalian tissue 
slices or primary cell cultures combined to time-lapse video microscopy also pro-
vide very attractive experimental options [ 108 ,  109 ]. Taken together, these 
approaches will most likely further fuel our expanding understanding of the role of 
the NE in normal and pathological biological processes. Given the central involve-
ment of both LINC complexes and actin cap in cellular migration, examining new 
hypotheses about the relevance of these NE components in metastasis will be of 
particular interest.     
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    Abstract     Nesprins are a family of proteins that are primarily known for their local-
ization along the nuclear envelope. Together with inner nuclear membrane SUN 
proteins, they form the core of the LINC ( Li nker of  N ucleoskeleton and  C ytoskeleton) 
complex that traverses both nuclear membranes to connect the cytoplasm and the 
nuclear interior. Based on their structure and interactions, Nesprins integrate the 
nucleus into the cytoskeleton of a cell. Mutations in Nesprins have been identifi ed 
in a group of human diseases that have been summarized as laminopathies. Cellular 
functions of the Nesprins and recent studies on different cancer types additionally 
draw interest on Nesprins in the fi eld of cancer research. Here we summarize recent 
fi ndings about the structural arrangements of Nesprins along the nuclear envelope, 
and highlight Nesprin functions in basic cellular processes like maintenance of 
nuclear shape and size, and of nuclear and cellular or cytoskeletal organization, 
centrosomal positioning, cell migration, and signal transduction. In summary, 
Nesprins are involved in critical cellular processes, which in case of malfunction 
contribute to the formation of cancer and might represent novel targets in cancer 
diagnosis or for therapeutic intervention.  
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  Abbreviations 

   ABD    Actin binding domain   
  ChIP    Chromatin Immuno P recipitation   
  INM    Inner nuclear membrane   
  IKNM    Interkinetic nuclear migration   
  KASH     K larsicht  A NC-1,  S yne  h omology   
  LINC     Li nker of  N ucleoskeleton and  C ytoskeleton   
  MTOC    Microtubule organizing center   
  NE    Nuclear envelope   
  Nesprin     N uclear  e nvelope  sp ectrin  r epeat prote in    
  ONM    Outer nuclear membrane   
  PML    Promyelocytic leukemia   
  SUN     S ad1p  Un c84   
  SR    Spectrin repeat   

          Nesprins 

 The name Nesprin is an acronym of  N uclear  e nvelope  sp ectrin  r epeat prote in  [ 1 ]. 
The name was chosen because of the predominant localization of these proteins 
along the nuclear envelope (NE) and the high content of spectrin repeats [ 2 ]. The NE 
is a double membrane system that encloses the genetic material in eukaryotes. It is 
composed of an inner nuclear membrane (INM), an outer nuclear membrane (ONM) 
and a lumen between both membranes. Four Nesprins have been described in mam-
mals, namely, Nesprin-1, -2, -3, and -4. Each is encoded by a single gene ( SYNE-1 , 
 -2 ,  -3 ,  -4 ) which gives rise to multiple isoforms based on different transcription ini-
tiation, termination, and alternative splicing [ 3 ]. For this reason size and domain 
composition differ among the isoforms. The largest, so-called giant isoforms of 
Nesprin-1 and -2 have molecular weights of 1,014 and 796 kDa, whereas Nesprin-3 
and -4 are much smaller with molecular weights of less than 116 kDa. Nesprin-1 and 
-2 reach with about 10–20 isoforms, the highest degree of variations [ 3 ]. Nesprins 
have also been classifi ed as KASH ( K larsicht,  A NC-1,  S yne  h omology) domain pro-
teins based on a transmembrane domain at their C-termini. They are type II trans-
membrane proteins that can be integrated into the INM or the ONM. The KASH 
domain is a targeting motif, suffi cient for anchoring the proteins to the NE (Fig.  1 ).

   KASH domain protein orthologs have been characterized in eukaryotes like 
 Mus musculus  (Nesprin-1, -2, -3, -4 and KASH5),  Drosophila melanogaster  
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(MSP-300, Klarsicht),  Caenorhabditis elegans  (ANC-1, ZYG-12, UNC-83, KDP-1), 
 Dictyostelium discoideum  (Interaptin), or the yeasts  Schizosaccharomyces pombe  
(Kms1, Kms2) and  Saccharomyces cerevisiae  (Mps2, Csm4), and recently in the 
plant  Arabidopsis thaliana  (AtWIP1). The KASH domain consists of a 21-amino 
acid transmembrane region followed by a sequence of up to 30 amino acids that 
reaches into the NE lumen [ 4 ,  5 ]. At their N-termini Nesprins harbor binding sites 
for the different cytoskeletal fi lament systems. Nesprin-1 and -2 have at their 
N-termini a pair of calponin homology domains that mediate the binding to F-actin. 
Nesprin-3 possesses at its N-terminus a plectin-binding site. Plectin is a cytoskeletal 
linker protein that forms connections among all cytoskeletal systems of a cell, the 
microtubules, intermediate fi laments, and the actin cytoskeleton [ 6 ]. Through the 
plectin-binding domain, Nesprin-3 can connect the NE to the intermediate fi lament 
system [ 7 ]. Nesprin-3 defi ciency leads to reduced amounts of perinuclear interme-
diate fi laments as shown in zebrafi sh [ 8 ] or human aortic endothelial cells [ 9 ]. 
Finally, Nesprin-2 and -4 interact with the microtubule network through interactions 
with the microtubule motor protein Kinesin-1 [ 10 ,  11 ]. Between their N- and 
C-terminus, Nesprins harbor an elongated domain composed of spectrin repeats that 
have been characterized in cytoskeletal organizers like spectrin, alpha-actinin, and 

  Fig. 1    Nuclear envelope protein assemblies. The scheme depicts an overview of Nesprin-1, -2, -3, 
-4 and some of their interaction partners along the nuclear envelope (NE). Nesprins reside at the 
inner (INM) and the outer nuclear membrane (ONM), where they are anchored through interactions 
with the SUN domain of the SUN proteins in the lumen of the NE. At the cytoplasmic site, Nesprins 
directly or indirectly interact with all cytoskeletal components of a cell. Nesprins form a lattice 
covering the NE rather than straightly projecting away from the NE. The giant isoforms of Nesprin-1 
and -2 are brought into close proximity of the NE through interactions with the plectin- binding 
domain of Nesprin-3. Further stability is achieved through self-interactions among spectrin repeats 
of the Nesprins. Along the inner surface of the NE, Nesprins interact with the lamina or chromatin       

 

Nesprins in Cell Stability and Migration



494

dystrophin. The predicted number of more or less conserved spectrin repeats differs 
strongly among the Nesprins and their isoforms and reaches from 74 in Nesprin-1 
giant and 56 in Nesprin-2 giant to a Nesprin-1 isoform or Nesprin-4 that contain 
only one spectrin repeat (SR) [ 3 ,  10 ]. Taken together, these fi ndings argue that 
Nesprins integrate the nucleus into the cytoskeleton via connections between the 
NE and microtubules, actin fi laments, and the intermediate fi lament system (Fig.  1 ). 

 The NE is a continuous membrane system in which ONM and INM are con-
nected along the nuclear pore complexes and the ONM additionally is continuous 
with the endoplasmic reticulum (ER). Even though there are no physical barriers 
along the NE, Nesprins are in general restricted to the INM and the ONM without 
reaching into the ER. This anchoring is achieved by interactions between the KASH 
domain of the Nesprins and the SUN domain of SUN proteins in the NE lumen 
[ 12 – 14 ]. SUN ( S ad1p  Un c84) proteins are transmembrane proteins that reside in the 
INM. The eponymous C-terminal SUN domain spans around 200 amino acids and 
reaches into the perinuclear space where it interacts with the KASH domain of the 
Nesprins [ 15 ]. The N-terminus of the SUN proteins faces the nucleoplasm and 
binds to A- and B-type lamins and chromatin. Together these interactions form a 
nucleocytoplasmic bridge that is known as the LINC complex ( Li nker of 
 N ucleoskeleton and  C ytoskeleton) [ 16 ] (Fig.  1 ). 

 In the following paragraphs we discuss the cellular functions of the Nesprins and 
their implications for tumorigenesis.  

    Nesprins Function as Guardians of Nuclear Shape 

 Tumor cells and nuclei are commonly characterized by architectural pleomorphisms 
in nuclear shape, size or chromatin organization [ 17 ]. Since changes of nuclear 
morphology have been used since a long time as a cytodiagnostic marker in cancer 
diagnosis, it is of particular importance to elucidate cellular entities that are involved 
in maintaining these structures. Nesprins as essential core components of the LINC 
complex represent one of the major components for these tasks. A hallmark of 
Nesprins is their ability to maintain proper nuclear architecture. Silencing of 
Nesprin-2 giant for example results in NE blebbing and severely misshapen nuclei 
[ 18 ]. A loss of Nesprins from the NE leads to a disruption of the LINC complex and 
yields a disorganization of the NE and an expansion of the otherwise evenly spaced 
lumen [ 19 ] (Fig.  2a ). A similar effect is achieved by ectopic expression of a protein 
containing the SUN domain without the transmembrane region. This protein com-
petes with the endogenous SUN proteins for the binding to the KASH domain of the 
Nesprins, resulting in a displacement of Nesprins from the NE to the ER and leading 
to nuclear morphology changes [ 20 ] (Fig.  2a ).

   Furthermore, Nesprins control nuclear shape and size by forming a protein lat-
tice that covers the NE comparable to the meshwork of lamin proteins residing at 
the inner surface of the NE to stabilize nuclear morphology [ 21 ]. Based on their 
structure and size, Nesprins were originally depicted as stiff molecules that are con-
nected to the NE by their C-terminus whereas their N-terminus reaches into the 
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cytoplasm over a distance of 300–500 nm. Compelling studies challenge this view 
and rather support the idea of cross connectivity among NE proteins to form a lattice 
encircling the nucleus (Figs.  1  and  2 ). Connections among Nesprins and further NE 
proteins have fi rst been shown by identifying the ability of Nesprin-1 short isoforms 
to self-associate via their SRs [ 22 ]. Newer fi ndings demonstrate an interaction 
between the actin binding domains (ABDs) of Nesprin-1 and -2 with Nesprin-3 [ 21 , 
 23 ]. The binding site in Nesprin-3 was narrowed down to its N-terminal plectin- 
binding domain. Interestingly, these interactions do not interfere with the abilities of 
the Nesprins to interact with their cytoskeletal interaction partners. Based on these 
fi ndings a novel model was predicted in which the giant Nesprin-1 and -2 molecules 
form a fi lamentous meshwork encasing the nucleus [ 21 ]. This is achieved through 
“anchorage” of the giant Nesprins in the NE at two sites, the C-terminus via the 
KASH domain and the N-terminus by the interaction with the ~100 kDa rather 
small Nesprin-3. These observations underline the importance of Nesprins for the 
NE interactome that acts in maintaining overt nuclear structure and shape and 
denotes them as a potential diagnostic marker to observe NE integrity and shape 
during cancer development.  

  Fig. 2    Nesprins act as guardians of nuclear and cellular size and nuclear morphology. ( a ) The 
scheme summarizes the role of Nesprins in maintaining nuclear and cellular architecture. A loss of 
Nesprin leads to misshapen nuclei that are characterized by nuclear blebbing, expansions in the NE 
lumen, or a loss of the otherwise evenly shaped nuclear morphology. Beside morphological 
changes nuclear and cellular sizes are modulated as well and tend to be increased upon a loss of 
Nesprins. ( b ) Overview about Nesprin-2 giant, the biggest Nesprin-2 isoform and the polypeptides 
used to identify the role of Nesprin-2 in nuclear scaling [ 21 ]. Nesprin-2 N-term aa 1–459 form the 
calponin homology domains that act as actin binding domains. SR1 and most of SR2 are also part 
of this sequence. Nesprin-2 C-term aa 6,644–6,885 encompasses the KASH domain and the 
C-terminal SR56. Nesprin-2 mini is a combination of both that represents a shortened Nesprin-2 
giant in which most of the central spectrin repeats are missing. The expression of these polypep-
tides affects nuclear size as summarized on the  right side        
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    Nuclear and Cellular Size 

 Neoplastic cells and their nuclei vary greatly in shape and size. Nuclear and cellular 
sizes are normally coupled [ 24 ], and in cancer cells the ratio between nuclear and 
cell volume (N/C), also called the karyoplasmic ratio, is often increased [ 25 ]. For 
this reason it is important to answer the basic question; what determines the size of 
a nucleus and different mechanisms have been proposed based on experimental 
data. For one, in a study on nuclei from  Xenopus laevis  and  Xenopus tropicalis , two 
frog species that differ both in body and cellular size, it was shown that nuclear 
import affects nuclear size. The  X. laevis  nucleus is larger compared to the  X. tropi-
calis  nucleus and this is also refl ected in their cell sizes as well as DNA content 
(tetraploid in  X. laevis , diploid in  X. tropicalis ). Xenopus is a suitable model organ-
ism for studying nuclear formation since demembranated sperm chromatin is re- 
encapsulated by a NE after the addition of egg extracts [ 26 ]. It was shown by varying 
combinations of DNA and cytoplasmic extracts that nuclear scaling depended to 
greater extent on the transport factors importin-α and Ntf2 than on DNA content 
[ 27 ]. Similar results were obtained for yeast where nuclear size correlated with cell 
size rather than with ploidy [ 28 ]. 

 A further mechanism may be provided by the action of Nesprins which also play 
an important role in nuclear and cellular scaling. Knockout mice lacking the giant 
isoform of Nesprin-2 (Nesprin-2 ΔABD) show a thickening of the dermis that was 
attributed to increased nuclei size [ 18 ]. A Nesprin-1α siRNA mediated knockdown 
also results in enlarged cell sizes [ 19 ]. Furthermore, morphometric analysis of cells 
expressing different Nesprin-2 domains shows alterations in nuclear areas as well as 
cellular sizes [ 21 ] (Fig.  2 ). The correlation between Nesprin-2 and nuclear and cellular 
size control was shown by the transient expression of a polypeptide containing the 
ABD, spectrin repeat 1 (SR1), and most of SR2 of Nesprin-2 (aa 1–459, Nesprin-2 
N-term, Fig.  2b ), a polypeptide encompassing aa 6,644–6,885 which form the KASH 
domain including the most C-terminal SR of Nesprin-2, SR56 (Nesprin-2 C-term, 
Fig.  2b ), as defi ned by Simpson and Roberts [ 29 ], and Nesprin-2 aa 1–459, 6,644–
6,885 (Nesprin-2 mini, Fig.  2b ) in which the ABD and the KASH domain are com-
bined. Nuclear areas of cells expressing Nesprin-2 N-term or C-term both show 
expansions of nuclear areas. This can be explained by interactions with endogenous 
Nesprin proteins. The anchoring sites along the NE are limited so that an overexpres-
sion of any interaction partner results in an occupation of interaction sites that might 
result in a dominant negative interruption of NE assemblies (Fig.  2 ) The overexpressed 
Nesprin-2 N-term occupies the binding sites for the Nesprin-2 ABD in Nesprin-3 and 
thus releases the endogenous protein from its close association with the NE. Vice 
versa Nesprin-2 C-term polypeptides compete for binding to SUN protein and  disrupt 
the SUN–KASH bridge in the NE lumen. A well-defi ned example is the SUN–KASH 
interaction between the SUN domain of the SUN proteins and the KASH domain of 
the Nesprins in the lumen as it has been described earlier in this chapter. 

 Nesprin-2 mini acts in a different way. It replaces endogenous Nesprin-2 giant 
along the NE and acts as a belt to strengthen NE protein assemblies since it harbors 
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both the ABD and the KASH domain but lacks nearly all of the central spectrin 
repeats. The conclusion is that the number of spectrin repeats is a determining factor 
in nuclear scaling (Fig.  2b ). In addition to the changes in nuclear size, the cell size 
changed in the same manner. The overexpression of N- or C-term Nesprin-2 poly-
peptides led to enlarged cells, and the expression of Nesprin-2 mini to cellular com-
paction [ 21 ]. Whether Nesprins are also crucial factors for nuclear and cellular sizes 
or the ratio of both in different cancer types is not yet known. 

 Even though the role of Nesprins in determining cellular scaling and modeling 
has been widely studied, their role as diagnostic markers and targets for therapeutic 
intervention has only rarely been taken into account. Recent studies identifi ed 
Nesprin-1 and -2 mutations that are involved in the formation of colorectal and 
breast cancers [ 30 ]. Further studies on gastrointestinal, lung, ovary, or prostate can-
cers demonstrate changes in the expression profi le in which Nesprins-1 and -2 tend 
to be downregulated [ 31 ]. These fi ndings are based on large-scale sequencing 
approaches of different tumor types, rather than specifi c studies on the role of a 
single gene. It remains to be determined in the future how Nesprins contribute to 
malignant transformations in these tumors.  

    Nesprins Control Nucleus and Centrosome Position 
and Cell Migration 

 In cancer, cells become metastatic when they acquire the ability to disseminate from 
the primary solid tumor to invade distant normal tissues. In the following part, we 
will discuss the role of Nesprins in the process of cell migration that includes aspects 
of cell polarization, centrosomal positioning, cell contact formation, and cytoskel-
etal architecture (Fig.  3 ).

  Fig. 3    Nesprins control cytoskeletal architecture and centrosomal positioning. Through their abil-
ity to simultaneously bind to the NE and all cytoskeletal components, Nesprins play an essential 
role in organizing cytoskeletal networks. An absence of Nesprins causes an interruption of F-actin, 
microtubule or intermediate fi lament arrangements and dislodges the centrosome from its close 
connection to the nucleus. Additionally cells in which the expression of Nesprins is silenced show 
faster focal adhesion formation. Detailed descriptions are given in the text       
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   The nucleus is the largest organelle of a cell. During organogenesis, cells migrate 
and the nucleus undergoes spatial rearrangements. First hints for the role of Nesprins 
in nuclear positioning and anchoring came from studies in mammalian skeletal 
muscles. Muscle fi bers are generated by the fusion of many hundreds of myoblasts 
to form a syncytium in which nuclei are evenly assembled. Exceptions are clusters 
of 3–6 synaptic nuclei that assemble beneath neuromuscular junctions, the site of 
signal transmission from neurons to muscle fi bers. Overexpressing the Nesprin-1 
KASH domain in transgenic mice largely dislodges Nesprins from the NE and 
causes a displacement of synaptic nuclei. Non-synaptic nuclei were not affected in 
these animals [ 32 ]. Mice in which either the KASH domain of Nesprin-1 or -2 was 
deleted showed more severe phenotypes probably due to the complete depletion of 
KASH domain containing isoforms. A deletion of the KASH domain of Nesprin-1 
disrupted the spatial organization of synaptic and non-synaptic nuclei indicating 
that it is crucial for the positioning of synaptic and non-synaptic nuclei, whereas a 
deletion of the KASH domain of Nesprin-2 showed no effects on the uniform 
assemblies of muscle fi ber nuclei pointing towards a less prominent role in myonu-
clei anchorage [ 33 ]. 

 The role of LINC complex components in nuclear migration has also been stud-
ied in neuronal tissue morphogenesis [ 34 ]. Nuclear positioning and movement 
occurs in two distinct processes during neurogenesis, interkinetic nuclear migration 
(IKNM) and nucleokinesis. IKNM describes the movements of nuclei between api-
cal and basal surfaces of epithelial cells, a common process in developing neuroepi-
thelia. Nuclear movements occur in a cell cycle dependent manner with mitosis 
occurring in proximity to the apical site whereas for the S-phase nuclei have returned 
to the basal site. During IKNM, the centrosome does not move and remains at the 
basal site. Nucleokinesis is a part of the saltatory movement of neurons. In migrat-
ing neurons, fi rst the leading edge extends, followed by a stable progression of the 
centrosome ahead of the nucleus and the nucleus is pulled towards the centrosome 
in saltatory steps referred to as nucleokinesis [ 35 ]. Both neurogenesis (IKNM) and 
neuronal migration (nucleokinesis) require functional LINC complexes [ 34 ]. 

 With regard to metastasis we will focus on the role of Nesprins in connecting the 
centrosome to the NE to facilitate proper cellular migration (Fig.  3 ). Cell migration 
requires a series of structural and topological changes within a cell. Initially the 
most obvious event is the movement of the centrosome into the direction of migra-
tion. Interrupting the anchorage of Nesprins along the NE by expression of a domi-
nant negative SUN protein increases the mean nucleosomal to centrosomal distance 
[ 11 ]. Similar effects were observed after treating cells with Nesprin-2 giant specifi c 
shRNAs and in primary cells derived from Nesprin-2 giant or Nesprin-1/-2 KASH 
domain or SUN-1/-2 knockout animals [ 11 ,  34 ] (Fig.  3 ). 

 Nucleosomal to centrosomal coupling is achieved through interactions between 
Nesprins and the cytoskeletal motor proteins kinesin and dynein. These motor pro-
teins use microtubules as tracks for the transport of cargo. Microtubules have a 
minus and a plus end. The minus end of most microtubules is located near the cen-
trosome also referred to as MTOC,  m icro t ubule  o rganizing  c enter, and the plus end 
reaches into the cell. Kinesin mediates the plus end directed transport, whereas 
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Dynein transports cargo towards the minus end [ 36 ]. Populations of both kinesin 
and dynein localize to the NE [ 11 ,  37 ]. In terms of nuclear movement the nucleus 
can be considered a cargo for kinesin and dynein motor complexes in which minus 
end directed dynein carries the nucleus towards the centrosome and plus end 
directed kinesin moves the nucleus away from the centrosome. Defects in the LINC 
complex as well as loss of both dynein and kinesin result in a detachment of the 
centrosome away from the nucleus [ 10 ,  11 ,  38 ,  39 ]. 

 The interplay between the centrosome and the NE is an important factor in under-
standing the potential role of Nesprins in migrating cancer cells. In migrating fi bro-
blasts nuclear repositioning is an initial polarizing event and the Golgi complex and 
MTOC localize between the leading edge and the nucleus facing the direction of 
migration [ 40 ]. In scratch assay experiments where this response can be studied fi bro-
blasts isolated from Nesprin-2 giant KO mice showed a severe polarization defect 
with both the Golgi complex and MTOC positioned away from the wound edge [ 18 ]. 

 Dynamic processes in cell migration discussed so far are related to the microtubule 
network and the centrosome, but the cell harbors further cytoskeletal components that 
mediate cell migration and nuclear positioning. Recently TAN lines ( t ransmembrane 
 a ctin-associated  n uclear lines) have been identifi ed that form on the dorsal surface of 
a nucleus and which are anchored along the NE by lamin A/C [ 41 ,  42 ]. They have 
been observed in migrating NIH3T3 fi broblasts, in which nuclear movements are 
connected to retrograde actin fl ow. Nesprin-2 giant, SUN2 and lamin A/C connect the 
nucleus to the retrograde actin fl ow in linear arrays of TAN lines to ensure the move-
ment of the nucleus to the rear of the centrosome which itself is maintained at the 
center of the cell. Taken together nuclear and cellular movements require an interplay 
between the centrosome, cytoskeletal components like microtubules or actin fi la-
ments, their associated proteins and factors that connect these components to the 
nucleus to ensure connectivity and force transmission. Based on their structures and 
interaction partners Nesprins adopt key roles in these processes. Interestingly it was 
also shown that a depletion of Nesprins results not only in disruption of the perinu-
clear actin cytoskeleton but also in topological changes in overt cellular microtubule 
organization [ 43 ] (Fig.  3 ). It remains to be determined how changes in Nesprin levels 
or distinct mutations in these proteins affect the organization of the cytoskeleton 
along the nucleus or the leading edge of migrating cancer cells. 

 A further important aspect in cell migration concerns the formation of cell–cell 
or cell–matrix connections. Invasiveness is characterized by the dissemination of 
cells from their original environment. Even though Nesprins are primarily known 
for their localization along the NE, they have also been shown to localize along the 
plasma membrane and cytoplasmic components [ 20 ,  44 ,  45 ] and their cellular func-
tions reach to the border of a cell, namely, the plasma membrane that is the site of 
cell contact formation. The formation of cell adhesions can be studied by detaching 
and re-plating cells under cell culture conditions. A loss of Nesprin-2 results in 
faster focal adhesion formation after re-plating the cells [ 43 ], and a loss of Nesprin-1 
has a similar effect [ 46 ] (Fig.  3 ). It remains to be tested how cancer related changes 
in Nesprin expression levels or mutations in these proteins affect the formation of 
cell–cell or cell–matrix contact.  
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    Nesprins in Signal Transduction 

 Cancer results from malfunctions in basic cellular processes like increased cell sur-
vival or proliferation that are tightly controlled under normal conditions and in case 
of dysfunction trigger cells to form tumors and to disseminate into other organs. The 
NE is a hub in controlling signals that need to be transferred from the outside of a 
cell through the cytoplasm into the nucleus. Even though NE proteins reside at the 
border between the cytoplasm and the genetic material, only few aspects about their 
function in signaling have been explored so far. In the following paragraphs the 
growing role of Nesprins in various signal transduction processes will be discussed. 
Cellular signal transduction is based on two principles. First, signals can be trig-
gered by mechanical strain, which causes cytoskeletal rearrangements that might be 
transferred to LINC complex components through the cytoskeleton to reach into the 
nucleus or they are converted into biochemical signals that need to be transferred 
across the NE by the nuclear pore complexes. Both mechanisms are collectively 
known as mechanotransduction. Second, signal transduction can include mobile 
messengers that are released from the plasma membrane upon activation and carry 
a signal across the NE to the chromatin to modulate gene expression    (Fig.  4 ).

