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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 1. de las Heras
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Part I
History and Use of the
Nuclear Envelope in Cancer Prognosis

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 first 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 finding that lamin A only appeared at later stages in dif-
ferentiation [14] birthed the hypothesis that loss of lamin A reflected 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 influenced by the nuclear envelope that when perturbed can
lead to pathogenesis. This first 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 first chapter is more of a short introduction, starting with the work of
Professor Miiller, 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 reflect 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 fifth 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 immunofluorescence 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 confidence 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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The Nuclear Envelope and Cancer:
A Diagnostic Perspective and Historical
Overview

Jose 1. de las Heras and Eric C. Schirmer

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 noninflammatory 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 identified. 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 difficult.
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 significant
improvement over previous models, bringing down the resolution to about 1 pm.
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 significant 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.
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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 significant advancement
in understanding until the mid-1800s. Suddenly, improvements in microscopy led to
a flurry of activity between the late 1830s and the 1860s that completely changed
modern medicine and its attitude to cancer.

The German scientist Johannes Peter Miiller (1801-1858) is considered to be the
father of medical microscopy and pioneer of clinical cytology. In his 1838 “Uber
den feineren Bau und die Formen der krankhaften Geschwiilste” (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 first 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, Miiller 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 pm. 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 field 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.

Miiller’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 scientific articles were published that marked the path for pathologi-
cal cytology.

Ilustrations in scientific 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 first 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 first atlas of microscopic anatomy,
illustrated with numerous photographs [6]. Donne was the first 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),



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

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 first 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 Miiller, published
his pioneering book on pathological anatomy [9]. He was one of the first 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 reflection
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 first 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 Miiller’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 difficult 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 (¢), 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 first 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 Miiller 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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Cancerous,

Cells not connected with the ma-
trix in a regular manner, or form-
ing laminge.

Cells differing much from each
other in size and form.

Cells readily separable from each
other.

Cells not connected together at
their margins; their edges seldom
forming straight lines.

Cells containing several smaller
cells in their interior often met with.

Nuclei varying much in size and
number in different cells. ;

Juice scraped from the cut sur-
face containing many cells floating
freely in the fluid,and not connected
with each other.

Caneroid,

Cells connected with the matrix,
often forming distinct laminee.

Cells resembling each other in
size and general outline.

Cells often cohering by their
edges, which generally form straight
lines ; three or four cells being fre-
quently found united together.

Cells usually containing one nu-
cleus.

Nuclei not varying much in size
in different cells.

Juice scraped from the eut sur-
face containing small collections of
cells, which are often connected with
each other.

J

Fig. 2 Epithelial cancer cells, and diagnostic criteria to distinguish between malignant (cancer-
ous) and benign (cancroid) growths. Adapted from Beale [14]

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 clarified the importance of cytological diagnosis and

effectively communicated this to the rest of the scientific 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].
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Fig. 3 Cancer cells in a sputum sample from a patient with cancer of the larynx. From Beale [15]

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 fixation 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.
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The Early Modern Era of Cancer Diagnostics

Cytology as a scientific discipline developed and flourished 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 fluid, abdominal
fluid, synovial and pleural fluid, fine needle aspiration biopsies, and many others.

The reason the Pap staining was such a success is that it retains nuclear detail and
definition 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 superficial 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.
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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
field of automation of diagnostic methods using a slit-scan cytofluorometer. Patten’s
initial interest centered around standardizing morphometric measurements of diag-
nostic potential to better define 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 fluorescence inten-
sity measurements that could be used to objectively calculate sample metrics [31-34].
With Wied and Patten the field 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 field 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 first
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 paraffin 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 difficult 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 official 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 significant 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 specific 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 influenced 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 significant 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 identified 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
specifically studying the nuclear envelope, particularly that of Nobel Laureate
Giinter Blobel at the Rockefeller University, developed procedures to specifically
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 fibrous 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-
files 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 identification 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 identified the lamins as intermediate
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filament 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 filaments [73]. This assembly gives the lamins and other intermediate
filaments unique properties compared to the other cytoskeletal proteins. Microtubules
and actin filaments are built like stacked cinder blocks in a wall, whereas intermedi-
ate filaments are more like the entwined fibers of a rope, yet they are more tensile as
the fibers can potentially move relative to one another—thus, it is not surprising that
intermediate filaments are the primary components of spider’s webs. Accordingly,
actin filaments and microtubules will break under compression or stretching forces
that leave intermediate filaments 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
identified 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 specificity in their expression.
Today, close to 1,000 NETs have been identified [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 specificity of many NETs may contribute to the tissue-specific 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 SYNE?2 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-specific 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 specific, a role
for which many of these newly identified NETSs stand out as good candidates.

These tissue-specific NETs could also contribute to the tissue-specific nuclear
characteristics of many tumor types. In addition to the unexpected degree of tissue
specificity 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 profiles 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 verified 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,
LMNBI, LMNB2, and NUP210 were generally upregulated, and METTL7A, SYNEI,
and SYNE2 were generally downregulated (Fig. 5a). These tendencies were not
absolute. LMNBI 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 NETSs 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-
nificantly 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 reflect 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
filaments: 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 XPOI inhibition in
Philadelphia chromosome-positive (Ph+) leukemias, which are refractory to tyro-
sine kinase inhibitor therapy but appear to respond to an XPOI 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 (LMNBI and
LMNB?2) and the nucleoporin NUP210 are usually upregulated in tumors, while the protein meth-
yltransferase METTL7A and nesprins SYNEI and SYNE2 are almost always downregulated.
However, some NETs, such as WFSI, 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-specific NET
LPCATS3 (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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The Role of the Nuclear Lamina in Cancer
and Apoptosis

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

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 findings 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.
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Introduction

The number of detailed studies on lamin subtype expression in normal tissues is
remarkably low. The first 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 confirmed 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
refined insight into differences in protein expression has been obtained by generat-
ing antibodies that specifically 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 findings 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 findings of different
research groups. Initial studies by Rober 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 confirmed in paraffin 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 [§—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-specific 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 findings 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 fixation and permeabilization methods were applied (formalin fixation,
paraffin embedding, and antigen retrieval vs. unfixed frozen sections or methanol-
fixed frozen sections). Thirdly, different A-type lamin antibodies were used.
Apparently, these factors can influence 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 fixed 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-specific 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 confirmed 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, confirming 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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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

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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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 findings 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 findings 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 confirmed the immunohistochemical observations. The presence of lamin A
in the blots was confirmed 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 stratified epithelium, lamin
B2 is expressed in all cell layers. In contrast to other non-keratinizing stratified
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 stratified epithelia, lamin A/C antibodies as well as a spe-
cific 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* 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 + +10 + —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+) - —/+* — [16, 18-20]
Spermatids - - - —/+* —(B3+" [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-1II) ++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+ + +(react =) [35, 39]
(CD30pos)
Mononuclear cells + + + [40]
PMN cells - + + [40]
Malignancies
Lymphoid cells - + + [34]
Mpyeloid 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

