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Preface

This volume reviews the current knowledge on the structure, composition, and
functions of the Golgi and centriole/centrosome and the functional partnership and
codependence of these two organelles, their roles in the establishment of cell
and organ geometry and morphogenesis, and how the disruptions of their structure
and positioning lead to the various diseases.

The first part of this volume describes structural diversity and evolution of
centriole, the role of acetylated proteins and cytoskeletal remodeling proteins
(formins) in the centriole and Golgi biology, and the role of intracellular transport
and RhoA and Rab GTPase signaling in the formation of Golgi and Golgi/centriole
complex.

The second part is devoted to the description of mechanisms involved in the
positioning of Golgi and centriole in resting and directionally moving cells, the
significance of their positioning, and the methods for studying the Golgi dynamics in
the semi-intact cell system.

The third part describes how centrosome coordinates divisions duringDrosophila
early embryogenesis and focuses on the role of the centriole and Golgi in the
establishment of cell geometry, organ branching, tubulogenesis, neurogenesis, and
differentiation of neurons and hypothesizes how the Golgi may communicate with
the cell periphery.

The fourth part summarizes our current knowledge on the role of Golgi and
centriole in stress response and various diseases and describes how the changes in
the Golgi/centriole structure/number may lead to development or/and progression of
cancer.

We believe that this volume besides being highly informative and scientifically
inspiring will shed new light on the mechanisms and role of the Golgi/centriole
functional partnership during development and in health and disease.

Houston, TX Malgorzata Kloc
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Abstract

This book reviews the most recent knowledge on the evolution, structure, functions,
codependence, and interactions of centriole and Golgi apparatus; what roles they
play in the establishment of cell and organ geometry and development; and how their
disruption leads to cancer and other diseases.

The book covers the following subjects: the evolution of centriole structure and
the role of intracellular transport and centriole in the formation of the Golgi ribbon;
the role of small GTPases and acetylated proteins in the Golgi and centriole/
centrosome structure and function; the mechanisms and methods to study the
dynamics and the role of positioning of Golgi/centriole in different cell types and
how they communicate with cell periphery; the role of centriole/Golgi in embryo
development, and in the establishment of geometry and polarity of cells and organs;
and how the inherited or acquired defects in centriole or Golgi lead to cancer and
other diseases.

This book should give the readers a new and often unrecognized perspective on
the roles of the centriole and Golgi complex, structural and functional codependence
and partnership between these two organelles, and their importance for various
aspects of cell and organ functions.

Keywords Golgi � Centriole � Centrosome � Polarity � Geometry � Morphogenesis �
Evolution
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Chapter 1
The Evolution of Centriole Structure:
Heterochrony, Neoteny,
and Hypermorphosis

Tomer Avidor-Reiss and Katerina Turner

Abstract Centrioles are subcellular organelles that were present in the last eukary-
otic common ancestor, where the centriole’s ancestral role was to form cilia. Centri-
oles have maintained a remarkably conserved structure in eukaryotes that have cilia,
while groups that lack cilia have lost their centrioles, highlighting the structure–
function relationship that exists between the centriole and the cilium. In contrast,
animal sperm cells, a ciliated cell, exhibit remarkable structural diversity in the
centriole. Understanding how this structural diversity evolved may provide insight
into centriole assembly and function, as well as their unique role in sperm. Here, we
apply concepts used in the study of the evolution of animal morphology to gain
insight into the evolution of centriole structure. We propose that centrioles with an
atypical structure form because of changes in the timing of centriole assembly events,
which can be described as centriolar “heterochrony.” Atypical centrioles of insects
and mammals appear to have evolved through different types of heterochrony. Here,
we discuss two particular types of heterochrony: neoteny and hypermorphosis. The
centriole assembly of insect sperm cells exhibits the retention of “juvenile” centriole
structure, which can be described as centriolar “neoteny.” Mammalian sperm cells
have an extended centriole assembly program through the addition of novel steps
such as centrosome reduction and centriole remodeling to form atypical centrioles, a
form of centriole “hypermorphosis.” Overall, centriole heterochrony appears to be a
common mechanism for the development of the atypical centriole during the evolu-
tion of centriole assembly of various animals’ sperm.

1.1 Introduction

Centrioles are present in most eukaryotic cell types and are essential for the devel-
opment and physiology of humans and many animals. Because centrioles are so
essential for life, they have been studied using multiple approaches in many in vitro
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and in vivo systems. Over the years, it has become evident that, while centriole
structure and function are highly conserved, centrioles exhibit distinct and some-
times dramatic differences (Jana et al. 2018; Riparbelli et al. 2010). Many studies
focus on the more universal aspects of centrioles to draw conclusions that are
applicable across species because conservation suggests a similar underlying mech-
anism (Jana et al. 2016; Winey and O’Toole 2014; Sluder 2016). However, differ-
ences between centrioles are also significant for several reasons. First, some
differences provide a unique opportunity to overcome a difficulty in investigating
a process (e.g., the presence of the giant centriole cartwheel in some species was
instrumental in elucidating its detailed structure) (Guichard et al. 2012). Second,
understanding the differences can provide conceptual insight that would otherwise
be hidden. For example, the observation that in some species centrioles with one
symmetry can nucleate a centriole with a different symmetry, suggests that the
preexisting centriole does not act as the template for centriole organization (Phillips
1967). Third, differences are commonly present and are essential for animal or
tissue-specific function; impacting them can result in devastating pathologies.
Fourth, differences provide a basis for tissue-specific therapeutics with minimal
systemic side effects. Last, there are evolutionary reasons for differences—they
are beneficial. For these reasons, in this chapter, we will focus on the diversity in
centriole structure and how differently shaped centrioles evolved.

Here, to gain insight into centriole structural diversity, we take the approach best
described by Theodosius Dobzhansky: “Nothing in BiologyMakes Sense Except in the
Light of Evolution” (Dobzhansky 1973). We will apply concepts from the study of
animal development such as heterochrony, neoteny, and hypermorphosis to study the
evolution of the centriole. We focus on sperm because, due to the postcopulatory sexual
selection, it underwent rapid evolution, during which time the typical structure of the
centriole changed in many species (Lupold and Pitnick 2018; Mordhorst et al. 2016).
This chapter starts with background on heterochrony and centriole structure and
function. We continue with describing two types of centriole changes: a neotenic
change in insect proximal centrioles and a hypermorphotic change in mammalian distal
centrioles. We will then discuss potential molecular mechanisms that may be essential
to this evolutionary change. Finally, we propose that applying the concept of
heterochrony, which was originally intended to explain organismal evolution, to
organelle evolution is beneficial to understanding the molecular basis of heterochrony.

1.2 Heterochrony, Neoteny, and Hypermorphosis

A comparative biology approach is routinely used in the study of sperm where the
sperm centriole mainly acts as a tool to determine the phylogenetic relationship
between groups of animals (see for example Dias et al. 2015). Here, we borrow
concepts from evolutionary developmental biology that are generally used to
describe animal development, to explain changes in centriole assembly and struc-
ture. One general concept we focus on is heterochrony, a term originally coined by
the nineteenth century German biologist Ernst Haeckel in the context of the theory of
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recapitulation. The modern premise of heterochrony, as explained by the twentieth
century evolutionary biologist Stephen Jay Gould, is that the development of an
organism (ontogeny) and the evolution of an organism (phylogeny) are related; and
changes in the timing and the rate of developmental processes explain evolutionary
change (Gould 1977; McNamara and McKinney 2005). For example, the develop-
mental process for the formation of vertebrae may be happening quicker or slower
resulting in a relatively longer or shorter spine in similar species (Keyte and Smith
2014). At its core, heterochrony provides an explanation for the differences observed
in various species in terms of evolutionary change and timing of development. Other
ideas that we do not discuss here are that the evolutionary change can be mediated by
changing the location of a process (i.e., Heterotopy).

Heterochrony can be divided into two broad categories of changes (Smith 2002):
(1) changes that result in a juvenile or simple shape in comparison to the ancestral
shape and (2) changes that result in a more complex shape in comparison to the
ancestral shape. Here we focus on a specific example for each category, known as
neoteny and hypermorphosis. Neoteny is a decrease in the rate of development or a
maturation arrest at an early stage. Hypermorphosis is an acceleration or extension of
a preexisting process to accommodate additional steps.

The concept of neoteny has already been “borrowed” to describe a cellular
process; the term “cellular neoteny” was used to describe the differentiation program
that generates various neuronal and neuroendocrine cells. It was suggested that these
cell types might represent different stages of differentiation by cells “arresting” along
a linear development pathway, whose endpoint is a cholinergic sympathetic neuron
(Anderson 1989). Here, we apply this concept to the subcellular level, which in our
case is the alteration of the timing of centriole assembly events. We create distinct
analogies between “animal” and “centriole,” “development of an animal” and
“assembly of a centriole,” and “evolution of an animal” and “evolution of a centri-
ole.” The centrioles of sperm cells are particularly suitable for this analysis because
postmating sexual selection drove the rapid evolution of sperm, during which time
centriole structure changed in many species (Mordhorst et al. 2016; Lupold and
Pitnick 2018).

1.3 The Centriole and Cilium Structure–Function
Relationship Restricts Centriole Diversity

Centrioles are barrel-shaped structures made of nine triplet microtubule blades that
form a wall surrounding the centriole lumen (Fig. 1.1a–ii). Each blade is made up of
three connected microtubules (named A, closest to the lumen, B, and C, furthest
from the lumen) and therefore is referred to as triplet microtubules. Centrioles have
two essential functions inside the cell (Bornens 2012). The centrioles form centro-
somes, which are large microtubule-organizing centers in the cell; the resulting
organized microtubules mediate cell division and intracellular transport. Centrioles
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Fig. 1.1 Model of centriole development in various animal groups. The centrioles are depicted via
cross section at the centriole base and side view. (a) A model depicting the two centrioles in a stem
cell (i), fly spermatozoon (ii), and non-rodent mammal spermatozoon (iii). N nucleus, MC mother
centriole, dC daughter centriole, DC distal centriole, PCL proximal centriole like, SDC spermato-
zoon distal centriole, PC proximal centriole. (b–d) Models depicting the mechanism of a typical
centriole formation in a stem cell (b), of an atypical centriole in fly sperm (c), and of an atypical
centriole in mammalian sperm (d). (b) A typical centriole forms from a cartwheel made of a central
tubule with spokes surrounded by an amorphous wall (i). Then, the procentriole develops a wall of
nine singlet tubules, which grows to doublet tubules, and then triplet tubules (ii). Next, the
procentriole elongates and loses its cartwheel (iii). (c) The neotenic sperm centriole of flies (the
PCL) initially resembles the cartwheel stage and is made of a central tubule with spokes and an
amorphous wall (i). Then, the neotenic centriole is remodeled, losing its amorphous wall (ii) in a
hypermorphic step. (d) The hypermorphic sperm centriole of non-rodent mammals starts its forma-
tion like a typical centriole with a cartwheel (i), procentriole (ii), and a mature centriole (iii). Finally,
the centriole is remodeled by splaying the microtubules in a hypermorphic step (iv). (e) The
molecular pathway of human typical centriole formation (left column) and PCL formation (right
column). Genes in the same row are orthologues to each other in humans and flies, except for Poc1B
that changes position in the pathway. The figure shows that the same molecular pathway initiates the
typical centriole and fly PCL, but Poc1B gains an earlier essential function in the formation of the
PCL as compared to the human typical centriole pathway
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are also responsible for the formation of cilia, which are hair-like organelles that are
essential for cell motility as well as cell–cell communication. The centriole also
provides a stable anchor for the cilium and centrosome after their formation when
they perform their respective functions. A typical animal cell has two centrioles
(Fig. 1.1a-i). These centrioles are different from each other in their age, structure,
composition, and function. The older centriole (aka mother centriole) is structurally
and compositionally mature, and it is functionally competent to form a centrosome
or a cilium. The younger centriole (aka daughter centriole) is immature; thus, it is
unable to build a centrosome or a cilium.