   Research on the role of Nesprins in controlling signaling pathways is still at the 
very beginning and only few pieces of the mosaic have been revealed so far. 
However, it is already established that Nesprins are involved in both signal trans-
duction routes. Mechanosensitive signaling pathways like the activation of NFκB 
signaling can be studied in cell culture by putting cultivated cells under cyclic strain 

  Fig. 4    Nesprins control signal transduction. Signals that reach the plasma membrane of a cell fol-
low different routes into the nucleus where they fi nally affect the gene expression profi le of a cell. 
Mechanically induced signals ( green arrow ) are transferred along cytoskeletal networks and reach 
the LINC complex along the NE, which transfers them into the nucleus. A disruption of the LINC 
complex releases the nucleoplasmic to cytoplasmic coupling and impairs the translocation of sig-
nals across the NE as indicated by the shorter  green arrow  in the  right fi gure . Nesprins reside at the 
interface between cytoplasm and nucleoplasm. A loss of Nesprins results in impaired transport of 
transcription factors like c-Fos, SMAD, or β-Catenin into the nucleus ( blue arrow ). ChIP experi-
ments demonstrate the interaction of Nesprin-2 with chromatin, and Nesprin-2 silencing leads to 
heterochromatin rearrangements       
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using a cell stretching device. NFκB signaling is based upon the translocation of 
NFκB from the cytoplasm into the nucleus after activation where it acts as a tran-
scription factor. Disruption of the LINC complex by ectopic overexpression of dom-
inant negative SUN or Nesprin proteins leads to elevated activation of NFκB 
signaling and increased levels of the transcription factors MyoD and myogenin 
[ 47 ]. Another study demonstrated that expression levels of selected mechanosensi-
tive genes like  Egr-1  or  Iex-1  were similar between control cells and cells in which 
the LINC complex was disrupted after exposing them to mechanical strain [ 48 ]. 
These fi ndings indicate that Nesprins are involved in regulating the expression of 
distinct rather than all mechanosensitive genes. 

 The translocation of transcription factors from the cytoplasm into the nucleus is 
a typical characteristic of signal transduction pathways. Nesprins reside at the NE 
that forms a selective barrier for the transport of proteins in or out of the nucleus as 
for instance in the absence of Nesprin-2 shuttling of the transcription factors 
SMAD2/3, β-Catenin, and c-Fos into the nucleus upon activation is reduced [ 20 , 
 43 ]. Likewise KASH-less Nesprins affect signal transduction by acting as a scaffold 
for ERK1/2 to tether these kinases to promyelocytic leukemia protein (PML) 
nuclear bodies. Loss of Nesprin-2 leads to a sustained ERK1/2 activation and 
increased cell proliferation [ 49 ]. Finally Nesprins might affect the gene expression 
profi le of a cell by associating with heterochromatic DNA as demonstrated by chro-
matin immunoprecipitation (ChIP) experiments. The altered heterochromatin orga-
nization in Nesprin-2 giant KO fi broblasts as revealed by an altered HP1β distribution 
might be a consequence [ 43 ]. In cancer the normal packaging and higher organiza-
tion of heterochromatin is also often compromised and based on this property 
Nesprins have the potential to contribute to this phenotype [ 50 ].  

    Concluding Remarks 

 Irregular shaped cells and nuclei are cytological markers of neoplastic cells detect-
able by light microscopy. Mistakes in the tight control of cell cycle or transcrip-
tional regulation or in cell contact formation release cells from their tissue 
environment to cause malignancy. The underlying cellular and molecular changes 
are closely related to Nesprin functions. Loss of Nesprins leads to enhanced adhe-
sion to a substrate, perturbed cytoskeletal networks that affect cellular stiffness, 
integrity, shape and polarity of the cells and alterations of nuclear shape and size. 
Furthermore, a loss of Nesprins affects transcription factor shuttling across the NE 
and chromosomal organization. Mutations in Nesprins or changes in their expres-
sion profi les have been reported in different forms of cancer whereas the particular 
functional consequences remain to be explored [ 30 ,  31 ]. Taken together these data 
let us propose that Nesprins as pivotal NE components will take an important posi-
tion in future questions in cancer research and might turn out to be diagnostic mark-
ers or targets for therapeutic interventions.     
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    Abstract     The position of the nucleus in the cytoplasm is a highly regulated process 
and is required for multiple cellular and developmental processes. Defects on differ-
ent nuclear positioning events are associated with several pathologies such as muscle 
and nervous system disorders. In this chapter we describe the current knowledge on 
the mechanism of nuclear positioning. We discuss how the nucleus connects to the 
cytoskeleton by nesprins and SUN proteins, how this connection is regulated by 
Samp1, and how this connection is required for proper nuclear positioning. 
Furthermore, we discuss how nesprins, SUN, and Samp1 form transmembrane actin-
associated nuclear (TAN) lines, novel nuclear envelope structures involved in force 
transduction during nuclear movement. Finally, we describe the recent evidences sug-
gesting a role for the connection between the nucleus and the cytoskeleton in cancer.  
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  Abbreviations 

   CHIP    Chromatin immunoprecipitation   
  EMT    Epithelial–mesenchymal transition   
  INM    Inner nuclear membrane   
  LINC     LI nker of  N ucleoskeleton and  C ytoskeleton   
  LPA    Lysophosphatidic acid   
  MTOC    Microtubule organizing center   
  MAS    MTOC attachment site   
  MRCK    Myotonic dystrophy kinase-related Cdc42 binding protein   
  N2G    Nesprin-2 giant   
  refi lin     RE gulator of  FIL amin proteIN   
  SPB    Spindle pole body   
  TAN lines     T ransmembrane  A ctin-associated  N uclear lines   

          Introduction 

 The traditional depiction of the nucleus standing passively in the center of the cell has 
led to an underappreciation of the importance of its localization and the mechanisms 
that govern nuclear positioning. Like any other organelle, the position of the nucleus 
is dynamically regulated in space and time, and indeed many cellular and develop-
mental processes involve positioning of the nucleus inside the cell. Extreme exam-
ples are skeletal muscle cells that have their nuclei positioned at the periphery and 
epithelial tissues where nuclei are usually away from the apical membrane. Multiple 
nuclear movement events have been described during early (zygote formation and 
establishment of organism polarity axes) and late (nervous system and skeletal mus-
cle formation) developmental stages, and these nuclear positioning events have been 
found to be required for proper development [ 1 ]. Moreover, mispositioning of the 
nucleus is associated with pathological conditions such as muscular disorders and 
neuronal pathologies [ 2 ,  3 ]. Nuclear position is probably also involved in the migra-
tion of immune and metastatic tumor cells since the migration of these cells requires 
the squeezing of the nucleus through tight gaps in the surrounding matrix [ 4 – 6 ]. 
Thus, cells and tissues actively regulate nuclear positioning and nuclear position is 
involved in diverse events during development, homeostasis, and regeneration. 

 Nuclear positioning mechanisms have been studied in different organisms, most 
of them non-vertebrates, and under different stages of cell differentiation or develop-
ment. Examples are mitosis and karyogamy in  S. cerevisiae  and  S. pombe , fertiliza-
tion in  C. elegans  and Sea Urchins, hypodermal syncytium and P-cell formation in  
C. elegans , and fi nally oogenesis in  Drosophila  [ 2 ,  7 – 12 ]. Nuclear positioning is usu-
ally mediated by connections between the nucleus and the cytoskeleton, involving 
cytoskeleton-associated proteins, motors and nuclear envelope proteins. The spindle 
pole body (SPB) in fungi mediates the connection between the nucleus and the 
microtubule cytoskeleton. The SPB is directly connected to the nuclear envelope and 
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nucleates microtubules. Cortically anchored dynein pulls the microtubules  connected 
to the nucleus resulting in nuclear movement [ 10 ,  13 ]. In metazoans, the function of 
the SPB is usually mediated by the centrosome, the main microtubule organizing 
center (MTOC). The microtubules that emanate from the centrosome connect to the 
nuclear envelope probably by microtubule motors (dynein and kinesins). Then, as 
observed in SPB-dependent nuclear movements, cortically anchored dynein pulls on 
the microtubules. In some other situations, such as pronuclear migration during 
zygote formation or skeletal muscle myotube formation, dynein anchored to the 
nucleus also contributes to nuclear movement by pulling the nucleus directly on the 
microtubules, similarly to transport of vesicles along microtubules [ 14 ,  15 ]. 

 Connections between the nucleus and the cytoskeleton can also be mediated by 
other mechanisms. One class of nuclear envelope proteins containing a transmem-
brane KASH domain was originally identifi ed in  C. elegans  (ANC-1) for its involve-
ment in the connection between the nucleus and the cytoskeleton. Some 
KASH-containing proteins are integral to the outer nuclear membrane and connect 
with the cytoskeleton either directly or by interactions with cytoskeleton-binding 
proteins. Moreover, some KASH domain-containing proteins might be considered 
themselves to be cytoskeletal proteins as most contain spectrin repeats. On the other 
hand, another class of nuclear envelope proteins containing a SUN domain has also 
been identifi ed for their involvement in targeting KASH-containing proteins to the 
nuclear envelope [ 16 ]. These proteins are conserved in different species and are 
integral to the inner nuclear membrane (INM). In vertebrates the KASH domain- 
containing proteins are known as nesprins or Syne proteins and the SUN-domain- 
containing proteins are known as SUN proteins. In  S. pombe , they are known as 
Kms1 (with the KASH domain) and Sad1p (with the SUN domain). The KASH- 
SUN proteins complex, named  LI nker of  N ucleoskeleton and  C ytoskeleton (LINC), 
provides a direct connection between the cytoskeleton and the nuclear lamina [ 17 ]. 

 Recently, a novel structure composed of LINC complex proteins has been identi-
fi ed in migrating cells [ 18 ,  19 ]. This structure, named TAN lines (for  T ransmembrane 
 A ctin-associated  N uclear Lines), directly connects the nucleus to the actin cytoskel-
eton. In this chapter we describe the current knowledge on the mechanisms of 
nuclear positioning in migrating cells and on the processes involving the formation 
and maintenance of TAN lines during nuclear movement.  

    Nuclear Positioning in Migrating Cells 

 Cell migration is fundamental for different physiological and pathological condi-
tions. Cell polarization prior to migration is required for proper cell migration. The 
future leading edge starts to exhibit protrusive activity, fi lopodia and lamellipodia 
formation, and polarized changes in the actin cytoskeleton and adhesion machinery 
are observed [ 20 ]. In multiple cell types, the centrosome and the Golgi apparatus 
become positioned between the nucleus and the future leading edge [ 21 – 23 ]. This 
process, named centrosome and Golgi reorientation, has been proposed to be 
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important for the polarized delivery of intracellular factors towards the leading edge 
and has a role in the maintenance of cell polarity during cell migration [ 24 ,  25 ]. The 
fi broblast wound healing assay has been used extensively as a system to study cell 
polarization. In this assay, a confl uent monolayer of cells is stimulated to migrate by 
a scratch-wound. The cells positioned on the wound edge acquire a synchronized 
polarized morphology, with formation of protrusions, fi lopodia, and lamellipodia in 
the side facing the wound edge (that becomes the leading edge of the cell), and the 
reorientation of the centrosome and Golgi apparatus towards the wound edge. 
However, if the monolayer of cells is starved prior to wounding, no polarization is 
observed upon wounding. In this situation, polarization can be triggered by the 
addition of serum or the serum-component lysophosphatidic acid (LPA) [ 26 ]. When 
stimulated with LPA, cells polarize without migrating allowing the uncoupling of 
these two processes [ 27 ]. 

 The small GTPase Cdc42, the motor protein dynein/dynactin and the polarity 
protein Par6 and aPKCζ were the fi rst proteins to be linked to centrosome reorienta-
tion [ 23 ,  28 ,  29 ]. Upon serum or LPA stimulation, the levels of active Cdc42-GTP 
increased and constitutively active Cdc42 is suffi cient to induce centrosome reorien-
tation in serum-starved cells. Inhibition of dynein or dynactin caused the inhibition 
of reorientation in the presence of LPA [ 29 ]. These results, together with the obser-
vation that dynein accumulates at the leading edge of polarized migrating cells, 
suggested a mechanism for centrosome reorientation where the centrosome moves 
towards the leading edge to become positioned between the leading edge and the 
nucleus [ 23 ,  28 – 30 ]. Real-time analysis of centrosome reorientation by video 
microscopy of GFP-tubulin expressing cells provided an unexpected observation: 
during centrosome reorientation, the centrosome stayed mostly static in the center of 
the cell, whereas the nucleus moved rearwards, away from the future leading edge, 
resulting in centrosome reorientation without centrosome movement [ 27 ] (Fig.  1 ).

   This nuclear movement was regulated by Cdc42 and Myotonic Dystrophy Kinase-
Related Cdc42 binding protein (MRCK), a Cdc42 effector, and driven by actin retro-
grade fl ow. On the other hand, microtubules, dynein/dynactin and Par6 were required 
for the maintenance of the centrosome in the cell center. The activation of Cdc42 by 
LPA or serum activates two pathways that lead to centrosome reorientation. One that 
regulates nuclear movement and another that regulates centrosome positioning at the 
cell center. In the nuclear movement pathway, Cdc42 activates MRCK that directly 
regulates myosin II activity and probably actin retrograde fl ow. On the other hand, in 
the centrosome positioning pathway, Cdc42 activates Par-6 and aPKCζ that acts 
together with dynein/dynactin, probably anchored to the cell cortex [ 30 ]. Anchored 
dynein keeps centrosomal microtubules under tension, thus maintaining the centro-
some in the center of the cell. Par-3 is also implicated in this process through an 
interaction with dynein light intermediate chain 2 (LIC2) [ 31 ]. Inhibition of nuclear 
movement by disruption of different components of the nuclear movement pathway 
impairs cell migration. It is still unknown why positioning the nucleus away from the 
leading edge is important for cell migration. Probably, keeping the nucleus away 
from the leading edge of a migrating cell allows the front of the cell to penetrate 
through tissues. After initial penetration, the nucleus and the cell body are pulled, so 
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then the cell can migrate more effi ciently within a tissue. If the nucleus would remain 
in the front of the cell, it would be more diffi cult for the cell to penetrate a tissue, 
since the nucleus is the stiffest organelle in the cell [ 32 ].  

     T ransmembrane  A ctin-Associated  N uclear (TAN) Lines 
and Nuclear Movement 

 Recent work has identifi ed how actin retrograde fl ow drives nuclear movement. 
In migrating fi broblasts, the KASH-containing protein nesprin-2 giant (N2G) and 
SUN2 were found to be required for nuclear movement prior to cell migration [ 18 ]. 
Accordingly, the use of dominant negative KASH constructs or depletion of N2G 
(the only giant nesprin isoform expressed in these cells that is able to bind to actin) 
or SUN2 was suffi cient to inhibit centrosome reorientation and nuclear movement 
upon LPA stimulation. The inhibition of nuclear movement by N2G RNAi could be 
rescued by expressing a mini-N2G construct containing the KASH domain, two 
spectrin repeats, and the actin-binding domain, and this rescue depended on func-
tional actin binding and KASH domains. Analysis of the dorsal nuclear surface of 
LPA stimulated cells demonstrated that SUN2 and N2G formed linear arrays. 
Furthermore, these arrays co-localized with actin cables, as assessed by using both 

  Fig. 1    Centrosome reorientation in fi broblasts occurs through rearwards nuclear movement. 
( a  and  c ) Frames from a time-lapse recording of a starved wound-edge NIH3T3 cell expressing 
GFP- Tubulin before ( a ) and after ( c ) LPA treatment (time in h:min). ( b  and  d ) Traces of the MTOC 
( blue ) and nucleus (red) centroid positions before ( b ) and after ( d ) addition of LPA. ( e ) 
Superimposition of the cell outline, nucleus, and MTOC from frame 0:31 ( orange ; beginning of 
nuclear movement) and frame 1:20 ( blue ; end of nuclear movement) shows rearward movement of 
the nucleus relative to the leading edge ( arrows ). Adapted from [ 27 ] by permission from Elsevier 
Ltd. Copyright © 2005       
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GFP fusions and immunofl uorescence against endogenous proteins. These dorsal 
actin cables oriented parallel to the leading edge of the cell and were independent 
entities from ventral stress fi bers, mostly oriented along the major cell axis. The 
formation of linear arrays was disrupted when acto-myosin cables were perturbed 
by cytochalasin D or blebbistatin treatments, indicating that TAN lines depend on 
acto-myosin cable engagement by N2G. Using the mini-N2G construct and live- 
imaging analysis, the authors also showed that these linear arrays co-migrated with 
actin fi laments and the nucleus (Fig.  2 ). Mini-N2G in these linear arrays was less 
dynamic than mini-N2G elsewhere in the nucleus, indicating its inclusion in a 
molecularly defi ned structure. Therefore these actin-dependent molecular arrays of 
SUN2 and N2G form TAN lines, a new nuclear envelope supra structure responsible 
for moving the nucleus [ 18 ]. These actin-dependent arrays that are formed at the 
nuclear envelope are functionally equivalent to plasma membrane focal adhesions in 
their role connecting a membrane to the actin cytoskeleton. In addition, TAN lines 
are also functionally equivalent to the spindle pole bodies in fungi, on their role of 
directly connecting the nucleus to the cytoskeleton to drive nuclear movement.

   The LINC complex connects to the nuclear lamina via SUN proteins. As 
expected, lamin A/C, the main components of the nuclear lamina encoded by the 
 LMNA  gene, are also required for nuclear movement during cell migration. Although 
lamin A/C do not form linear arrays on the cell surface, they have a role in anchor-
ing TAN lines at the nuclear envelope. In  Lmna  −/−  mouse embryonic fi broblast 
(MEF) cells, the TAN lines still formed and moved together with actin but just slid 
over the non-moving nucleus, indicating an anchoring defect of the complex to the 
nucleus. Additionally, TAN lines were less persistent in these cells. Similar results 
were obtained for SUN2 siRNA knockdown. Interestingly, expression of lamin A/C 
with mutations that are involved in muscle dystrophy impaired nuclear movement 
in fi broblasts, whereas mutations involved in lipodystrophies and related pheno-
types impaired centrosome reorientation but not nuclear movement. This result not 
only suggests a role for nuclear positioning in lamin-related muscle dystrophies but 
also provides some mechanistic insight on how different lamin mutations generate 
such diverse clinical phenotypes [ 33 ].  

    Regulation of Actin Dynamics at the Nuclear Surface 

 Besides the actin cables in TAN lines, the existence of an actin cap regulating 
nuclear shape has been observed in several cell types [ 34 ]. This set of fi laments 
associates with the dorsal side of the nucleus and terminates in focal adhesions 
forming a mesh that holds the nucleus to the ventral surface [ 35 ]. Depolymerization 
of actin by latrunculin-B disrupted the nuclear cap at concentrations that did not 
affect ventral stress fi bers. In this condition, nuclear shape regulation by cell shape 
was abrogated as assessed by plating on patterned substrates. Phosphorylated myo-
sin also localizes to this cap and actomyosin contractility was shown to have a role 
in the formation and regulation of the cap, albeit smaller than its role in actin 
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  Fig. 2    SUN2 and N2G form actin associated linear arrays (TAN lines) in the nuclear surface. 
( a ) Fluorescence images of a nucleus from a nesprin2G depleted cell expressing GFP-mini-N2G 
and stained with rhodamine-phalloidin (F-actin). ( Bottom ) Fluorescent images of a nucleus in a 
cell stained with nesprin2G antibody (N2G) and rhodamine-phalloidin (F-actin).  Arrows , colocal-
ization of N2G and dorsal actin cables. ( b ) Fluorescence images of nuclei in nesprin2G-depleted 
cells expressing GFP-mini-N2G. The cells were stained with GFP antibody (GFP-mini-N2G) and 
rhodamine- phalloidin (F-actin). The cells were treated with dimethyl sulfoxide (DMSO), 50 mM 
blebbistatin (BB), or 0.5 mM cytochalasin D (CD) for 1 h before and during LPA treatment. 
( c ) Fluorescence images of nuclei in nesprin2G depleted cells. Staining from SUN1, SUN2, LBR, 
and GFP (GFP-mini-N2G) antibodies.  Arrows  show N2G colocalizing with SUN2 but not SUN1 
or LBR. ( d ) Fluorescence kymograph of GFP-miniN2G and Lifeact-mCherry on the dorsal nuclear 
surface of a nucleus upon LPA stimulation.  Arrows  indicate examples of TAN lines forming on 
actin cables. Images are for every 10 min and oriented with the wound edge at the top. Scale bars 
in A-D, 5 μm. Time is h:min for ( d ). Adapted from [ 18 ] by permission from the American 
Association for the Advancement of Science, Copyright © 2010       
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polymerization. Interestingly, this structure was absent in most  Lmna  −/−  cells, 
whereas ventral stress fi bers were not affected. Nuclei from these cells were larger 
and their shape was uncoupled from cell shape in patterned substrates. Interference 
with the LINC complex expressing a dominant-negative construct containing the 
last 65 c-terminal amino acids of human nesprin2 that includes the KASH domain 
(KASH2) [ 36 ] also disrupted the actin cap. These results indicate a role for the 
LINC complex not only in attaching the nuclear envelope to actin but also in regu-
lating the formation of perinuclear actin structures. The precise relationship between 
the dorsal actin cables that connect to the TAN lines and the actin cap remains 
unclear, but the molecular partners implicated in both seem to be the same. The 
major difference between these structures is that these dorsal cables do not end on 
focal adhesions, whereas actin cap cables do end in specialized focal adhesions. 
Furthermore, dorsal cables that connect to the TAN lines are involved in nuclear 
movement, whereas the role of actin cap in nuclear movement remains to be deter-
mined [ 18 ,  35 ]. Additionally, it is still unclear how actin dynamics are regulated at 
the nuclear surface. A recent study identifi ed a unique family of F-actin regulating 
proteins designated refi lins (for  RE gulator of  FIL amin prote IN ) whose expression is 
induced upon epithelial–mesenchymal transition (EMT). Refi lins dimerize and bind 
to fi lamins, actin binding and scaffolding proteins that mediate actin bundling [ 37 ]. 
Filamin A localizes to the nuclear actin cap together with Refi linB upon induction 
of EMT. Knockdown of Refi linB resulted in the disruption of the actin cap and dif-
fusion of fi lamin A. Therefore, refi lin-bound fi lamin proteins might have a role in 
regulating the structure and dynamics of perinuclear actin, in particular in situations 
where migration is induced.  

    Regulation of the LINC Complex and TAN Lines 

 Several unresolved questions exist regarding the LINC complex and TAN lines. For 
instance we still do not understand how these structures are regulated and by which 
proteins. Recent work started to address these questions with the identifi cation of a 
new nuclear envelope protein enriched at the sites of SPB attachment to microtu-
bules in  S. pombe . This protein, named Ima1 in  S. pombe , is conserved in all  meta-
zoa  but not present in  S. cerevisiae  (Fig.  3 ). In mammals this protein is encoded by 
the  TMEM201  gene and was named NET5 as one of the nuclear envelope proteins 
identifi ed by subtractive proteomics, and Samp1 (for Spindle associated membrane 
protein 1) due to its distribution in membrane compartments along the microtubules 
of the mitotic spindle [ 38 ,  39 ].

Fig. 3 (continued) The fi rst predicted transmembrane domain has experimentally been shown to not 
be integral to the membrane but instead to associate with the INM [ 42 ,  45 ]. ( b ) Alignment of PFAM 
DUF2349/Ima-1 domain, the most conserved region of the protein, highlighting the existence of four 
conserved CXXC motifs that potentially form two zinc-fi ngers in the N-terminal region of this pro-
tein [ 42 ]. Figure created using Geneious version 6.1.6 from Biomatters. Available from   http://www.
geneious.com           
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  Fig. 3    Samp1 orthologs. ( a ) Multiple sequence alignment of NET-5/Samp1 proteins from 20 repre-
sentative species ( Homo sapiens  isoform 1, NP_001124396.2;  Homo sapiens  isoform 2, 
NP_001010866.1;  Gorilla gorilla , XP_004024661.1|;  Pan troglodytes , XP_003307844.1;  Macaca 
mulatta , XP_002802208.1;  Mus musculus  isoform c, A2A8U2;  Mus musculus  isoform b, A2A8U2- 3; 
 Mus musculus  isoform a, A2A8U2-2;  Felis catus , XP_003989620.1;  Canis lupus  familiaris, 
XP_546763.3;  Bos taurus , NP_001032528.1;  Loxodonta africana , XP_003413529.1;  Sus scrofa , 
XP_003127587.1;  Orcinus orca , XP_004272413.1;  Monodelphis domestica , XP_001505803.2; 
 Gallus gallus , XP_001376083.1;  Danio rerio , XP_417601.3;  Drosophila melanogaster , CG7744; 
 Caenorhabditis elegans , T24F1.2;  Schizosaccharomyces pombe , SPCC737.03c). Consensus and 
identity are plotted on  top  and the  shading  level represents conservation. Mouse isoform nomencla-
ture is according to Borrego-Pinto et al .  [ 41 ], mouse isoform a corresponding to isoform 2 in human. 
PFAM domains are indicated in  yellow  and predicted transmembrane domains (TMHMM) are in  red . 