2Possibly negative due to epitope masking

"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 fibroblasts 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 superficial layers of the tissue. Especially the loss of
lamin B1 from these superficial 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 stratified 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 confined 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-
deficiency 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
HPYV viral proteins on lamin expression. These studies showed that HPV 16 ES 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 benefits 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 defined. An extensive review shows an overview of the most impor-
tant findings 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
purified 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 findings, 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 findings 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 findings 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 conflicting findings 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 find 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 reflect 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 reflect 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 first 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 findings were confirmed in
another study using a different panel of cell lines [44]. In this latter study immuno-
fluorescence confirmed 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-HS82), 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 finding 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 modifications, including farnesylation, so a common expression regulation
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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 pm

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].
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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 findings 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 sufficient 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 AA10, 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
anested PCR allowed a reliable detection of the transcript [S0]. 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 AA10-specific antibodies
have failed. Lamin AA10-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 AA10 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. Specific 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 specific 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 (inserf) using an A-type
lamin antibody. Lamin B2 is present in all tumor cells of this adenocarcinoma. Scale bar is 25 pm
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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 AA10, 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 specifically 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-specific 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 specifically 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 confirmed 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
conflicting results. Heterozygous Imna*~ 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 reflective 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 beneficial effect in cancer treatment. Several studies showed that statins can
induce apoptosis (e.g., see [74]), while also the more specific 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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The Diagnostic Pathology of the Nuclear
Envelope in Human Cancers

Andrew H. Fischer

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 classification
of the various types of NE structural changes into three groups is proposed. The first
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 specific 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 exemplified 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 reflect
new types of functional changes, relevant to particular forms of cancer.

Keywords Criteria of malignancy ¢ Histogenetic classification ¢ Hallmarks of
cancer ¢ Relation between oncogenes * Nuclear envelope morphology

Abbreviations

H&E Hematoxylin and eosin

N:Cratio 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) defines 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
specific 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 classification. However, the histogenetic classification 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-
fied by the “grade” or the “differentiation,” yet these two terms also do not directly
relate to NE alterations. Thus, researchers are typically unable to find information in
pathology reports or tumor bank databases that may correlate with a specific 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 reflect 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 difficulties and construct a framework to help dissect specific
NE-based cancer-associated physiologies. A three-tiered classification 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 specific 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 Reflect 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 modified. Reciprocally, an alteration in the structure of a protein—
particularly an alteration conserved in evolution—is readily accepted to reflect 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 flight 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 reflected 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-
cific, fine-scale structural features that define malignancy [5], supporting the notion
that key physiologies operate at the cellular—subcellular level.
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Fig. 1 NE structural changes are key diagnostic traits of some cancers. On the left is an alcohol-
fixed, Papanicolaou-stained fine-needle aspirate of normal thyroid epithelial cells. The
Papanicolaou stain is a modified 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 fine-needle aspiration biopsy with diagnostic features of papillary thyroid
carcinoma (PTC), fixed 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)

The reciprocal relation between structure and function is not exactly cause and
effect, but generally structure must first 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.
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Relation of the Histogenetic Classification of Cancer
to the Criteria of Malignancy

Neoplasms are still mostly classified 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 classification 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 defined 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 classification 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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Fig. 2 Lung cancer NE changes. Fine-needle aspirations of small-cell lung cancer (/eft) and non-
small-cell lung cancer (right, at slightly higher magnification) 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 affinity 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)

Iymphatics) [8]. Thus, the behavior of a cancer cell is reflected 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
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Fig. 3 Similar diagnostic structural features are often seen in tumors of different histogenetic
origins. Fine-needle aspirations, fixed 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 find-
ings in PTC. By Papanicolaou staining, this pancreatic neoplasm is predicted to be chromosomally
stable and diploid (see text). Both images are at identical magnification

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 classification 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.
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A Classification of the NE Structural Changes Diagnostic
of Cancer

There are many varied interpretations of the biologic significance 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 classification 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 classification 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 identification 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 Classification 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 significance.

* 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 specific cancer genes, all of unknown functional significance.

* 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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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 (/eft) 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 (reflecting chro-
mosomal instability) there is also unpredictable variation in heterochromatin patterns, possibly
representing an “epigenetic instability.” Both images are at identical magnification

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 specific defects [16, 20]. Micronuclei are one particular manifestation
of chromosomal instability, commonly representing mis-segregated chromosomes
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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 significance. Other subtleties
of chromosomal instability have not been obvious from just classical histopatho-
logic observation, and in the following discussion the phenotype is simplified 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, reflecting 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 fluorescent in situ hybridization
probes to enumerate chromosome numbers. The estimation of total DNA content
per cell is difficult in paraffin-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



The Diagnostic Pathology of the Nuclear Envelope in Human Cancers 59

appears to be an occasional finding 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 significance 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 specific
cellular-level structural change. Conservation of structure through evolution pre-
dicts that the particular structure is functionally significant. 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 significance from the NE pleomorphism associated with chromosomal insta-
bility seems like a difficult prospect, and the evolutionary argument can easily be
raised that there may be NO biological significance 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 significance (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 identification 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 identified 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 deflections of the lamina [30].
While we did not observe an obvious correlation between dynamic interphase
deflections 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 fit 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 deflec-
tions of the lamina suggesting that biomechanical forces that deform the NE are not
based on actin microfilaments 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 difficult problem.
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Certain changes in NE configuration 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 significance. 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 Reflect
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 significance 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 fibroblast 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 reflects
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].

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
amplification 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 first 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
affinity 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-
fluent 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 filaments (kera-
tins and vimentin). The scant cytoplasmic intermediate filaments commonly
condense into a single dot-like focus. The scant cytoplasm with scant
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disorganized intermediate filaments 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 final diagnostic trait of small-cell carcinomas is that they lack large nucle-
oli, a paradoxical finding 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 first two classes makes it difficult to
dissect particular physiologies associated with specific cancer genes or specific 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].
Briefly, 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 fine 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 specific 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 sufficient to cause PTC and led to an experi-
ment to test whether the RET oncogene would be sufficient 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 sufficient to induce the same
nuclear findings, 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 specifically 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 classification 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 significance 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]).
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.
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
FOXL?2 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



The Diagnostic Pathology of the Nuclear Envelope in Human Cancers 67

Dissecting the Functional Significance 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 field 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),
reflect 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 artificial 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 fitness are always closely dependent on
the particular environment in which the fitness 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 “pseudostratification”
or the loosening of the otherwise strict basal positioning of nuclei.

Another early mechanism for clonal expansion is reflected in the tissue-level
criterion of “true stratification,” 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 stratification is identification of epithelial cells that grow freely
whether or not they are attached to a basal lamina. A lesser diagnostic feature of true
stratification 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 sufficient to
allow a clone of epithelial neoplastic cells to “invade” or metastasize. The diagnostic
feature of “invasion” is very specifically 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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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 significance of NE changes in cancer
needs to account for observations such as these

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 significance 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 significance 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
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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 specific cellular contexts (e.g.,
for distinguishing endocervical adenocarcinoma from benign endocervical cells
[69]). It may at first 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 figures, or the percent labeling of cells by Ki67
(a label for cells that are not in GO), 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 find 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 fitness are essentially infinite in scope and cannot be classified
into a handful of “hallmarks of evolution.” For example, increased fitness 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 fitness,” 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 significance, 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 specific 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 difficult
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 difficult 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 difficult 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 modified
H&E, staining. Since cell biologists are accustomed to using immunofluorescence,
it can be useful to create a surrogate H&E image using fluorescence 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 significant and evolutionarily selected for in a cancer? This difficult 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 specific 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 significance is most difficult. 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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Table 2 How can diagnostic NE shape abnormalities be tied to specific NE components, and how
can these specific lamina pathologies be definitively linked to particular cell physiologies relevant
to cancer?