Animal centrioles form centrosomes, and most animal cells require two centro-
somes for normal mitosis (Nigg and Raff 2009; Bornens 2012). The centrosome
nucleates and anchors asters of microtubules and determines the location of the
mitotic spindle pole (Tang and Marshall 2012). When present, centrosomes are the
dominant microtubule-organizing center in the cell. When centrosomes are normally
absent, as in the oocyte, a self-assemblymechanism canmediate mitosis (Petry 2016).
However, when centrosomes are abnormally absent, there is an increased rate of
chromosome missegregation during mitosis (Poulton et al. 2014). An abnormal
number of centrosomes can lead to mono- or multipolar spindles, which often results
in cell death (Prosser and Pelletier 2017). An exception to this outcome occurs in
cancer cells, which overcome the centrosome’s dominance by clustering the centro-
somes in a bipolar spindle (Leber et al. 2010). However, asymmetric clustering of
centrosomes can also cause chromosome missegregation (Cosenza et al. 2017).
Altogether, mature centrosomes, and the centrioles within them, are microtubule
organization centers whose precise number is essential for normal animal
development.

Centriole number control is achieved through a two-part process: first, by regu-
lating the number of newly assembled centrioles in the cell and, second, by precisely
segregating centriole pairs, each made up of one old and one new, during cell
division (Firat-Karalar and Stearns 2014). New centrioles are assembled in associ-
ation with a preexisting (mature) centriole that serves as a platform to restrict
centriole formation to one centriole per preexisting centriole per cell cycle. Many
proteins that are key to centriole assembly have been identified, but the precise
mechanism that assures that only a single new centriole forms near an old centriole is
still under intensive investigation. However, it appears that centriole microtubules do
not have an essential role in centriole duplication (Avidor-Reiss 2018). Altogether,
having precisely two centrioles in a cell is essential for cellular function, animal
viability, and reproductive success; the control of centriole formation requires a
preexisting centriole, but centriolar microtubules are dispensable for the assembly of
new centrioles or for centrosome function.

The ancestral role of cilia in eukaryotes is to produce cellular motility. This
motility is generated by molecular machines known as dynein arms, which contain
dynein motor proteins (Viswanadha et al. 2017). The dynein arms are permanently
attached to each of the microtubule blades on one side and are transiently binding to
a nearby microtubule blade to exert the force that produces motility. This force
results in one microtubule blade sliding relative to the other microtubule blade. Each

1 The Evolution of Centriole Structure: Heterochrony, Neoteny, and Hypermorphosis 7



microtubule blade is made of two connected microtubules (called A and B) and are
therefore referred to as doublet microtubules. There are nine doublets arranged in a
circle, such that each of the nine microtubule doublets can slide against another
doublet. This ninefold arrangement is conserved in animal evolution and found
across many groups. These microtubules form the cilium skeleton that is named
the axoneme, and they are the cilium’s most fundamental structural element. More
details on cilium motility can be found in Downing and Sui (2007).

In addition to cell motility, cilia function as a cell receiver or antenna in cell
signaling (Malicki and Johnson 2017). In many of these cases, the cilia are immotile
and the dynein arms are missing. In order to be an efficient signaling device, the
cilium is compartmentalized from the rest of the cell by a cilium gate and the cilium
transport machinery allows entry of specific ciliary cargo. The cilium gate (aka
transition zone in general or annulus in sperm cells) and the cilium transport
machinery (aka intraflagellar transport) are built around and travel along the axo-
neme microtubules. The cilium gate connects the microtubule doublets and the
ciliary membrane to form a barrier between both the cilioplasm and cytoplasm,
and the cilium membrane and cell membrane. More details on cilium gate and cilium
transport machinery can be found in Malicki and Avidor-Reiss (2014). The critical
point to our discussion is that cilia mediate signals utilizing an axoneme made of
microtubule doublets organize in ninefold symmetry.

During cilium formation, the centriolar microtubules extend to form the cilium
microtubules. Therefore, the centriole’s microtubules dictate the symmetry of the
axoneme microtubules, which are critical to the cilium’s motility and signaling
function. Because the centriole’s structure has such an important role in axoneme
structure, it makes sense that centriole structure is highly conserved throughout
evolution.

Centriole assembly is conserved in protists, invertebrates, and vertebrates
(Azimzadeh 2014). The new centriole initially forms as a cartwheel structure
surrounded by electron dense material at the base of the preexisting centriole,
near to the wall (Fig. 1.1b-i,ii). Next, microtubules are built around the cartwheel
to create the procentriole. First, the A microtubules are formed and later the B and
C microtubules. The completed procentriole structure is 200 nm long and 200 nm
wide, including the wall made of nine microtubule triplets and a centriole lumen
filled by the cartwheel. The formation of the cartwheel and procentriole usually
happens in the early S phase of the cell cycle and is very rapid. The next step in
centriole formation is the elongation of the centriole, which starts in the G2 phase
of the cell cycle. In this stage, the microtubules of the centriole elongate to about
400–500 nm in length. The cartwheel does not elongate and is restricted to the
base of the centriole. Finally, the cartwheel is eliminated from the centriole base
and the distal lumen is formed, which has a distinct structure composed of rings
and columns (Fig. 1.1b-iii). Altogether, centriole formation is a step-by-step
process in which a cartwheel forms, then develops to become a procentriole, and
further matures into a centriole.

8 T. Avidor-Reiss and K. Turner



1.4 Centriole Neoteny in Sperm Cells

During development, certain traits can be advantageous to a young animal, but those
same traits become a detriment when the animal reaches maturity so they are
replaced by adult features. Neoteny describes the inverse; it is a biological phenom-
enon where an adult animal retains juvenile features, presumably because those
features remain advantageous (Gould 1977). The classic example of neoteny in an
organism is the Ambystoma mexicanum, or axolotl, a species of salamander. Most
salamanders start their life as a larva; at this stage, they live in water, and have
external gills, and a caudal fin. They then develop into an adult form that lives on
land and breathes air. However, unlike other salamanders, the adult axolotl retains
some larval characteristics as it matures, it continues living in water, and has external
gills, and a caudal fin (Rosenkilde and Ussing 1996).

Identifying neoteny in nature is useful because it provides insight into the type of
evolutionary changes that led to the morphology of an animal and is likely linked to
developmental genes. Here we propose that the term neoteny has a broader applica-
tion and can be applied to subcellular structures that retain immature features in an
otherwise mature subcellular system. We hypothesize that these structures may also
exhibit neoteny by arresting early in certain specialized cells. We propose that the
centriole found in insect sperm cells is a neotenic subcellular structure.

In most animals, round spermatids (haploid cells that differentiate to form sper-
matozoa) have two mature centrioles, named the distal centriole and the proximal
centriole (Avidor-Reiss et al. 2015). However, insect spermatids for a long time were
thought to have only one centriole, the distal centriole, which has the typical barrel-
shaped structure with a microtubule wall. Recently, an early form of the procentriole
was identified in the insect spermatid near the distal centriole (Khire et al. 2016;
Blachon et al. 2014; Gottardo et al. 2015; Dallai et al. 2017; Fishman et al. 2017)
(Fig. 1.1a-ii). This structurally immature form of sperm centriole was named the
proximal centriole-like structure or PCL andmay represent an example of subcellular
neoteny; the structure maintains juvenile traits while the sperm itself matures from
spermatid to spermatozoon. During spermatid differentiation, both the distal centriole
and the PCL undergo remodeling that further modifies their structure (Fig. 1.1c). Both
centrioles are deposited in the egg after fertilization and both function in zygotes like
mature centrioles, which include nucleating new centrioles.

When neoteny is exhibited, it is thought that the halt of development is evolu-
tionarily beneficial. In the case of humans, neoteny may provide more time to
increase brain size after birth and more time to develop social skills (Skulachev
et al. 2017; Bufill et al. 2011). The reason for sperm centriole neoteny is not yet clear,
but it may be an advantage for sperm to have an immature centriole when competing
with other sperm trying to fertilize the egg. The smaller size of the centriole does not
deform the neck of the sperm, thus improving motility. Neoteny, like other evolu-
tionary changes in development, is mainly thought to be a result of mutations in the
regulation of genes that control development, but the precise mutations are not
known. Similarly, the centriole neoteny that forms the PCL may be due to mutations

1 The Evolution of Centriole Structure: Heterochrony, Neoteny, and Hypermorphosis 9



in genes that control the development of centrioles in the sperm. One potential gene
to mediate PCL neoteny is the gene poc1 (see Sect. 1.6).

1.5 Centriole Hypermorphosis in Sperm Cells

Adult animals exhibit certain traits that are characteristic of their maturation.
Hypermorphosis is a biological phenomenon where development is extended, for
example, by the addition of new developmental stages at the end of the ancestral
development sequence. The common example of hypermorphosis is the enlargement
of a body part relative to the rest of the body, such as the large antlers of reindeer or the
large upper canine teeth of saber-toothed tigers. Interestingly, it was proposed that
hypermorphosis may be a mechanism for the evolution of male weaponry (Kelly and
Adams 2010). Similar to animal development, subcellular structures can also have
developmental programs that reach a “mature” state, which then could be extended.
Here, we propose that the centrioles found in mammalian sperm cells exhibit
hypermorphosis.

In most animals, a spermatozoon has two centrioles, each with typical mature
centrioles morphology (Avidor-Reiss et al. 2015). However, most mammalian sper-
matozoon only has one typical centriole, the proximal centriole. Recently, a distinctly
shaped centriole was identified in the spermatozoon of non-rodent mammals
(Fishman et al. 2018; Avidor-Reiss and Fishman 2018) (Fig. 1.1d-iv). This shape
results from the remodeling of the distal centriole during spermatid differentiation.
Both centrioles, the typical centriole and the atypical centriole, are deposited in the
egg after fertilization, and both function in the zygote like mature centrioles, which
includes forming centrosomes and nucleating new centrioles. A more moderate form
of distal centriole remodeling is observed in insects (Khire et al. 2016; Dallai et al.
2018; Fishman et al. 2017). We propose that the alteration of the distal centriole’s
structure is due to the addition of new developmental stages after the end of normal
centriole maturation when the sperm is maturing from spermatid to spermatozoon
and, therefore, is an example of centriolar hypermorphosis (Fig. 1.1c).

Sperm centriolar hypermorphosis can take several forms in various animal
groups. Compared to other mammals, the rodent spermatozoon’s distal centriole is
further modified, resulting in the apparent degeneration of the DC. Furthermore, the
rodent spermatozoon’s proximal sperm centriole is also degenerated after it is fully
formed (Simerly et al. 2016). Similarly, in insects, the neotenic proximal centriole,
the PCL, undergoes further remodeling after its neotenic formation is finished,
suggesting that the PCL is a product of two heterochronic processes: neoteny and
hypermorphosis. Currently, it is unclear if the two processes evolved together, or one
after the other.
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1.6 The Genetic and Molecular Control of Centriole
Heterochrony

In the last two decades, some progress has been made in understanding the molecular
changes underlying heterochrony, but the complexity of studying whole animal devel-
opment presents a major barrier to that progress (Keyte and Smith 2014). Centriole
assembly is much simpler than animal development and may provide some insight into
the understanding of the molecular basis of heterochrony. It would also be interesting to
compare the molecular basis of heterochrony at a subcellular level and at the whole
animal level to determine if there are general rules that affect developmental timing.
Here, we suggest that the appearance of a neotenic centriole in flies is linked to a change
in the essential function of the gene Protein of Centriole 1 (poc1), based on the
comparison of the molecular pathways that form the PCL and the centriole.