 

Connecting the Nucleus to the Cytoskeleton for Nuclear Positioning…



514

   There are three predicted Samp1 isoforms in mouse, which share the same 
N-terminus and different C-termini (Fig.  3 ). The shorter isoform (Samp1a) was 
originally characterized in human cells [ 39 ,  40 ] and mRNA expression of the three 
isoforms was confi rmed in mouse fi broblasts although Samp1a was not detectable 
at the protein level [ 41 ]. As is the case for its  S. pombe  counterpart, Samp1 is an 
inner nuclear membrane protein with four transmembrane domains and a long 
N-terminal nucleoplasmic region that shows a high degree of conservation among 
metazoans and  S. pombe  [ 42 ]. The longer isoforms, corresponding to human iso-
form 2 or mouse Samp1c are predicted to have an extra transmembrane domain in 
the C-terminus (Figs.  3  and  4 ). Concerning domain organization, Ima1/NET-5/
Samp1 proteins have a common domain architecture (based on PFAM domain 
server) that includes the N-terminal IMA1 domain (previously known as DUF2349) 
and a DUF2448 localized c-terminally. The IMA1 domain is conserved in all 
eukaryotes analyzed, whereas the DUF2448 domain is only observed in tetrapods 
and fi sh, but not in insects or fungi (Fig.  3a ).

   During mitosis, Samp1a localizes to and remains at spindle poles, an atypical 
behavior for INM proteins, usually displaced from this region upon mitotic spindle 
formation [ 39 ]. From metaphase to anaphase, Samp1a localizes to a specifi c mem-
brane component that associates with spindle poles that is distinct from bulk ER, 
since other INM proteins like emerin localize with another pool of Samp1a in the 
mitotic ER but are excluded from this compartment. Distribution of Samp1a to the 
spindle pole membrane component depended on microtubules and not on actin. The 
conserved N-terminus of Samp1a was shown to be suffi cient to mediate both inter-
phase INM and mitotic spindle pole localizations in a chimeric protein. The role of 
this spindle membrane component and the specifi c function of Samp1a within it 
remain elusive [ 39 ]. Recent studies suggest that the spindle matrix provides a con-
served strategy to segregate genetic material from the rest of the cell during mitosis 
[ 43 ]; however, the relationship between the spindle matrix and this spindle mem-
brane component remains unclear. The existence of eight conserved cysteines dis-
tributed as four CxxC motifs in the Samp1 N-terminus led the authors to analyze the 
potential formation of two zinc fi ngers (Fig.  3b ). Mutations of conserved cysteines 
impaired INM localization of constructs and nuclei expressing this mutant displayed 
shape anomalies reminiscent of lamin mutants. Furthermore, emerin, Sun1, lamin 
A/C, and partially SUN2 were displaced from the nuclear envelope in these mutants. 
These functional connections were further explored by RNAi depletion and emerin 
was displaced from the nuclear envelope in the absence of Samp1, suggesting the 
requirement of Samp1a for emerin localization. Furthermore, a zinc-fi nger- dependent 
interaction between emerin and Samp1a was reported, as emerin co- 
immunoprecipitated with YFP-Samp1 only in the presence of zinc and the interac-
tion was disrupted in the presence of EDTA [ 42 ]. Samp1 also interacts with lamin 
A/C since it was co-immunoprecipitated with lamin A/C and was found to be in the 
vicinity of lamin A/C using proximity-dependent biotin identifi cation (BioID) [ 41 , 
 44 ]. Taken together these results suggest that the N-terminus of Samp1 constitutes 
a nucleoplasmic domain containing two potential zinc fi ngers that are important 
for Samp1 nuclear envelope localization. High-resolution microscopy analysis 
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demonstrated that Samp1a protein is not uniformly distributed along the nuclear 
envelope but seems to concentrate in microdomains. Furthermore, it partially 
 colocalized with SUN1, but showed only a minor colocalization with NPC, 
Lamins, emerin, and Sun2, suggesting a functional association with SUN1 in human 
cells [ 42 ]. In migrating fi broblasts, Samp1b and SUN2 were shown to 
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  Fig. 4    Schematic representation of a TAN line at the nuclear envelope. TAN lines composed of 
Nesprin-2G in the outer nuclear membrane (ONM) and SUN2 and Samp1 in the inner nuclear 
membrane (INM) connect the actin dorsal cables to the nuclear lamina and chromatin. Adapted 
from [ 41 ] by permission from the Company of Biologists, Copyright © 2012       
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co-immunoprecipitate, suggesting that Samp1 is also part of and a potential regulator 
of the LINC complex [ 41 ]. Data supporting such a role comes from work in  S. pombe  
and migrating fi broblasts. 

 In  S. pombe , Ima1 is an INM protein, enriched at the sites of SPB attachment 
during a short period of the cell cycle, where it colocalizes with Sad1 (SUN protein) 
[ 45 ,  46 ]. Centromeres cluster close to SPB attachment sites and Ima1 was shown to 
interact with centromeric chromatin through a chromatin immunoprecipitation 
(CHIP) assay, suggesting a role in attaching centromeres to the spindle pole body in 
mitosis [ 45 ]. However, Ima1 deletion mutants did not show any mitosis or cell 
growth defects. Two other INM proteins, Lem2 and Man1, were also shown to inter-
act with Sad1, and when all the three were simultaneously deleted, cells had mitotic 
growth and nuclear membrane morphology defects. Ima1 was therefore proposed to 
have a role in nuclear membrane organization together with Lem2 and Man1 poten-
tially through its interactions with Sad1 [ 46 ]. 

 In migrating fi broblasts, Samp1 was found to be required for nuclear movement 
prior to cell migration [ 41 ]. Nuclear positioning and cell migration was inhibited in 
cells treated with siRNA against all Samp1 isoforms and nuclear movement was 
rescued by expression of Samp1b, suggesting that the Samp1c isoform has a minor 
role on nuclear movement. Furthermore, Samp1 was found to accumulate at TAN 
lines formed by Nesprin-2G and SUN2. Samp1 TAN lines moved together with the 
nucleus and dorsal actin cables, therefore Samp1 is a novel component of the TAN 
lines, responsible for driving nuclear movement during cell migration. Finally, the 
localization of Samp1 at the nuclear envelope is dependent on lamin A/C, overall 
suggesting that Samp1 has a role stabilizing the interaction between the TAN lines 
and LINC complexes through association with the nuclear lamina [ 41 ] (Fig.  4 ).  

    Nuclear Movement in Cancer and Other Human Pathologies 

 Different reports suggest a role for the nucleus and nuclear envelope proteins in the 
migration of cancer cells, although the molecular mechanisms are not fully under-
stood (reviewed in [ 32 ]). During interstitial migration, the nucleus is the rate- 
limiting step due to its size and stiffness [ 5 ]. Such a rate-limiting step has been 
observed during the migration of glioma cells and is dependent on myosin II [ 6 ]. In 
these cells, myosin II activation is proposed to have a role squeezing the nucleus 
through holes within the interstitial regions. Interestingly, nesprin-1 is down regu-
lated in multiple carcinomas [ 47 ] and both nesprin-1 and -2 accumulate mutations 
in breast and colorectal cancers [ 48 ]. In addition, nesprin-1 polymorphisms have 
been associated with ovarian cancer [ 49 ]. Finally, changes on gene expression and 
mutations in lamin A/C have been found in multiple cancers [ 32 ]. All these proteins 
are involved in nuclear positioning and nuclear stiffness, suggesting an important 
role for the correct positioning of the nucleus during cell migration in cancer. 

 Other examples of pathologies linked to nuclear positioning have been described. 
Defects in brain formation and development occur in lissencephaly patients, which 
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is caused by a mutation in the LIS1 gene, a dynein-associated protein [ 50 ]. 
Impairment of  LIS1  interferes with neuronal nuclear movements that occur during 
interkinetic movement and neuronal cell migration, originating the defects in brain 
development. More recently, mutations in  SYNE1  that encodes Nesprin-1, a KASH- 
containing protein involved in nuclear positioning, have been associated with auto-
somal recessive arthrogryposis [ 51 ], cerebellar ataxia [ 52 ], and Emery–Dreifuss 
muscular dystrophy [ 53 ]. Mutations in  SYNE4 , that encodes Nesprin-4 cause hered-
itary hearing loss [ 54 ]. Mutations in torsinA, an endoplasmic reticulum protein 
involved in the regulation of the Nesprin-SUN (LINC) complex [ 55 ,  56 ] is also 
associated with torsion dystonia. The extensive list of pathologies associated with 
 LMNA  mutations (laminopathies) might partially be due to the role of lamin A/C in 
nuclear movement    [ 3 ,  33 ]. Finally, in skeletal muscle where nuclear positioning is 
important for muscle function, some muscular disorders cause an aberrant displace-
ment of the nuclei [ 57 ,  58 ]. How mislocalized nuclei lead to muscle dysfunction is 
still unknown. With the exception of lissencephaly, the molecular mechanisms 
impaired in these diseases are largely unknown and the role of nuclear positioning 
in these pathologies also remains to be determined.     
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               Introduction 

 Although there is still a long way to go, considerable progress has been made in 
recent years in understanding the mechanisms of control of nuclear size and shape 
and the function of the apparent loss of lamin A in certain tumor types. As noted in 
Part I, nuclear shape and size aberrations have long been used in both cancer diag-
nosis and prognosis. In this section, Ashraf Malhas and David Vaux, one of the most 
creative minds to hit the nuclear envelope fi eld who fi rst clearly described the 
nucleoplasmic reticulum, of Oxford University note that, with higher resolution 
microscopy than typically used in cancer diagnostics, many of the nuclear shape 
changes observed likely refl ect large-scale invaginations of the nuclear envelope 
that can penetrate most or even all of the way through the nucleus. They further 
discuss a variety of possible functional benefi ts these invaginations could give to a 
normal cell and how they could contribute to the cancer pathology. 

 Cells tend to maintain a roughly constant ratio of nuclear to cell volume, the 
karyoplasmic ratio [1, 2], and changes in this have been a standard criterion used in 
cancer diagnostics and prognostics for at least the last half century [3, 4]. However, 
the seeming paradox that malignancy was associated with increased nuclear size for 
some tumors (e.g., invasive meningiomas and bladder carcinoma [5, 6]) and reduced 
nuclear size for others (e.g., squamous cell carcinoma of the lung [7]) diffused the 
search for the molecular mechanism behind these changes. Next in this section 
Predrag Jevtic and Daniel Levy, an expert on intracellular scaling, of the University 
of Wyoming describe a wide variety of cancer types for which nuclear size plays an 
important role. They then discuss the roles of DNA ploidy, nuclear structural com-
ponents, cytoplasmic factors, nucleocytoplasmic transport, cytoskeleton, and extra-
cellular matrix in nuclear size and speculate on how these size changes could 
contribute to cancer development and progression. This is followed by another 
chapter on nuclear size focused specifi cally on the role of the NPC by Masatoshi 
Takagi and Naoko Imamoto, one of the leading experts in NPC assembly and the 
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world’s top expert in nucleoporin dynamics, of RIKEN. They further discuss the 
aspects of NPC roles in nuclear size in a wide range of organisms and then discuss 
specifi c changes of the NPC in cancer. This latter area is very exciting for cancer 
biology as three structural components of the NPC are involved in fusions from 
chromosome translocations that promote tumorigenesis. 

 Measurements of the karyoplasmic ratio in epidermal layers revealed that nuclear 
volume was largely maintained, but cytoplasmic volume increased fourfold as cells 
passed from basal to granular layers [8]. This suggested that the characteristic ratios 
observed in various tumors might refl ect the stage of the progenitor cell that origi-
nated the tumor and could be used as prognostic markers. This idea has now been 
found to apply also to lamin A levels, often used in prognosis of different tumor 
types. In the last chapter Christopher Hutchison of Durham University, one of the 
world’s leading lamin researchers whose work has potentially resolved the great 
paradox of lamin levels in cancer, reviews the roles of lamins in a variety of cancer 
types and presents the hypothesis that similar changes in lamin abundance in differ-
ent levels of an epithelium as observed for nuclear size could explain the fact that 
increased lamin A levels are a poor prognostic for some tumor types while reduced 
levels are a poor prognostic for other tumor types. Professor Hutchison uses several 
modern studies to give a very insightful view to the question of whether lamins truly 
infl uence cancer progression.
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    Abstract     The nuclear envelope (NE) surrounds the nucleus and separates it from the 
cytoplasm. The NE is not a passive structural component, but rather contributes to 
various cellular processes such as genome organization, transcription, signaling, and 
stress responses. Although the NE is mostly a smooth surface, it also forms invagina-
tions that can reach deep into the nucleoplasm and may even traverse the nucleus 
completely. Cancer cells are generally characterized by irregularities and invagina-
tions of the NE that are of diagnostic and prognostic signifi cance. In the current 
chapter, we describe the link between nuclear invaginations and irregularities with 
cancer and explore possible mechanistic roles they might have in tumorigenesis.  

  Keywords     Nuclear envelope   •   Nucleoplasmic reticulum   •   Nuclear invaginations   • 
  Gene expression  
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          The Nuclear Envelope and Nucleoplasmic Reticulum 

    The nuclear envelope (NE) is composed of two phospholipid bilayers, the inner 
nuclear membrane (INM) and outer nuclear membrane, with a lumenal space 
between them and a nuclear lamina which underlies the INM [ 1 ]. Our current under-
standing of the NE is that it contributes to nuclear structural integrity, genome orga-
nization, selective bidirectional transport of ions and macromolecular cargo, 
regulation of gene expression, DNA repair, mechano-transduction and acts as a plat-
form for signaling [ 2 – 4 ]. The structural and functional importance of the NE is 
highlighted by diseases that result from mutations in genes coding for NE compo-
nents. These diseases are collectively referred to as laminopathies and can affect a 
range of differentiated tissue types, including striated muscle, adipose tissue, 
peripheral nerve or multiple tissues [ 5 ,  6 ]. 

 Although nuclei are often represented in schematics as circular or oval in 
shape, they actually vary in different cell types and under different pathological 
conditions, and thus nuclear shape has been described as a “differentiation-related 
phenotype” [ 7 ]. There is currently plenty of evidence that confi rms that the NE 
from many cell types and tissues can contain deep, branching invaginations [ 8 –
 10 ]. These invaginations are collectively referred to as the nucleoplasmic reticu-
lum (NR) because of its morphological resemblance to the endoplasmic reticulum. 
NR invaginations are classifi ed into two main classes, type I and type II. Type I 
invaginations are those where the inner nuclear membrane alone invaginates into 
the nucleoplasm, while type II involve the invagination of both the inner nuclear 
membrane and outer nuclear membrane. Type II invaginations may contain micro-
tubules, microfi laments, and mitochondria in their cytoplasmic core [ 11 ,  12 ] (see 
Fig.  1 ). The NR is observed in nuclei from various normal and abnormal tissues 
[ 9 ] as well as cells grown in 2D and 3D cultures including many tumor cell types, 
such as brain, breast, kidney, bladder, prostate, and ovary [ 13 ,  14 ]. The NR may 
arise during NE reassembly after mitosis or de novo in interphase cell nuclei with-
out mitosis. It usually persists throughout interphase and can show heritable pat-
terns in specifi c cell types [ 8 ,  15 ,  16 ]. Although the NR is now widely recognized 
as a nuclear structural component, its exact functional roles in normal and cancer 
cells are not fully understood. There is evidence for roles in calcium signaling 
gene expression, transport, and nuclear lipid metabolism [ 17 ]. The composition of 
the NR, its formation mechanisms and regulation have been reviewed recently 
[ 13 ] and will not be discussed in detail here. The changes in NE composition that 
are observed in many cancers have also been reviewed elsewhere [ 18 ]. In the cur-
rent review, we discuss the NR connection to cancer and what functional roles it 
is thought to play in tumorigenesis.

   Invaginations of the NE are a common feature of some laminopathies [ 19 ]. One 
of the most striking laminopathies is Hutchinson–Gilford progeria syndrome 
(HGPS). HGPS cells express a mutant form of lamin A called progerin that persists 
as a farnesylated prelamin at the nuclear periphery and as a result have an increased 
abundance of invaginated nuclei [ 20 ,  21 ] which share similar morphological 
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features to nuclei from normal aged cells [ 22 ]. It has also been shown that progerin 
accumulates in cells from normal older individuals suggesting a possible role for it 
in the normal ageing process [ 22 ]. How a pathologically invaginated nucleus leads 
to segmental accelerated ageing is yet to be determined, and it is unclear if the NR 

  Fig. 1    Schematic representations of two types of membrane invaginations into the nucleoplasm. ( a ) 
Whole cell schematic defi ning the color coding of relevant compartments and structures. ( b ) Schematic 
of type I NR, including the cross-sectional appearance ( middle panel ) and an annotated TEM view 
( bottom panel ). ( c ) Schematic of type II NR, including the cross-sectional appearance ( middle panel ) 
and an annotated TEM view ( bottom panel ). ( d ) 3D reconstruction of a confocal z-stack showing GFP-
lamin B1 expressed in a HeLa cell treated with a farnesyltransferase inhibitor that causes NR prolifera-
tion. While type I NR brings the lumen to deep nuclear locations it does not provide the cytoplasmic 
conduit characteristic of the type II NR channels. In either case a complete distinction between trans-
verse sections of reticular channels ( panels top right ) and long slots slicing into the nucleus can only be 
achieved by three dimensional analysis (for example confocal z-stacks, serial section EM, or electron 
tomography). Such 3D analysis confi rms that type I and type II structures may coexist, and indeed 
interconnect within the same nucleus, and that isolated NR features with no apparent connection to the 
nuclear envelope may be frequent. Cross- sections of NR channels (schematic  middle panel  in ( c )) show 
the complex topology of the type II channels, with a cytoplasmic interior that may be invaded by folds 
of outer nuclear membrane and often contains vesicles, cytoskeletal elements, and, in some cell types, 
mitochondria . Reproduced from [ 13 ] with permission of Elsevier       
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that develops serves any functional role. A recent study however showed that 
progerin is expressed in cancer cell lines including PC-3, DU145, LN-CAP, and 
MCF-7 cells. Progerin expression in these cancer cell lines was higher than that in 
the normal mammary cell line (MCF-10). Elevated progerin expression in prostate 
PC-3 cells is associated with increased levels of DNA damage and these cells are 
hypersensitive to the DNA damaging agent camptothecin. Cells ectopically express-
ing elevated levels of progerin were also found to be more tumorigenic in vivo, 
suggesting that progerin has a role in tumorigenesis [ 23 ].  

    Nuclear Envelope Irregularities in Cancer Diagnostics 

 Cancer development is considered to be a multistep process that is related to both 
morphological and functional changes. A general morphological feature of cancer 
cells which has been reported since the nineteenth century is that they have nuclei 
with abnormal shapes and sizes (nuclear pleomorphy), they have an increased 
karyoplasmic ratio (sometimes also called nucleoplasmic to cytoplasmic ratio), 
have increased DNA content, and have irregularities in their NE [ 14 ,  24 ]. These 
aspects of nuclear structure are so striking that they are used for grading of cancers 
by pathologists. In breast cancer, for example, nuclear pleomorphisms are graded 
and correlate with clinical aggressiveness and prognosis [ 25 ,  26 ]. These changes 
occur early and are even detectable in pre-cancerous stages making them a valuable 
diagnostic tool [ 27 ]. Bloom and Richardson [ 28 ] observed that there is variation in 
progress of cases of breast cancer even in patients of the same age and found that 
clinical staging is not an accurate indicator of the likelihood and speed of metasta-
sis. They found however that when NE irregularities are taken into account in grad-
ing, a more accurate prognosis is achieved. NE irregularities are of prognostic 
signifi cance in a number of other cancers including head and neck [ 29 ], kidney [ 30 ], 
bladder [ 31 ], prostate [ 32 – 34 ], and ovary [ 35 ]. 

 Nuclear shape is also used in the diagnosis of papillary thyroid carcinoma. 
Staining of the NE component emerin identifi es irregularities in the NE and is con-
sidered a useful tool for a “defi nitive and objective diagnosis” [ 36 ,  37 ]. Diagnosis 
based on emerin staining of thyroid fi ne needle aspiration biopsies was found to 
have a sensitivity of 77 % and accuracy of 84 % compared to only 36 % and 62 % 
achieved by using the conventional H and E staining method. Better consistency in 
diagnosis is also achieved using emerin staining with inter-observer concordance 
reported as moderate in the case of H and E staining but substantial in the case of 
emerin staining [ 37 ]. 

 Bussolati and coworkers reported similar results in the diagnosis of breast can-
cer [ 25 ]. They found a marked increase in NE irregularities when comparing nor-
mal mammary cells and breast cancer cells using lamin B and emerin staining. 
Staining using NE markers enabled the authors to recognize tumors that are more 
prone to metastasis even among low-grade cancers. In routine practice H and E 
staining is used to assess nuclear pleomorphism of cancers. The above studies 
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indicate that determination of nuclear pleomorphisms based on NE markers gener-
ates better sensitivity and accuracy than those achieved by the conventional H and 
E stain [ 38 ,  39 ]. It is important to note at this point that there are exceptions to the 
rule regarding nuclear morphology and cancer. Nuclear pleomorphisms and changes 
in chromatin distribution are not observed in the transition zone variant of prostate 
adenocarcinoma and nuclei of lobular breast carcinoma [ 14 ]. 

 It is clear from the aforementioned studies that NR formation can be prevalent in 
cancer cells. It is still unclear whether the irregularities in the NE and the NR that is 
formed in such cells is a deleterious consequence of dysregulation or a benefi cial 
response altering nuclear architecture and gene expression.  

    Formation and Possible Functions of Nuclear Envelope 
Irregularities 

 A well-characterized example of NE irregularities in cancer is that of papillary thy-
roid carcinoma which can be caused by oncogenic translocation events resulting in 
RET/PTC1 fusion, which generates a chimeric tyrosine kinase. This translocation is 
found in over half of papillary thyroid carcinomas [ 40 ]. The translocation can be 
induced by radiation exposure, and has been detected at elevated frequency in a 
group of Chernobyl-associated papillary thyroid carcinomas [ 41 ]. Both papillary 
thyroid carcinomas and follicular thyroid neoplasms are derived from thyroid epi-
thelial cells. The latter however lack irregularities in the NE [ 16 ]. When normal 
thyroid epithelial cells are microinjected with the RET/PTC1 oncogene, they 
develop irregularities of the NE within hours and without the cells going through 
mitosis [ 42 ,  43 ]. This indicates that NR formation can occur in the intact nuclei of 
interphase cells and does not require post-mitotic nuclear reassembly. It is important 
to note here that NE irregularities are not observed when normal thyroid epithelial 
cells are microinjected with oncogenic RAS which leads to follicular thyroid neo-
plasms [ 44 ]. The mechanism of NR formation in papillary thyroid carcinoma and 
the roles that RET/PTC1 play in it are not fully understood. Posttranslational modi-
fi cations of NE components have been excluded as a cause since no such modifi ca-
tions were observed in analyses of papillary thyroid carcinomas [ 45 ]. Another 
possibility is that the RET/PTC1 product leads to signaling events that generate new 
forces that act on the NE leading to a new characteristic NR. These forces might 
come from the chromatin side or the cytoskeletal side of the NE. 

  Cytoskeletal changes —There is a well-characterized link between the NE and cyto-
skeleton. Muscle cell nuclei have irregular shapes and this is probably because of 
the physical stress that the cells experience [ 46 ,  47 ]. Irregular NE and NR formation 
in cancer cells might also be a consequence of extranuclear forces by cytoskeletal 
components. Pancreatic carcinoma (PaCa) cells are characterized by irregularities 
of the NE reported as nuclear lobulations. PaCa cells have intermediate fi lament 
bundles composed of vimentin and keratins distributed around the nucleus. These 
bundles are thicker in nuclear invaginations where they form rings. These rings were 
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found to cut into the nucleus in such a way that they aggregate at the base of the NR 
invagination, run through the invagination and back to the aggregate. Similar struc-
tures are observed in bladder carcinoma (T24), melanoma (G-361), and cervical 
carcinoma (HeLa) cells, although the intermediate fi lament bundles in these cells 
were thinner than those observed in PaCa cells. There are however other cancer cell 
lines such as adrenal adenocarcinoma (SW13) cells which have an NR but lack these 
intermediate fi lament bundles [ 7 ]. These studies collectively suggest that the cyto-
skeleton might play a role in NR formation in some cancer cells, but similarly also 
suggest that this cannot be a universal mechanism. Since these observations are of 
preexisting NR they do not address the potentially separable roles of the cytoskele-
ton in the formation and maintenance of a stable NR network. 