A putative NE-associated protein or complex needs to be shown to have an alteration (e.g., a

mutation, an absence, a specific posttranslational modification perhaps mediated by signaling
downstream of a cancer gene, a mislocalization, or a specific new association with another
protein) in a human cancer that has NE shape abnormalities. Candidates are emerging [1],
but documentation of the morphologic associations with the presence of these candidates in
human tumors is generally lacking. Since there are so many different types of cancer,

one should not expect that every cancer of the same histogenesis will have this alteration
(e.g., an NE protein alteration may be present in only a minority of pancreatic cancers).

Inducing the alteration of the putative NE protein should lead to an abnormal NE shape in the

cell type and microenvironment in which it can be identified. Alternatively, the occurrence
of the alteration should be able to be documented on a per-cell basis to correlate with the NE
shape change. Transduction of NE proteins or cancer genes in short-term cultures of human
microbiopsy samples appears feasible and may provide the best model to demonstrate the
inducibility of an altered NE; monolayer cultures of normal cells may not allow expression
of the NE phenotype (see text).

Direct visualization of cells with the alteration in the cells’ native tissue microenvironment in

which the NE alteration occurs may be required to develop hypotheses for the functional
significance of the alteration. It is not sufficient to prove functionality by showing that the
altered NE protein or complex can affect a Hallmark of Cancer trait (see text). Time-lapse
study of short-term cultures of human microbiopsy samples or transgenic animal models may
be needed to prove that the NE alteration permits clonal expansion.
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Nuclear Morphometry, Epigenetic Changes,
and Clinical Relevance in Prostate Cancer

Robert W. Veltri and Christhunesa S. Christudass

Abstract Nuclear structure alterations in cancer involve global genetic (mutations,
amplifications, copy number variations, translocations, etc.) and epigenetic (DNA
methylation and histone modifications) 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 significant 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 significant 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 efficacy of
personalized treatment of cancer.
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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-specific 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 field 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
first to use the term “chromosome territory” (CT). Although Boveri was able to
observe nuclear dynamics, he was reliant solely on fixed 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 specific 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 specific 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 significant 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 fibers) 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 (SOs;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 paraffin-embedded formalin fixed tissues and is read and interpreted by
an anatomic pathologist, while the Pap stained slides are fixed 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 fitted 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 artificially 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 (final magni-
fication 100-200x) by an expert pathologist. Donald Gleason devised the original
scheme that established five 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 significantly 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 first 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 difficulty in diagnosing small acinar atypical
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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-fixed
paraffin-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-confined 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). Defining a circle as 1.0, they calculated
the nuclear roundness factor (NRF) as follows: NRF=(C/2x)/(A/7x)1/2 (C=circum-
ference and A=area), whereas the circularity form factor=47A/C?. 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 flow 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 flow 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 confirmed 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 significantly higher than the
Gleason score to predict metastasis and CaP-specific death in men with long-term
follow-up (median follow-up of 17 years). Therefore, nuclear architecture (irregular-
ity of nuclear shape) when accurately quantified is a significant 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-specific antigen (PSA) to predict stage using ROC
analysis with an AUC =86 % (sensitivity =85.7 %; specificity=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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a Analyze specimen using AutoCyte system: Generate a DNA ploidy histogram and save
nuclear morphometric images for the calculation of the Quantitative Nuclear Grade (QNG)
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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 specifications.
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 %; specificity=83 %) to predict non-organ-
confined 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 significant for predicting biochemical progression (p=0.00001; ROC
AUC =86 %; sensitivity =78 %; specificity =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 specificity of 84 %. These two parameters (QNG and Gleason score)
separated the 115 patients into three statistically significant risk groups based upon
Kaplan—Meier plot analysis. Predicting aggressive CaP effectively depends on hav-
ing a sufficient 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 specific nuclear
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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 (200x) a cox proportional hazards model analysis
to predict organ-confined prostate cancer. Notably DNA Ploidy is retained in a multivariate predic-
tion model for organ-confined PCa

features, i.e., circular form factor (rho=-0.26; p=0.012) and minimum Feret
(rtho=-0.21; p=0.048) exhibited significant correlations with p300 protein expres-
sion. The quantitative immunohistochemistry (qIHC) of the p300 protein expres-
sion in high grade tumors (Gleason score >7) was significantly higher compared to
low grade tumors (17.7 % versus 13.7 %, respectively, p=0.03). Further, p300
expression remained significant 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
(»=0.002) in a Kaplan—Meier plot. Using the same imaging technology we showed
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that nuclear features predict non-organ-confined CaP [26]. In Fig. 2a we show the
nuclear morphometric features correlate with organ-confined 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 confined from non-organ-confined
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 significant
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-
fication 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 identified. 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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Adaptive Active Contour Model (AdACM) to separate Gleason Grade pattern 3 from 4
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Fig. 3 This figure 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 figure, the seg-
mentation method is described. In the bottom right panel of the figure, the plot depicts the contribu-
tion of nuclear morphology, architecture, and texture to the computational solution plot in the
upper right hand space

integrated active contour model is dramatically reduced. The AJACM [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
classifier 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
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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 AAACM 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, amplifications, deletions, copy number variations, etc. Examples of epigenetic
change include chemical modifications 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 difficult 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 filament 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
modifications 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, inflammation 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
modification 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 modifications 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 influence specific gene
expression to alter phenotypic changes via modifications 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 modifications that are involved in transcriptional
regulation and alterations in chromatin organization. Additionally, such histone
modification—demodification cycles can directly or indirectly influence DNA meth-
ylation. For example, high levels of H3K4 methylation correlates with low levels
cytosine methylation at CpG dimers; levels of H3K4 methylation are influenced by
other H3 modifications, including acetylation, which can exert an indirect effect on
DNA methylation; and methylation of H3 at K9 or K36 can influence 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 modifications of histones
with DNA methylation events causing phenotypic changes through the influence of
environmental agents, which can also produce genetic changes (i.e., mutations,
deletions, amplifications, etc.) that promote cancer [54]. Clearly, in cancer, histone
modifications lie at the heart of mechanisms by which a variety of functionally sig-
nificant nuclear proteins activate (oncogenes) or silence specific 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 H3K 122 and revealed that H3K 122 acetylation
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is catalyzed by p300/CBP and can be sufficient to stimulate transcription in vitro.
They showed that H3K 122 acetylation is specifically enriched at active transcrip-
tion start sites and enhancers as well as on H3.3- and H2A.Z-containing nucleo-
somes. H3K122 is modified 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 H3K 122 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 modifications 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 modifications alter nuclear architecture, fulfilling 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 modifications 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, defined 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 modification panel had a value of 3.86 (95 % CI=1.18-12.62), p=0.025. The
two groups are identified on the basis of the “simple clustering rule” involving only
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H3K18Ac and H3K4diMe modifications. 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 specific histone modifications
revealed an epigenetic signature for CaP involving H3K18Ac and H3K4diMe. The
authors studied histone modifications 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
(»=0.006) increased risk of tumor recurrence, respectively. These high levels of
both histone modifications were associated with a threefold increased risk of relapse
(»<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 significantly 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
significantly 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 significantly altered, with DNMT3A, MLL2, NSD1, MBD4, and MLL3
upregulated and SRCAP downregulated when compared with the primary prostate
tumors. The prognostic classification on the validation set therefore confirmed the
predictive power of histone modifications 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 significant alterations in the TSA
induced H3K9 hyperacetylation resulting in decondensation of heterochromatin,
which was associated with altered gene expression profiles 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,
flow 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 profiling 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 identified 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
verified 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 modifications 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 modifications 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 modification 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 influenced 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 THC of low Ki-67 (0—1 %) (a measure of cell proliferation)
and EZH?2 (<50 %) identifies 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-specific 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 specifically 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] confirmed that p300 protein expression measured by IHC signifi-
cantly correlated with nuclear alterations seen in tumor cells; specifically 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 modifications 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 modified histones phospho-
H3Ser10 and H3triMeK4 were observed. This recent finding 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 specific matrix attachment regions (MARs)
and scaffold-associated regions (SARs) of chromatin fibers 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 fibrous meshwork of intermediate filament 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-
firm lamin A/C regulation the authors used IHC to successfully confirm 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 confirmed 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, BRGI, nesprin 1 and 2, the nucleoporins NUP8S, 98, 133,
214, etc.) and key nuclear structural elements (i.e., nuclear matrix, actin, and lam-
ins) play significant 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 identifies 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 modifications, lamins A/C and B, BRGI1, 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 (field 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-
cific 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 modification 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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“To Be or Not to Be in a Good Shape”:
Diagnostic and Clinical Value of Nuclear
Shape Irregularities in Thyroid and Breast
Cancer
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Anna Sapino, and Caterina Marchio