Poc1 is a family of proteins that is evolutionarily conserved and is found through-
out the eukaryotic tree of life suggesting it was present in the ancestral eukaryote that
had a centriole (Hodges et al. 2010). Poc1 family members are found only in
eukaryotes that have centrioles, pointing to its specific role in centriole biology.
However, Poc1 members are absent in some eukaryotes, such as nematodes, indicat-
ing it is not one of the core essential centriole proteins. In vertebrates, the Poc1 family
is made of two genes (POC1A and POC1B), in invertebrates the Poc1 family is made
of one gene, poc1. In flies, the poc1 gene codes for two splice isoforms: Poc1A, which
localizes to the typical centriole (the DC), and Poc1B, which localizes to the atypical
centriole (the PCL) (Khire et al. 2016). Depletion of Poc1 proteins in human cells and
fly sperm results in short centrioles that are unstable, hinting that Poc1 is essential
after the initial formation of the procentriole (Keller et al. 2009; Pearson et al. 2009;
Blachon et al. 2009). In fly sperm, Poc1 depletion also results in an abnormal looking
PCL (Khire et al. 2015).

The placement of Poc1 proteins in the molecular pathway of centriole assembly was
studied based on whether Poc1 was required or dispensable for the localization of other
centriolar proteins to the centriole. In the centriole of human cells, the last steps in
centriole assembly are Centrosomal Protein 135 (CEP135), which recruits Centrosomal
Protein 295 (CEP295), which then recruits Protein of Centriole 1B (POC1B) (Chang
et al. 2016) (Fig. 1.1e). In the fly PCL, the order of recruitment seems to be reversed; the
fly ortholog gene of human POC1B (Poc1B) is essential for the recruitment of the fly
CEP295 protein ortholog Anastral spindle 1 (Ana1) and the fly CEP135 protein
ortholog Bald 10 (Bld10) (Fig. 1.1e) (Blachon et al. 2009). Together, these studies
suggest that Poc1B gained a new essential early function in the centriole formation
pathway in flies that is not observed in human typical centrioles. This new essential
function may allow the cartwheel to be a stable structure and become the PCL, instead
of being an intermediate structure that normally continues to develop into a stable
centriole. To test this hypothesis, it would be critical to determine this new essential
function more precisely.

One insight into the origin of Poc1’s essential function in the early centriole is its
localization during early centriole formation. Poc1 is recruited to the procentriole
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and localizes to the cartwheel in Tetrahymena thermophila, a ciliated protozoan,
although Poc1 does not appear to have an essential function at that stage (Pearson
et al. 2009). Therefore, one possible scenario is that Poc1 was recruited to the
cartwheel by an ancestral mechanism, and the nonessential function of Poc1 evolved
to an essential function in the fly. The Poc1 recruitment mechanism and the
molecular change that made Poc1 essential are currently unknown. Altogether,
small perturbations in proteins already functioning in the centriole (possibly through
the generation new splice isoforms) may be the mechanism of centriole
heterochrony.

1.7 Conclusions

Heterochrony, neoteny, and hypermorphosis are useful concepts for the study of the
evolution of centrioles and other subcellular structures. Here, using these terms
enables us to describe the different types of changes that occur in the centriole
assembly pathway resulting in the formation of an atypical centriole shape. This
creates a conceptual framework to study the evolution of the centriole. The future
challenge is to understand the genetic and molecular basis of centriole heterochrony.
The molecular pathway that assembles centrioles is extensively studied in a variety
of eukaryotes that are amenable for genetic analysis, including vertebrates, inverte-
brates, and protists. Therefore, in the future we should be able to draw the ancestral
pathway of centriole assembly and the step-by-step evolutionary changes that
produce a variety of diverse centriole forms.
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Chapter 2
The Role of Protein Acetylation
in Centrosome Biology

Delowar Hossain and William Y. Tsang

Abstract Acetylation is among the most prevalent posttranslational modifications
in cells and regulates a number of physiological processes such as gene transcription,
cell metabolism, and cell signaling. Although initially discovered on nuclear his-
tones, many non-nuclear proteins have subsequently been found to be acetylated as
well. The centrosome is the major microtubule-organizing center in most metazoans.
Recent proteomic data indicate that a number of proteins in this subcellular com-
partment are acetylated. This review gives an overview of our current knowledge on
protein acetylation at the centrosome and its functional relevance in organelle
biology.

2.1 Acetylation: An Overview

Posttranslational modifications (PTMs) are biochemical modifications in which new
functional groups are added to proteins. Similar to ubiquitination and phosphoryla-
tion, acetylation is one of the most common PTMs in cells and has been intensively
studied over the years (Verdin and Ott 2015). Acetylation was first discovered on
histones in the 1960s (Phillips 1963). About 20 years later, the first cytoplasmic
acetylated protein, tubulin, was described (L’Hernault and Rosenbaum 1983). Since
then, numerous nuclear and non-nuclear proteins have been reported to be acety-
lated. Acetylation entails the transfer of an acetyl group from acetyl CoA to the
amino group of a protein. While acetylation reactions can occur non-enzymatically
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under certain conditions (Wagner and Payne 2013), most are catalyzed by enzymes.
There are two different classes of enzymes responsible for acetylation: N-terminal
acetyltransferases (NATs) and lysine acetyltransferases (KATs). NATs catalyze the
transfer of an acetyl group to the amino terminus of proteins (Aksnes et al. 2015),
whereas KATs transfer an acetyl group to the epsilon-amino group of lysine residues
of proteins (Allis et al. 2007). The former reaction is considered to be irreversible,
while the latter can be reversed by lysine deacetylases (KDACs) or histone
deacetylases (HDACs), enzymes that remove an acetyl group from the amino
terminus of proteins (Taunton et al. 1996). At the molecular level, addition of an
acetyl group causes the lysine residue to become bulkier and lose its positive charge,
changing the conformation of the protein which in turn can alter its subcellular
localization, stability, activity, and/or ability to interact with DNA or binding
partners. In general, acetylation serves as a mechanism to regulate various physio-
logical processes such as gene transcription, cell metabolism, and cell signaling
(Choudhary et al. 2014). Defects in protein acetylation can lead to severe human
diseases such as cancer, diabetes, neurodegenerative diseases, and lung disorders
(Drazic et al. 2016).

The acetylation status of many cellular proteins is controlled by the action of
KATs and KDACs. To date, at least 17 eukaryotic KATs have been identified, and
these can be grouped into three families (GNAT or general control non-depressible
5-related N-terminal acetyltransferase, MYST or Morf, Ybf2, Sas2 and Tip60, and
p300/CBP or CREB-binding protein) based on their catalytic domains (Drazic et al.
2016). KATs are predominantly nuclear, although some exhibit localization to the
cytoplasm and/or mitochondria. The 18 KDACs found in eukaryotes are phyloge-
netically divided into four classes, requiring either Zn2+ or NAD+ for catalytic
activity (Drazic et al. 2016). Unlike KATs, there are several more KDACs reported
outside the nucleus, especially in the cytoplasm and mitochondria. Given that as
many as several thousand cellular proteins are believed to be acetylated (Choudhary
et al. 2009; Lundby et al. 2012; Weinert et al. 2013), a given KAT or KDAC, on
average, might potentially act on hundreds of substrates.

2.2 Centrosome Biology

The cytoskeleton of a eukaryotic cell is composed of microtubules, actin filaments,
and intermediate filaments. Centrosomes are the major microtubule-organizing cen-
ters in most metazoans, including cnidarians, ctenophores, insects, macrostomidans,
mollusks, nematodes, sponges, and vertebrates (Azimzadeh 2014), and influence all
microtubule-related processes such as cell division, migration, adhesion, and cilia
formation (Conduit et al. 2015). In the G1 phase, a single centrosome is composed
of two centrioles, a mother and a daughter, surrounded by a pericentriolar matrix
(PCM) that enables microtubule nucleation. This centrosome duplicates once in the

18 D. Hossain and W. Y. Tsang



S phase, increasing in number from one to two. After duplication, the two centro-
somes undergo maturation wherein the PCMs enlarge and substantially increase in
size. At the onset of mitosis, the two centrosomes separate, migrating to the opposite
end of the cell and establishing the spindle poles. When the cell finally divides, one
centrosome is distributed to each incipient daughter cell. Upon cell cycle exit, the
mother centriole of a centrosome nucleates the formation of a cilium, a cellular
antenna possessing motility and/or sensory function (Hossain and Tsang 2018).

Centrosomes are membraneless organelles made up of hundreds of proteins.
Some are core components of centrioles and the PCM; others are associated with
the organelle in a transient fashion. Because centrosomes are highly dynamic
structures whose number, size, and composition change in the cell cycle, it is not
surprising that the localization, stability, and function of many centrosome-
associated proteins are regulated by PTMs. While there are ample examples of
centrosomal proteins that undergo phosphorylation and ubiquitination (Hossain
and Tsang 2018; Fry et al. 2000), less is known about acetylation of centrosomal
proteins other than tubulin. The topic of tubulin acetylation has been reviewed
elsewhere (Wloga et al. 2017a, b). Here, we will provide an overview on KATs
and KDACs localization to the centrosome, centrosomal proteins that are thought to
be acetylated, and the importance of KATs, KDACs, and centrosomal protein
acetylation in organelle biology.

2.3 KATs and KDACs at the Centrosome

Although some KATs and KDACs are located in the cytoplasm, their precise
localization within the cytoplasmic compartment has not been documented in detail
until recently. Endogenous HDAC1 is enriched at the centrosome in the M phase
(Sakai et al. 2002), whereas endogenous HDAC6 can be found on centrosomes of
proliferating and non-proliferating cells (Ran et al. 2015). In order to examine the
localization of all known KDACs, Ling et al. expressed individual enzymes in
human cells and showed that recombinant HDAC1, HDAC4, HDAC10, HDAC11,
Sirtuin1 (SIRT1), and SIRT2 are present on unduplicated and duplicated centro-
somes in the G1 and S/G2 phases, respectively (Ling et al. 2012). In contrast,
HDAC5 and HDAC6 are associated with unduplicated centrosomes in the G1
phase only, while the remaining KDACs do not localize to the centrosome at all
(Ling et al. 2012). With regard to KATs, KAT2A and KAT2B are demonstrated to
be centrosomal (Fournier et al. 2016). KAT2A, in particular, is targeted to the
centrosome in the late G1 and early S phases (Fournier et al. 2016). Thus, it appears
that multiple KATs and KDACs are localized to the centrosome at specific times in
the cell cycle, where they might function to acetylate or deacetylate certain substrates
and regulate certain aspects of organelle function.
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2.4 Acetylated Proteins at the Centrosome

A number of large-scale proteomic analyses performed within the past 10–15 years
reveal that lysine acetylation is a highly prevalent PTM found in many organisms,
including eukaryotes (humans, mice, rats, flies, and yeast) and prokaryotes (bacteria)
(Kim et al. 2006; Choudhary et al. 2009; Zhao et al. 2010; Beli et al. 2012; Lundby
et al. 2012; Weinert et al. 2013; Chen et al. 2012; Fournier et al. 2016). These results
also show that acetylation does not occur only on nuclear histones or chromatin-
associated proteins. Rather, the majority of acetylation events are associated with
non-nuclear proteins. Among the non-nuclear proteins that are found to be acety-
lated, some are components of the centrosome (Table 2.1). These components
localize to centrioles, PCM, cilia, and centriolar satellites (electron dense granules
surrounding the centrosome), suggesting that acetylation of centrosomal proteins is a
common phenomenon that can occur at different locations within the organelle. So
far, only acetylations of Centrin, Polo-like kinase 2 (Plk2), Septin7, Plk4,
Centrosomal protein of 76 kDa (Cep76), and Breast cancer gene 1 (BRCA1) have
been confirmed (Ling et al. 2012; Fournier et al. 2016; Barbelanne et al. 2016), and
the acetylation status of the remaining centrosomal proteins would require further
validation. For most of the acetylated centrosomal proteins, it is currently unknown
which KAT(s) is/are responsible for their acetylation. Plk4 is one exception, as this
protein interacts with, and is a bona fide substrate of, KAT2A and KAT2B (Fournier
et al. 2016). BRCA1 is also known to be acetylated by KAT2A and KAT2B, and can
be deacetylated by SIRT1 (Lahusen et al. 2018). Plk2 might be acetylated by
KAT2A and KAT2B as well, but this remains to be validated (Fournier et al. 2016).