  Chromatin changes —Irregular thickening of chromatin at the nuclear periphery 
is observed in cancer nuclei due to formation of peripheral heterochromatin [ 48 ]. 
This change in chromatin structure, which maybe a result of NE irregularities, can 
infl uence gene expression. NE components interact directly with chromatin and 
chromatin-associated proteins such as emerin, LAP2b, BAF1, the retinoblastoma 
protein Rb, histone deacetylases, DNA methyltransferases, histone methyltransfer-
ases, and HP-1 [ 24 ,  49 – 52 ]. Many of these infl uence heterochromatin assembly at 
the NE and hence have an effect on gene expression. Changes to nuclear peripheral 
shape by NR formation not only affect heterochromatin distribution but also are 
often associated with changes of gene positioning and expression. 

 Interphase nuclei have an ordered structure where chromosomes occupy distinct 
nonoverlapping territories [ 53 ]. The NE can affect this 3D organization of the 
genome within the nucleus by acting as a docking platform for certain loci [ 54 ,  55 ]. 
Hence, any change in NE shape is expected to infl uence the distribution and organi-
zation of at least some chromosomes within the nucleus. Many cancers exhibit 
structural and functional changes that are consequences of interchromosomal or 
intrachromosomal rearrangements. Both of these mechanisms are infl uenced by the 
spatial proximity of the relevant chromosomal regions within the 3D space of the 
nucleus [ 56 ,  57 ]. Loci participating in interchromosomal exchanges are positioned 
at the edges of chromosome territories more frequently than loci that are involved in 
intrachromosomal inversions [ 58 ]. This suggests that the formation of additional 
platforms for chromosomal attachment sites when an irregular and extensive NR is 
formed in cancer cells may be a cause for altering the 3D arrangement of chromo-
some territories and hence play a role in chromosomal translocations. 

 Selected portions of DNA loops are attached to the NE through sequences known 
as matrix attachment regions (MARs) [ 59 ]. MAR-binding proteins have a role in 
regulating gene expression and some have been linked to certain cancers. For exam-
ple, MAR-binding of p114 in tissues correlates inversely with histological grade of 
breast carcinomas. Another MAR-binding protein is the AT-rich sequence binding 
protein 1 (SATB1) which is associated with the nuclear matrix surrounding dense 
heterochromatin [ 60 ]. Loss of SATB1 results in relocalization of binding of genes 
that normally bind SATB1 and dysregulation of genes involved in signal transduc-
tion, apoptosis, and tumor suppression [ 60 ]. This shows the importance of nuclear 
architecture in normal cell function and the potential role its loss may play in cancer. 
Some drugs which target AT-rich regions including MARS, such as the 
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cyclopropylpyrroloindole, bizelesin, which alkylates MARS, have been used in 
phase I [ 61 ] and phase II clinical trials [ 48 ]. 

  Regulation of NR membranes —We have recently shown that NR formation requires 
the activity of CTP:phosphocholine-cytidylyltransferase-α (CCT-a), an enzyme that 
is known to be involved in regulating the rate of phosphatidylcholine synthesis, and 
thus new membrane formation [ 62 ]. The CCT-a inhibitor Perifosine is used in clini-
cal trials as an anticancer drug and is thought to act through different pathways such 
as inhibiting Akt phosphorylation [ 63 ,  64 ]. It is possible that an additional pathway 
through which it might act could be via NR alterations caused by the inhibition of 
CCT-a in cancer cells.  

    A Potential Mechanism from NR to Tumorigenesis 

 Prostate tissue cells from patients with prostate cancer have chromosome transloca-
tions as well as alterations to chromatin structure and nuclear shape. These cells 
have nuclear blebs that are enriched in lamin A/C and activated Polymerase II and 
preferentially associate with chromosomal regions enriched in mutations that have 
been linked to increased prostate cancer risks, such as 8q and 17q [ 65 – 67 ]. This 
suggests that nuclear blebs are involved in prostate cancer development and progres-
sion and that the NR maybe involved in similar mechanisms. Nuclear blebs were 
found in fi ve human prostate cancer cell lines, RWPE-1, LNCaP, DU145, PC-3, and 
PC-3m. All nuclear blebs in these cells were found to be enriched in lamin A/C, 
defi cient in lamin B and had reduced Hoechst staining indicating chromatin altera-
tions. The frequency of these domains was found to be related to cell motility and 
invasiveness. Epigenetic analysis indicates that chromosomes within these domains 
are euchromatic and transcriptionally active. It is worth noting that in cell lines 
nuclear blebs were only observed following mitosis suggesting that they require 
lamin reassembly in order to form [ 65 ]. This is in contrast with nuclear invagination, 
which can form in interphase nuclei without the need for post-mitotic reassembly. 

 We and others have shown that alterations to the composition of the NE can affect 
gene expression by altering the position of specifi c chromosomes within the nucleus 
[ 24 ,  68 – 71 ] and by affecting the nucleoplasmic levels of specifi c transcription fac-
tors. The latter include SMAD, SREBP1, and Oct-1 [ 72 – 74 ]. We confi rmed that 
lamin B1 can sequester Oct-1 and that loss of this sequestration leads to the released 
Oct-1 binding to its target sequences. As a result, Oct-1 targets, a large subset of 
which is involved in cellular responses to oxidative stress, are dysregulated. Cells in 
which this occurs exhibit a phenotype of harboring elevated levels of reactive oxy-
gen species and are sensitive to oxidative stress. These results provide a mechanism 
that has implications for normal ageing and tumorigenesis. Furthermore, we found 
that miRNA-31 is one of the targets of Oct-1 that are upregulated when the Oct-1 
sequestration at the NE is affected. As a result miRNA-31 is dysregulated [ 75 ]. 
Functional analysis showed that these targets are signifi cantly enriched in genes 
involved in cell cycle regulation, such as the tumor suppressor  Cdkn2a . We found 
that miRNA-31 can regulate the products of  Cdkn2a ; p16Ink4a and p19Arf 
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(see schematic in Fig.  2 ). The link between the NE, Oct-1, and miRNA-31 levels is 
of interest since altered levels of miRNA-31 have been reported in a number of 
tumors including colorectal [ 76 ,  77 ], breast [ 78 ,  79 ], hepatocellular (HCC), and pan-
creatic ductal carcinomas [ 80 ]. Hence, an irregular NE in the nuclei of these cancer 
cells can lead to disruption of Oct-1 sequestration and dysregulation of Oct-1 tar-
gets, such as genes involved in oxidative stress responses and miRNA-31, with sub-
sequent consequences for cell cycle regulation.

       Conclusions 

 Although NE invaginations and irregularities are a common feature of many cancer 
cells, little is known about the exact mechanisms of their formation or the roles they 
play in tumorigenesis and metastasis. The NE is now seen as an active regulator of 
vital processes such as genome organization, gene expression, signaling, apoptosis 
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  Fig. 2    Sequestration of transcription factors by the nuclear lamina regulates downstream pro-
cesses, including cell cycle progression. The schematic shows the effect of a failure of nuclear 
lamina-dependent sequestration of Oct-1. Loss of lamin B1-Oct-1 interactions releases excess 
Oct-1 into the nucleoplasm, resulting in changes in mRNA transcription (not shown), and also 
altered expression of regulatory miRNAs. This results in the upregulation and downregulation of 
distinct sets of miRNAs. The most up-regulated miRNA is miRNA-31, which normally acts to 
reduce the level of a diverse set of target mRNAs, including gene products involved in cell cycle 
regulation. These targets include multiple splice forms generated from the cdkN2a gene, including 
the regulators p16Ink4a and p19arf. Since the normal function of these regulators is to block G1-S 
transition, loss of this regulation results in increased cell proliferation (see [ 75 ] for details)       
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and response to stress. The NE regulatory functions are often thought of in the con-
text of the nuclear periphery, but the existence of an extensive NR offers a new 
platform that protrudes deep into the nucleoplasm and can therefore affect the afore-
mentioned processes and may play a key role in tumorigenesis.     
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    Abstract     Changes in nuclear size have long been used by cytopathologists as an 
important parameter to diagnose, stage, and prognose many cancers. Mechanisms 
underlying these changes and functional links between nuclear size and malignancy 
are largely unknown. Understanding mechanisms of nuclear size regulation and the 
physiological signifi cance of proper nuclear size control will inform the interplay 
between altered nuclear size and oncogenesis. In this chapter we review what is 
known about molecular mechanisms of nuclear size control based on research in 
model experimental systems including yeast,  Xenopus ,  Tetrahymena ,  Drosophila , 
plants, mice, and mammalian cell culture. We discuss how nuclear size is infl uenced 
by DNA ploidy, nuclear structural components, cytoplasmic factors and nucleocy-
toplasmic transport, the cytoskeleton, and the extracellular matrix. Based on these 
mechanistic insights, we speculate about how nuclear size might impact cell physi-
ology and whether altered nuclear size could contribute to cancer development and 
progression. We end with some outstanding questions about mechanisms and func-
tions of nuclear size regulation.  
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  Abbreviations 

   ABD    Actin binding domain   
  CRC    Colorectal cancer   
  ECM    Extracellular matrix   
  ER    Endoplasmic reticulum   
  HCC    Hepatocellular carcinoma   
  INM    Inner nuclear membrane   
  kuk    Kugelkern   
  LINC    Linker of nucleoskeleton and cytoskeleton   
  MAC    Macronucleus   
  MBT    Midblastula transition   
  MIC    Micronucleus   
  NE    Nuclear envelope   
  NLS    Nuclear localization signal   
  NPC    Nuclear pore complex   
  Rtn    Reticulon   
  SCLC    Small-cell lung carcinoma   

          Introduction 

    Cancers are heterogeneous and exhibit diverse biological properties that usually 
arise from and are characterized by genetic instability. This heterogeneity includes 
variations in function (pleiotropism) and structure (pleomorphism) [ 1 ]. Among 
structural changes, the most common observed in tumor cells are alterations in 
nuclear size and shape, chromatin organization, nucleolar size and number, and 
perinucleolar space [ 2 ,  3 ]. Changes in nuclear size have long been used by cytopa-
thologists as an important parameter to stage and prognose cancer of the prostate 
[ 4 – 8 ], breast [ 9 – 12 ], lung [ 13 ,  14 ], skin [ 15 ], ovary [ 16 ], pancreas [ 17 ] bladder [ 18 , 
 19 ], liver [ 20 ], and thyroid [ 21 ] (Fig.  1a–c ). Aggressive metastatic tumors generally 
exhibit enlarged nuclei and routine preoperative treatment of breast cancer with 
anti-estrogen therapy led to nuclear size reduction in tumors [ 22 ]. However, it is not 
clear if increased nuclear size can promote tumorigenesis nor how nuclear size and 
malignant phenotype might be functionally linked. Changes in nuclear size are 

Fig. 1 (continued) visualized with a nuclear membrane marker Cut11-GFP ( left panel ) or by DNA 
staining with DAPI ( right panel ). In this example, a massive increase in DNA ploidy does not affect 
the size of the nucleus. Image adapted with permission from [ 48 ]. ( g ) Nuclei were isolated from 
different stage  X. laevis  embryos and visualized by immunofl uorescence using an antibody against 
the NPC (mAb414). Stage 3 = 4-cell embryo, stage 6 = 32-cell embryo, stage 8 = MBT embryo 
(~4,000 cells), stage 12 = gastrula, stage 20 = neurula. Dramatic reductions in nuclear size are 
observed as development proceeds without any changes in DNA content. Image adapted with per-
mission from [ 51 ]       
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  Fig. 1    Relationships between DNA ploidy and nuclear size. ( a ) Benign and cancerous pancreatic 
cells are shown at the same magnifi cation, stained using the Papanicolaou technique. Nuclei (darker 
staining) are clearly enlarged in the cancer, though the ploidy status was not documented. Image 
adapted with permission from [ 17 ]. ( b ) Cells from normal human liver and hepatocellular cancer 
tissue are shown at the same magnifi cation using hematoxylin and eosin (H and E) stain. Again, 
cancer cells exhibit enlarged nuclei. Image adapted with permission from [ 233 ]. ( c ) Cells from dif-
ferent stages of renal cell carcinoma are shown at the same magnifi cation using H and E stain. 
Progressive nuclear enlargement is evident. Image adapted with permission from [ 234 ]. ( d ) 
Photomicrographs of Feulgen-stained erythrocytes from Siamese fi ghting fi sh ( Betta splendens ) and 
Australian lungfi sh ( Neoceratodus forsteri ). The lungfi sh genome is approximately 100 times larger 
than that of the fi ghting fi sh and has larger cells and nuclei, providing an example where DNA con-
tent and nuclear size correlate. Image adapted with permission from [ 235 ]. ( e ) Esophageal stratifi ed 
squamous epithelium was stained with H and E. Different layers of the tissue exhibit dramatic dif-
ferences in nuclear size despite having the same DNA content. Image adapted from   http://commons.
wikimedia.org/wiki/File%3APancreatic_acinar_metaplasia_-_high_mag.jpg     (Copyright © 2011 
Nephron, made available under the terms of the GNU Free Documentation License Version 1.2 at 
  http://www.gnu.org/copyleft/fdl.html    ). ( f ) Fission yeast cells were either arrested with 2C DNA 
 content ( blue asterisk ) or induced to over-replicate their DNA 16-fold ( red asterisk ). Nuclei were 
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associated with altered nuclear architecture, chromatin organization, and gene 
expression during tumor development and progression, but it is diffi cult to deter-
mine whether these changes result from or cause increased nuclear size [ 23 ]. 
Therefore, it is crucial to understand mechanisms of nuclear size regulation and the 
physiological signifi cance of proper nuclear size control. Such information will 
inform the role of the cancer nucleus in pathogenesis and diagnosis, as well as pro-
vide insight on the design of new anticancer drugs.

   Nuclear and organellar sizes are tightly regulated and generally scale with cell 
size to accommodate a great diversity of cell volumes ranging across species and 
cell types [ 24 – 27 ]. Size scaling of intracellular structures must be regulated in order 
to ensure proper physiological cell function. Changes in cell size that occur during 
development, division, and differentiation necessitate dynamic alterations of intra-
cellular architecture and dimensions, but the underlying mechanisms are largely 
unknown [ 28 ]. There are two general models that have been proposed to describe 
organelle size regulation: static and dynamic. Static mechanisms are ones where 
organelle size is regulated by the amount or size of structural components [ 29 ]. 
Dynamic models involve self-regulating feedback mechanisms from the organelle, 
governing assembly or balancing assembly and disassembly rates [ 30 ,  31 ]. Factors 
outside the general models that can impact organelle size are cell cycle timing, spa-
tial limitations imposed by cell size [ 29 ], and mechanical cues such as extracellular 
matrix (ECM) stiffness, strain, and stress [ 32 ]. 

 In this review we focus our attention on what is known about mechanisms of 
nuclear size regulation. Specifi cally, we deal with how nuclear size is infl uenced by 
DNA ploidy, cytoplasmic factors and nucleocytoplasmic transport, nuclear struc-
tural components, and the cytoskeleton. Based on these mechanistic insights, we 
speculate about how nuclear size might impact cell physiology and whether altered 
nuclear size could contribute to cancer development and progression. We end with 
some unresolved questions about how nuclear size infl uences cell function and 
future prospects for clarifying the interplay between altered nuclear size and 
oncogenesis.  

    Ploidy and Nuclear Size 

 Cells from different species range over a 1,000-fold in size. Recognized over a cen-
tury ago and supported by abundant data is the strong positive correlation between 
genome and cell size [ 26 ,  27 ,  33 ,  34 ]. Across the fi ve orders of magnitude spanning 
eukaryotic genome contents, organisms with larger genomes tend to have larger cells. 
Interestingly, no relationship exists between genome size and the number of coding 
genes or organismal complexity. This observation, termed the “C-value paradox,” 
and possible explanations for how it arose have been reviewed elsewhere [ 25 ,  33 ]. 

 Nuclear size scales with cell size over a wide range of species and cell types [ 24 , 
 25 ,  27 ], and cell shape also infl uences nuclear shape via a perinuclear actin cap [ 35 ]. 
Since genome and cell size tend to correlate, it is generally true that species with 
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larger genomes possess larger nuclei (Fig.  1d ). While this suggests that genome size 
[ 25 ,  36 ,  37 ] or ploidy [ 38 ,  39 ] might determine nuclear size, it is important to note 
that these are only correlations. Diverse cell types within the same multicellular 
organism exhibit cell and nuclear size differences despite possessing the same 
nuclear DNA [ 40 ] (Fig.  1e ). Embryonic development and cell differentiation are 
also associated with dramatic cell and nuclear size changes that are independent of 
alterations in genome content [ 41 – 44 ]. Nuclear volume in cardiac myocytes 
increases during normal physiological growth without any changes in DNA content 
[ 45 ], and uncoupling of nuclear size and DNA content is observed during cell dif-
ferentiation in some plants [ 46 ]. In addition to these empirical examples, studies 
experimentally manipulating DNA content in yeast and  Xenopus  also support the 
idea that ploidy is not the only determinant of nuclear size. 

    Yeast Nuclear Size and DNA Content 

 Yeast offers a useful genetic system for investigating nuclear size regulation. 
In growing  Saccharomyces cerevisiae  and  Schizosaccharomyces pombe  cells, it was 
observed that nuclear size increases with cell size throughout the cell cycle main-
taining roughly the same karyoplasmic ratio, the ratio of nuclear to cytoplasmic 
volumes [ 47 ,  48 ]. Importantly there was no abrupt increase in nuclear volume during 
the S phase of the cell cycle as might be expected if bulk DNA directly accounted for 
nuclear size, and a similar result was observed in growing HeLa cells [ 49 ]. Though 
diploid yeast cells and nuclei were proportionately larger than haploids, the impact 
of ploidy on nuclear size is likely indirect, as evidenced by the fact that nuclear size 
was unaffected in a mutant fi ssion yeast strain induced to over-replicate its DNA 
16-fold [ 48 ] (Fig.  1f ). Taken together, DNA content does not appear to directly 
determine yeast nuclear size but may set a minimum to the size of the nucleus.  

    Xenopus Extracts Provide a Model System to Study 
Nuclear Size Regulation 

  Xenopus  egg extracts represent a powerful biochemical system to investigate mecha-
nisms of nuclear size regulation. These extracts constitute undiluted cytoplasms that 
are amenable to biochemical manipulation and have been extensively used to study 
nuclear assembly and import [ 50 ]. Since intact cells are not present, essential pro-
cesses can be studied in an in vitro setting where proteins of interest are immunode-
pleted or inhibited with specifi c antibodies or compounds, and recombinant proteins 
can be added. Nuclei are easily visualized by adding fl uorescent membrane dyes or 
labeled nuclear proteins, and live time-lapse microscopy enables functional assays 
such as monitoring nuclear import and expansion kinetics. Moreover, suffi cient 
material can be obtained for biochemical experiments and protein purifi cation. 
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 Nuclear size regulation can be effectively studied using two related  Xenopus  frog 
species:  Xenopus laevis  and  Xenopus tropicalis. X. laevis  frogs, cells, eggs, and 
nuclei are larger than those of  X. tropicalis. Xenopus  egg extracts contain all the 
cytoplasmic components necessary to assemble nuclei in vitro, but lack the egg 
chromosomes, so assembly is initiated by addition of an exogeneous chromatin 
source, usually demembranated  Xenopus  sperm. Cell cycle control during meiosis in 
 Xenopus  differs signifi cantly from lower eukaryotes in that laid amphibian eggs are 
arrested in metaphase-II of the meiotic cell cycle and are therefore easily manipu-
lated to generate cell-free extracts arrested in defi ned stages of the cell cycle. 
 X.  tropicalis  egg extracts are also capable of reconstituting the fundamental cell cycle 
events that have made  X. laevis  egg extracts so useful in elucidating molecular mech-
anisms of development and cell biology in the absence of the cell. We use the term 
“interspecies scaling” to refer to comparisons between  X. laevis  and  X. tropicalis . 

 Nuclear scaling was recapitulated using  X. laevis  and  X. tropicalis  egg extracts 
[ 51 ]. Addition of the same  X. laevis  chromatin to each extract formed nuclei that 
expanded more rapidly in  X. laevis  egg cytoplasm than in  X. tropicalis  cytoplasm, 
generating nuclei with over twice the nuclear envelope (NE) area. Mixing experi-
ments using extracts from these two frog species produced a graded effect on 
nuclear size, demonstrating that titratable cytoplasmic factors determine the size of 
the nucleus in this system. Importantly, when nuclei were assembled with  X. tropi-
calis  sperm that have approximately half the DNA content of  X. laevis  sperm, 
nuclear size was only minimally smaller, showing that cytoplasm has a greater 
effect on nuclear size than bulk DNA content.  

    Xenopus Development Provides a Model System to Study 
Nuclear Size Regulation 

 Early embryo development represents another robust cellular scaling system 
because cell divisions are rapid with no overall growth in the size of the embryo 
itself. In  X. laevis  the initially ~1.2 mm diameter fertilized egg undergoes 12 rapid, 
synchronous cell divisions (each approximately 30 min), to produce about 4,000 
50 μm cells at the midblastula transition (MBT), also referred to as stage 8.5 [ 52 ]. 
As the embryo proceeds through gastrulation (stages 10–12), further reductions in 
cell size occur, reaching 12 μm in the tadpole [ 53 ]. While  Xenopus  egg extracts 
represent the traditional model system,  Xenopus  embryo extracts can be manipu-
lated and analyzed similarly to egg extracts [ 51 ]. Different stage embryo extracts 
can be mixed and fractionated, and endogenous embryonic nuclei can be examined 
in their native cytoplasm. Changes in scaling factor abundance, localization, and 
activity can be monitored by protein immunoblot and immunofl uorescence. A tran-
scriptomics study comparing  X. laevis  and  X. tropicalis  development facilitates 
analysis of experiments using different stage embryo extracts [ 54 ]. Furthermore, 
microinjected  Xenopus  embryos enable in vivo functional studies of organelle size 
regulation. Single-cell fertilized  X. laevis  embryos can be microinjected with mRNA 

P. Jevtić and D.L. Levy



543

to ectopically express proteins of interest, morpholino oligonucleotides to inhibit 
target mRNA expression, or inhibitory antibodies, as well as with fl uorescent mark-
ers to visualize cells and organelles. 

 Nuclear size was observed to decrease throughout early embryonic development in 
both  X. laevis  and  X. tropicalis , providing another system to investigate nuclear scal-
ing in the absence of DNA ploidy changes [ 51 ,  55 ] (Fig.  1g ). Experimentally halving 
the DNA content in  X. laevis  embryonic nuclei only reduced NE surface area by 
10 %, demonstrating that, like egg cytoplasm, embryo cytoplasm determines nuclear 
size to a greater extent than ploidy. Thus, evidence from many systems supports the 
notion that DNA amount is not the primary determinant of nuclear size, yet it remains 
to be seen what role chromatin compaction plays in nuclear size regulation.  

    Cancer Cell Nuclear Size and Ploidy 

 As already discussed, ploidy and nuclear size generally correlate across species, and 
when comparing the same cell type, cells with higher ploidy are generally larger and 
contain larger nuclei [ 56 ,  57 ]. Many diploid organisms possess cell types that 
undergo endoreplication during their normal development, producing polyploid 
nuclei that tend to be larger than their diploid counterparts [ 58 ,  59 ], though ploidy 
and cell size are not necessarily coupled in plants [ 58 ,  60 ,  61 ]. Consistent with these 
observations, increased ploidy is frequently observed in cancer cells with enlarged 
nuclei, including cancer of the prostate [ 6 ], breast [ 9 ], ovary [ 16 ], thyroid [ 62 ,  63 ], 
and a variety of malignant small round-cell tumors [ 64 ]. 

 However, it is clear that ploidy is not the sole determinant of nuclear size in a vari-
ety of different experimental systems. We have discussed relevant examples in yeast 
and  Xenopus , as well as cited nuclear size variation in different cell types from the 
same species. Ploidy-independent increases in nuclear size are also observed in can-
cer cells, and in fact the correlation between nuclear volume and ploidy in cancer 
cells is frequently weak or nonexistent [ 65 ]. For example, many malignant tumors are 
diploid but still exhibit nuclear morphological changes [ 2 ,  66 ]. A lack of correlation 
between nuclear size and ploidy has been reported in cancers of the bladder [ 18 ,  19 , 
 67 ], colon [ 68 ], breast [ 69 ], lung [ 70 ], skin [ 71 ], cervix [ 72 ], and prostate [ 73 ], as well 
as in tissue culture cells derived from colon cancers and T-cell leukemia [ 74 ]. 
Furthermore, oncogene activation in cultured cells is suffi cient to cause nuclear 
enlargement without changes in DNA ploidy, for instance by RET tyrosine kinase 
activation in thyroid carcinoma [ 75 ] and p300 expression in prostate cancer cells [ 76 ]. 