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 clarified, 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 affinity 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 immunofluorescence, 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 definition 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.
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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 defined 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
finely 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 definitively reconstruct nuclear shape
based on the distribution of NE proteins [1].
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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 influ-
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 immunofluorescence and
immunoperoxidase staining (Figs. 1, 2, and 3)

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

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

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

Following these procedures, we have been able to trace the distribution of the NE
with immunofluorescence 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). Briefly, immunofluorescent preparations are examined typically with
a wide-field fluorescence 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 immunofluorescence 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) immunofluorescence for emerin, and (¢) 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 immunofluorescence 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) Immunofluorescence
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-fixed smears, (e) with Thin Prep, and panels (f-h)
are cell blocks obtained from fine needle aspirations on thyroid nodules. In smears (a, ¢) cells are
stained with hematoxylin and eosin (H&E), while (b, d) are the same fields and nuclei stained with
immunoperoxidase for emerin. Direct comparison of the same fields 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 figures. (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 immunofluorescence for emerin (b). (¢, d) Immunofluorescence
for emerin best shows fine irregularities of the nuclei in ductal carcinoma in sifu of high nuclear
grade. (e, f) Finally, an example of infiltrating ductal carcinoma (IDC) of low histological grade
shows high-grade nuclear envelope pleomorphism (NEP), as best highlighted by immunofluores-
cence for emerin
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Fig. 4 3D reconstruction of nuclei with visualization of HER2 gene. (a, b) Inmunofluorescence
for lamin B (green) is performed together with fluorescence in situ hybridization (FISH) for the
HER? gene (red signals) in BT-474 cells (HER2 amplified, as exemplified by the gene clusters).
(c—f) 3D reconstruction of these nuclei shows the relationship between HER2 gene clusters and
nuclear envelope



108 G. Bussolati et al.

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. Immunofluorescence
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. Immunofluorescence 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 specifically in thyroid and
breast carcinomas, two areas in which nuclear pleomorphism holds high biological
significance and great diagnostic and prognostic impact. In breast carcinoma the
nuclear shape varies according to the histological subtype and grade, involving also
a prognostic significance. In thyroid carcinomas the nuclear shape is instead para-
digmatic and diagnostic of specific 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 fine 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” configuration. 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 fine needle aspiration procedure or the fixation 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 sufficient 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 identification 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 immunofluorescence for emerin and subsequently
restained with hematoxylin and eosin (H&E), it was evident that only some of the
grooves seen with immunofluorescence 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 difficult
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 confirms a regular nuclear profile 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
defined 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 fine 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 definite 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 define the nuclear membrane and its irregularities.
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Table 1 Categories for reporting thyroid cytopathologies (according to Bethesda System) (a) and
cytology processing tissue methods (b)

Categories for reporting thyroid cytopathology (Bethesda System) (a)

Category Risk of malignancy
I | Nondiagnostic or Unsatisfactory 1-4%
I | Benign 0-3%
III | Atypia of Undetermined Significance or Follicular Lesion of Unde- 5-15%
termined Significance
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 pm sections can be cut.

FNA=fine needle aspiration

This approach proved particularly useful in the definition of unclear and prob-
lematic cases classified 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 classified 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 identification
of nuclear changes characteristic of PTC even in fine 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 infiltrative lesions. Indeed, in situ carcinomas are classified 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



114 G. Bussolati et al.

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

Growth Mitotic count* Nuclear pleomorphism
(applied to HPF
pattern diameter of 0.46 mm)
>75% of 1-4 mitoses Small and roundish
tubule nuclei with uniform
formation SCORE 1 chromatin
10-75% of 5-11 mitoses Variable shape and size,
tubule vescicolous chromatin,
formation SCORE 2 nucleoli present
SCORE 2 SCORE 2
<10% of >=12 mitoses | High variability in shape
tubule and size, prominent
formation SCORE 3 nucleoli
SCORE 3 SCORE 3
TOTAL SCORE

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

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 final score labels the lesion as
G1 (low grade), G2 (intermediate grade), or G3 (high grade)

“Mitotic count depends on the diameter of the microscopic field of the microscope used to analyze
the tissue specimen, in the figure we reported values corresponding to 0.46 mm

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
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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 confirm 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
final aim to ameliorate definition 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 defined 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 fine 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 significance 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 immunofluorescence for lamins (or other NE proteins) and FISH for target
genes. In particular, for breast cancer we have investigated HER2 gene amplifica-
tion in BT-474 breast carcinoma cells (Fig. 4).

HER? gene amplification 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
HER?2 gene amplification represents the crucial step to deliver a specific 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 specific 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= amplification) or on the basis of the absolute numbers of the HER?2
gene (amplification whenever HER2>6) [39, 40]. For the sake of detection of
amplification, 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-
amplified 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 amplified 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
arepressor 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 clarified. 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 fine abnormalities of the nuclear shape, as it is indi-
rectly based on the distribution of DNA as revealed by the affinity for basic dyes.

A more objective definition 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 define 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 insufficient to appreciate the complete spectrum of PTC
nuclear irregularities.