2.5 Role of KATs, KDACs, and Centrosomal Protein
Acetylation

In light of the observations that several KDACs are localized to unduplicated and
duplicated centrosomes, further experiments were conducted to assess if these
enzymes might regulate centrosome amplification, a condition that can be triggered
by prolonged S phase arrest with a DNA synthesis inhibitor hydroxyurea. Indeed,
there is a correlation between the localization of KDACs to the centrosome and the
ability of KDACs to suppress centrosome amplification. In particular, overexpression
of HDAC1, HDAC5, or SIRT1 markedly inhibits centrosome amplification, and
conversely, depletion of HDAC1, HDAC5, or SIRT1 in S phase-arrested cells
enhances amplification (Ling et al. 2012). These three KDACs appear to function
in a mechanistically distinct manner. Besides centrosome amplification, HDAC5 and
SIRT1, but not HDAC1, also delay/suppress centrosome duplication in cycling cells
(Ling et al. 2012). Moreover, the deacetylase activity of HDAC1 and SIRT1, but not
HDAC5, is required to prevent centrosome amplification (Ling et al. 2012).
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Table 2.1 List of acetylated centrosomal proteins identified by mass spectrometry

Centrosomal
protein Function

Acetylation
validated? References

AKAP9 Centrosome maturation No Lundby et al. (2012)

ALMS1 Ciliogenesis No Beli et al. (2012), Fournier et al.
(2016)

ASPM Mitotic spindle regulation No Lundby et al. (2012)

BRCA1 Centrosome
re-duplication

Yes Lahusen et al. (2018)

CCDC11 Ciliogenesis No Zhao et al. (2010)

Centrin2 Centrosome duplication Yes Lundby et al. (2012), Ling et al.
(2012)

Cep41 Ciliogenesis No Lundby et al. (2012), Weinert et al.
(2013)

Cep68 Centrosome separation No Zhao et al. (2010), Lundby et al.
(2012)

Cep76 Centriole re-duplication Yes Barbelanne et al. (2016), Zhao
et al. (2010)

Cep152 Centrosome duplication No Zhao et al. (2010)

Cep170 Microtubule dynamics No Chen et al. (2012)

Cep192 Centrosome duplication No Lundby et al. (2012)

Cep250 Centrosome separation No Choudhary et al. (2009), Beli et al.
(2012)

Cep290 Ciliogenesis No Zhao et al. (2010), Lundby et al.
(2012)

Cep350 Ciliogenesis No Zhao et al. (2010)

CSPP1 Ciliogenesis No Lundby et al. (2012)

DNAH3 Ciliary beating No Zhao et al. (2010)

DNAH7 Ciliary beating No Zhao et al. (2010)

GCP2 Centrosome maturation No Choudhary et al. (2009)

IFT20 Ciliogenesis No Lundby et al. (2012)

IFT74 Ciliogenesis No Zhao et al. (2010)

KIF11 Centrosome separation No Fournier et al. (2016)

Kif3a Ciliogenesis No Zhao et al. (2010)

NEK9 Centrosome separation No Choudhary et al. (2009)

NINL Microtubule nucleation No Fournier et al. (2016)

NPM1 Centrosome duplication No Zhao et al. (2010), Kim et al.
(2006), Beli et al. (2012)

ODF2 Ciliogenesis No Zhao et al. (2010)

PCM1 Centriolar satellite
formation

No Choudhary et al. (2009)

Plk2 Centrosome duplication No Ling et al. (2012), Fournier et al.
(2016)

Plk4 Centrosome duplication Yes Fournier et al. (2016)

Rootletin Centrosome separation No Zhao et al. (2010)

(continued)
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Besides the aforementioned KDACs, the KAT KAT2A plays a role in the
regulation of centrosome duplication. First, KAT2A localizes to the centrosome in
the late G1 and early S phases when organelle duplication takes place (Fournier et al.
2016). Second, KAT2A acetylates Plk4, a kinase essential for centriole duplication
(Habedanck et al. 2005), impairing its activity and ability to promote duplication
(Fournier et al. 2016). Third, depletion of KAT2A or ectopic expression of a
catalytic dead mutant of KAT2A induces centrosome amplification (Fournier et al.
2016). These data collectively suggest that one critical function of KAT2A is to
prevent centrosome amplification through Plk4 acetylation (Fig. 2.1).

The function of Cep76, an important regulator of centriole number, is also
controlled by acetylation. Depletion of Cep76 leads to the accumulation of extra
centrioles and centriolar intermediates, whereas its overexpression suppresses cen-
trosome amplification in S phase-arrested cells (Tsang et al. 2009). Cep76 is
acetylated at lysine 279 (K279), and overexpression of an acetyl-mimetic mutant
K279Q, but not an acetyl-resistant mutant K279R, is unable to suppress centrosome
amplification in S phase-arrested cells (Barbelanne et al. 2016). Likewise,
overexpression of wild-type Cep76 cannot prevent centrosome amplification in G2
phase-arrested cells (Barbelanne et al. 2016), presumably because this protein is
highly acetylated in this cell cycle phase. Thus, although it is not known which KAT
(s) and KDAC(s) act on Cep76, acetylation of this protein seems to hamper its ability
to suppress centriole amplification (Fig. 2.1).

BRCA1 is a well-known tumor suppressor involved in DNA damage repair,
transcription, and ubiquitination (Baer and Ludwig 2002; Deng 2006). Although
initially discovered as a nuclear protein, BRCA1 is also located at the centrosome
where it serves to regulate organelle copy number and microtubule nucleation
(Xu et al. 1999; Sankaran et al. 2005). Loss or inactivation of BRCA1 results in a
defective G2/M checkpoint and centrosome amplification (Xu et al. 1999). A recent

Table 2.1 (continued)

Centrosomal
protein Function

Acetylation
validated? References

Septin7 Ciliogenesis Yes Lundby et al. (2012), Ling et al.
(2012)

TTBK2 Ciliogenesis No Fournier et al. (2016)

AKAP9 A-kinase anchoring protein 9, ALMS1 Alstrom syndrome protein 1, ASPM abnormal
spindle microtubule assembly, BRCA1 breast cancer gene 1, CCDC11 coiled-coil domain
containing 11, Cep41 centrosomal protein of 41 kDa, Cep68 centrosomal protein of 68 kDa,
Cep76 centrosomal protein of 76 kDa, Cep152 centrosomal protein of 152 kDa, Cep170
centrosomal protein of 170 kDa, Cep192 centrosomal protein of 192 kDa, Cep250 centrosomal
protein of 250 kDa, Cep290 centrosomal protein of 290 kDa, Cep350 centrosomal protein of
350 kDa, CSPP1 centrosome and spindle pole associated protein 1, DNAH3 dynein axonemal
heavy chain 3,DNAH7 dynein axonemal heavy chain 7,GCP2 gamma-tubulin complex component
2, IFT20 intraflagellar transport 20, IFT74 intraflagellar transport 74, KIF11 kinesin family member
11, Kif3a kinesin family member 3a, NEK9 never in mitosis gene A related kinase 9, NINL ninein-
like protein, NPM1 nucleophosmin 1,ODF2 outer dense fiber of sperm tails 2, PCM1 pericentriolar
material 1, Plk2 polo-like kinase 2, Plk4 polo-like kinase 4, TTBK2 tau tubulin kinase 2
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paper demonstrated that KAT2A and KAT2B acetylate BRCA1, leading to its
functional activation at the intra-S checkpoint after DNA damage (Lahusen et al.
2018). Despite these observations, it is not understood if BRCA1 acetylation occurs
at the centrosome, and whether or not this acetylation event can prevent centrosome
amplification (Fig. 2.1).

2.6 Conclusions

Several lines of evidence implicate acetylation in the regulation of centriole and
centrosome number. So far, one KAT, several KDACs, and acetylation of a small
number of centrosomal proteins is shown to play a role in controlling organelle
duplication/amplification, and data from proteomic studies indicate that additional

Fig. 2.1 Acetylation of centrosomal components in organelle biology. Centrosome duplication
requires Plk4. Excessive Plk4 activity leads to centrosome amplification characterized by the
generation of multiple new centrioles surrounding the existing mother and daughter centrioles.
Plk4 activity is regulated by KAT2A and KAT2B and an unknown deacetylase. Although the
enzymes responsible for acetylating and deacetylating Cep76 have not been identified, acetylation
of Cep76 is unable to prevent centrosome re-duplication, leading to centrosome amplification.
Acetylation of BRCA1 by KAT2A or KAT2B activates BRCA1, whereas deacetylation by SIRT1
inhibits BRCA1 activity. Whether or not acetylation of BRCA1 can regulate centrosome amplifi-
cation is currently unknown. AC denotes an acetyl group
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centrosomal proteins may be involved and their activities might be regulated by
acetylation. In addition, it is likely that acetylation of centrosomal proteins regulates
other aspects of organelle function such as centrosome separation and cilium
formation. Moving forward, it would be important to validate additional acetylated
proteins at the centrosome, identify the enzymes responsible for modulating their
acetylation levels, and determine the biological relevance of these acetylation and
deacetylation events. In light of the frequent deregulation of KATs or KDACs in
human diseases, a mechanistic understanding of the role of protein acetylation at the
centrosome may form the basis for therapeutic intervention in the future.
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Chapter 3
Formins, Golgi, and the Centriole

John Copeland

Abstract Formin homology proteins (formins) are a highly conserved family of
cytoskeletal remodeling proteins that are involved in a diverse array of cellular
functions. Formins are best known for their ability to regulate actin dynamics, but
the same functional domains also govern stability and organization of microtubules.
It is thought that this dual activity allows them to coordinate the activity of these two
major cytoskeletal networks and thereby influence cellular architecture. Golgi ribbon
assembly is dependent upon cooperative interactions between actin filaments and
cytoplasmic microtubules originating both at the Golgi itself and from the centro-
some. Similarly, centrosome assembly, centriole duplication, and centrosome posi-
tioning are also reliant on a dialogue between both cytoskeletal networks. As
presented in this chapter, a growing body of evidence suggests that multiple formin
proteins play essential roles in these central cellular processes.