 Chromatin organization is frequently altered in malignant nuclei, and altered 
ploidy is one possible explanation. Although the underlying causes are largely 
unknown and could be varied, increased nuclear size, even in diploid tumor cells, 
might arise from changes in chromatin structure [ 2 ]. We propose that when it comes 
to nuclear size and ploidy in cancer, it may be informative to distinguish between 
cancers where aneuploidy impacts nuclear size versus those where nuclear size 
increases independently of ploidy. The latter category may be elucidated by the 
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types of mechanistic studies on nuclear size regulation reviewed in this chapter. 
Furthermore, whether nuclear size changes in a given cancer are ploidy-mediated 
may infl uence strategies for diagnosis and treatment.   

    Regulation of Nuclear Size by Cytoplasmic Factors 

 It has long been observed that the karyoplasmic ratio is maintained at a constant value 
in normal cells [ 24 ,  77 ], and classic transplantation experiments support models where 
cytoplasmic volume and components regulate nuclear size. Heterokaryons formed by 
fusing hen erythrocytes with HeLa cells resulted in expansion of the erythrocyte 
nucleus, changes in its chromatin organization, and reactivation of DNA synthesis and 
transcription [ 78 ]. Similarly, somatic nuclei grew when injected into  X. laevis  eggs or 
oocytes [ 79 ,  80 ]. Experimental manipulation of sea snail,  Crepidula plana , embryos 
demonstrated that cytoplasmic volume, and not cell size per se, determined nuclear 
size, as nuclei exposed to larger volumes of cytoplasm grew bigger than nuclei within 
less cytoplasm [ 81 ]. In some cell types it has been observed that nuclear size correlates 
with the ratio of RNA–DNA, expression of ribosomal genes, and general transcription 
rate [ 82 ,  83 ]. Models invoking limiting pools of cytoplasmic components might be 
suffi cient to account for organelle size, number, and scaling [ 29 ]. More recent studies 
offer mechanistic insight into the cytoplasmic factors involved in nuclear scaling, fur-
ther supporting the notion that cytoplasm is the predominant determinant of nuclear 
size, with DNA bulk setting a minimum nuclear size [ 47 ,  48 ,  51 ,  84 ]. 

    Cytoplasmic Volume Regulates Yeast Nuclear Size 

 Yeast cell size can be readily altered by mutation or varied growth conditions. 
Taking this approach, it was demonstrated that budding yeast  S. cerevisiae  cells 
with increased size possessed large nuclei while nuclei were smaller in small cells, 
such that a constant karyoplasmic ratio was maintained [ 47 ]. Interestingly, the size 
of the nucleolus also scaled with cell and nuclear size. Varying growth rate and 
blocking nuclear export both failed to uncouple cell and nuclear size regulation. In 
another study, mutations upregulating phospholipid synthesis caused proliferation 
of NE and endoplasmic reticulum (ER) membrane, but a wild-type karyoplasmic 
ratio was maintained [ 85 ]. Mechanisms that account for these observed scaling rela-
tionships remain to be uncovered, nevertheless, these data suggest that nuclear size 
in budding yeast is determined by cytoplasmic volume. 

 Similar studies were undertaken in fi ssion yeast. Across a 35-fold range of 
 S. pombe  cell sizes, a constant karyoplasmic volume ratio was maintained (Fig.  2a ), 
and nucleolar size also scaled proportionately with nuclear size [ 48 ]. To show how 
cytoplasmic volume affects nuclear size, a cytokinesis mutant was used to generate 
multinucleate cells. Within the same cell, nuclei surrounded by a greater propor-
tional amount of cytoplasm were larger than nuclei exposed to smaller cytoplasmic 
volumes (Fig.  2b ). To uncouple cell and nuclear growth, nuclei in multinucleate 
cells were displaced by centrifugation and then cells were allowed to divide, 
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  Fig. 2    Cytoplasmic volume and nuclear import contribute to nuclear size regulation in a variety of 
experimental systems. ( a ) Nuclear size was examined in different fi ssion yeast cell size mutants 
using the nuclear envelope marker Cut11-GFP. The Wee1 kinase inhibits cyclin-dependent kinase 
and mitotic entry, so the temperature sensitive mutant  wee1   ts   accelerates mitotic entry resulting in 
small cells. The Cdc10 protein acts early in G 1  to regulate commitment to the mitotic cell cycle, so 
the temperature-sensitive mutant  cdc10   ts   delays progression past G 1  leading to larger cells. The 
Cdc25 phosphatase activates cyclin-dependent kinase by removing inhibitory phosphates, so the 
temperature-sensitive mutant  cdc25   ts   exhibits a mitotic delay resulting in increased cell size. 
Larger cells have correspondingly larger nuclei such that a constant karyoplasmic ratio is main-
tained. Image adapted with permission from [ 48 ]. ( b ) Multinucleate fi ssion yeast cells were gener-
ated using cytokinesis mutant  cdc11   ts  . Nuclear volumes were plotted relative to proportional cell 
volumes, defi ned as cytoplasmic volumes separated by the midpoints of two adjacent nuclear cen-
ters or the cell end. Nuclei exposed to larger volumes of cytoplasm are proportionately larger. 
Image adapted with permission from [ 48 ]. ( c ) Interspecies and developmental nuclear scaling in 
 Xenopus  are summarized. Nuclei assembled in  X. laevis  egg extract are larger than nuclei assem-
bled in  X. tropicalis  egg extract, correlating with differences in nuclear import between the two 
extracts. Importin α levels positively regulate nuclear size by controlling bulk import rates, while 
Ntf2 levels negatively regulate nuclear size by slowing large cargo translocation through the 
nuclear pore complex. These two factors are suffi cient to account for interspecies nuclear scaling 
in  Xenopus , and lamin B3 is one importin α cargo required for regulating nuclear size. During early 
 Xenopus  development, nuclear size scales smaller. Reductions in bulk import and importin α levels 
correlate with reductions in nuclear size up to the MBT, and ectopic expression of importin α by 
mRNA microinjection in the early embryo leads to increased nuclear size at the MBT. Image 
adapted with permission from [ 51 ]. ( d ) Wild type and nucleoporin (Nup98A)-chimera-expressing 
 T. thermophila  cells are shown at the same magnifi cation. DNA was stained with DAPI ( blue ). A 
 single arrowhead  indicates the MIC (micronucleus) and a  double arrowhead  indicates the MAC 
(macronucleus). The cell in the  middle panel  is expressing micronucleus-localized mCherry- 
BigMic ( red ). The cell in the far  right panel  is expressing macronucleus-localized mCherry- 
BigMac ( red ). This example demonstrates how variable NPC composition and import within the 
same cell can dictate nuclear size. Image adapted with permission from [ 95 ]       
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generating cells with variable karyoplasmic ratios. In cells with proportionately 
larger amounts of cytoplasm, nuclei expanded rapidly to restore a normal karyo-
plasmic ratio, indicating that the rate of growth of the nucleus can exceed that of the 
cell. Nuclear growth was arrested in cells with high karyoplasmic ratios until cell 
size increased suffi ciently, showing nuclei do not shrink under these conditions. 
Taken together, these experiments established that nuclear growth is causally depen-
dent on cell growth and that the two are not directly coupled [ 48 ].

   To address what cytoplasmic activities might be responsible for nuclear scaling 
in  S. pombe , involvement of the cytoskeleton and nucleocytoplasmic transport were 
tested. While actin fi laments and microtubules were not required to scale nuclear 
size, blocking nuclear export increased nuclear size and the karyoplasmic ratio [ 48 ]. 
Consistent with the idea that NE growth is a result rather than the cause of nuclear 
volume increases, membrane over-proliferation that might be expected to increase 
NE surface area had little effect on nuclear size, and instead NE sheets accumulated 
around the nucleus [ 86 ,  87 ]. Therefore, these data suggested that nucleocytoplasmic 
transport might mediate nuclear scaling by regulating nuclear volume.  

    Nucleocytoplasmic Transport Regulates Nuclear Size 
in Xenopus 

 Consistent with fi ndings in yeast, cytoplasm and nucleocytoplasmic transport also 
scale nuclear size in metazoans. Studies of interspecies scaling in  Xenopus  again 
proved fruitful, demonstrating that differential nuclear import rates can determine 
nuclear size. Nuclear transport pathways have been extensively reviewed elsewhere 
[ 88 ,  89 ]. Nuclear import rates were found to differ between  X. laevis  and  X. tropica-
lis  egg extracts, with  X. laevis  nuclei exhibiting faster import than  X. tropicalis  
nuclei. Notably, the levels of importin α and Ntf2 differed between the two extracts, 
and modulating the levels of these two proteins was nearly suffi cient to account for 
the differences in import and nuclear size between the two species [ 51 ]. While 
importin α levels positively modulated bulk import rates, Ntf2 acted by reducing 
import of large cargo molecules (Fig.  2c ). Lamin B was demonstrated to be one of 
the imported cargos mediating these nuclear size differences, consistent with lamin 
B3 depletion from egg extracts blocking nuclear growth [ 51 ,  90 ]. The nuclear lam-
ins are intermediate fi lament proteins that form a meshwork on the NE nucleoplas-
mic face and are important for chromatin organization and for providing mechanical 
strength to the nucleus [ 91 ]. These experiments provided mechanistic insight into 
an example of interspecies nuclear scaling and highlighted a physiologically rele-
vant role for nuclear import and components of nuclear structure like the lamina. 

 As with interspecies scaling, developmental nuclear scaling in  Xenopus  was also 
shown to involve changes in nuclear import capacity and the lamins. Reductions in 
bulk import and cytoplasmic importin α levels correlated with reductions in nuclear 
size at the MBT, and nuclear size in the embryo was sensitive to importin α levels 
as its ectopic expression in MBT embryos increased nuclear size [ 51 ] (Fig.  2c ). 
At later developmental stages expression of both importin α and lamin B was 
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necessary to increase nuclear size, demonstrating that lamins also become limiting. 
It is worth noting that this import pathway cannot fully account for nuclear size 
changes in the post-MBT embryo. One possibility is that nuclear pore complex 
(NPC) number limits nuclear growth during  Xenopus  developmental progression. 
However, comparisons between different organisms and cell types suggested that 
NPC number is regulated independently of nuclear volume and surface area [ 92 ], 
revealing an inverse relationship between nuclear volume and NPC density [ 93 ]. 
Furthermore, NPC number and nuclear size could be uncoupled in mammalian cells 
where inhibition of cyclin-dependent kinase blocked interphase NPC assembly but 
not nuclear growth [ 49 ]. Open questions remain about what roles nuclear export or 
membrane availability might play in  Xenopus  post-MBT nuclear size regulation, as 
well as other novel scaling mechanisms.  

    Differential Nuclear Import of Histones Regulates  
Tetrahymena thermophila  Nuclear Size 

  Tetrahymena thermophila  offers a unique system in which to investigate mecha-
nisms of nuclear size control within the same cell.  Tetrahymena  is a ciliated proto-
zoan that possesses two morphologically and functionally distinct nuclei. The 
micronucleus (MIC) is small, transcriptionally inert, and contains a diploid genome 
originating from the zygote. The macronucleus (MAC) on the other hand is much 
larger, being generated by programmed DNA rearrangements and amplifi cations. 
Linker histone H1 was shown to be one factor determining nuclear size in this sys-
tem. Different H1 isoforms are specifi cally targeted to each nucleus, and deleting 
one nucleus-specifi c isoform enlarged that nucleus without affecting the size of the 
other [ 94 ]. It was demonstrated that NPC differences in the MAC and MIC nuclei 
determine correct H1 targeting. Nucleoporin domain swapping experiments showed 
that MAC nuclei contain NPCs composed of nucleoporin isoforms that mediate 
transport of a certain subset of importin α transport receptors responsible for import-
ing MAC-specifi c H1. On the other hand, NPCs in MIC nuclei recognize a different 
set of importin α isoforms that import MIC-specifi c H1 [ 95 ,  96 ] (Fig.  2d ). How H1 
itself affects nuclear size, whether through altered chromatin structure or gene 
expression, is an open question. Interestingly, this example illustrates a different 
way in which nuclear import can contribute to nuclear scaling, through altered NPC 
composition, and is consistent with other studies in which manipulating the compo-
sition of the NPC caused concomitant changes in nuclear size [ 97 ,  98 ].  

    Might Altered Nucleocytoplasmic Transport in Cancer Cells 
Account for Increased Nuclear Size? 

 Nuclear import plays a central role in both cell differentiation and transformation. 
Switching expression of importin α isoforms and alterations in NPC composition 
are involved in the differentiation of embryonic stem cells into disparate cell 
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lineages [ 99 – 101 ]. Lymphocyte activation is also characterized by changes in 
importin α expression and subcellular localization [ 102 ]. Altered nuclear transport 
is frequently observed in transformed cells. For instance, importin α expression is a 
reliable biomarker for aggressive cancers as its levels are elevated in metastatic 
breast [ 103 ,  104 ] and non-small-cell lung cancer [ 105 ]. In addition, changes in the 
nuclear transport machinery or NPC can mislocalize transcription factors or 
 oncoproteins contributing to cellular transformation [ 106 – 109 ]. Nevertheless, while 
trends have been observed, the cause and effect relationships between altered 
nuclear size and transport in cancer remain to be elucidated. 

 Nuclear import is emerging as a common mechanism for regulating nuclear size. 
In some systems, control is mediated by the import factors themselves, determined 
by which isoforms are expressed and at what levels. In other systems, the composi-
tion of the NPC is important, modulating the identity and size of cargos that are 
imported. Given these mechanistic insights into nuclear size regulation, a particu-
larly intriguing hypothesis is that altered nuclear import in some cancers might 
account for their increased nuclear size. Although this idea awaits direct experimen-
tal testing, it has been proposed that viable therapeutic approaches may be to target 
the nuclear transport machinery [ 107 ,  110 ] and nuclear size [ 111 ].   

    The Nuclear Lamina in Nuclear Size Regulation and Cancer 

 Structural components of the NE likely play an important role in defi ning nuclear 
size. While the outer NE is continuous with the ER, the inner NE is lined with the 
nuclear lamina and chromatin on the nucleoplasmic side. The nuclear lamina is a 
meshwork of lamin intermediate fi laments important for chromatin organization, pro-
viding mechanical strength to the nucleus [ 112 ,  113 ], and regulating transcription and 
DNA metabolism [ 114 ]. Expression of different lamin isoforms is developmentally 
regulated [ 115 ], with the four major vertebrate lamin proteins being lamins B1 and 
B2 (coded by two separate genes,  LMNB1  and  LMNB2 ) and lamins A and C (alterna-
tively spliced products of the lamin A gene,  LMNA ). Lamins C2 and B3 are germ-
cell-specifi c lamins alternatively spliced from  LMNA  and  LMNB2 , respectively [ 116 ]. 

    Lamin and Lamin-Associated Proteins Regulate Nuclear 
Envelope Growth 

 Lamin proteins are good candidates as regulators of nuclear size. We have already 
described nuclear size control in  Xenopus  that is regulated by lamin B3 import, the 
major egg lamin required for NE growth [ 51 ,  90 ,  117 ]. Lamins also regulate nuclear 
size during early  Xenopus  development, where ectopic expression of importin α    and 
lamin B3 increased nuclear size at the MBT. During frog, chicken, and mouse 
development, lamin expression patterns change [ 118 – 120 ] and different isoforms 
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are expressed in different cell types [ 121 ,  122 ]. It will be interesting to test the idea 
that the type of lamin expressed might differentially control nuclear size. A tantaliz-
ing clue comes from experiments comparing the effects on NE growth of overex-
pressing lamins with and without a C-terminal CaaX box, a motif targeted for 
post-translational farnesylation and localization to the inner nuclear membrane 
(INM). Expression of lamins containing a CaaX motif in  Xenopus  A6 cells induced 
NE proliferation, but not if this site was mutated or when lamins naturally lacking 
this motif were expressed [ 123 ]. 

 INM proteins like lamina-associated polypeptide 2 (LAP2), emerin, and MAN1 
(LEM-2) can contribute to nuclear size regulation due to their interactions with 
lamins and infl uence on lamina organization. Knocking down INM and lamin pro-
teins in  Caenorhabditis elegans  resulted in small nuclei and a concomitant defect in 
centrosome attachment [ 124 ]. The LAP2 family includes seven alternatively spliced 
mammalian proteins [ 125 ] and LAP2 isoforms contribute to chromatin and lamina 
organization [ 126 ]. Microinjection of the lamin-binding domain of LAP2β into 
HeLa cells strongly inhibited nuclear expansion, suggesting that LAP2 functions in 
growth of the nuclear lamina and NE [ 127 ]. Similar effects of LAP2β fragments on 
NE growth were observed in an in vitro  Xenopus  system [ 128 ], and nuclear size was 
also reduced upon immunodepletion of a LAP2-associated protein, TPX2 [ 129 ]. 
Lamin B receptor has also been implicated in NE membrane growth, through its 
sterol reductase activity and/or lamina interactions [ 130 ]. These data further support 
the idea that nuclear lamina dynamics regulate NE growth.  

    Lamin-Like Proteins Regulate Nuclear Envelope Growth 

 Though not all organisms possess canonical nuclear lamins, many have lamin-like 
proteins that contain lamin structural motifs (including coiled coil, nuclear localiza-
tion signal [NLS], and C-terminal farnesylation sequences) and can infl uence 
nuclear size. In early  Drosophila melanogaster  development, signifi cant nuclear 
growth occurs during cellularization with a 2.5-fold increase in nuclear length. 
A NE component similar to lamins, kugelkern (kuk), was shown to be responsible 
for this nuclear elongation and expansion [ 131 ]. The expression of kuk is upregu-
lated at the time of cellularization, coinciding with nuclear expansion. The kuk pro-
tein exclusively localizes to the NE, and its overexpression in embryos resulted in 
ruffl ed and abnormally shaped nuclei likely due to extensive NE expansion. Ectopic 
kuk expressed in  Xenopus  tissue culture cells localized to the NE and caused signifi -
cant nuclear growth, which was diminished when the coiled coil, NLS, or farnesyl-
ation sequences were deleted. 

 Although there are no obvious yeast lamin orthologs, there are yeast proteins that 
may serve a homologous function to the nuclear lamina in higher eukaryotes. 
Fission yeast LEM-domain protein (LEM, Lap2/emerin/Man1) Lem2 is an integral 
nuclear membrane protein important for NE integrity and chromatin organization, 
and Lem2 overexpression induces NE proliferation [ 132 ,  133 ]. Budding yeast Heh1 
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and Heh2 are also LEM-family proteins that localize to the INM [ 134 ]. Lamin-like 
proteins have been identifi ed in  Dictyostelium  [ 135 ] and  Trypanosoma brucei  [ 136 ], 
and two homologous  Arabidopsis thaliana  proteins, encoded by  LITTLE NUCLEI  
genes ( LINC1/2 ), localize to the nuclear periphery. Reducing  LINC1/2  expression 
levels resulted in smaller nuclei, with the double mutant having an additive effect 
producing nuclei with half the volume of wild-type [ 137 ].  A. thaliana  seeds possess 
characteristically small nuclei, dependent on the seed maturation regulator  ABI3 , 
and increases in nuclear size that occur during germination require  LINC1/2  [ 138 ]. 
Thus, these lamin-like proteins behave similarly to bona fi de lamins and play simi-
lar roles in regulating nuclear size.  

    Do Lamins Regulate Nuclear Size in Cancer Cells? 

 In many tumors, aberrant lamin expression or localization correlate with a vast 
range of cellular processes involved in tumor progression, such as control of nuclear 
size and shape, chromatin organization, gene expression, apoptosis, and senescence 
[ 139 ]. The level of altered lamin expression depends on the subtype of cancer, its 
aggressiveness, proliferative capacity, and degree of differentiation [ 140 ]. For 
example, some lung, intestinal, and skin squamous cell carcinomas exhibit reduced 
B-type lamin expression [ 141 – 143 ], while lamin B1 expression is frequently ele-
vated in hepatocellular carcinoma (HCC) and prostate cancer [ 139 ]. In HCC, lamin 
B1 expression levels correlated with tumor stage, and circulating levels of lamin B1 
could be successfully used as a marker for detection of early stage disease [ 144 ]. 

 A-type lamins are also differentially expressed in cancers. In general, lamin A/C 
expression is low or absent in poorly differentiated, highly proliferative tumors, for 
instance in basal and squamous cell carcinomas [ 140 ,  143 ], although elevated levels 
of lamin A/C were detected in ovarian cancers [ 145 ] and were associated with 
increased mortality in colorectal cancer [ 146 ]. Another example is small-cell lung 
carcinoma (SCLC) exhibiting reduced lamin A/C levels relative to non-SCLC, 
which might contribute to the nuclear structural differences used to differentiate 
between these two cancers [ 142 ,  147 ]. Expression of lamina-associated proteins can 
also vary in tumors. As one example, LAP2β levels were signifi cantly increased in 
colorectal adenocarcinoma, ovarian carcinoma, and SCLC, which may account for 
the increased size of these cancerous nuclei [ 148 ]. 

 Given established mechanistic links between nuclear size and lamins, it is pos-
sible that changes in lamin expression levels and isoforms might determine the size 
and shape of cancer nuclei. This, in turn, could infl uence nuclear structure, chroma-
tin organization, gene positioning, and gene expression, contributing to malignant 
progression. Future research is necessary to directly test these hypotheses. 
Nonetheless, lamin levels and localization patterns in tumors are often useful as 
biomarkers for diagnosis and prognosis of different cancers [ 23 ]. For instance, 
immunofl uorescence staining for lamin B and emerin was used to assess NE pleo-
morphism in breast cancer and found to be superior to classical histological grading 
procedures (Fig.  3a ) [ 149 ].
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        Perinuclear Structures that Infl uence Nuclear Size 

    The Cytoskeleton and Nuclear Size 

 Linker of nucleoskeleton and cytoskeleton (LINC) complexes consist of families of 
proteins that connect the nuclear lamina with the cytoskeleton through the NE [ 150 ]. 
These connections are mediated by interactions between INM SUN-domain contain-
ing proteins, including Sun1/2, and outer nuclear membrane KASH-domain proteins 
that directly or indirectly bind actin, such as Nesprins [ 151 ]. LINC complexes per-
form diverse cellular functions, including roles in cell division, regulating nucleus–
centrosome attachments, and nuclear migration and anchorage [ 152 ]. There is 
growing evidence that these proteins are also important for regulating nuclear size. 

 Nesprin-2 Giant regulates nuclear size and epidermal thickness in mice [ 153 ]. 
Knockout epidermis lacking the N-terminal actin binding domain (ABD) of 
Nesprin-2 Giant showed no difference in proliferation and differentiation compared 
to wild-type; however, fi broblasts and keratinocytes from knockout mice exhibited 
large and severely misshapen nuclei with mislocalized emerin, reduced function in 
a wound healing assay, and slower rates of cell migration. Signifi cant thickening of 
the epidermis was also observed, possibly as a consequence of increased nuclear 
size. Therefore, it appears that Nesprin-2 Giant function relies on its ability to main-
tain NE morphology and regulate nuclear size through interactions with the lamina 
and actin cytoskeleton. 

 Various Nesprin isoforms are able to associate with one another, and these inter-
actions contribute to nuclear size regulation. The ABDs of Nesprin-1/-2 interact 
with Nesprin-3 in human keratinocyte cells (HaCaT cells). Overexpressing either 
Nesprin-2 ABD or Nesprin-2 C-terminal KASH domain increased nuclear size. 
Conversely, overexpression of Nesprin-2 mini, a construct composed of both the 
ABD and KASH domain but lacking most of the centrally located spectrin repeats, 
decreased nuclear size in HaCaT cells [ 154 ] (Fig.  3b ). This confi rmed the idea that 
the number of spectrin repeats within the Nesprin-2 rod domain is important in 
regulating nuclear size. The observed Nesprin-2 mediated nuclear size changes 
were accompanied by analogous cellular size changes suggesting that nuclear and 
cell size are concomitantly regulated. Nuclear size reductions caused by Nesprin-2 
mini overexpression were further enhanced by Nesprin-3 co-expression or actin 
depolymerization. The model proposed from these data was that Nesprin interchain 
interactions and their links with the cytoskeleton form a belt-like fi lamentous net-
work that covers the outer surface of the nucleus to regulate size (Fig.  3c ). A similar 
model for nuclear size regulation can be invoked for the nuclear lamina acting on 
the nucleoplasmic face of the NE. 