By tracing in immunofluorescence 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-
nofluorescence 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 exemplified 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 immunofluorescence 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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Part 11
The Nuclear Envelope in Cell Cycle
Regulation and Signaling

Introduction

A central mechanism by which the nuclear envelope could influence cancer
progression is through influencing the cell cycle, which typically loses critical
controls in tumorigenesis. The first link between the nuclear envelope and the cell
cycle was the observation by Larry Gerace and Gunter Blobel that the intermediate
filament 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
MANTI and emerin or their chromatin-binding partner BAF in Caenorhabditis
elegans resulted in defects such as anaphase chromatin bridges [, 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.
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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, first observed in 1994 [12].
In the first chapter in this section, Juniper Pennypacker and Brian Kennedy, President
of the Buck Institute for Research on Aging and among the first 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 LAP2p. 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—-LAP2a—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 first NETs -LBR- and of many
aspects of lamin and NET functions in disease, discuss this function of the nuclear
envelope. In particular, NF-xB, Wnt, and TGFf signaling cascades from the plasma
membrane get several additional layers of regulation from the nuclear envelope
before they can activate transcription: first getting into the nucleus through the
NPCs and second having cascade proteins p-catenin and smads sequestered at the
nuclear envelope by multiple nuclear envelope transmembrane proteins.
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RB and Lamins in Cell Cycle Regulation
and Aging

Brian K. Kennedy and Juniper K. Pennypacker

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 filament 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
e Lamins * Aging * Progerin ¢ Senescence ¢ Cancer * Cell cycle progression ®
Telomeres ® p53

Abbreviations

ATR Ataxia telangiectasia and Rad3-related protein
ADLD  Autosomal dominant leukodystrophy
CDK  Cyclin-dependent kinase

B.K. Kennedy, Ph.D. (2<) « J.K. Pennypacker
The Buck Institute for Research on Aging, 8001 Redwood Boulevard, Novato, CA 94945, USA
e-mail: bkennedy @buckinstitute.org; JPennypacker @buckinstitute.org

E.C. Schirmer and J.I. de las Heras (eds.), Cancer Biology and the Nuclear Envelope, 127
Advances in Experimental Medicine and Biology 773, DOI 10.1007/978-1-4899-8032-8_6,
© Springer Science+Business Media New York 2014



128 B.K. Kennedy and J.K. Pennypacker

DCMI1A Dilated cardiomyopathy type 1A

ERK Extracellular signal-regulated kinases
HGPS Hutchinson—Gilford Progeria syndrome
LAP2a Lamina-associated polypeptide 2a
MDM?2  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
arange of nuclear functions. The finding 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 filament 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 define 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 field 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 findings at least raise the possibility that progerin may in part promote the
normal aging process.

B-type lamins, encoded by LMNBI 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 finding
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 define 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 fibroblasts of HGPS patients [16—18].
These fibroblasts 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 findings 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 identified. This finding 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 specific 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 specific functions may relate to both cancer and aging.
The answers to these questions remain unresolved, but a number of tantalizing find-
ings have been reported in the last few years that may finally 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 define 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 findings 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 identified 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 first tumor suppressors identified, 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 defined [34].
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Both A-type lamins and their binding partner, lamina-associated polypeptide 2a
(LAP2a), have been reported to interact with RB [21, 36], repress E2F-dependent
transcription, and promote cell cycle arrest [37]. Consistently, loss of LAP2a or
lamin A/C impairs normal cell cycle regulation leading to inappropriate S-phase
entry. Mouse cells lacking A-type lamins or LAP2a have altered cell cycle profiles
with premature S-phase entry and in some contexts enhanced proliferation [38—40].
In contrast, one study in human primary fibroblasts indicated that reduced lamin
A/C or LAP2a 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"~
fibroblasts insensitive to p16™&*A-mediated cell cycle arrest [38]. However, the E3
ligase responsible for RB degradation remains to be identified 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 findings 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™ fibroblasts [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
finds 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 fibroblasts,
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 fibroblasts 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, finding
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 identified novel allele of LMNA, LmnaP"E, was identified
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-specific 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 findings 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 findings indicate that they adopt an altered secretory
profile, the senescence-associated secretory phenotype (SASP), that leads to para-
crine release of a number of inflammatory 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. Zmpste247"~ 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 pl16INK4A/
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 (pl6INK4A/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-deficient 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 fibroblasts stably expressing progerin
[64]. However, an analysis of global gene expression profiles in fibroblasts from
HGPS patients identified 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 profile.

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 identified 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 identified 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 influenced
by A-type lamins. Whereas inactivation of RB did not rescue proliferation defects
and premature senescence in human fibroblasts 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 fibroblasts 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 specific 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 findings 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 specific nature of the LMNA mutation.

Another interesting recent finding has connected lamins to the p53 pathway
in a different manner. In renal carcinoma cells, where genetic inactivation of the
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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 MDM?2
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 finding 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 fibroblasts are reported to have faster rates of telomere
attrition [73]. This finding 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 specifically with A-type lamins [74-77].
Lmna™- fibroblasts 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 fibroblasts 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 finding suggests that, not unexpectedly,
progerin influences telomere metabolism in a manner distinct from hypomorphic
mutation of LMNA. Recently, it was reported that progerin-induced DNA damage is
localized specifically to telomeres [85]. Expression of telomerase resolves this DNA
damage, and, once repaired, HGPS fibroblasts 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 SIRTI 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 SIRT
function was associated with improved stem cell function and enhanced survival.
Studies in fibroblasts 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, finding that this was sufficient
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 confirmed 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 findings (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 LMNBI 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 LMNBI locus results in adult-
onset autosomal dominant leukodystrophy (ADLD) [90], and lamin B1 overexpres-
sion has been detected in lymphoblasts and fibroblasts 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 fibroblasts [92].

Several studies indicate a connection between A-type and B-type lamins in the
formation of intermediate filament networks, and there appears to be an interplay
between the two nuclear intermediate filament 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 filaments 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 findings 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
disulfide 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,
anumber of conflicting 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 LMNBI 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 findings 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 findings are certainly becoming more intriguing. That
LMNA mutations cause HGPS is not sufficient to ascribe A-type lamins a role in
normal aging. That progerin is expressed in aging and/or senescent cells is also not
sufficient, 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 findings relevant to cancer and aging. Perhaps the most exciting aspect of
the field 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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Lamina-Associated Polypeptide (LAP)2«
and Other LEM Proteins in Cancer Biology

Andreas Brachner and Roland Foisner

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 fila-
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)2a and Ankyrin and LEM domain-containing
protein (Ankle)1 lack transmembrane domains and localize throughout the nucleo-
plasm and cytoplasm, respectively. LAP2a 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 LAP2a in cancer. Anklel is a nucle-
ase likely involved in DNA damage repair pathways and single nucleotide polymor-
phisms in the Anklel 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 LAP2a and Anklel in tumorigenesis and we provide evi-
dence that LAP2a expression may be a valuable diagnostic and prognostic marker
for tumor analyses.
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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 filament 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

@M O LEM-like I MSC Ankle1*# l' c
B transmembrane c RRM

‘v.nnk\frin repeats $ GIY-YIG

Ankle2*

LEMD1*
LEM2*

)
%0 3
C
c Ankle2*

Heterochromatin

Anklel*#
LAP2B"y,d,¢

* conserved in metazoans
# discussed in this review

Fig. 1 Schematic overview of the mammalian LEM-protein family. Protein localization and
domains are indicated
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transcription regulators, epigenetic modifier 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 specific manner [12, 13]. The
LAP2-Emerin-MAN1 (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 (TGFf) and bone morpho-
genetic protein (BMP) signaling [21, 22], f-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,
LEMDI1, Anklel, and Ankle2 [14, 28, 29]. In addition, Anklel, 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 (LAP2a and {) and Anklel 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 LAP2a 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 (o, P, v, 9, €, ), 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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Fig. 2 LAP2aq, lamin A/C, and pRb interact directly and may form a trimeric complex. Domain
organization of human LAP2x and pRb and interaction domains are shown

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 LAP2a C-terminus is encoded by a single exon unique
for LAP2« [30]. Unlike the other major LAP2 isoforms, LAP2a’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], LAP2a specifically binds
A-type lamins via its unique C-terminus [34] in the nucleoplasm [35]. Furthermore,
LAP2a’s C-terminus mediates interaction with the cell cycle regulator and tumor
suppressor, retinoblastoma protein (pRb) [35-37]. Recent observations that LAP2«
may be involved in the regulation of pRb localization and repressor activity led to
the hypothesis that LAP2a may play a role in tumorigenesis.