3.1 Formin Homology Proteins

Formins are a highly conserved family of cytoskeletal remodeling proteins found in
all eukaryotes from budding yeast to plants to vertebrates. Their name derives from
the founding member of the family—Formin1 (Fmn1), the product of the mouse limb
deformity gene (Woychik et al. 1990). There are 15 family members encoded by the
human genome identified by two regions of homology designated formin homology
1 (FH1) and formin homology 2 (FH2) (Castrillon and Wasserman 1994). These
15 proteins are divided into two major groups: the Diaphanous Related Formins
(DRFs) and the non-Diaphanous-Related Formins (Fig. 3.1). The DRFs include
DIAPH 1, 2, and 3 (mDia1, 3, & 2); DAAM1 and 2, FMNL1, 2, and 3; and FHOD
1 and 3 and are identified by the regulatory GTPase-binding domain (GBD) and
Diaphanous Inhibitory Domain (DID) in the N-terminal half of the protein and by the
Diaphanous Autoregulatory Domain (DAD) C-terminal to FH2. The non-DRFs
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include FMN1, FMN2, FHDC1 (aka INF1), INF2, and Delphilin each of which lack
some or all of these regulatory motifs (Hegsted et al. 2017; Higgs 2005; Schonichen
and Geyer 2010). Formins promote the formation of long unbranched actin filaments
via the action of the FH1 and FH2 cytoskeletal regulatory unit (Courtemanche 2018).
FH2 forms a head-to-tail dimer and FH2 dimerization is essential for the nucleation
and elongation of actin filaments (Copeland et al. 2004; Lu et al. 2007; Moseley et al.
2004; Shimada et al. 2004; Xu et al. 2004). Two actin-binding motifs have been
defined in FH2. The first contains an absolutely conserved isoleucine residue (I704 in
mDia2, I649 in FMNL3, and I180 in FHDC1) that is essential for F-actin barbed-end
binding and FH2-dependent actin regulation (Bartolini et al. 2008; Copeland et al.
2016; Harris et al. 2006; 2010; Lu et al. 2007; Peladeau et al. 2016; Xu et al. 2004).
The second contains an absolutely conserved lysine residue (K853 in mDia2 and
K800 in FMNL3), but it is unclear if this residue is absolutely essential for FH2
activity (Copeland et al. 2004; Ishizaki et al. 2001; Scott et al. 2011; Thompson et al.
2013). The FH2 dimer overcomes the rate-limiting step in nucleation of actin
polymerization by stabilizing formation of a G-actin dimer or trimer (Pring et al.
2003), although the exact mechanism is still not clearly defined (Courtemanche 2018;
Thompson et al. 2013). Once polymerization has initiated, the FH2 dimer acts as a
“leaky capper” that stays bound to the elongating barbed-end while still allowing the
incorporation of G-actin subunits (Higashida et al. 2004; Kovar and Pollard 2004;
Mizuno et al. 2011; Pring et al. 2003; Romero et al. 2004; Zigmond et al. 2003).

Fig. 3.1 Mammalian formins. The 15 mammalian formin proteins can be grouped into subcate-
gories based on their domain architecture.GBDGTPase binding domain,DID diaphanous inhibitory
domain, DD N-terminal dimerization domain, FH1 formin homology 1, FH2 formin homology
2,WH2WASP homology 2,DAD diaphanous autoregulatory domain,Myr N-myristoylation motif,
MTBD microtubule binding domain, PDZ PSD-95, Dlg1, ZO-1 domain
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Barbed-end binding by FH2 also protects the actin filament from capping protein
(Harris et al. 2004; Romero et al. 2004).

In vitro, the isolated FH2 domain nucleates polymerization from free G-actin;
however, in the cell nearly all G-actin is bound by the small actin-binding protein
profilin. Utilization of profilin-actin by FH2 requires the action of two accessory
domains, FH1 and the FH2 C-terminal tail. FH1 consists of multiple poly-proline
repeats and is a profilin ligand. It recruits profilin–actin complexes to the growing
barbed-end and feeds them to FH2 as the filament elongates. A similar role is also
proposed for the FH2 C-terminal tail (Gould et al. 2011; Heimsath and Higgs 2012;
Thompson et al. 2013). The FH2 C-terminal tail contains a WH2-like motif that
functions similarly to the poly-proline repeats of the FH1 domain. In addition, the
C-terminal WH2-like motif in FMNL2 and FMNL3 is also required for F-actin
bundling (Heimsath and Higgs 2012; Vaillant et al. 2008) and the same motif
participates in INF2-induced F-actin severing (Gurel et al. 2014; Ramabhadran
et al. 2012).

Formin regulation is best understood in the DRF subfamily. DRFs contain an
N-terminal Diaphanous Inhibitory Domain (DID) that binds directly to the
C-terminal Diaphanous Autoregulatory Domain (DAD) to inhibit DRF function. In
the autoinhibited conformation, the interaction of DID with DAD obscures the actin-
binding surface of the FH2 domain. Activation occurs when the DID/DAD interaction
is disrupted by binding of the appropriate Rho GTPase to the N-terminal GBD. This
releases the DID/DAD autoinhibitory interaction and unmasks the FH2 domain. This
mechanism has been defined functionally both in vitro and in vivo and the molecular
details have been confirmed through studies on the full-length mDia1 protein (Alberts
2001; Copeland et al. 2004, 2007; Li and Higgs 2003; Maiti et al. 2012; Nezami et al.
2010; Watanabe et al. 1999). The non-DRFs FMN1, FMN2, and INF2 are also
regulated by autoinhibition (Kobielak et al. 2004; Quinlan et al. 2007; Ramabhadran
et al. 2013). Exceptions to the formin autoregulatory rule are the novel formins FHDC1
and Delphilin. Both of these proteins are constitutively active in vivo and in vitro
(Silkworth et al. 2018; Young et al. 2008). Surprisingly, studies of DRF autoregulation
have also shown that the binding of Rho-GTP to the GBD is not sufficient to fully
relieve autoinhibition (Li and Higgs 2003, 2005; Maiti et al. 2012; Nezami et al. 2006;
Otomo et al. 2005; Rose et al. 2005), suggesting that additional factors must be at work
to fully activate these proteins. Consistent with this hypothesis, autoinhibition of mDia2
and FHOD1 is also directly regulated by ROCK-induced phosphorylation (Gasteier
et al. 2003; Staus et al. 2011; Takeya et al. 2008; Truong et al. 2013) and other formins
are also thought to be regulated by additional kinases (Cheng et al. 2011; Iskratsch et al.
2010; Wang et al. 2004; Zaidel-Bar 2018). Additional mechanisms regulating formin
activity include subcellular targeting (Copeland et al. 2007; Gorelik et al. 2011; Seth
et al. 2006), lipid modification (Block et al. 2012; Han et al. 2009; Moriya et al. 2012;
Peladeau et al. 2016), and mechanical tension (Chan et al. 2010; Courtemanche et al.
2013; Higashida et al. 2013; Jegou et al. 2013; Kozlov and Bershadsky 2004;
Zimmermann and Kovar 2019).

Formins promote the formation of a variety of actin-based cellular structures
including stress fibers, filopodia, and lamellipodia (Block et al. 2012; Hotulainen and
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Lappalainen 2006; Moseley et al. 2007; Schulze et al. 2014; Takeya et al. 2008;
Watanabe et al. 1999). They accomplish this either through their direct regulation of
actin dynamics or in cooperation with other remodeling factors. In some cases, the
interaction of formins with other cytoskeletal remodeling proteins is antagonistic.
For example, in HeLa and MTLn3 adenocarcinoma cells, EGF-induced stimulation
of lamellipodia formation requires activation of the Arp2/3 complex and concomi-
tant inhibition of DRF activity (Beli et al. 2008; Sarmiento et al. 2008). In contrast,
FMNL2 and Arp2/3 complex cooperate directly to form lamellipodia in B16-F1
melanoma cells; mDia2 and the WAVE complex cooperate in lamellipodia forma-
tion in HeLa cells and mDia2 and Arp2/3 cooperate to assemble filopodia-like
structures in vitro (Block et al. 2012; Lee et al. 2010; Yang et al. 2007). More
recently, it has been shown that formin activity can be potentiated via their interac-
tion with the microtubule-binding proteins APC (Okada et al. 2010) and Clip170
(Henty-Ridilla et al. 2016). Clip-170 is a “plus-tip” binding protein that is able to
recruit mDia1, and other formins, to the plus end of the microtubules. Once bound,
Clip170 stimulates mDia1-induced F-actin nucleation and the Clip170/mDia1 dimer
tracks the growing barbed end of the actin filament, while the pointed end stays
bound to the microtubule plus tip. This type of interaction is thought to mediate
coordinated regulation of actin and microtubule dynamics and likely accounts for the
ability of some formins to induce co-alignment of F-actin with the microtubule
network (Ishizaki et al. 2001; Thurston et al. 2012).

Formins also play a direct role in regulating microtubule dynamics either through
FH1+FH2 or through additional accessory domains (Bartolini and Gundersen 2010;
Bartolini et al. 2012; Copeland et al. 2016; Fernandez-Barrera and Alonso 2018;
Gaillard et al. 2011; Roth-Johnson et al. 2014; Thurston et al. 2012; Young et al.
2008). The FH2 domain of mDia1, mDia2, and INF2, exon 2 of Fmn1 and the FHDC1
microtubule-binding domain (MTBD) all bind microtubules directly and induce
microtubule stabilization. Stable microtubules undergo extensive posttranslational
modifications including removal of the C-terminal tyrosine residue of α-tubulin
(detyrosination) and acetylation of α-tubulin on lysine 40. The precise function of
these modifications is still unclear, but they likely affect interactions with microtubule-
associated proteins, vesicle trafficking, and microtubule stability (Gadadhar et al.
2017; Nieuwenhuis and Brummelkamp 2019). Stabilization and detyrosination have
been suggested to result from actin-independent effects of formin activity, although the
precise mechanism is not well-understood (Bartolini et al. 2008, 2012, 2016). In
contrast, formin-induced MT-acetylation is actin-dependent (Thurston et al. 2012)
and follows from induction of α-TAT (tubulin acetyl-transferase) expression via
activation of the MRTF/SRF signal transduction pathway, an actin-regulated tran-
scriptional response (Fernandez-Barrera et al. 2018). Cytoplasmic Golgi-derived
microtubules (GDMT) are enriched for acetylated tubulin as are the microtubules of
the ciliary axoneme. Microtubule stabilization and detyrosination are associated with
establishing centrosome positioning and cell polarity. Golgi ribbon assembly, centro-
some polarity, and centriole assembly are also each subject to regulation by the
coordinated effects of actin and MT dynamics and are regulated in part by formin-
dependent regulation of these cytoskeletal networks.
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3.2 Formins and the Golgi Ribbon

The Golgi apparatus is the central director of cellular trafficking with cargo passed
from the endoplasmic reticulum through to the stacked cis, medial, and trans
cisternae of the Golgi before being distributed to its final cellular destination. In
vertebrates, adjacent cisternae units are tethered together to form a perinuclear Golgi
ribbon. This organization is an evolutionary innovation of the vertebrate lineage
(Nakamura et al. 2012) and thus this discussion will be limited to studies from
vertebrate systems. Golgi ribbon assembly is dependent upon the coordinated action
of the actin cytoskeleton and microtubule network (Thyberg and Moskalewski 1985;
Valderrama et al. 1998). Golgi-derived microtubules (GDMT) link cisternae units
into ribbons which are held in their perinuclear position by attachments to the
centrosome-derived microtubule network (Miller et al. 2009). Treatment with
nocodazole, or other microtubule disrupting drugs, results in dispersion of the
Golgi into ministacks which are still able to support trafficking (Thyberg and
Moskalewski 1985). Actin filaments play a complex role in Golgi assembly and
function (Egea et al. 2013). Treatment with either actin-disrupting or actin-
stabilizing drugs causes Golgi compaction; however, at the ultrastructural level
actin-stabilizing drugs cause the compacted cisternae to swell, while actin-disrupting
drugs induce fragmentation (Valderrama et al. 1998). Given the ability of formins to
regulate directly both actin and microtubule dynamics, it was suspected that they
would play an important role in both Golgi assembly and subcellular positioning. In
support of this hypothesis, inhibition of formin activity using the pan-formin inhib-
itor smiFH2 induces Golgi dispersion and inhibits expression of the Golgi resident
protein Giantin (Isogai et al. 2015). Although smiFH2 inhibits FH2-dependent
regulation of actin dynamics, Golgi dispersion in smiFH2-treated cells is associated
with the loss of the Golgi-derived microtubule network, thus pointing to the complex
mechanisms underlying Golgi ribbon assembly. In addition, smiFH2 effects on
Golgi dispersion are cell-type specific with U2OS and HCT116 cells affected, but
mouse embryonic fibroblasts (MEFs) are not (Isogai et al. 2015). This may reflect
both differing profiles of formin expression in different cell types and cell-type-
specific mechanisms regulating Golgi assembly. Similarly, treatment of U251 and
other glioblastoma cell lines with smiFH2 or the mDia agonists IMM01 or IMM02
did not disrupt Golgi architecture, but did affect Golgi repolarization in migrating
cells (Arden et al. 2015). Specifically, formin inhibition blocked Golgi reorientation,
while mDia activation promoted it. Surprisingly, both treatments reduced cell
motility, likely attributable to interference with the cell’s internal guidance system.
A similar effect has been observed with the inhibition of the Diaphanous-Related
Formin DAAM1. DAAM1 is a component of the planar cell polarity (PCP) pathway
and a number of studies have linked its activity with organelle reorientation in
migrating cells (Ang et al. 2010; Guillabert-Gourgues et al. 2016; Ju et al. 2010;
LaMonica et al. 2009). Overexpression of the DAAM1 N-terminus in f9 teratocar-
cinoma cells interferes with planar polarity and prevents Golgi reorientation
(LaMonica et al. 2009). The same effect was observed following depletion of
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DAAM1 expression in endothelial cells; this blocked Golgi repolarization through
inhibition of PCP signaling (Guillabert-Gourgues et al. 2016). It is not clear if these
events are direct effects on the intrinsic Golgi assembly machinery, or if they are
secondary to overall cell polarity and positioning of the centrosome. In contrast,
direct connections have been made between specific formins and assembly of the
Golgi ribbon.