 LINC complex proteins have been implicated in oncogenesis. In a screen for 
genes that are mutated at high frequency in cancer,  SYNE2  ( NESPRIN-2 ) was altered 
in 3 out of 11 breast cancers examined, and  SYNE1  ( NESPRIN-1 ) was mutated in 5 
out of 11 colorectal cancers (CRCs) [ 155 ]. CRC progression is characterized by 
transcriptional silencing of a set of genes by promoter CpG island hypermethyl-
ation.  SYNE1  is one such gene that exhibited promoter methylation in all 102 
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  Fig. 3    Components of the nuclear envelope and perinuclear structures infl uence nuclear size and 
morphology. ( a ) The  left panel  shows nuclei visualized by fl uorescent tagging of membrane- 
associated lamin B from BT474 breast cancer cells, revealing NE irregularities and intranuclear 
tubules. The  right panel  shows nuclei stained by immunofl uorescence for emerin in a histologi-
cally low-grade ductal carcinoma, with NE invaginations and indentations that could not be 
observed by H and E stain. Note that these images are intended to depict NE pleomorphism in 
cancer cells, and as such the two images are not shown at the same magnifi cation. Images adapted 
with permissions from [ 149 ]. ( b ) HaCaT cells transiently transfected with the actin-binding 
domain of Nesprin-2 fused to GFP (Nes-2 ABD;  top two right panels ) exhibit larger nuclei than 
untransfected controls ( left panel ). Transient transfection of Nesprin-2 lacking the spectrin 
repeats and fused to GFP (Nes-2 mini;  bottom panels ) reduces nuclear size. GFP ( green ) and 
DNA DAPI ( blue ) staining are shown. Scale bar, 10 μm. Images adapted with permission from 
[ 154 ]. ( c ) The model depicts how different Nesprin isoforms interact with each other and the 
cytoskeleton. Alignment of Nesprin-1/-2 Giant isoforms at the surface of the NE might form an 
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analyzed CRC samples, indicating epigenetic modifi cation of  SYNE1  is important 
in CRC development [ 156 ]. Genotyping single nucleotide polymorphisms in a large 
population-based case-control study identifi ed a correlation between  SYNE1/
NESPRIN-1  gene polymorphisms and increased risk of invasive ovarian cancer 
[ 157 ]. Furthermore, Nesprin-1 expression was downregulated 20- to 180-fold in a 
majority of ovarian and mammary tumors, as well as in early stage carcinomas and 
metastases of the uterus, cervix, kidney, lung, thyroid, and pancreas. Thus, reduced 
Nesprin expression could serve as a biomarker for early tumor detection [ 158 ]. 
Taken together, these studies suggest possible links between Nesprin alterations, 
nuclear morphological changes, and cancer cell migration and invasiveness.  

    The Endoplasmic Reticulum and Nuclear Size 

 In addition to the cytoskeleton, another perinuclear structure that may play a role in 
regulating nuclear size is the ER. The ER is an interconnected network of lipid 
bilayer tubules and sheets that is continuous with the NE. Molecules responsible for 
shaping the ER include proteins in the reticulon (Rtn) and REEP families that form 
ER tubules, likely by inserting a hydrophobic wedge into lipid bilayers to induce 
membrane curvature [ 159 ,  160 ]. These proteins were suffi cient in vitro to shape 
liposomes into tubules [ 161 ]. Rtns are also important for stabilizing high curvature 
membranes at the edges of ER sheets, with Climp63 acting as a spacer to set sheet 
width [ 162 ]. Atlastins fuse ER tubules to generate the three-way junctions charac-
teristic of ER morphology [ 163 ,  164 ]. 

Fig. 3 (continued) extranuclear fi lamentous network that functions as a molecular “belt” to set 
nuclear size. IFs refer to intermediate fi laments. Image adapted with permission from [ 154 ]. 
( d ) U2OS cells were transfected with Sec61-GFP (to visualize the ER and NE) and scrambled 
RNA oligos (“scrambled”) or siRNA oligos directed against Rtn1, Rtn3, and Rtn 4 (“3 Rtn 
siRNA”). Reticulon knockdown reduces ER tubule formation in favor of ER sheets, accelerates 
NE formation, and increases nuclear size. Scale bar, 20 μm. The panels to the right show nuclei in 
U2OS cells, visualized with GFP-NLS. Nuclear surfaces were reconstructed from confocal z 
stacks. Control cells (top) and cells overexpressing V5-Rtn4 ( bottom ) are shown at the same mag-
nifi cation. Images adapted with permission from [ 166 ]. ( e ) Embryonic mesenchymal stem cells 
were grown on neurogenic, soft gels (1 kPa), myogenic gels (11 kPa), and stiff, osteogenic gels 
(34 kPa). Focal adhesions were visualized with an anti-paxillin antibody ( green ), nuclei are labeled 
( blue ), and images are shown at the same magnifi cation. Adhesions grow from undetectable dif-
fuse “contacts” on soft gels to punctate adhesions on stiffer gels, becoming long and thin on the 
stiffest gels. Nuclear size reductions correlate with increased matrix stiffness. Image adapted with 
permission from [ 186 ]. ( f ) The model depicts the protein connections that link the NE, cytoskele-
ton, cell periphery, neighboring cells, and ECM. Changes in mechanical forces are transmitted 
from the ECM and neighboring cells through integrin and cadherin surface receptors, respectively. 
The actin and microtubule cytoskeleton along with associated motor proteins transduce these 
forces to the nucleus through connections with NE proteins such as the Nesprins. In turn, the 
nuclear lamina can modulate nuclear architecture and gene expression. Image adapted with per-
mission from  Development  [ 185 ]       
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 The NE is a specialized domain of the ER and as such Rtn levels can impact 
nuclear size by affecting the relative proportion of ER tubules to NE sheets. 
Membrane responsible for NE formation and expansion is derived from the ER, so 
it is possible that ER could become limiting for nuclear growth [ 165 ]. In support of 
this idea, overexpression of Rtns in tissue culture cells increased ER tubulation and 
concomitantly reduced NE surface area, demonstrating how size control of two 
organelles can be interconnected [ 166 ] (Fig.  3d ). The model proposed from these 
experiments is that a tug-of-war relationship exists between membranes of the ER 
and NE [ 166 ]. This relationship could be modulated by INM proteins that bridge the 
lamina and chromatin [ 167 ] as well as SUN-KASH proteins that link the NE and 
cytoskeleton [ 168 ]. 

 Rtn4a was found to be overexpressed in malignant brain tumor (glioma) cells 
[ 169 ], while Rtn4 Interacting Protein1 (Rtn4IP1) was downregulated in thyroid can-
cers, correlating with larger primary tumor size and other malignant phenotypes 
[ 170 ]. Rtn4IP1 may infl uence Rtn4 function and its low expression in thyroid can-
cer might alter the ability of Rtn4 to shape ER tubules.  RTN1  was upregulated in 
malignant pancreatic carcinoma [ 169 ], diffusely infi ltrating gliomas [ 171 ], and neu-
roendocrine tumors [ 172 ,  173 ], correlating with histological grade and prognosis. 
Increased expression of reticulons may affect nuclear size in these neural and endo-
crine tumors [ 174 ]. For example, high-level reticulon expression could have a domi-
nant negative effect that reduces ER tubule formation in favor of ER sheet and NE 
expansion. Alternatively, altered reticulon expression might not be linked to 
increased nuclear size in these cases [ 21 ,  175 ,  176 ]. Examination of ER morphology 
in these cancer cells could prove quite informative.   

    Extracellular Matrix Stiffness, Nuclear Size, 
and Cancer Progression 

 Mechanical force from the ECM is transmitted intracellularly from focal adhesions 
to nuclear LINC complexes and the lamina, via the actin-myosin cytoskeleton 
 [ 177 – 181 ]. Due to the stiffness and elasticity of the nuclear lamina, which functions 
as a “molecular shock absorber,” the nucleus changes its size and shape in response 
to transduced force, potentially altering chromatin structure, organization, and gene 
expression [ 182 ]. Tissue stiffness regulates cell physiology and morphology during 
cell migration [ 183 ], cell contraction [ 184 ], differentiation, tissue and organ develop-
ment [ 181 ,  185 ], and carcinogenesis [ 179 ]. For instance, naive embryonic mesenchy-
mal stem cells transform into neurogenic cells if cultured in vitro using soft 
collagen-coated gels that mimic brain. Stiffer gels that mimic muscle promote myo-
genesis, and rigid gels similar to collagenous bone lead to osteogenesis [ 186 ] (Fig.  3e ). 

 Integrins and cadherins are major components of focal adhesions that are some-
times altered in cancer. In one example, cell surface and total β1 integrin levels were 
shown to be higher in a malignant breast cancer cell line compared to the breast 
epithelial cell line from which it was derived [ 187 ]. Upon β1 integrin inhibition, 
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tumor reversal was observed in 3D cultures characterized by the formation of acinar 
structures, establishment of normal cell-cell contacts, cellular polarization, cell dif-
ferentiation and growth arrest, and reduced nuclear size. Furthermore, these cells 
exhibited reduced tumorigenicity when inoculated into nude mice. Thus, cancer cell 
interactions with the ECM may directly or indirectly infl uence nuclear size and 
cancer severity. 

 Qualitative and quantitative changes in ECM components, focal adhesions, and 
gene expression impact the bidirectional fl ow of signal transduction information 
between the ECM and the nucleus (Fig.  3f  ). These changes are interconnected and 
can affect tumor progression and invasiveness. Cancer cells generally display 
decreased cell-cell contacts and ECM attachments, corresponding to increased pro-
liferation, motility, infi ltrative potential, and metastasis [ 188 ]. These cells are there-
fore exposed to reduced ECM stiffness and mechanical force, potentially contributing 
to the increased nuclear size usually observed in cancer. Future work is necessary to 
directly test this hypothesis.  

    Future Directions 

 A common mechanistic theme in nuclear size regulation is the role of nuclear import 
and NE structural components, especially the nuclear lamins. Though not all organ-
isms possess canonical lamins, proteins with structural homology to the lamins 
often function in nuclear size regulation. Screening for proteins with lamin struc-
tural motifs, including coiled-coils, NLS, and C-terminal farnesylation sequences, 
may uncover additional regulators of nuclear size. We have discussed examples 
where nuclear import factors, NPC and NE components, the ER, and the cytoskel-
eton contribute to nuclear size. Many questions remain regarding mechanisms and 
functions of nuclear size control and their relevance to oncogenesis. 

    Mechanisms of Nuclear Size Regulation 

 Evidence from many systems supports the notion that DNA amount is not the pri-
mary determinant of nuclear size, but it remains to be seen what role chromatin 
compaction plays in nuclear size regulation. While limiting lamin import can restrict 
nuclear size, it is unknown how precise concentrations of the import factors and 
lamins are determined [ 29 ]. Another open question is how a steady-state, equilib-
rium nuclear size is maintained. Perhaps there exist activities that balance NE 
expansion, such as the tug-of-war relationship between membranes of the ER and 
NE discussed earlier [ 166 ]. Besides nucleocytoplasmic transport and ER/NE bal-
ance, lipid homeostasis may also impinge on nuclear size regulation. 

 Changes in nuclear shape are frequently observed in cancer cells in addition to 
increased nuclear size. Invaginations of the NE, termed the nucleoplasmic reticulum, 
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are features of normal cells that can become exaggerated in cancer nuclei [ 189 ]. 
Several studies suggest a role for lipid homeostasis in nuclear size and shape regula-
tion. Mutations in chromatin-remodeling [ 190 ], integral ER [ 191 ], and INM [ 192 , 
 193 ] proteins all resulted in NE proliferation that could be reversed by addition of 
chemicals that increase membrane fl uidity, such as benzyl alcohol. A role for vesicu-
lar traffi cking in nuclear size and shape regulation has also been demonstrated [ 85 ]. 
Nuclear shape regulation has been the subject of several excellent reviews [ 114 ,  194 ] 
that propose the following particularly intriguing hypothesis linking the regulation 
of nuclear size and shape. The karyoplasmic ratio is critically important for cell 
function as it is maintained in response to cell and nuclear size changes and is altered 
in disease states. Changes in nuclear size may manifest as nuclear shape changes in 
order for the cell to maintain a constant karyoplasmic ratio [ 85 ,  114 ]. Thus, changes 
in the shape of cancer cell nuclei may be a manifestation of altered nuclear size. 

 Nuclear size defects in cancer may result from changes in nuclear composition. 
For instance, tumor-specifi c nuclear matrix proteins are expressed in certain bone, 
prostate, and bladder cancers [ 195 – 199 ], and these proteins are sometimes used as 
cancer-specifi c proteomic markers [ 2 ,  200 ]. Mutations in NE components associ-
ated with various types of cancer have been thoroughly reviewed elsewhere [ 23 ]; 
however, it remains to be directly tested if and how these changes in NE proteins 
affect nuclear size. Another outstanding question is how nuclear size is sensed and 
regulated relative to the size of the cell. Some cancers are associated with changes 
in the karyoplasmic ratio [ 201 – 203 ], while in other cancers cell and nuclear size 
increase concomitantly, maintaining a normal karyoplasmic ratio [ 204 – 209 ]. Thus, 
elucidating mechanisms responsible for scaling nuclear size with cell size may have 
important implications for disease diagnosis and treatment.  

    Functions of Nuclear Size Regulation 

 Another signifi cant question is the functional relevance of nuclear size regulation. 
We have already discussed several examples where functions for nuclear size con-
trol have been demonstrated or proposed (Fig.  4 ). For instance, during early  C. ele-
gans  development, centrosome attachment to the male pronucleus is critical, and 
defects in this process have developmental consequences. It was shown that NE 
surface area dictates centrosome attachment, likely by regulating the access of cen-
trosome microtubules to dynein localized at the NE [ 124 ]. During early develop-
ment in many organisms there are dramatic changes in the karyoplasmic ratio that 
correlate with the timing of developmental transitions, like the MBT [ 210 – 212 ]. It is 
tempting to speculate that nuclear size might play a functional role in this process.

   What are the functional consequences of altering nuclear size? One hypothesis is 
that nuclear size directly affects chromatin organization and gene expression [ 213 ]. 
Enlarged nuclei are often observed in cells adjacent to a tumor, and these cells 
appear otherwise normal by histology [ 214 – 218 ]. As one example, morphologically 
normal lobules of the mammary gland adjacent to breast cancer were found to pos-
sess genetic aberrations characteristic of hyperplastic, premalignant, and malignant 
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breast epithelium [ 219 ]. One explanation for this “fi eld effect” is that genetic altera-
tions leading to cancer occur in a stepwise fashion, and cells in the fi eld around the 
tumor represent a clonal population arising from an early genetic change that was a 
precursor to carcinogenesis. Indeed, evidence supports the idea that many somatic 
mutations occur prior to tumor initiation [ 220 ]. By this model, precancerous muta-
tions that alter nuclear size could be priming events in cancer development. 
Restructured nuclear morphology would disrupt chromatin positioning, thereby 
altering transcriptional profi les. This, in turn, could directly contribute to cancer 
progression or promote additional genetic alterations [ 66 ]. Critical questions are if 

  Fig. 4    Functions of nuclear size. In all diagrams, the NE is depicted as a  black circle  or  oval  and 
chromatin is shaded  blue . ( a ) Expression of the lamin-like protein Kugelkern ( green ) during 
 Drosophila  cellularization increases nuclear volume and is important for proper zygotic gene expres-
sion. Chromocenters, clusters of centromeric chromatin, are depicted as  dark blue circles  that become 
apically localized during cellularization [ 131 ]. ( b ) Deletion of  Arabidopsis  lamin-like proteins Linc1 
and Linc2 ( red ) leads to reductions in nuclear, cell, and plant size, as well as defects in gene expres-
sion during seed maturation. Small nuclei also have fewer chromocenters, depicted as  dark blue cir-
cles  [ 137 ,  138 ,  236 ]. ( c ) During early  Xenopus  embryonic development, nuclear size decreases 
concomitantly with reductions in importin α levels and lamin B3 ( orange ) import [ 51 ,  55 ]. We specu-
late that nuclear size changes may contribute to developmental timing events. ( d ) The  C. elegans  
male pronucleus must have suffi cient NE surface area for effi cient attachment of microtubules from 
both centrosomes ( green ). Loss of integrity of the nuclear lamina ( orange ) results in small nuclei, 
centrosome attachment defects, and failed pronuclear migration and mitosis [ 124 ]. ( e ) Nesprin-2 
Giant ( purple ) is an outer nuclear membrane protein that contacts the actin cytoskeleton ( red ). 
Reduced expression of Nesprin-2 Giant in the mouse leads to increased nuclear size and epidermal 
thickness, as well as defective wound healing [ 153 ]. Image adapted with permission from [ 84 ]       
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enlarging nuclei in primary cells is suffi cient to confer malignant growth, and con-
versely, if reducing nuclear size in cancer cells mitigates their proliferation. 

 Within the nuclear space, chromosomes and genes are non-randomly arranged. 
The three-dimensional positioning of chromatin and its attachments to the lamina 
infl uence gene expression profi les [ 221 ]. Spatial proximity of specifi c genes under-
lies the chromosomal translocations that give rise to many cancers, especially leu-
kemias and lymphomas [ 222 ]. How might altered nuclear size promote 
tumorigenesis? One idea is that changes in nuclear size and morphology disrupt 
chromatin positioning in the nucleus, thereby altering gene expression patterns and 
converting a cell into a cancerous state or contributing to more aggressive growth of 
an already malignant cell [ 66 ,  213 ]. In support of this, increased nuclear volume in 
the G 1  phase of the cell cycle correlated with decreased chromatin condensation and 
enhanced proliferation [ 223 ]. Future work will address how nuclear size affects 
subnuclear organization and function. 

 A number of studies have demonstrated that chromatin organization is dynamic 
and impacts gene expression [ 224 ]. Chromatin is dynamically regulated during cell 
differentiation [ 225 – 227 ], and genome organization infl uences cell migration [ 228 ] 
and regional mutation rates in human somatic cells [ 229 ]. Changes in chromatin 
pattern and texture are frequently observed in cancer cells and there are a variety of 
potential underlying causes including altered chromatin positioning, chromatin 
remodeling and modifi cations, altered DNA ploidy, and changes in proteins of the 
NE and NPC [ 2 ,  23 ]. An open question is whether such chromatin changes directly 
modulate nuclear size or if altered genome organization infl uences expression of 
nuclear scaling factors, thus increasing nuclear size in cancer cells. 

 Embryo development and cancer progression exhibit many similarities with 
respect to cell proliferation, cell migration, epigenetic regulation, gene expression, 
and signaling. Studies suggest that cancer may arise from reactivation of develop-
mental programs that are downregulated after embryogenesis [ 230 – 232 ]. 
Understanding mechanisms that control developmental nuclear scaling and how 
nuclear size contributes to developmental progression will inform how nuclear size 
and function become deregulated in cancer.      
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    Abstract     The architecture of the cell nucleus in cancer cells is often altered in a 
manner associated with the tumor type and aggressiveness. Therefore, it has been 
the central criterion in the pathological diagnosis and prognosis of cancer. However, 
the molecular mechanism behind these observed changes in nuclear morphology, 
including size, remains completely unknown. Based on our current understanding 
of the physiology of the nuclear pore complex (NPC) and its constituents, which are 
collectively referred to as nucleoporins (Nups), we discuss how the structural and 
functional ablation of the NPC and Nups could directly or indirectly contribute to 
the changes in nuclear size observed in cancer cells.  
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  NTR    Nuclear transport receptor   
  Nup    Nucleoporin   
  ONM    Outer nuclear membrane   

          Introduction 

 The nucleus is the cellular compartment that encloses the nuclear genome with a 
double-lipid bilayer nuclear envelope (NE) [ 1 ]. The active and passive exchange of 
molecules between the nucleus and cytoplasm is mediated through nuclear pore com-
plexes (NPCs) embedded in the NE. The NPC is a huge macromolecular assembly 
with a calculated molecular mass of 60 MDa in vertebrates [ 2 ]. It is formed from 
multiple copies of 30 different proteins that are collectively referred to as nucleopo-
rins (Nups). The molecular architecture of the NPC was modeled through integrative 
approaches using diverse biophysical and proteomic data [ 3 – 5 ]. Importantly, many 
Nups have phenylalanine-glycine (FG) repeats that extend into and fi ll the central 
transport channel, thus determining the limitations and selectivity of pore permeabil-
ity by creating a diffusion barrier. The molecular mechanisms regulating nucleocyto-
plasmic transport have also been extensively studied [ 6 – 8 ]. Briefl y, the nuclear 
transport of most macromolecular cargo begins when it binds to soluble nuclear trans-
port receptors (NTRs), such as importins/exportins/transportins/karyopherins, p10/
NTF2, TAP/p15, or Hikeshi [ 7 – 9 ]. The complex then moves through the NPC diffu-
sion barrier by interacting with the FG repeat-containing Nups (FG-Nups) until it 
reaches its destination compartment where the cargo is released. In the case of impor-
tins, the small GTPase Ran plays a critical role in this transport termination step. 

 The structural integrity of the nucleus is predominantly supported internally by 
the nuclear lamina, a proteinaceous layer composed of proteins encoded by the 
lamin A/C and lamin B genes and their associated proteins [ 10 ]. Cancer cells are 
often distinguished by a large nucleus with abnormal shapes [ 11 ]. Consistent with 
this observation, mutations and changes in the abundance of lamina proteins are 
often associated with different cancers [ 12 ,  13 ]. Because the nuclear import of lam-
ina protein components through NPCs is a prerequisite for enlarging the nuclear 
volume, malfunction of NPCs and/or soluble nuclear transport factors may also play 
a critical role. Not only can the genetic mutation of the nuclear transport machinery 
(NPC, NTRs) play a determining role in this malfunction, but the genetic mutation 
in the NLS of their transport cargo could also be a primary cause of malfunction. In 
addition to the classic role of the NPC as a portal for nucleocytoplasmic transport, 
transport-independent roles of the NPC and Nups, such as their roles in nuclear 
organization, transcriptional regulation, and mitotic progression, have been exten-
sively studied during the past decade [ 14 – 16 ]. Taking these fi ndings into consider-
ation, another scenario is also possible. The malfunction of the NPCs and Nups 
during these transport-independent roles may occur fi rst and disrupt cellular homeo-
stasis, which could then indirectly result in changes in NPC function and conse-
quent increase in nuclear volume (Fig.  1 ).
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   In this review, we fi rst discuss how NPCs may contribute to controlling nuclear 
size. Next, we list the physical and functional changes that may occur to the NPC 
and Nups in cancer cells and discuss how these changes could account for the 
nuclear enlargement often observed in these cells. We propose that while Nup mal-
function does not necessarily play a causative role, it does play a pivotal role in a 
cascade of events that promote cancer. We hope that this review will serve as a start-
ing point for the development of novel cancer therapy strategies that target Nups.  

    How the NPC May Contribute to Controlling Nuclear Size 

 It is easy to assume that nuclear size is controlled by the amount of its constituents 
transported into the nucleus through the NPCs. In living mammalian cells, an 
absence in NPC assembly prevents nuclear growth [ 17 ,  18 ]. Studies using an in 
vitro reconstitution system with  Xenopus  egg extracts have demonstrated that the 
NPC and nuclear import are required for nuclear growth after the NE has assembled 
[ 19 – 21 ]. On the other hand, it is unlikely that an increase in the number of NPCs 
accounts for nuclear growth because inhibiting de novo NPC assembly does not 
impair nuclear growth [ 22 ]. It has been shown that individual NPCs possess an 
enormous capacity for transport, and therefore, the number of NPCs, unless drasti-
cally altered, is most likely not the rate-determining factor for the net fl ux of mole-
cules that cross the NE through the NPC [ 23 ]. Consistent with this hypothesis, a 
mathematical model suggests that it is the amount of soluble transport factors, such 

  Fig. 1    Nup/NPCs may contribute to nuclear size control directly or indirectly. Possible determi-
nants of the nuclear size are listed in the  boxes  drawn in  black . Some of them are intimately cor-
related. Nup/NPCs are involved in nuclear size control directly through their functions as a portal 
for nucleocytoplasmic transport of macromolecules or indirectly through their functions as regula-
tors of nuclear architecture, transcription, or progression of mitosis (see detail in the main text)       
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as NTF2 and importin α, that are critical for determining the transport rate in impor-
tin α/β-mediated transport [ 24 ]. Furthermore, NTF2 and importin α have been 
shown to at least partially regulate nuclear size [ 20 ]. Whether it is the global nuclear 
transport or the transport of specifi c cargos that is responsible for nuclear growth is 
an intriguing question that should be addressed. 

 Components of the nucleus are synthesized in the cytoplasm, and most of them 
are transported into the nucleus through the NPC. It is believed that a majority of 
these components are transported through the central channel of the NPC through 
interactions between their NTRs and the FG-Nups. During the cell cycle, the nuclear 
size starts increasing soon after the formation of sister nuclei and immediately after 
mitosis, which continues until the cell enters the next mitosis [ 22 ]. Generally, this 
increase in nuclear size accompanies DNA replication, which is associated with a 
vast number of newly imported histones and many different chromatin proteins. 
Nevertheless, reported fi ndings show that the inhibition of DNA replication does 
not inhibit nuclear growth [ 22 ,  25 ]. It appears that major constituents of the nucleus, 
such as the DNA and chromatin, are not primarily responsible for nuclear size deter-
mination, even though the concentrations of these constituents are associated with a 
large number of nuclear transport events. 