Potential Role of LAP2a 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 RB/ gene (except in the hereditary form
of the childhood retinoblastoma disease), but are caused by defects in the expression
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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 CM V-IE86) that bind pRb
with high affinity and affect binding and activity of normal cellular pRb regulators.

In non-tumor cells pRb is regulated by posttranslational modifications (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 efficiently 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 fine-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
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Fig. 4 Hypothetical model of the functions of the peripheral lamina and the nucleoplasmic
LAP2a-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 efficient PP2A-dependent dephosphorylation of phospho-pRb. The
nucleoplasmic LAP2a-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. LAP2a-lamin A/C complexes dissociate from phospho-Rb, allow-
ing E2F activation and E2F target gene expression

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 RBI,
anti-proliferative factors like p19'™#¢ (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 LAP2« fit into this complex regulatory network modulating pRb func-
tion? Both LAP2a [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). LAP2a
was found to preferentially interact with hypophosphorylated pRb and is required
for pRb anchorage in the nucleus [37]. LAP2a overexpression in cells caused down-
regulation of E2F-dependent reporter gene activity and repressed endogenous E2F
target genes [36], suggesting that LAP2a promotes pRb-mediated repression of tar-
get genes. Accordingly, overexpression of LAP2a in pre-adipocytes promoted cell
cycle exit and initiation of differentiation to adipocytes in vitro [36]. In contrast,
fibroblasts derived from LAP2a-deficient mice showed impaired pRb repressor
activity, upregulated E2F/pRb target gene expression, and delayed cell cycle exit
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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 significantly upregulated, leading to epidermal hyperplasia, increased
crypt length, and an increased number of fiber-associated satellite cells, respectively
[35]. Overall, LAP2a seems to be important for an additional level of pRb regula-
tion on top of the basic regulatory machinery, allowing an efficient activation of pRb
repressor activity and pRb target gene repression to promote cell cycle exit (Fig. 3).
Upon loss of LAP2a, pRb activity is not lost but impaired, which may explain the
observation that LAP2a-deficient 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 efficient PP2A-dependent
dephosphorylation of pRb, which is required for efficient TGFf-induced cell cycle
arrest of fibroblasts [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 LAP2a 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 efficient pRb dephosphorylation. Interestingly, lamin A has been shown
to have repressive activity when artificially tethered to reporter gene promoters [55].
Furthermore, a recent study in Caenorhabditis elegans showed that a muscular
dystrophy-linked lamin mutant impaired tissue-specific 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
modifiers or changing overall chromatin state at promoters.

Another open question concerns the functional relationship between LAP2a 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 LAP2a-independent pool, while ~10 % localize throughout the nucleo-
plasm in a mobile and dynamic pool, most likely in association with LAP2« [35, 56,
57]. It is unclear whether pRb binds preferentially to a LAP2a-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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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]

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
LAP2«a in mice, which leads to specific 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].

LAP2a Expression During the Cell Cycle and in the Context
of Tumorigenesis

A number of studies have shown that LAP2« 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]. LAP2a
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 LAP2a promoter, based on chromatin immunoprecipita-
tion and microarray techniques identified 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, LAP2a 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).
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Is Cancer-Related LAP2a Overexpression Cause
or Consequence of Proliferation?

Numerous studies found LAP2 or LAP2a 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
LAP2aq, predicted from the studies in mice and several cell lines mentioned above.
On the one hand, LAP2a seems to be upregulated in most if not all proliferating,
particularly cancer cells: on the other hand, LAP2a expression is predicted to
have an anti-proliferative function. How can one solve this apparent discrepancy?
Is LAP2« 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 LAP2a levels and proliferation is
only supported by a handful of reports consistent with a pro-proliferative effect of
the LAP2a-lamin A complex. Both RNA interference-mediated knockdown of
lamin A and LAP2« caused cell cycle arrest in primary human dermal fibroblasts
[58]. Furthermore muscular dystrophy-linked homozygous mutations in the LMNA
gene in patient-derived fibroblasts, leading to loss of lamin protein expression,
severely impaired cell proliferation [74]. Additionally, fibroblasts 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 fibroblasts, but
not embryonic fibroblasts, 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 fibroblasts from a progeria model have a defective Wnt signaling
causing misregulation of extracellular matrix components [76].

Overall, it seems very likely that LAP2a and lamin A have an anti-proliferative
activity through promoting pRb repressor activity as described above. The increased
LAP2a 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 LAP2a provides a negative feedback loop that ensures efficient LAP2a-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, LAP2a
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
LAP2a in cervical cancer cells [78]. Knockdown of E6 or E7 in these cells restored
p53 and pRb activity, respectively, and caused down-regulation of LAP2a.
Conversely, knockdown of p53 in normal human fibroblasts increased LAP2a 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-
pl6ink4a pathway [80] and by E2F7, which is a target of pS3 [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 LAP2a overexpression in cancer cells is possible only
upon additional changes that promote cell cycle progression, like amplification of
c-myc, hyperactivity of mitogenic signaling, or loss of repressive factors. This may
also explain why overexpression of LAP2a was linked to a worse patient prognosis
[81, 82]. LAP2a may thus be a useful diagnostic and prognostic gene in
tumorigenesis.

LAP2«a at Telomeres: A Link to DNA Damage Repair?

Several microscopy studies revealed that LAP2a 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 identified
LAP2a 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 findings is still unclear, but several recent observa-
tions are consistent with a potential role of LAP2a 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]. LAP2a 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 LAP2a 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]. LAP2a also appeared
among the top hits in an interaction screen of proteins modified 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, LAP2a may be involved in telomere maintenance or protection pathways.
However, as LAP2« deficient mice did not show any of the phenotypes associated
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Fig. 5 LAP2a transiently localizes to telomeric regions during late anaphase-telophase (fop) and
is detected on the chromosome tips in metaphase spreads (botfom). Confocal fluorescence images
showing the localization of ectopic, fluorescently tagged LAP2a and Histone 2B (upper panel) or
stained for LAP2a and DNA (courtesy of T. Dechat and A. Gajewski, MFPL). Bars, 5 pm. Arrow
indicates localization of YFP-LAP2a at chromosome tips in late anaphase. Right panel shows a
hypothetical involvement of LAP2« in telomere stability based on recently reported protein inter-
actions. See text for details

with dysfunctional telomeres (e.g., premature aging, infertility, increased occurrence
of tumors), it seems unlikely that LAP2x 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 five to ten times longer telomeres
in murine versus human cells. Therefore, it is still possible that aberrant LAP2a
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 LAP2f, the largest
membrane-bound LAP2 isoform. LAP2p was upregulated in various digestive tract
cancers (stomach, liver, pancreas, and bile duct) [95]. Knockdown of LAP2p in



154 A. Brachner and R. Foisner

cancer cells reduced—whereas ectopic expression of LAP2f increased—cell motil-
ity, but had no effect on cell proliferation. LAP2f3 knockdown also induced signifi-
cant changes in gene expression [95], which is likely linked to the previously
reported interaction of LAP2p with histone deacetylase 3 (HDAC3) and its involve-
ment in gene regulation at the nuclear envelope [96]. LAP2f upregulation was also
reported in lymphoma patient samples and in normal human lymphocytes upon
mitogenic stimulation with phytohemagglutinin [97]. Since also LAP2a 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

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

LEMDI1 is a mammalian-specific LEM-protein of the INM expressed exclusively in
testis as six alternatively spliced isoforms. Interestingly, LEMDI1 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-specific genes that are
reexpressed in tumors originating from unrelated cell types [101]. However, neither
the biological functions of LEMDI1 nor its contribution to tumorigenesis is known.