3.3 FMNL1, FMNL2, and FMNL3 and Golgi Assembly

The FMNL proteins are a subgroup of DRFs. As with other DRFs, FMNL1, 2, and
3 are autoregulated via the DID/DAD interaction and activated via their GBD.
FMNL1 has been reported to be an effector for the small GTPases Rac1, Cdc42,
and RhoA (Kuhn and Geyer 2014; Wang et al. 2015); FMNL2 is purported to act
downstream of Cdc42, Rac1, and RhoC (Block et al. 2012; Grobe et al. 2018; Kage
et al. 2017; Kitzing et al. 2010; Kuhn et al. 2015; Woodham et al. 2017), while
FMNL3 may act downstream of Cdc42 and RhoC (Kuhn and Geyer 2014; Vega
et al. 2011). Despite their similarities, the three proteins have differing effects on
actin dynamics. All three proteins are able to bind and bundle F-actin (Esue et al.
2008; Vaillant et al. 2008); FMNL1 is a weak nucleator of actin polymerization,
FMNL2 cannot nucleate, and FMNL3 is a good nucleator (Harris et al. 2006;
Heimsath and Higgs 2012). FMNL protein subcellular localization is also regulated
by N-myristoylation where a myristoyl group is coupled to an N-terminal glycine
residue (Han et al. 2009; Moriya et al. 2012; Peladeau et al. 2016). This lipidation
modification targets the modified protein to cellular membranes where they may
impact on trafficking and membrane dynamics (Farazi et al. 2001). In separate
studies, all three proteins have been associated with regulating distinct aspects of
Golgi assembly (Colon-Franco et al. 2011; Kage et al. 2017), although the role of
N-myristoylation in this process is not clear.

FMNL1 expression is largely restricted to white blood cells, but it is also
expressed in a variety of metastatic cancer cell lines. It was found that HeLa cells
express FMNL1 at levels comparable to Jurkat cells, an immortalized T lymphocyte
cell line that represents a sub-type of leukocytes involved in cell-mediated immunity.
In both Jurkat and HeLa cells, the endogenous FMNL1 is associated with the Golgi
and co-localizes with both the cis-Golgi marker GM130 and the trans-Golgi marker
Golgin 97 (Colon-Franco et al. 2011). Depletion of FMNL1 expression has the
surprising effect of increasing overall F-actin levels with an overabundance of stress
fibers in HeLa cells and increased cortical actin in Jurkat cells. This unexpected
increase in F-actin accumulation is associated with disruption of normal Golgi
ribbon assembly in HeLa cells. In this case, the normally compact Golgi ribbon is
dispersed, but still maintains some degree of its asymmetric perinuclear positioning
suggesting that FMNL1 is required for normal Golgi assembly. Loss of FMNL1 also
disrupted specific aspects of Golgi-dependent trafficking. The secretory marker
VSV-G still trafficked normally to the plasma membrane, but the lysosomal markers
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mannose-6-phosphate receptor and cathepsin D were mis-sorted and the lysosomes
themselves were misshapen. These defects were thought to arise from an
overabundance of F-actin at the Golgi itself and could be partially rescued by
treatment with the actin-disrupting drug latrunculin B (Colon-Franco et al. 2011).
Curiously, only the γ isoform, but not α or β, of FMNL1 was able to localize to the
Golgi and rescue the knockdown phenotype. The FMNL1 isoforms originate from
alternative splicing and only differ at their C-terminal tails; it is not clear how the
unique C-terminal sequence of FMNL1γ would affect its activity or subcellular
targeting. Rescue was dependent on barbed-end binding, but neither rescue nor
Golgi localization was dependent upon membrane targeting by N-terminal
myristoylation of FMNL1γ. On this basis, it was suggested that the unique
C-terminal tail of the γ isoform targets FMNL1 to the Golgi where it maintains
Golgi integrity by preventing excessive F-actin assembly via barbed-end capping
and F-actin severing. Although reexpression of FMNL1γ is able to rescue the
FMNL1 knockdown phenotype, the subcellular localization of the transgene does
not precisely match the localization of the endogenous protein. It remains to be seen
how this isoform is specifically targeted to the Golgi ribbon. In addition, it was noted
that no effect on Golgi assembly was observed in these cells following depletion of
FMNL2, FMNL3, mDia1, or mDia2 (Colon-Franco et al. 2011).

As with FMNL1, FMNL2 and FMNL3 also play a cell-type-specific role in Golgi
assembly (Gardberg et al. 2010; Kage et al. 2017). FMNL2 and FMNL3, but not
FMNL1, are expressed in B16-F1 mouse melanoma cells and NIH 3T3 fibroblasts
where these proteins normally accumulate at the leading edge of migrating cells
(Block et al. 2012; Peladeau et al. 2016). All three FMNL proteins are posited to be
Cdc42 effectors (Block et al. 2012; Kage et al. 2017; Kuhn et al. 2015; Kuhn and
Geyer 2014) and Cdc42 is associated with normal Golgi assembly and polarity (Chi
et al. 2013; Farhan and Hsu 2016; Long and Simpson 2017). Expression of a
constitutively active mutant of Cdc42 (Q61L) was sufficient to relocate the endog-
enous FMNL2 and FMNL3 proteins to the Golgi and was also able to recruit
GFP-tagged versions of FMNL1α as well as FMNL2 and 3 to this organelle. Unlike
FMNL1 in HeLa cells, FMNL2 and 3 localization to the Golgi was dependent on
N-myristoylation and inhibited by the presence of an N-terminal GFP tag. Super-
resolution imaging revealed that FMNL2 and 3 are most closely associated with the
trans-Golgi network. Accordingly, loss of FMNL2 and 3 through CRISPR-mediated
knockout or siRNA-mediated knockdown induced Golgi dispersion and disrupted
secretory and lysosomal trafficking. The defects in Golgi assembly and trafficking
were associated with loss of F-actin assembly. This suggests that despite the
similarities between the three proteins, FMNL2/3 are playing decidedly different
roles in Golgi assembly. In HeLa cells, FMNL1γ, but not FMNL2 or 3 (Colon-
Franco et al. 2011), is required to maintain normal ribbon assembly by limiting
F-actin assembly and neither the FMNL1α nor FMNL1β isoforms are able to
localize to the Golgi (Colon-Franco et al. 2011). In contrast, in mouse fibroblasts
or mouse melanoma cells, FMNL2 and 3 are needed to ensure that the necessary
actin filaments are maintained to hold the Golgi ribbon together. In these cells,
exogenous FMNL1α is also able to be recruited to the Golgi by Cdc42 and for all
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three FMNL proteins Golgi localization is dependent on their N-terminal
myristoylation (Kage et al. 2017). Thus, both the mode of localization and their
function at the Golgi seem quite distinct between these cell types. It is not clear if
these differences arise from species (human versus mouse) or cell type (epithelial
versus fibroblast)-specific mechanisms.

3.4 Golgi Dispersion and mDia1

mDia1 (human DIAPH1) is a RhoA effector and one of the best studied of the
vertebrate formins (Courtemanche 2018; Ishizaki et al. 2001; Lin and Windhorst
2016; Mizuno and Watanabe 2012; Watanabe et al. 1997, 1999). As with the FMNL
proteins, manipulation of mDia1 activity also disrupts Golgi morphology. mDia1 is
a potent nucleator of actin polymerization and is able to induce microtubule stabi-
lization, acetylation, and detyrosination (Bartolini and Gundersen 2010; Palazzo
et al. 2001; Thurston et al. 2012). Association of mDia1 activity with the Golgi
ribbon was first noted in HeLa cells where treatment with the Golgi disrupting drug
brefeldin A interfered with mDia1-induced actin stress fiber bundling (Ishizaki et al.
2001). Golgi polarization in migrating NIH 3T3 fibroblasts could also be disrupted
by overexpression of a constitutively active mDia1 derivative, apparently through its
effects on microtubule organization (Magdalena et al. 2003). A direct role for mDia1
in regulating Golgi assembly has also been described in the HeLa JW cell line (Paran
et al. 2006; Zilberman et al. 2011). In these cells, mDia1 induces dispersion of the
Golgi ribbon into ministacks downstream of RhoA activation, following either LPA
stimulation or expression of active RhoA mutants. GTP-loaded RhoA recruits
mDia1 to the Golgi and shRNA-mediated depletion of mDia1 results in Golgi
compaction and blocks RhoA-induced Golgi dispersion. Dispersion is both actin
and microtubule dependent and can be rescued by treatment with latrunculin B. In
accordance with its role downstream of RhoA, expression of a constitutively active
(CA) mDia1 derivative also induces Golgi dispersion and associated with the
formation of F-actin patches around the dispersed Golgi remnants. CA-mDia1
expression blocks Golgi reassembly following washout of the drug in nocodazole-
treated cells. Concomitant with dispersion it was noted that RhoA activation also
induced enhanced formation of Rab6 positive vesicles, a component of the secretory
machinery exiting from the trans-Golgi network. This was also mDia1 dependent
and apparently a separate effect from the dispersion of the Golgi into ministacks. The
endogenous role of mDia1 in maintaining Golgi architecture in resting cells remains
unclear, but it clearly participates in balancing Golgi-specific F-actin assembly.
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3.5 Golgi and the “Inverted” Formins

The so-called inverted formins, FHDC1 (aka INF1) and INF2, are outliers within the
formin family (Hegsted et al. 2017). Despite the name, the two “inverted” formins are
not closely related; however, they both play a part in regulating Golgi dynamics. A
role for INF2 in vesicular trafficking was first noted in HepG2 hepatoma cells (Madrid
et al. 2010). Here INF2 cooperates with the transmembrane protein MAL2 to facilitate
vesicle movement from basolateral to apical membranes during transcytotic traffick-
ing. Subsequently, it was shown that a specific INF2 isoform also played a direct role
in Golgi ribbon assembly in HeLa, U2OS, and Jurkat cells. There are two INF2
isoforms generated by alternative splicing, the farnesylated CAAX isoform predom-
inant in NIH 3T3 cells and the non-CAAX isoform predominant in U2OS, Jurkat, and
HeLa cells (Chhabra et al. 2009; Madrid et al. 2010; Ramabhadran et al. 2011). INF2-
CAAX co-localizes with the endoplasmic reticulum, while the non-CAAX isoform is
found in a perinuclear actin meshwork overlapping the Golgi ribbon. Knockdown of
INF2 in U2OS cells disrupts normal Golgi morphology resulting in either dispersion
or ribbon compaction. Along with Golgi dispersion, INF2 depletion also causes loss of
discrete patches of F-actin surrounding the Golgi. The dispersed Golgi can be partially
rescued by latrunculin B treatment suggesting dispersion results from an
overabundance of F-actin at the Golgi, similar to the effect of FMNL1 depletion in
HeLa cells (Colon-Franco et al. 2011).