    NE Component Limitations 

 On the other hand, it has been shown that the expression levels and nuclear import 
of lamins, major components of the nuclear lamina, and lamin-binding proteins 
regulate nuclear size in  Xenopus ,  Drosophila , and  Arabidopsis  [ 20 ,  26 ,  27 ]. These 
fi ndings indicate that these transport substrates play an important role in defi ning 
nuclear size. A recent study suggests that the NPC regulates nuclear size by restrict-
ing the passage of integral membrane proteins from the outer nuclear membrane 
(ONM) to the inner nuclear membrane (INM) [ 25 ]. This function of the NPC is 
considered to be different from the transport that occurs through the central channel 
of the NPC because many INM proteins could potentially traverse the NPCs through 
the pore membrane, a membrane area facing the NPC where the INM and ONM are 
connected [ 28 ] (Fig.  2 ). Depletion of Nup188, an evolutionarily conserved scaffold 
Nup, specifi cally inhibits this function of NPCs. Nup188 is dispensable for NPC 
formation, and it is not critical for the nuclear transport that proceeds through the 
central channel of the NPC. The nuclei, however, will increase severalfold in size 
when they are reconstituted in a  Xenopus  egg extract depleted of Nup188, and this 
correlates with an increase in translocation of INM proteins, presumably as Nup188 
can no longer regulate/sterically hinder translocation. Although the mechanism of 
Nup188-mediated transport is currently unknown, recent fi ndings emphasize that 
the nuclear framework consisting of the INM proteins and lamins plays an impor-
tant role in determining nuclear size and that the NPC acts as a gatekeeper in the 
nucleocytoplasmic transport of these framework constituents.
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   NPCs are embedded in the NE and, therefore, may physically contribute to the 
integrity of nuclear architecture. NPCs associate with some INM proteins and the 
underlying lamins. Nup53, Nup88, and Nup153 have been shown to directly interact 
with lamins [ 29 – 31 ]. NPCs also associate with linker of nucleoskeleton and cytoskel-
eton (LINC) complexes, which play a role in nuclear membrane shaping. LINC com-
plexes span the NE double membrane and physically connect nuclear structures to 
cytoskeletal elements [ 32 ]. The depletion of Nup53 or Nup153, which associate with 
lamins, or Pom121, which functionally associates with SUN1 [ 33 ], a component of 
the LINC complex, indeed results in nuclear structure abnormalities [ 29 ,  34 ,  35 ].  

    NPC–Gene Associations 

 The “gene-gating” hypothesis proposes that the NPC participates in gene regulation 
independently of its role as the gate for nucleocytoplasmic transport at the NE [ 36 ]. 
The NPC constituents, Nups, are indeed connected to chromatin at the NE and regu-
late the expression of certain genes [ 37 – 40 ]. Furthermore, recent fi ndings show that 
some Nups are mobile and that a fraction of these Nups are within the nucleoplasm 
[ 41 ] where they directly participate in transcription activation away from the NPC. 
These fi ndings have been reported in  Drosophila  cells [ 14 ,  42 ,  43 ]. Moreover, the 

  Fig. 2    Structural organization of an NPC embedded in the NE       
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expression of many developmental and cell cycle genes is directly activated by 
intranuclear Nups. These fi ndings indicate that Nups may contribute to various cel-
lular processes, including those associated with changes in nuclear size, through its 
transcriptional regulating activity.  

    Lipid Availability 

 Nuclear phospholipids are an indispensable component of the NE, and the availabil-
ity of phospholipids is another important limiting factor in determining nuclear size 
[ 44 ]. Phospholipids are predominantly synthesized in the ER and are integrated into 
the ER membrane. The ONM of the NE is continuous with the ER, while the INM 
contains specifi c sets of proteins that are connected to intranuclear structures. The 
similarities and differences in the lipid components between these two membranes 
are currently unknown. Regarding the postmitotic assembly of the NE, though it was 
long believed to form from vesicles recent work has argued that the membrane comes 
from ER tubules and not from vesicles [ 45 ]. One model suggests that the tips of the 
ER tubules come into contact with chromatin during early telophase and are subse-
quently immobilized on the chromatin surface [ 45 ,  46 ]. The membrane tubules then 
fl atten into sheets with the aid of INM proteins, which have DNA binding activities 
[ 46 ], spread across the chromatin, and reorganize into a sealed NE. Postmitotic NE 
assembly is spatially and temporally coordinated with NPC assembly [ 47 ]. Membrane 
recruitment, fl attening, and sealing, however, can proceed in the absence of NPC 
assembly [ 18 ,  48 ,  49 ], which shows that NE and NPC assembly can be uncoupled. 

 Once the NE is assembled, it must expand to the proper size. To determine the 
proper nuclear size, cells must regulate the amount of ER membrane to incorporate 
into the NE (fi rst into the ONM and then into the INM). It may be that the NPCs steri-
cally limit the movement of phospholipids from the ONM to the INM because of their 
location at the junction of these different lipid domains. Alternatively, the NPC may 
regulate nuclear size at the level of phospholipid metabolism by controlling the sub-
cellular localization of the responsible enzymes, such as lipin [ 50 ] and many lipid-
generating proteins identifi ed in the NE proteome [ 51 ], or by controlling the expression 
of these enzymes through the transport-independent functions previously discussed. 

 While the NPC (or FG-Nups) and components of the nuclear transport machin-
ery (including NTRs, Ran, and Ran regulators) have established roles in the nucleo-
cytoplasmic traffi cking of macromolecules during interphase, they have distinct 
roles during mitosis, such as centrosome positioning (RanBP2/Nup358 [ 52 ], 
Nup133 [ 53 ]), normal spindle morphology (Rae1), kinetochore function (Nup107–
160 complex) [ 54 ], and mitotic signal transduction (Rae1 and Nup98 [ 55 ], Nup107–
160 complex [ 56 ], Nup153 [ 35 ,  57 ]). The functional ablation of such Nups often 
results in defects in the progression of mitosis that sometimes results in aneuploidy. 
One may assume that the different genomic size in aneuploid cells may account for 
the difference in nuclear size compared with normal cells. The fi ndings from many 
studies, however, argue against this assumption and instead support the proposal 
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that nuclear size is determined by cytoplasmic volume rather than DNA content [ 44 , 
 58 ,  59 ]. It has also been reported that nuclear size does not strictly correlate with 
ploidy in some cancers [ 60 ].   

    Genetic Changes in Nups in Cancer Cells 

 Genetic changes in four Nups have been linked to cancers. Nup88 is overexpressed 
in a broad spectrum of neoplasia [ 61 ,  62 ]. Tpr, Nup98, and Nup214 are linked to 
cancers through their involvement in chromosomal translocations that encode chi-
meric fusion proteins. Xu and Powers provide an extensive review on the normal 
function of these Nups and their major translocation partners as well as what is cur-
rently known about their mechanistic contribution to carcinogenesis [ 63 ]. 
Interestingly Nup214–ABL1 must localize to the NPC for its transforming potential 
[ 64 ], and Nup98 fusions cause leukemia by inhibiting the CRM1-mediated nuclear 
export of certain transcription factors [ 65 ]. Although both of these examples show 
how altering NPC function can result in carcinogenesis, they do not explain why the 
nuclei are enlarged in these situations. Because of the complexity of this entire pro-
cess, we do not currently know whether changes in nuclear size are caused by 
defects in the transport activity or the transport-independent activity of the NPC 
such as transcriptional regulating activity within the nucleoplasm. Other genetic 
changes to Nups (overexpression of Nup133 and downregulation of Nup214) were 
observed in breast tumors using an integrative analysis of a cancer somatic mutome 
[ 66 ], but the signifi cance in nuclear size was not addressed.  

    Functional and Physical Changes in the NPCs in Cancer Cells 

 Changes in nuclear transport are frequently observed in transformed cells [ 67 ]. 
These occur at multiple levels because of changes that occur in a diverse range of 
mechanisms, such as altering the expression levels or posttranslational modifi cation 
of each nuclear transport cargo and its partner protein, altering the expression levels 
or function of the NTRs, and possibly altering the constituents or the organization of 
the NPCs. For example, NF-κB, a transcriptional activator, predominantly localizes 
to the nucleus of many cancer cells because of a disruption in IκB function, which 
masks the nuclear localization signal in NF-κB in normal cells. The disruption of 
IκB function is caused by the hyperphosphorylation and subsequent degradation of 
IκB [ 68 – 70 ]. Another example is that an elevated importin α2 level is a known and 
reliable biomarker for aggressive breast and non-small-cell lung cancers [ 71 ], which 
is consistent with its ability to increase the dynamic range of transport [ 72 ]. 

 While there are a number of reports describing transport regulation mechanisms 
at the level of cargo alterations, few reports exist describing mechanisms at the level 
of NPC alteration/reorganization. The NPC function is so central for cells that such 
changes would cause embryonic lethality, which may have hampered the study. But 
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recently, many reports address cell type and cell context-specifi c changes to the 
NPC constituents, which suggests that individual Nups play specifi c roles. Because 
each NTR interacts with different FG-Nups, changes to an NPC constituent could 
affect the transport pathways mediated by specifi c NTRs without affecting the path-
ways mediated by the other NTRs present in eukaryotic cells. It is important to 
mention, however, that data on the cargo selectivity of each NTR is still limited and 
prevents us from making specifi c assumptions on how cell type-specifi c NPC 
changes affect cell physiology. If a comprehensive chart showing the cargo–NTR–
FG–Nups combinations was available, then we would be able to better choose the 
appropriate cargos to focus on that could elucidate the functional differences among 
the NPCs from different cancer cell types. The transport effi ciency of these cargos 
could be examined using live imaging or a reconstituted transport assay with puri-
fi ed soluble transport factors to ensure that only NPC function was being evaluated. 
Once a functional change in the NPCs specifi c to a cancer type has been identifi ed, 
identifying the causative alterations in the Nups would be extremely valuable. 

 The NPC density is known to double from the G1 to G2 phase of the cell cycle 
[ 73 ]. In the initiation step of the de novo assembly of NPCs in human cells, Cdk 
activity is required [ 22 ]. Based on the observations in replicative senescent cells [ 74 ] 
and mechanically stretched smooth muscle cells [ 75 ], the positive involvement of 
MAPK–ERK signaling has also been implicated in this process. Importantly, nuclear 
growth requires MAPK–ERK signaling but not Cdk 1 or Cdk 2. MAPK–ERK signal-
ing may increase the NPC density through its downstream CDK signaling indepen-
dent of regulating nuclear growth. Although a higher NPC number is associated with 
more aggressive tumors and could be a good diagnostic marker [ 76 ], this increase 
may not be anything causal but a consequence of enhanced MAPK–ERK signaling. 

 While looking for Nups that have concentrations that correlate with cancer states 
and/or nuclear size using a comprehensive analysis without bias is important, analy-
ses focusing on individual Nups in cancer cells are equally valuable for accuracy 
and reliability. Recent fi ndings have shown that the NPC composition changes in 
various different cellular contexts (described below) and that these changes are 
associated with changes in specifi c NPC functions. The altered Nups identifi ed in 
these studies may be essential for NPC function and, therefore, are important targets 
to study to determine whether similar changes also occur in cancer cells. Furthermore, 
changes in the absolute level of each Nup and the posttranslational modifi cations 
made to Nups may also regulate NPC function.  

    Compositional Alterations to the NPC 

 Below, we discuss the known NPC compositional changes that occur in a variety of 
cellular contexts and the posttranslational modifi cations made to Nups. We chose 
the cases in which the physiological outcomes were thoroughly explained. Even 
though these physical alterations made to the NPC/Nups are not necessarily cur-
rently associated with nuclear size control, this information may offer insight for 
future studies exploring this connection. 
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    Differentiation and Disease 

 One prominent concept that has recently emerged concerning the NPC is that its 
composition is not invariant among cell types and tissues. Currently, at least six 
Nups, Nup210 (also known as gp210), Nup45, Nup50, Nup133, Nup155, and 
Aladin, have been shown to exhibit different expression levels in different cell types 
or tissues, which suggests that there is compositional heterogeneity in NPCs 
(reviewed in [ 77 ]). Among the Nups previously listed, the physiological signifi cance 
of the tissue-specifi c expression has been most thoroughly described for Nup210, a 
vertebrate-specifi c transmembrane Nup [ 78 ,  79 ]. Nup210 expression is induced dur-
ing myogenic and neuronal differentiation. By knocking down Nup210 expression 
with specifi c shRNA and then subsequently rescuing its expression in cell differen-
tiation model systems, the requirement of Nup210 for differentiation has been 
clearly demonstrated. Importantly, depleting Nup210 does not affect the global 
nuclear transport rates or the targeting of INM proteins to the NE. Instead, Nup210 
contributes to cell differentiation by regulating the expression pattern of the genes 
involved in this process. Even though the molecular mechanism in which Nup210 
regulates gene expression has not been elucidated, this study clearly suggests that 
cells contain NPCs with various compositions to dictate distinct cellular functions. 

 Consistent with the tissue-specifi c function of specifi c Nups, several “nucleo-
porinopathies” with tissue-specifi c defects have been reported [ 80 ]. Achalasia–
addisonianism–alacrima syndrome (triple-A syndrome) is a recessively inherited 
disorder that is characterized by adrenal insuffi ciency, dysfunction of the lower 
esophageal sphincter that interferes with normal swallowing (achalasia), and dry 
eyes (alacrima). This disease is caused by loss-of-function mutations in  Aladin  [ 81 ], 
which encodes a Nup with four WD repeats. A recessively inherited missense muta-
tion in Nup155 leads to atrial fi brillation (AF), which causes sudden death [ 82 ]. 
Heterozygous  Nup155  +/−  mice also exhibit the AF phenotype [ 82 ]. Cases where 
mutations in Nup genes cause CNS disorders have also been reported. A recessively 
inherited missense mutation in  Nup62  causes infantile bilateral striatal necrosis 
[ 83 ]. The last of these identifi ed to date is a dominantly inherited missense mutation 
in  Nup358 / RanBP2  that causes susceptibility to infection-triggered acute  necrotizing 
encephalopathy [ 84 ].  

    Regulation of Nuclear Size and Permeability 

 Like most ciliates, the binucleate  Tetrahymena thermophila  has two different sized 
nuclei with distinct functions in a single cell. This organism offers us a unique sys-
tem for exploring the mechanisms used by cells to defi ne nuclear size. The smaller 
nucleus, called the micronucleus (MIC), contains a diploid genome that originated 
in the zygote. The bigger nucleus, called the macronucleus (MAC), is also gener-
ated in the zygote using programmed DNA rearrangements and amplifi cation. 
A linker histone H1 encoded by the  HHO  gene is specifi cally localized in the MAC 
[ 85 ], whereas linker proteins (α, β, γ, and δ) collectively referred to as MicLH are 
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specifi cally localized in the MIC [ 86 ]. Depletion of either histone H1 or MicLH 
causes the corresponding nucleus to enlarge without affecting the other [ 87 ], indi-
cating the decisive role of the linker proteins in nuclear size control, possibly 
through their chromatin packaging activities. To specifi cally address whether there 
is an intimate relationship between nuclear size and chromatin compaction, how-
ever, further studies in different experimental systems are required. The nucleus- 
selective transport of linker proteins, and most likely other proteins as well, may be 
explained by the biased localization of all 13 importin α proteins; 9 of them only 
localize to the MIC [ 88 ]. Interestingly, the composition of the NPCs is also different 
between the MIC and MAC; two of the four Nup98 homologs are exclusively found 
in the MIC, and the other two are exclusively found in the MAC [ 89 ]. It has been 
shown using chimeric proteins of different Nup98 homologs that MAC-localizing 
Nup98, which harbors GLFG repeats, functions to block the nuclear import of 
MicLH. Furthermore, the MIC-localizing Nup98, which harbors unusual NIFN 
repeats instead of GLFG repeats, functions to block the nuclear import of histone 
H1. This difference is a clear example demonstrating how the NPC composition 
contributes to the selectivity in the nuclear transport substrate and the subsequent 
determination in nuclear size. 

 More dynamic regulation of the NPC composition in a single cell cycle has also 
been reported in mice [ 90 ]. The authors found that the protein level of Nup96, a 
constituent of the Nup107/160 subcomplex, is preferentially downregulated during 
mitosis in a manner dependent on the ubiquitin–proteasome pathway. The regulated 
decrease in the Nup96 level is not critical for the progression of mitosis but surpris-
ingly for the progression from the G1 to S phase, which occurs later in the cell 
cycle. In cells from Nup96 +/−  mice, which express a low level of Nup96, the cell 
cycle rate was accelerated. Furthermore, the authors also showed that the export of 
specifi c mRNAs, including those encoding the G1 cell cycle regulators, such as 
cyclin D3 and CDK6, is inversely related to the concentration of Nup96. This fi nd-
ing indicates that the composition of the NPC has the ability to affect the cellular 
physiology by regulating the export effi ciency of specifi c mRNAs. 

 Another example of NPC compositional alterations has been reported in aging 
cells in  C. elegans  [ 91 ]. The authors began by investigating the fate of the NPCs in 
postmitotic cells. First, they showed that scaffold Nups, such as the Nup93 complex, 
are extremely long-lived and remain incorporated in the NE during the entire life- 
span of the cell. This same group demonstrated that there is age-related deteriora-
tion of the NPCs that results in an increase in NPC permeability. During the aging 
process, a subset of Nups, including Nup93, suffers oxidative damage and is com-
pletely eliminated from the NPC. Because the Nup93 complex acts as a linker 
between the Nup107/160 complex and the FG-Nups located in the central channel 
[ 4 ], a functional change in Nup93 could affect the organization of the FG-Nups, 
which could result in a deterioration of the permeability barrier. Consistent with this 
proposal, Nup93 has been shown to be required for maintaining a fully functional 
permeability barrier in  C. elegans  [ 92 ]. Furthermore, Nup93 has also been shown to 
be selectively degraded by caspases in apoptotic cells resulting in effi cient disrup-
tion of NPC function [ 93 ]. Taken together, these observations strongly suggest that 
Nup93 is an essential component of the NPC.   
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    Posttranslational Modifi cations Made to Nups 

    Regulation by Phosphorylation 

 In metazoans, new NPCs are assembled during two different cell cycle stages, the 
end of mitosis that coincides with NE formation and during interphase in an already 
closed NE. Postmitotic NPC assembly is accomplished in a stepwise manner [ 94 ]. 
Briefl y, the Nup107/160 complex fi rst associates with chromatin through its DNA- 
binding ELYS subunit. Next, membrane Nups and Pom121 associate with the newly 
forming pore, followed by recruitment of the Nup93/205 and Nup62 complexes. 
Finally, more peripheral Nups are inserted to complete the assembly of the NPC. 
These events are thought to be regulated spatiotemporally by the phosphorylation of 
several Nups [ 95 ,  96 ] and by many other cell cycle-regulated events. The process of 
NPC assembly that occurs during interphase is different from the postmitotic NPC 
assembly process in several aspects. For example, ELYS appears to be dispensable 
[ 97 ], Pom121 accumulates before Nup107 and Nup93 [ 97 ,  98 ], and the overall 
kinetics is much slower [ 98 ]. Furthermore, it has been shown that Cdk activity is 
required for the initial step of interphase NPC assembly, but not for postmitotic 
NPC assembly, which indicates that there is a difference between these two NPC 
assembly processes [ 22 ]. Currently, the responsible kinase substrate of Cdk in this 
process remains elusive. Moreover, the molecular mechanisms underlying NPC dis-
assembly were investigated, and the phosphorylation of Nup98 was identifi ed as a 
crucial initial step [ 99 ]. 

 Two lines of observations have identifi ed Nups that have a phosphorylation status 
that may direct the functionality of the NPC. Osmani and colleagues observed that 
the NPC is partially disassembled under the control of NIMA and CDK1 kinases in 
the semi-closed mitosis of  Aspergillus nidulans  and that this disassembly leads to 
changes in the NPC permeability [ 100 ]. The NIMA activity is correlated with the 
phosphorylation of SonBn Nup98  and its dispersal from the NPC. Another study from 
this same group showed that not only SonBn Nup98  but also virtually all peripheral 
Nups, including all FG repeat Nups, are dispersed during mitosis, while other Nups 
remain associated with the NE [ 101 ]. The molecular rearrangement of specifi c Nups 
within the NPC, which results from the phosphorylation of Nups and leads to func-
tional changes in the NPC, has also been reported during closed mitosis in the yeast 
 Saccharomyces cerevisiae  [ 102 ]. During interphase, Nup53p is bound to Nup170p 
within the NPC. Before the kinetochore–microtubule interaction has been estab-
lished in metaphase, Mad1p, a protein known to localize both on the NPC and kinet-
ochores, directs a structural reorganization of the NPC to expose a high- affi nity 
Kap121p-binding site on Nup53p. As a result, Kap121p is trapped by Nup53p, and 
Kap121p-mediated nuclear import is inhibited [ 103 ]. This mechanism, known as 
the Kap121p transport inhibitory pathway (KTIP), requires Mad1p to cycle between 
the kinetochores and the NPCs and Ipl1p, Aurora B-like kinase, activity at the kinet-
ochores [ 103 ]. The authors speculate that phosphorylation of Mad1p by Ipl1 at the 
kinetochores and the subsequent interaction between phosphorylated Mad1p and 
Nup53p at the NPC may be the mechanistic basis for activating the KTIP.  
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    Regulation by Glycosylation 

 NPCs maintain a permeability barrier between the nucleus and the cytoplasm 
through FG-Nups. Several models have been proposed to explain how NPCs main-
tain a barrier against inert molecules while simultaneously conducting the facili-
tated transport of NTRs. Among these models, the “selective phase model” [ 23 ] has 
provided conceptual features of the FG-Nups from experiments using reconstituted 
nuclear pores [ 6 ,  104 ] and follow-up experiments using NPCs reconstituted in 
 Xenopus  egg extracts [ 105 ]. According to this model, the FG repeats interact with 
one another to form a sievelike barrier that can be locally disrupted by the binding 
of NTRs. The multivalent cohesion between FG repeats, especially between the FG 
repeats in Nup98, is required. Interestingly, it has also been shown that the cohesive-
ness of FG repeats is modifi ed by O-GlcNAc modifi cation of Nup98 and Nup62 
[ 106 ]. It has been proposed that this posttranslational sugar modifi cation, which was 
discovered in early studies [ 107 – 109 ], reduces the cohesiveness of the FG repeat 
domains and thereby increases the transport rate of NTRs [ 106 ]. Because the 
O-GlcNAc modifi cation is reversible, cells may exploit this modifi cation to dynami-
cally regulate the permeability of the NPCs. 

 In addition to the previously discussed sites, a large number of phosphorylation 
sites in Nups have been identifi ed through several phosphoproteomic studies [ 110 –
 115 ]. Moreover, other posttranslational modifi cations of Nups, such as sumoylation 
[ 116 ], ubiquitination [ 117 ,  118 ], and acetylation [ 119 ], have also been identifi ed 
(Fig.  3 ). The signifi cance of these modifi cations may be revealed by comparing modi-
fi cations in various types of cancer cells. For example, this strategy successfully iden-
tifi ed that lamin A phosphorylation is associated with metastatic propensity     [ 120 ].

        Future Perspective 

 Nup/NPCs clearly can play a role in nuclear size control through its primary func-
tion in mediating nuclear transport, though they could also affect size through other 
less direct functions. Accumulating evidence supports the proposal that the nuclear 
framework, consisting of INM proteins and lamins (and lamin-like proteins), is an 
important determinant in nuclear size. While lamins have classical NLS and are 
predicted to be transported into the nucleus by importin α and β through the central 
channel of NPCs [ 121 ], it has been proposed that membrane-associated B-type lam-
ins may get into the nucleus also through the pore membrane of NPC as well as 
other INM proteins [ 122 ]. Molecular mechanism of how INM proteins cross through 
the NPC to reach the inner membrane is still an intriguing problem. Recent studies 
revealed the existence of several distinct mechanisms in terms of the usage of energy 
or Ran [ 123 ]. Based on early prominent studies in yeast [ 124 ,  125 ] and the existence 
of NLS-like sequences in many mammalian INM proteins, NLS receptor-mediated 
translocation of INM proteins has also been proposed. However, unlike transport 
that occurs through the central channel of the NPC, the venue of which was directly 
visualized by different microscopic approaches, where and how the reported INM 
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proteins migrate within the NPC structure are still a large mystery. The transport 
might accompany some structural rearrangement of NPCs that we do not know yet. 
How and whether these different transport pathways collaborate to establish a 
nuclear framework are intriguing questions that should be addressed in the future. 