Polymorphisms in the Anklel 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 significantly 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 identification 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 significant 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 (Anklel) and lead to amino acid changes within the polypeptide.
Anklel 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].
Anklel lacks a transmembrane domain and shuttles between the nucleoplasm and
cytoplasm in human cells [109]. Intriguingly, Anklel contains a GIY-YIG-type
endonuclease domain, which was shown to cleave DNA in vitro and in vivo [109,
110]. While Anklel 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 Anklel—was hypersensitive towards DNA damaging
agents. Altogether, these studies suggest that Anklel may be an enzyme involved in
DNA repair pathways.

Considering that the vast majority of mutations predisposing carriers to breast
cancer were identified in genes involved in DNA damage signaling and repair (e.g.,
BRCAI1, BRCA2, Rad51, Chek2, ATM, p53), the endonuclease Anklel may indeed
be a relevant factor for tumorigenesis.
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NETs and Cell Cycle Regulation

Michael 1. Robson, Phu Le Thanh, and Eric C. Schirmer

Abstract There are many ways that the nuclear envelope can influence 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
influence the cell cycle through regulatory or structural functions. Of particular note
among these are the nuclear envelope transmembrane proteins (NETs) that appear
to influence 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-specific 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 influence 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 EIB 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 Lap2, Emerin and Manl 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 NETSs also contribute to NE—chromatin interactions.
LBR, and probably many more NETs, also interact with the nuclear lamina intermediate filament
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 flexibility. Three NETs, NDCI,
Poml121, 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 defined roles for several NPC proteins have been
identified 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 filament 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 specific [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 first 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 MANT 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 reflects 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, LAP2 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 LAP2 was over-
expressed in several cancers, its knockdown only affected cell proliferation in pan-
creatic cancer. Separately, however, knockdown of LAP2f 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 NETSs 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 LAP2p 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 affinity 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 NETSs are capable of binding chromatin and therefore driving NE reas-
sembly (Fig. 1). The LEM domain proteins MANT1 [31], emerin [51], and Lap2p
[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 significant 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
affinity 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 NETSs that
drive NE disassembly become dephosphorylated again to regain their affinity 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 NETSs 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 Nupl07-160 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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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 identified in a proteomics study of rat liver NEs indicates that NET nucleoplasmic domains
are shorter and significantly 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
etal., 2011 Journal of Cell Biology, published by the Rockefeller Press [59]

In addition to binding BAF, Lap2p 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 NETSs identified 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, NDCl1,
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].
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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,
NET: 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/karyopherinf} are
required for aster formation in the mitotic spindle [71, 72]. Importinf has a second
mitotic function through an interaction with RepoMan [4]. As a transport receptor,
importinf3 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 RAEI and
the Nup107-160 complex in spindle formation and the additional co-localization of
the latter with kinetochores during mitosis [73—75]. However, the specific 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 artificial 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 (NETS5/Samp1/Tmem201, WES1, Tmem?214, and ote-
fin) 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 WES1 and NETS (also
called Tmem201 and Sampl) 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. (¢) 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 NET's
use their interphase affinity 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 Sampl.
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, LAP2«,
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 MANI.
Emerin and MAN1 share a common weakly conserved domain known as the LEM
domain because it was first identified from homology between the three NE proteins,
LAP2, emerin, and MANI1 [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 MANI 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 LAP2f has separately been implicated in pro-
moting cell cycle progression through an interaction with HA95, a homolog of the
nuclear-A kinase anchoring protein AKAP9S5. Disruption of the interaction between
LAP2p and HA9S5 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 filaments 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
identified 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 finding of cell cycle functions for these NETSs inspired another study to
screen for additional NETSs functioning in cell cycle regulation [99]. Thirty-nine
novel NETs identified 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 (fluorescence 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, Tmubl, Fam3c, Magtl, Tmem126a, NET59/Ncln, and NET31/
Tmem?209, 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 deficient in these
cell cycle regulators. For two NETs, NET4/Tmem53 and NET59/Ncln, the effects
were significantly diminished or lost when tested in cells lacking the p53 master
regulator. Tmem53/NET4 also lost its effects in the pRb deficient cells [99].

NET59/Ncln has previously been found to indirectly affect Smad transcriptional
regulators to modulate TGFf signaling pathways [100]. This is particularly interest-
ing in that Smads also interact with MANT1 [101, 102], a NET previously linked to
cell cycle regulation. TGFp signaling is also affected by another LEM domain NET
in Drosophila, Otefin [103]. Several other NETs have also been shown to affect
signaling cascades: emerin can regulate fB-catenin/wnt signaling [104]; NET25/
LEM?2 influences Erk1/2 pathways [105]; and NET39/PPAPDC3 inhibits the mTOR
signaling pathway [106]. Of these, NET25/LEM?2 was not tested in the screen, and
NET39/PPAPDC3 had no effect with the FACS profiles of the transfected and
untransfected populations exactly overlaid [99], but these findings 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 LAP2a as lamin or LAP2a 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 profiles
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 NETSs 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
Magtl are in the inner nuclear membrane [18, 19]. Thus, NETSs on both sides of the
NE can influence the regulation of the cell cycle by distinct mechanisms.
Strikingly, most of the NETs that altered cell cycle profiles 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 5x
higher in blood compared to the median value for the 84 tissues examined while
Tmem126A is expressed in blood at roughly 50x higher than the median. This is not
completely surprising as these four NETs were all identified in a proteomic study of
NEs isolated from blood [18]; however, each NET was also restricted in expression to
specific blood cell types. Magt] 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 identified 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
NETS59/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 TGFf family, like MANI1,
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 identified in proteomic studies 10 years ago, only
roughly a dozen NETs had been identified. Among these well-characterized NETs,
emerin, MAN1, and nesprins have been linked to the cell cycle. Screening a large
set of NETs identified 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/
Scepdh, NET31/Tmem209, Tmubl, Fam3c, Magtl, and Tmem126a are indepen-
dent of p53 and pRb pathways. Thus, the majority of the novel NETs identified
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 specificity 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 specific 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-specific
NETs that influence the cell cycle could influence 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 NET's can act
directly on tumor suppressor proteins and that some are tissue-specific suggests that
NETs may play roles—either through their own mutation or through mutated part-
ners losing the ability to interact—in tissue specific tumor formation, one of the
least understood aspects of cancer biology.
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Nuclear Envelope Regulation of Signaling
Cascades