FHDC1, like the Golgi ribbon, is a vertebrate evolutionary innovation with no
obvious orthologue in lower organisms (Hegsted et al. 2017; Young et al. 2008). A
true “inverted” formin, FHDC1 has its functional FH1 + FH2 domains in the N-termi-
nus, and, unique to the formin family, it has a discrete C-terminal microtubule-binding
domain (MTBD) (Young et al. 2008). In cycling cells, the endogenous FHDC1
protein preferentially accumulates on acetylated microtubules that are part of the
Golgi-derived microtubule (GDMT) network (Copeland et al. 2016). FHDC1
overexpression causes the Golgi to disperse into functional ministacks still capable
of supporting normal Golgi trafficking. Dispersion is dependent upon both the FH2
and MTBD of FHDC1 and can be partially rescued by latrunculin B treatment.
FHDC1-induced dispersion is not affected by depletion of centrosome-derived
microtubules in cells treated with the PLK4 inhibitor centrinone, but is blocked by
knockdown of GM130 expression (Copeland et al. 2016; Wong et al. 2015). Loss of
GM130 prevents assembly of the GDMT network and points to this network as the
site of FHDC1 action. FHDC1 depletion also results in dramatic defects in Golgi
assembly consistent with loss of GDMT. On this basis, it was proposed that FHDC1
acts as an actin and microtubule bridging factor that promotes stability of the GDMT
as they are handed off from cis- to trans-Golgi. The defects that arise from the loss of
FHDC1 expression apparently originate from defects in GDMT; however, the actin-
dependent FHDC1 overexpression phenotype underlines the importance of
maintaining a fine balance of F-actin assembly at the Golgi. Even though the effects
of FHDC1 on Golgi assembly were entirely dependent on the GDMT, FHDC1 was
also found to play a separate and distinct role in the control of centriole function and
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maturation (Copeland et al. 2018). Indeed, despite the well-known interconnected
relationship between the Golgi and the centrosome (Bisel et al. 2008; Hurtado et al.
2011; Kodani et al. 2009; Rios 2014; Sutterlin and Colanzi 2010; Vinogradova et al.
2012), few direct links have beenmade that connect formin effects onGolgi assembly
to effects on the centrosome itself. Nonetheless, the ability of formins to regulate
cytoskeletal dynamics has also been found to have an important impact on centro-
some positioning and cell polarity.

3.6 Diaphanous-Related Formins and Centrosome
Positioning

The centrosome is the primary microtubule-organizing center (MTOC) in metazoan
cells (Ito and Bettencourt-Dias 2018; Petry and Vale 2015;Werner et al. 2017;Wu and
Akhmanova 2017). The relative positioning of the centrosome and Golgi as well as the
assembly of their respective microtubule networks is a central determiner of overall
cell polarity (Agircan et al. 2014; Rios 2014; Wu and Akhmanova 2017). More
recently, it has been shown that the centrosome may also act as an actin-organizing
center, although this activity is formin-independent (Farina et al. 2016). Still, a number
of studies suggest that formins play a role in establishing the subcellular position of the
centrosome (Andres-Delgado et al. 2012, 2013; Ang et al. 2010; Ercan-Sencicek et al.
2015; Gomez et al. 2007; Kutscheidt et al. 2014; LaMonica et al. 2009; Shinohara
et al. 2012). In fibroblasts, the centrosome is repositioned to face the leading edge as a
result of FHOD1-dependent rearward nuclear movement (Kutscheidt et al. 2014). In
other cell types, the Diaphanous-Related Formins DAAM1, mDia1, and mDia3 act
more directly to establish centrosome polarity.

DAAM1 is a Diaphanous-Related Formin that is broadly expressed across many
tissues and cancer cell lines (Ang et al. 2010). DAAM1 connects the Planar Cell
Polarity (PCP) pathway to small GTPase signaling (Aspenstrom et al. 2006;
Guillabert-Gourgues et al. 2016; Habas et al. 2001; Zhu et al. 2012). The DAAM1
C-terminus interacts with the PCP protein DVL3 and its N-terminus binds and
activates RhoA. Depletion of DAAM1 in U2OS or Cos-7 cells prevents centrosome
and Golgi reorientation in cells responding to a scratch wound (Ang et al. 2010).
This results in less persistent directional cell migration and is associated with altered
morphology of cellular protrusions at the leading edge. Overexpression of DAAM1
in U2OS cells enhanced formation of stress fibers containing myosin IIB. Myosin
IIB, but not IIA, is thought to define front-back cell polarity through effects on Golgi
and centrosome reorientation (Vicente-Manzanares et al. 2007, 2011). A similar
association of DAAM1 with myosin IIB is proposed to regulate cell polarity in
endothelial cells. Following Wnt activation, DAAM1 forms a trimeric complex with
DVL3 and Kif26b, a kinesin-11 family member, to govern front-back polarity in
these cells (Guillabert-Gourgues et al. 2016). As in U2OS cells, knockdown of
DAAM1 expression in endothelial cells blocks centrosome and Golgi reorientation
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during cell migration. This is accompanied by mis-localization of myosin IIB to the
rear of the cell as well as defects in microtubule acetylation and stabilization. Similar
results were obtained with Kif26b depletion and overexpression of Kif26b was able
to rescue defective cell polarity and myosin IIB distribution in both DAAM1 and
Kif26b knockdown cells. Together these data point to DAAM1 effects on cell
polarity being mediated by myosin IIB and thereby affecting centrosome positioning
(Guillabert-Gourgues et al. 2016).

The effects of DAAM on centrosome polarity are not restricted to migrating cells;
it also plays a role in basal body positioning downstream of DVL during the
formation of multiciliated epithelium in Xenopus. In this case, DAAM1 is required
to form a subapical actin layer that connects adjacent basal bodies. This subapical
actin layer is linked to the basal body via the interaction of DAAM1 with NPHP4
and Inturned, a PDZ-containing CPLANE protein that connects to the basal body
(Adler and Wallingford 2017; Zeng et al. 2010). Loss of any member of the trimeric
complex dislocates the actin network and inhibits coordinated beating of the motile
apical cilia (Yasunaga et al. 2015).

mDia1 also plays an important cell-type-specific role in centrosome positioning.
A homozygous nonsense mutation in the human Diaph1 gene is associated with
microcephaly, a neurodevelopmental disorder that arises from defective centrosome
function in neurons and neuronal precursors (Ercan-Sencicek et al. 2015). Cell-type-
specific defects in centrosome movement were also found in mDia1/mDia3 double
knockout mice. Loss of mDia1/3 inhibited migration of neuronal precursors destined
to become cortical and olfactory inhibitory interneurons, but did not affect neuronal
precursors that will make up the cortical excitatory layer (Shinohara et al. 2012).
Neuroblasts isolated from the double knockout mice also displayed defective migra-
tion in vitro. These cells migrate by first extending a cellular process followed by the
retraction of the nucleus and cell body. The saltatory nuclear translocation is
preceded by forward motion of the centrosome into a central cellular swelling that
opens up as the leading cellular process extends forward. In wild-type cells, mDia1-
EGFP accumulates at this swelling prior to movement of the centrosome and both
centrosome and nuclear translocation are defective in the mDia1/3 double knockout
neuroblasts. The defects do not arise from abnormal cell polarity as the cells extend
their leading process normally. Instead, impaired centrosome migration is associated
with loss of mDia-dependent anterograde movement of F-actin into the leading
process which likely acts to pull the centrosome forward. It is not clear how actin
filaments connect to the centrosome to provide this pulling force or what role mDia
might play in connecting F-actin to the microtubule-organizing center.

3 Formins, Golgi, and the Centriole 37



3.7 Formins and Centrosome Polarization at the Immune
Synapse

The immune synapse (IS) is a specialized structure that forms at the junction
between T cells and antigen presenting cell (APC). IS assembly is induced by
T-cell receptor (TCR) activation after binding its ligand on the APC. IS formation
is accompanied by TCR clustering and requires reorganization of the T-cell micro-
tubule network, reorientation of the centrosome to face the synapse, and increased
actin polymerization. Re-localization of the centrosome requires formation of an
asymmetric stable network of detyrosinated microtubules directed toward the syn-
apse and marks a shift away from the acetylated microtubules predominant in resting
T-cells (Andres-Delgado et al. 2013). Formins regulate microtubule stabilization,
acetylation, and detyrosination (Bartolini et al. 2008, 2012, 2016; Fernandez-Barrera
and Alonso 2018; Palazzo et al. 2001; Thurston et al. 2012) suggesting a possible
role for these proteins in immune synapse formation. Indeed, mDia1 expression is
induced by TCR activation (Vicente-Manzanares et al. 2003) and mDia1 knockout
mice are reported to have multiple defects in T-cell function (Eisenmann et al. 2007;
Peng et al. 2007; Shi et al. 2009). In addition to mDia1, FMNL1 and INF2 also play
an important role in T-cell function and all three proteins play a role in immune
synapse formation (Andres-Delgado et al. 2012, 2013; Gomez et al. 2007). In Jurkat
cells, the three formins were found distributed along the microtubule network as well
as on the actin filaments assembled at the IS. A pool of mDia1 and FMNL1 also
accumulated at the centrosome (Gomez et al. 2007). Depletion of any three of these
formins did not affect F-actin accumulation at the IS, but did inhibit microtubule
detyrosination and centrosome reorientation. Surprisingly, the knockdown pheno-
type of each of the three formins could be rescued by reexpression of the FH2
domain of any one of them; for example, reexpression of the INF2 FH2 domain was
able to rescue FMNL1, mDia1, or INF2 depletion (Andres-Delgado et al. 2012).
This rescue was not actin-dependent and was likely mediated by FH2-induced
microtubule stabilization. In contrast, the effects of mDia1/3 on centrosome posi-
tioning in neuroblasts were entirely actin-dependent (Shinohara et al. 2012)
suggesting very different mechanisms are at work in these two distinct cell types.
Similar to the situation with INF2 and Golgi ribbon assembly, it is thought that INF2
likely acts in direct cooperation with other formins to affect centrosome positioning
during IS formation (Andres-Delgado et al. 2013). How these formins are activated
downstream of TCR engagement is not clear. Nor is it clear how the activity of the
isolated FH2 domain is targeted to enable the specific reorientation of the centro-
some towards the IS.
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3.8 FHDC1 and the Centriole Cycle

As noted above, FHDC1 acts at the Golgi-derived microtubule network to facilitate
normal Golgi ribbon assembly. Separate from its effects on Golgi, FHDC1 also plays
a role in the centriole cycle and ciliogenesis (Fig. 3.2). FHDC1 overexpression in
NIH 3T3 fibroblasts has dramatic effects on cilia assembly, either blocking cilia
formation or inducing dramatic cilia elongation (Copeland et al. 2018). In both
ciliated and nonciliated cells, the centriole maturation cycle is clearly disrupted:
more than two centrioles are present per cell; they are widely separated and multiple
centrioles are positive for the mother centriole markers Cep170 and cenexin. This
effect was unique to FHDC1 and was not observed following overexpression of
constitutively active derivatives of 12 other vertebrate formins (FMN2 and Delphilin
were not tested). As with the effects of FHDC1 on Golgi assembly, the FHDC1
MTBD and FH2 were required to affect ciliogenesis. Many of the effects of