 While a number of studies show that the nuclear framework plays an important 
role in determining nuclear size, studies conducted in several model systems from 
yeast to mammals suggest that nuclear size is not determined by the DNA content 
but by the cytoplasmic volume around the nucleus. However, whether the chromatin 
state, like its compaction state, plays a role in controlling nuclear size needs to be 
addressed. Because it is widely accepted that the nuclear framework affects the chro-
matin organization and state, we also need to further investigate this relationship. 

  Fig. 3    Schematic diagram of vertebrate Nups. ( a ) The approximate positions of Nups in the NPC 
are shown. The diagram corresponds to the portion of the NPC that is  boxed  in Fig.  2 . Substructures 
of the NPC are color coded according to Fig.  2 . ( b ) Posttranslational modifi cations made to Nups. 
Nups that have been shown in proteome-based analyses to be subjected to SUMOylation [ 116 ], 
acetylation [ 119 ], and glycosylation (O-GlcNAc modifi cation)    [ 126 ] are marked with  circles  with 
different colors. Almost all Nups are subjected to phosphorylation [ 111 – 115 ] and ubiquitination 
[ 117 ,  118 ] in certain biological situations, and not included in this diagram are those modifi cations       

 

Control of Nuclear Size by NPC Proteins



584

 Changes in cell size and nuclear size within a single organism are often associ-
ated with developmental programs, and unwanted changes may induce diseases, 
including cancer. Studies focusing on the functions of the Nup/NPCs and the NE 
that are linked to nuclear size control should contribute to our understanding of such 
higher order phenomena in relation to cellular phenotype.     
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    Abstract     For nearly 60 years, diagnosis of cancer has been based on pathological 
tests that look for enlargement and distortion of nuclear shape. Because of their 
involvement in supporting nuclear architecture, it has been postulated that the basis 
for nuclear shape changes during cancer progression is altered expression of nuclear 
lamins and in particular lamins A and C. However, studies on lamin expression pat-
terns in a range of different cancers have generated equivocal and apparently con-
tradictory results. This might have been anticipated since cancers are diverse and 
complex diseases. Moreover, whilst altered epigenetic control over gene expression 
is a feature of many cancers, this level of control cannot be considered in isolation. 
Here I have reviewed those studies relating to altered expression of lamins in can-
cers and argue that consideration of changes in the expression of individual lamins 
cannot be considered in isolation but only in the context of an understanding of their 
functions in transformed cells.  
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  LDMDs    Lamin B-defi cient microdomains   
  SCLC    Small-cell lung carcinoma   
  SCC    Squamous cell carcinoma   

          Cancers and Cancer Progression 

 Cancers are diseases that arise through growth regulation defects but progress 
because cells lose cohesion with their tissue of origin, undergo architectural changes 
that allow them to invade surrounding tissues, and colonize distant organ systems. 
Broadly, cancers are classifi ed as benign or malignant. Benign cancers grow locally 
without invading surrounding tissues and are only harmful if they press on and dam-
age vital organs. In contrast, malignant cancers invade surrounding tissues and give 
rise to secondary tumors or metastases in organ systems that are removed from the 
primary tumor. Most human cancers arise in epithelial tissues, and these account for 
~80 % of cancer-related deaths. In order to spread, these cancers must undergo very 
dramatic architectural changes in a process referred to as an epithelial to mesenchy-
mal transition (EMT). The remaining tumors fall broadly into three groups: sarco-
mas arise in soft tissues of mesenchymal origin and represent only 1 % of human 
cancers; hematological malignancies arise from blood-forming tissues including 
cells of the immune system; fi nally neuroectodermal tumors include those cancers 
that arise in tissue derived from neuroectoderm and, whilst rare (~1.3 %), account for 
a disproportionate number of cancer-related deaths [ 1 ]. As alluded to above, cancers 
arise through a complex series of events, some of which occur through a sequence of 
somatic mutations and some through architectural remodeling that might arise 
through epigenetic processes. Of particular importance in architectural remodeling is 
altered expression of cytoskeleton proteins, cell adhesion molecules, and compo-
nents of the extracellular matrix. Over the past 15 years the contribution of nuclear 
architectural proteins such as the nuclear lamins to this architectural remodeling has 
been investigated, but as yet no clear consensus on their contribution to cancer pro-
gression has emerged [ 2 ]. Historically, it makes every sense to assume that changes 
in nuclear architecture are central to cancer progression because historically the most 
common pathological feature of cancers is altered nuclear architecture. In this chap-
ter I will summarize the historical context in which lamins and cancer collide and 
attempt to resolve the apparent contradictions in the underpinning literature.  

    Nuclear Morphology as Diagnostic and Prognostic Markers 

 For several decades now, nuclear morphology has been used to both diagnose 
malignancy and to predict patient outcomes [ 3 ]. Today the best known diagnostic 
test that uses nuclear morphology to detect malignancy is the cervical Papanicolaou 
(PAP) smear test [ 4 ]. In the test, enlarged and irregularly shaped nuclei are used for 
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the initial diagnosis of cervical and uterine cancer. However, the same criteria can 
be applied to ovarian cancer, which, in combination with genetic changes, can be 
used to distinguish low- from high-grade cancers [ 5 ]. Clinical studies on breast 
cancer developed a semiquantitative scoring system based on three criteria: tubule 
formation within the tumor, nuclear pleomorphism, and mitotic counts. Of these 
three criteria nuclear pleomorphism included both quantitative and qualitative fea-
tures, namely, nuclear size, regularity of shape, and uniformity of chromatin. In 
low-grade tumors (well differentiated) nuclei are small and round and have uni-
formly distributed chromatin. In contrast, in high-grade (poorly differentiated) 
tumors, nuclei vary in size, have “bizarre” shapes, and possess prominent and mul-
tiple nucleoli [ 6 ]. In breast cancer alteration in nuclear morphology might precede 
malignancy. Benign breast disease (BBD) is a condition that includes proliferative 
changes in breast tissue and is a risk factor associated with malignancy. In one con-
trol study it was reported that altered nuclear shape might identify those individuals 
with BBD that will go on to develop breast cancer [ 7 ]. Thus changes that lead to 
altered nuclear morphology might also promote malignancy. As a consequence, 
understanding which proteins support nuclear morphology may lead to better and 
more refi ned diagnostic and prognostic tools.  

    The Nuclear Matrix and Cancer 

 A number of studies have used sequential extraction of DNA, RNA, and soluble pro-
teins to attempt to understand nuclear architecture and to identify proteins that sup-
port it. Early studies termed this structure the nuclear matrix or the nucleoskeleton, 
and at an ultrastructural level it appears as a network of fi laments throughout the 
nucleus [ 8 ]. Whether or not this structure actually exists as opposed to being an arte-
fact of the conditions of extraction has been questioned [ 9 ]. Nevertheless, compari-
sons of the biochemical composition of nuclear matrices between normal and 
malignant cells suggest that there are characteristic subsets of proteins in this com-
partment, which distinguish cancerous from normal cells and could be used as diag-
nostic or prognostic tools [ 10 ]. Most prominent amongst proteins that might form the 
nuclear matrix are non-myogenic nuclear actin, NuMA, nuclear lamins, LAP2a, and 
nuclear pore-associated proteins Nup153 topoisomerases I and II and Tpr [ 11 ]. Of 
these only the lamins have been systematically tested as potential diagnostic or prog-
nostic tools, and so the rest of the chapter concentrates on studies relating to lamins.  

    Lamins and Lung Cancer 

 Lung cancers can be divided into two major disease types termed non-small-cell 
lung carcinoma (non-SCLC) and small-cell lung carcinoma (SCLC). Of these two 
types SCLC is poorly differentiated and has a markedly more rapid rate of 
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progression. Since treating metastases of these two cancers involves completely 
 different chemotherapy regimens, their correct diagnosis is critical [ 12 ]. In these 
cancers chromatin organization is the basis of diagnosis. At the level of light micros-
copy, chromatin is diffuse in SCLC whereas it is coarse and clumped in non-SCLC. 
At an ultrastructural level, this difference in appearance arises from a greater abun-
dance of heterochromatin in the non-SCLC [ 13 ]. Two studies have attributed these 
chromatin structural differences to altered patterns of expression of nuclear lamins. 
By comparing levels of expression of lamins in non-SCLC and SCLC cell lines it 
was found that the expression of B-type lamins did not vary. In contrast, there was 
an 80 % reduction in the level of expression of lamins A/C in SCLC compared to 
non- SCLC lines. Furthermore, when SCLC cell lines were induced to differentiate 
into large (non-small)-cell carcinomas following transfection with the v-ras onco-
gene, expression of lamins A/C increased >10-fold whereas expression of a range of 
other nuclear proteins including B-type lamins, topoisomerases I and II, and B23/
nucleophosmin did not change [ 14 ]. Different results were reported in a separate 
study. Similarly comparing lamin expression in lung carcinoma cell lines, B-type 
lamin expression was not noticeably different in those derived from SCLC and non-
SCLC. In contrast, A-type lamins were expressed in all non-SCLC cell lines but 
were absent from 14 out of 16 SCLC cell lines—the opposite result from the fi rst 
study. However, the patterns of expression were much more complex in cancer tis-
sues. By staining of frozen sections of SCLC and non-SCLC, B-type lamins were 
expressed in all tumors, but in some non-SCLC (11 out of 23) a considerable propor-
tion of tumor cells were negative for B-type lamins. In contrast, A-type lamins were 
absent or expressed at low levels in 14 out of 15 cases of SCLC but were expressed 
in all non-SCLC [ 15 ]. Neither of these studies attempted to understand whether 
these altered patterns of lamin expression contributed to the more rapid progression 
of SCLC. In retrospect, however, it is possible to understand the major diagnostic 
distinctions between the two cancer types (altered abundance of heterochromatin) in 
the light of lamin expression. A major feature of laminopathy disease is a loss of 
peripheral heterochromatin [ 16 ]. Thus in SCLC the dispersal and relative absence of 
heterochromatin may well arise from the lack of expression of A-type lamins.  

    Lamins and Breast and Ovarian Cancer 

 There is no particular reason to group breast and ovarian cancer (other than as 
examples of gender-specifi c cancers), and the grouping here is due to a paucity of 
studies as opposed to any other reason. Relating back to an earlier discussion, 
pathologists use nuclear morphology as a basis for diagnosis and in some cases 
prognosis in both diseases [ 5 ,  6 ]. In each diagnosis, nuclear shape is not considered 
in isolation but in combination with other disease features such as mitotic index and 
genetic defects such as aneuploidy [ 17 ]. Therefore it could be useful to understand 
if these two features are linked by a single determining factor. In a recent study, the 
expression of lamins was investigated in a very limited number of breast cancers 

C.J. Hutchison



597

and breast cancer cell lines. In breast cancer tissue, lamins A/C were either absent 
or aberrantly expressed in cancerous cells but were highly expressed in cells of sur-
rounding normal tissue. In breast cancer cell lines, patterns of expression were more 
variable with some cell lines expressing normal levels of lamins A/C, whilst in other 
cell lines both A-type lamins were absent. In the same cell lines expression of lamin 
B1 and nuclear envelope transmembrane protein emerin were either unaffected or 
increased relative to normal breast epithelial cells [ 18 ]. In an attempt to link lamin 
expression to diagnostic features of the disease, lamin A/C expression was silenced 
in normal breast epithelial cells using shRNA. Silencing of lamin A/C expression 
led to irregularly shaped nuclei and aneuploidy, suggesting that loss of lamin A/C 
expression is linked to disease progression [ 18 ]. Using very similar approaches, 
lamin A/C expression and the consequences of their loss were investigated in ovar-
ian cancer. In both ovarian cancer tissue and ovarian cancer cell lines lamin A/C 
expression was absent in 47 % of cases and heterogeneous in the remainder. Lamin 
A/C silencing in ovarian cancer cell lines led to an increase in nuclear volume and 
aneuploidy. Interestingly, in this instance those cells that became aneuploid appeared 
to undergo p53- and p21-induced growth arrest [ 19 ]. Thus, in this example loss of 
expression of lamin A/C is associated with diagnostic features of the disease but 
might retard rather than promote cancer progression.  

    Lamins and Hematological Malignancies 

 One of the problems in interpreting some of the studies referred to thus far is that 
fi ndings were based on relatively small numbers of cell lines or cancer tissue samples 
and therefore lacked statistical power. More recent studies have looked at much 
larger numbers of patients and have attempted to link lamin expression to either 
disease-free survival or overall survival using Kaplan–Meier statistical tests. A very 
early study noted an absence of lamin A and C transcripts (but not B-type lamins) in 
neoplastic cells from patients with acute lymphoblastic leukaemia and non- Hodgkin’s 
lymphoma. Interestingly, lamin A and C transcripts could be detected in normal 
peripheral blood lymphocytes but only after mitogenic stimulation indicating that 
repression of  LMNA , which codes for both lamin A and lamin C, was in some way 
related to the differentiation of lymphoid cells [ 20 ]. To understand the mechanism 
underlying lamin A/C repression and to investigate its link to survival, Agrelo and 
co-workers analyzed the promoter methylation status in human cancer cell lines from 
17 tumor types as well as in primary leukaemias and lymphomas [ 21 ]. Importantly, 
the patient numbers were suffi cient to guarantee statistical power in the study. 

 Although the cell lines used (70 in total) represented 17 different tumor types, 
only hematological malignancies were hypermethylated at  LMNA  promoters. 
Importantly, when  LMNA  CpG island-promoter methylation was found, it was 
directly linked to silencing. In primary cancers  LMNA  hypermethylation was detected 
in a minority (34 %) of nodal diffuse large B-cell lymphoma and Burkitt’s lymphoma 
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(17 %) but was absent from cutaneous T-cell lymphoma, follicular lymphoma, and 
extranodal diffuse large B-cell lymphoma. In the case of nodal diffuse large B-cell 
lymphoma,  LMNA  promoter hypermethylation was associated with a statistically 
signifi cant decrease in disease-free survival and overall survival, implying that  LMNA  
silencing is a predictor of poor outcome only in this hematological cancer [ 21 ].  

    Lamins and Cancers of the Gastrointestinal Tract 

 Perhaps the best-studied cancers with respect to lamin expression are those of the 
gastrointestinal tract including the oesophagus, stomach, colon, and rectum. In an 
early study, immunohistochemistry was used to investigate the expression of lamins 
A/C and B1 in a variety of gastrointestinal cancers. On the whole, the results were 
quite variable although several key fi ndings emerged. First, lamin A/C expression 
was reduced or absent from cancer cells in the majority of gastrointestinal cancers 
compared to normal epithelium and the protein was sometimes redistributed to the 
cytoplasm. Similar results were also found for lamin B1, although complete absence 
was less common, except in gastric adenocarcinoma. Whilst important, this study 
was mainly descriptive and did not attempt to link expression to cancer progression 
or survival [ 22 ]. In a more extensive study, lamin A/C expression was investigated 
in a large cohort (656) of colorectal cancer patients for whom survival data was 
available. Patients were found to either strongly express these lamins in cancer 
 tissue (70 % of patients) or to display a complete absence of expression in cancer 
tissue (30 % of patients). Unexpectedly, patients that expressed lamin A/C in 
their tumor were twice as likely to die from cancer-related causes compared to 
patients without lamin A/C expression in their tumors (Cox’s hazard ratio = 1.85, 
 p  ≤ 0.005—[ 23 ]). In stark contrast to this report, an investigation of cancer tissue 
collected from 370 patients with stage II and III colon cancer showed an association 
of lamin A/C absence with disease recurrence and poor survival. However, poor 
prognosis was only found in patients with stage III colon cancer who had not 
received adjuvant chemotherapy ( p  ≤ 0.01—[ 24 ]). There were several important dif-
ferences between the two studies that might account for these different results. 
Firstly, in the earlier study stage I adenocarcinomas were included as were rectal 
cancers and the study did not distinguish between patients who had and patients 
who had not received adjuvant chemotherapy [ 23 ]. If the differences are due to the 
inclusion of other regions of the intestinal tract, it implies that variation in lamin 
expression might refl ect some aspect of gut architecture that differs depending upon 
location. This suggestion is reinforced by a third study on primary gastric carcino-
mas (GC). In this study 126 GC tissue samples were investigated for lamin A/C 
expression at both an mRNA and a protein level. Decreased levels of lamin 
A/C expression were observed in 56 % of patients, and this was correlated with poor 
differentiation ( p  ≤ 0.034) and poorer prognosis ( p  ≤ 0.034—[ 25 ]).  
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    Lamins and Prostate Cancer 

 In a recent proteomic study, paired (benign and tumor) samples were collected from 
23 low-grade and 26 high-grade tumors and subjected to two-dimensional differen-
tial gel electrophoresis (2D-DIGE). Of 19 abundant proteins that were identifi ed by 
mass spectrometry as differentially expressed between tumor grades, lamin A was 
statistically highly discriminatory between low- and high-grade tumors ( p  ≤ 0.0003—
[ 26 ]). In a follow-up study, the same group found that lamin A/C expression was 
concentrated at the invasive front of prostate cancer tissue. They went on to show 
that silencing of lamin A/C in prostate cancer cell lines inhibited cell growth, colony 
formation, migration, and invasion, whilst over-expression of lamin A/C stimulated 
the same processes [ 27 ]. In a complementary study Helfand and co-workers showed 
that instead of its normal uniform perinuclear distribution, prostate cancer cell lines 
are enriched for lamin B-defi cient microdomains (LDMDs), which in turn over- 
express lamins A/C. In human prostate cancer tissue, the frequency of occurrence of 
LDMDs increased with tumor grade, again suggesting that increased expression of 
lamin A/C, in this case associated with lamin B1 defi ciency, is correlated with tumor 
progression [ 28 ].  

    Lamins and Skin Cancers 

 Skin cancers are very heterogeneous and include sunlight-induced cancers such as 
melanoma, which can progress very rapidly; squamous cell carcinomas (SCCs), 
which have intermediate progression rates; and basal cell carcinomas (BCCs), 
which grow very slowly and rarely metastasize [ 29 ]. As their names suggest, the 
different skin cancers refl ect their origins within the epidermis. Melanomas arise 
from melanocytes, BCCs from basal keratinocytes, and SCCs from the squamous 
layers of the skin. Studies on the expression of lamins in skin cancers also highlight 
why it might be that it has been hard to associate lamin expression with a consistent 
outcome in different and even in similar patient groups. In normal skin lamin A is 
expressed in suprabasal keratinocytes but is absent from basal keratinocytes. Lamin 
C is mostly absent from basal keratinocytes but can be observed in some basal cells. 
In contrast, lamins B1 and B2 are expressed in all epidermal layers although curi-
ously lamin B1 is depleted in dermal fi broblasts [ 30 ]. In BCC lamin B1 and B2 
expression was relatively constant whilst lamin A and lamin C varied considerably. 
In BCCs showing a high proliferative index, lamin A was typically absent or 
expressed at low levels. In contrast lamin A expression was higher in BCCs with a 
lower proliferation index but lamin C was absent or displaced from the nuclear 
periphery [ 30 ,  31 ]. In contrast, in SCCs lamin A was expressed at relatively high 
levels but lamin C was absent or displaced [ 31 ]. In order to explain these obser-
vations the authors suggested that the origins and progression of the cancers 
mapped to their lamin expression patterns in the different layers of a particular 
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tissue. Since BCCs arise from basal cells which lack lamin A at an early stage they 
are lamin A negative and lamin C positive and have a relatively high proliferative 
index. As these cancers differentiate and their growth rates slow down, lamin A 
expression is up-regulated but lamin C is downregulated. Finally, SCCs that arise 
from squamous (lamin A positive) cells express lamin A, but this does not appear to 
impair proliferation rates [ 31 ]. What these two studies illustrate is a need to under-
stand how lamin expression is linked to normal tissue organization before any 
strong links with tumor progression can be made or understood.  

    Mechanisms and Conclusions 

 At face value it is hard to reconcile some of the apparent contradictions in the cur-
rent literature relating to lamins and cancers. Even within clinical studies that have 
statistical power, some point to downregulation of lamins A/C being associated with 
poor patient outcome [ 21 ,  24 ,  25 ] whilst others point to up-regulated expression of 
lamins as a prelude to metastatic disease [ 23 ,  27 ]. To some extent this illustrates the 
complexity of cancer biology and the different types of cancer being investigated. 
For example in B-cell lymphoma it is likely that expression of lamins A/C promotes 
differentiation [ 21 ], and therefore it might be expected that epigenetic changes that 
prevent this expression are likely to maintain B-cells in a primitive and more aggres-
sive state. Cohort studies are also inherently problematic, and this is illustrated in 
the two large cohort studies on colorectal cancer. The Willis study utilized a cohort 
collected throughout the Netherlands dating back to 1986 [ 32 ]. Patients within the 
study group are thus unlikely to have received adjuvant chemotherapy. In contrast, 
the cohort specimens used in the Belt study were collected between 1996 and 2005 
from patients undergoing surgical resection in the same hospital, some of whom 
were treated with adjuvant chemotherapy [ 24 ]. In the latter study, the follow-up 
period was 57 months, whereas in the Willis study the follow-up period was 
84 months. Finally, the Belt study was limited to patients with colonic cancer, 
whereas the Willis study included patients with rectal cancer. Thus it is hard to 
compare two studies, which at face value appear to ask exactly the same question 
and arrive at directly contradictory results. Finally, the use of single biomarkers can 
be problematic, and, indeed, the studies of Tilli and co-workers suggest that subtle 
changes in the balance of lamin expression are usually observed, at least in skin 
cancers. Therefore studies including the expression of multiple lamin subtypes are 
defi nitely preferable. 

 The idea that lamin expression patterns in cancers are linked to where they arise 
harks back to a notion of how cancers arise. In skin cancers as has been described 
the different cancers are classifi ed according to the cells from which they arose 
(basal keratinocytes, squamous cells, or melanocytes). Whilst a detailed study on 
lamin expression in melanoma has not been performed it does appear that for BCC 
and SCC the patterns of lamin expression do map quite nicely to the patterns 
observed in the basal cells and squamous cells. This might also be true of colorectal 
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cancers. In the colon stem cells express lamin A but not lamin C. The transit ampli-
fying cells do not express lamin A or lamin C, whilst the differentiated epithelial 
cells express both A-type lamins (Fig.  1 —[ 23 ]). It is not absolutely clear where 
colonic adenocarcinomas arise, but there are two theories. The top-down theory 
supposes that the cancers arise in differentiated epithelial cells at the top of crypts 
and become more stem cell like. The bottom-up theory supposes that the cancers 
arise in the stem cell niche but somehow maintain a progenitor phenotype as they 
migrate upwards [ 1 ]. Either way it might be expected that the outcome of this switch 
to or maintenance of a progenitor phenotype is that lamin C expression is lost but 
lamin A expression is maintained. This again suggests that looking at individual 
lamin subtypes in the same study is important.

   One area of convergence in the literature is the implication that expression of 
lamins in certain epithelial cancers might promote invasive behavior. In prostate 
cancer cell lines, over-expression of lamin A/C promotes cell survival, cell motility, 
and invasiveness, and this appears to be coordinated through the phosphadityl ino-
sitol-signaling pathway PI3K/AKT/PTEN [ 27 ]. In SW480 colorectal cancer cells 
expression of lamin A also promotes cell motility by remodeling the actin cytoskel-
eton as a result of up-regulation of actin-bundling proteins such as T- and F-plastin 
which leads to loss of expression of cell adhesion molecules such as E-cadherin, 
apparently promoting an epithelial transition [ 23 ,  33 ,  34 ]. Similar properties have 
been attributed to vimentin in breast cancer [ 35 ], which signals via the transcription 
factor slug and oncogenic Ras. 

stem cells

differentiated cells

differentiated cells, lamin A+ C+

stem cells, lamin A+ C-
more aggressive tumors?

proliferating cells, lamin A- C-
less aggressive tumors?

lamin A and C

lamin A

migration
&

proliferation

  Fig. 1    Lamin A/C expression in the colonic crypt. The different cell layers/stages in the colonic 
crypt as well as those of several other types of epithelia have different levels of lamin A/C expres-
sion. Cells at the base of the crypt are the precursor stem cells and the least differentiated, yet they 
express high levels of lamin A and no lamin C. As the cells differentiate and migrate up the crypt, 
lamin A expression is greatly reduced, and then as they approach the top of the crypt both lamins 
A and C become more and more expressed until there are very high levels of both in the most dif-
ferentiated cells at the top of the crypt       
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 Thus future studies could be concentrated in two areas. Firstly, focusing on how 
lamins A/C as well as other intermediate fi lament proteins such as vimentin pro-
mote cell motility and invasiveness in several epithelial cancers might reveal con-
vergent signaling pathways that could be infl uenced by an overall balance of the 
expression patterns of different lamin subtypes, as has been suggested in a recent 
study [ 36 ]. Secondly, a thorough understanding of how subtle changes in lamin 
expression infl uence pathways that promote either metastasis or survival of cancer 
cells or both, the design of quantitative methods to interrogate archival material 
from cancer patient cohorts, and careful consideration of factors that might skew 
data together could help to generate more certainty and consistency.     
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