Jason C. Choi and Howard J. Worman

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 defining 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 findings 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
fine-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 profile of integral mem-
brane proteins and other associated proteins, as well as specific 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 findings 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 filament 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
LMNBI and LMNB?2, respectively, whereas lamins A and C (A-type lamins) are
both encoded by LMNA and produced by alternative mRNA splicing [19]. Germ-
cell-specific isoforms lamin C2 and lamin B3 produced by alternative splicing of
transcripts from LMNA and LMNB], 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 first differentiated cells to emerge from the dividing zygote
called trophoblast cells are also the first 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 identified 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 significance 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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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

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 first 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 filament protein family, lamin A (as
well as all lamins) contains a central a-helical rod domain that is flanked by globular
N-terminal head and C-terminal tail domains [19, 33, 34] (Fig. 1a). The C-terminal
domain contains an immunoglobulin-like p-fold and a nuclear localization signal
between the a-helical rod domain and this fold [35, 36]. The central a-helical rod
domains of lamins are highly conserved among other members of intermediate
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filament 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 modifications [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 modification 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 first 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 haploinsufficiency 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 first 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®6%86/65086 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 benefit 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-specific fashion. Similarly,
other proteins of the INM appear to regulate or influence 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,-terminal kinase (JNK), and p38 [59, 60]. The
defining feature of the MAPK pathway is the three-tiered “core signaling module,”
which is a tri-layered dual-specificity 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 MKKSs). Once
phosphorylated, MAP2KSs in turn phosphorylate conserved tyrosine/threonine resi-
dues within the MAPKSs, which are the ERKs, JNKs, and p38. The phosphorylated
MAPKSs then transit to specific subcellular compartments such as the nucleus, the
localization of which is predominantly mediated by binding interactions with
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Fig.2 Signaling pathways regulated by proteins of the nuclear envelope. The three domains of the
nuclear membranes are shown in the magnified 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 MANT as described in the current review are graphically illustrated

sequestering anchors and components of the nuclear transport machinery, where
they regulate various cellular processes including growth, differentiation, metabo-
lism, stress response, inflammation, 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 finding
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 MAPKSs 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 (Lmnat???"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
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humans [66]. By 8 weeks of age, male Lmna™???"M222F mice develop left ventricular
dilatation and decreased fractional shortening and, by 12 weeks, abnormalities in the
conduction system. Histological analysis shows left ventricular fibrosis, fiber 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'???"1222" mice, ERK1/2 and JNK are activated spe-
cifically 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 first sign of MAPK activation in hearts of Lmna™***"222F 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 confirmed by showing that inhibition of
MAPK activation by systemic administration of pharmacological inhibitors amelio-
rates cardiomyopathy in Lmna™?**H222P mice [68, 70-72]. Increased ERK1/2 signal-
ing has also been observed in human fibroblast as well as in hearts of human subjects
carrying LMNA mutation causing striated muscle disease [73, 74]. These collective
findings 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 efficient 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 TSCI1, 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™?2?PM222P 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 profiling of hearts from these mice revealed that the highest
scoring signaling pathway was the insulin-like growth factor signaling [67]. A sub-
sequent study confirmed 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 confirmed with the demonstration that
reducing mTOR signaling by systemic administration of temsirolimus, a rapamycin
analog, improved heart function, confirming its contribution to disease pathogenesis
[81]. Another group using a different mouse model of EDMD independently
reported essentially identical findings [82]. Mice expressing a truncated form of
lamin A (lamin AAS8-11), 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 confirming the causative role of mTOR signaling in
striated muscle disease triggered by LMNA mutation [82]. Mechanistically, both
groups identified 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 fibroblasts from lamin AA8-11 expressing mice exhibit activated
AKT signaling, suggesting that its activation is promiscuous and not specific to any
mutation or tissue type [86]. Perhaps insulin-like growth factor, as identified in the
original study demonstrating MAPK activation in hearts of Lmna™?**H222P mijce,
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].
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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 identified 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
specification 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 fibroblasts engineered to express progerin and in primary fibroblasts from
patients with HGPS, several Notch effectors such as HES1, HESS, 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, confirming that activated Notch causes differentiation defects.

Wnt signaling—The multiple system disorder HGPS has been attributed in part
to deficient/defective deposition of extracellular matrix (ECM). Consisting of water,
structural proteins and polysaccharides, the exact composition of which is specific
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 first suggested from a study using
a progeria mouse model. Lmna™>***53% mijce, 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 fibroblasts
isolated from Lmna“33%"-33% mice exhibit reduced expression of genes encoding
ECM proteins but not fibroblasts isolated from their embryos, correlating with the
fact that children with HGPS are apparently normal at birth and develop the first
symptoms at 612 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-«B 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-kB 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-kB 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-xB signaling and age-related dis-
eases, transcriptional profiling of liver tissue isolated from Zmpste24~~ mice has
revealed a signature indicative of enhanced NF-xB activation [109]. This activated
NF-«B signaling was confirmed in both Zmpste24~~ and LmnaS6®%/6%G (which is the
murine equivalent of LMNASS®F/G%8G mutation in human patients with HGPS) and
occurred through ATM-NEMO-mediated mechanisms [109]. Reduction of NF-kB
signaling by genetic and pharmacological means prevented progeroid features in the
mice and extended longevity, confirming 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 (LAP2, Emerin, MAN1), 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 first 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 identified, no definitive function has emerged
for emerin thus far.

One binding partner for emerin is -catenin, a downstream effector of the canon-
ical Wnt signaling pathway. In the absence of an activating signal, p-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 f-catenin for targeted degradation by the ubiquitin-
proteasome pathway. Upon activation of Wnt signaling, B-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 p-catenin inhibits its activity by
facilitating nuclear export, thereby preventing accumulation in the nucleus [116].
Emerin-deficient primary fibroblasts from patients with X-linked EDMD display
increased P-catenin accumulation in the nucleus and a corresponding increase in
their proliferative capacity [116]. These effects have been replicated in wild-type
fibroblasts expressing constitutively active p-catenin, confirming that the abnor-
mally increased growth phenotype in emerin null human fibroblasts is mediated by
the enhanced f-catenin signaling [116]. There is also evidence that emerin-mediated
[-catenin activity is co-regulated by a larger protein complex containing nesprin2, a
796 kDa ONM protein, and pB-catenin [117].

MANI1

MANI (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,
MANI1 contains a LEM domain near its N-terminus [110, 119, 121]. The N-terminal
portion of MANI 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
MANT1 is a regulator of receptor-mediated Smads (rSmads). rSmads are intracellu-
lar mediators of the transforming growth factor-p (TGF-p) family of cytokines,
which have been demonstrated to play an intimate role in cancer metastasis [123].
Two major subfamilies are the TGF-f and bone morphogenic protein (BMP) sub-
families, the signals of which are mediated by Smadl 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- and BMP signaling [124—126]. This inhibitory
effect has been confirmed in MAN1 knockout mice in which enhanced TGF-f sig-
naling interferes with embryonic vasculogenesis [127, 128]. Consistent with these
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findings, 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-p and BMP signaling in these tissues during postembryonic devel-
opment [124]. Mechanistically, MAN1 suppression of TGF-f3 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 MAN|1
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 first step towards testing this hypothesis.
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