Fig. 3.2 FHDC1 overexpression acts at distinct microtubule networks to induce Golgi dispersion
and disrupt regulation of ciliogenesis. FHDC1-mCherry (red) overexpression in NIH 3T3 fibro-
blasts induces cilia elongation (Acetylated-tubulin, Ac-MT, white) by disrupting the junction
between the subdistal appendages and cytoplasmic microtubules which provides a signaling
platform for PLK1. FHDC1 expression induces Golgi dispersion (GalT-GFP reporter, green)
through a separate effect by disrupting the connection between the Golgi ribbon and the Golgi-
derived microtubules. Scale bar ¼ 10 μm
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overexpression were actin-dependent and both cilia length and centriole separation
could be rescued by treatment with latrunculin B. Conversely, FHDC1 depletion
inhibited ciliogenesis and inhibited centrosome assembly. The subdistal appendage
protein Cep170 connects the mother centriole to the cytoplasmic microtubule net-
work (Guarguaglini et al. 2005) and Cep170 was identified as an FHDC1-binding
protein. The endogenous FHDC1 protein accumulates on a knot of microtubules
converging on the basal body and led to the proposal that FHDC1 promotes the
Cep170-dependent connection of the centriole/basal body to microtubules. The
subdistal appendages serve as a signaling platform for the polo-like kinase PLK1
(Guarguaglini et al. 2005), and it is likely that the effects of FHDC1 overexpression
or depletion are mediated by interfering with assembly of this platform which is
required for normal PLK1 signaling. PLK1 regulates certain aspects of the centriole
maturation cycle (Kong et al. 2014) and the FHDC1 overexpression phenotype
could be rescued by co-expression of a constitutively active PLK1 derivative.
Despite the interconnections between the Golgi ribbon and centrosome (Agircan
et al. 2014; Kodani et al. 2009; Rios 2014), the effects of FHDC1 on these two
organelles are discrete and separate effects targeting distinct microtubule
populations (Copeland et al. 2016, 2018). It is not clear what the endogenous role
of FHDC1-dependent regulation of actin dynamics might be in either process. It is
clear, however, that the effects of FHDC1 are cell-type specific and likely contribute
to the diversity in centriole structure observed across cell types (Loncarek and
Bettencourt-Dias 2018). A similar role for formins at the centrioles of other cell
types has not yet been described.

3.9 Conclusions

Numerous studies have connected formin activity to maintenance, function, and
organization of the Golgi ribbon and centrosome. Despite these efforts, no unifying
picture comes through of a single factor playing the same role in all cell types or of
different factors filling the same role across cell types. Indeed, the same protein may
follow different rules as the cell type varies; e.g., FMNL1γ is recruited to the Golgi
by its unique C-terminal tail in HeLa cells, but is targeted to the Golgi by
N-myristoylation in B16-F1 melanoma cells. In part, this may reflect the varied
structure and function of the Golgi ribbon as determined by the function of the cell
type itself. It is also worth noting that assembly of a Golgi ribbon is unique to the
vertebrate lineage and that the diversity of formin function may be coevolving with
it. One common theme that has emerged from these studies is that formins play an
important role in maintaining a balance of F-actin assembly at the Golgi ribbon and
this can be easily upset by formin depletion or overexpression. How this balanced
activity is specifically maintained at the Golgi remains to be determined. Similar
questions are also left unanswered at the centriole. While many formins seem to be
involved in centrosome reorientation, the role and mechanism clearly vary between
cell types. A direct connection to centriole function has only been established for
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FHDC1 and it is likely that its effects will also be restricted to only certain cell types.
To date no systematic study has been carried out to characterize the role of formins in
Golgi ribbon assembly, centriole replication, or centrosome formation. The studies
discussed in this chapter highlight how obtaining a comprehensive picture will
require a focused effort across diverse cell types.
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Chapter 4
Role of Intracellular Transport
in the Centriole-Dependent Formation
of Golgi Ribbon

Alexander A. Mironov, Ivan D. Dimov, and Galina V. Beznoussenko

Abstract The intracellular transport is the most confusing issue in the field of cell
biology. The Golgi complex (GC) is the central station along the secretory pathway.
It contains Golgi glycosylation enzymes, which are responsible for protein and lipid
glycosylation, and in many cells, it is organized into a ribbon. Position and structure
of the GC depend on the position and function of the centriole. Here, we analyze
published data related to the role of centriole and intracellular transport (ICT) for the
formation of Golgi ribbon and specifically stress the importance of the delivery of
membranes containing cargo and membrane proteins to the cell centre where
centriole/centrosome is localized. Additionally, we re-examined the formation of
Golgi ribbon from the point of view of different models of ICT.
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GFP Green fluorescent protein
GMAP210 Golgi microtubule-associated protein 210 KDa
GTP Guanosine-50-triphosphate
ICC Inter-cisternal connections
ICT Intracellular transport
IGT Intra-Golgi transport
KARM Kiss-and-run model
KIFC3 Kinesin family member C3
Man Mannosidase
MT Microtubule
NSF N-ethylmaleimide-sensitive factor
PM Plasma membrane
Rab Ras-related in the brain
Sar1 Secretion-associated RAS superfamily-related gene
Sec Secretory clone
SNAP Synaptosomal-associated protein
SNARE Soluble NSF attachment receptor
TGN Trans-Golgi network
TMC Trans-most cisterna
TRIP11 Thyroid receptor-interacting protein 11
VLDL Very low-density lipoprotein
VM Vesicular model

4.1 Centriole and the Golgi Complex

After being associated with proteins of peri-centriolar matrix, the centriole becomes
the functional microtubule-organizing centre/centrosome (Sukhorukov and Meyer-
Hermann 2015; Carvajal-Gonzalez et al. 2016; Wu and Akhmanova 2017). Centro-
somes are important for Golgi ribbon organization and the position of the Golgi
complex (GC). These aspects are discussed below. However, here, we do not describe
the structure and molecular organization of centrosome andmicrotubule aster because
these subjects are covered by other chapters of this volume. Also, we do not discuss
here the mitotic Golgi fragmentation.

In the majority of animal cell types, the microtubule (MT) component of the
cytoskeleton includes a star-shaped array (aster), where MTs are anchored to the
centrosome. Within the centrosome, MTs are nucleated to form tubulin polymers.
The opposite (plus) ends of MTs often reach cell periphery where they interact
physically with actin filaments. Centrosomes are usually located in the geometric
centre of the cell close to the nucleus and play a significant role in organization and
function of the GC (Carvajal-Gonzalez et al. 2016).

In nonpolarized mammalian and many other animal cells, the centrioles localize
near the cell geometric centre. The GC surrounds centrosome forming a three-
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dimensional ribbon (Figs. 4.1a–d and 4.2a, b). The position of the centrosome and
the GC depends on cell polarity and its migration. During cell migration in vivo or
in vitro, in wound healing/scratch assays, the centrosome and the GC reorient
towards the leading edge of the migrating cells. There, the formation of actin
filament network is observed just near the plasma membrane (PM) of the leading
edge. In fully polarized epithelial cells (in cell culture and in situ), the centrosome is
shifted towards the apical PM. There, centrioles may become the basal bodies to
form and build the cilia (ciliogenesis; Carvajal-Gonzalez et al. 2016). In these cells,
the nucleus is localized more basally, whereas the GC resides between the apical PM
and the nucleus. Cytochalasin D, an inhibitor of actin polymerization, interferes with
basal body migration and ciliary development in epithelial cells (Boisvieux-Ulrich
et al. 1990; Carvajal-Gonzalez et al. 2016). In cytotoxic T-lymphocytes, centrosome
and the GC move towards the immune synapse (Kloc et al. 2014; Carvajal-Gonzalez
et al. 2016).

4.2 The Golgi Ribbon

In plants and yeast, the MT pattern is different than in mammalian cells, and thus,
these cells have no Golgi ribbon. In contrast, if a protist cell has a MT-sorganizing
centre, then the GC is usually organized into a Golgi ribbon (Soksolova and Mironov
2008; Mironov et al. 2016). In plants and yeast and in some insect cells and protists,
the GC is fragmented and distributed within the entire cytoplasm (peripheral type of
Golgi fragmentation). In protist cells with the centrally located centrosome, the GC is
usually organized into a ribbon (Sokolova and Mironov 2008; Beznoussenko et al.
2016). In some insect cells, the mini ribbons composed of two mini stacks are
observed. Tubules interconnect these neighbouring stacks, and this pair of mini stacks
seems to function as a ribbon (reviewed by Kondylis and Rabouille 2003). However,
in differentiated insect cells, the GC usually forms a ribbon (Conti et al. 2010).

The GC can exhibit the following forms: (1) tubular (in microsporidia), (2) iso-
lated disks with perforations (in Saccharomyces cerevisiae), and (3) disks with
perforations near their edges organized in a stack containing different compart-
ments (in other cells). Golgi cisternae form stacks. Stacks can be isolated, or they
can form ribbon, and these two forms can differ in the number of disks and
vesicles. Not only disks but also tubules are among Golgi elements. In addition,
the GC can be situated in the centre, close to the centriole (1) or at the periphery
(2). The number of disks in the stack can be high (>8) or low (<8). The number
of tubules can be high or low. The number of 52-nm vesicles also could be high,
low or they can be absent. The Golgi stacks can contain the perforated cis-most
cisterna (CMC) and the perforated trans-most cisterna (TMC). Their attachment
depends on the functional status of the GC (see below). These variations represent
functional, experimental and pathological phenotypes of GC. When the GC trans-
ports cargo proteins, it is composed of the perforated CMC, three or six (rarely
more) medial cisternae in stack, TMC and the trans-cisterna of the endoplasmic
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Fig. 4.1 Centriole and the Golgi. (a) The tomographic section of Golgi complex in the human
fibroblasts. Centriole is coloured in red. The nucleus is pictured in blue. Golgi stacks are green.
Dished line indicates the Golgi stack, three-dimensional (3D) reconstruction of which is shown in
plate (c and d; view from two opposite sides). The white arrow shows the centriole. (b) 3DED
reconstruction of the Golgi ribbon, which forms a cap around centriole (the position of it is indicated
with red dot). Golgi stacks are pictured in green, the ER cisternae in magenta and ERES are yellow.
Scale bars: 500 nm (a); 2 μm (b); 200 nm (c, d)
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Fig. 4.2 Centriole and ER-Golgi compartments. (a, b) Correlative light (b) electron (a) microscopy
of the Golgi ribbon. In (a, b) the Golgi is labelled for GM130 [gold labelling in (a) and green colour
in (b)]. White arrows in (a, b) show position of centriole, which is indicated with red dot. (c, d) 3D
reconstruction of ERES after chemical fixation. Separated 50-nm spheres are coloured in magenta.
The ER is green. COPII coat is yellow. Tubular networks are orange. Varicose tubules are white.
Views from opposite sides. Scale bars: 800 nm (a); 2.4 μm (b); 250 nm (c, d)
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reticulum (ER) attached to TMC. In the transporting GC, the number of inter-
cisternal connections (ICC) is high, whereas the number of 52-nm coatomer I
(COPI)-dependent vesicles is low. Stacks are connected with each other by
tubules, perforated cisternae or solid cisternae to form the Golgi ribbon. The
ribbon exhibits a rather complicated three-dimensional structure (Fig. 4.1). When
the GC does not transport cargos, it contains more 52-nm vesicles and less ICCs
(Trucco et al. 2004), Golgi stacks are localized near and around the centrosome
and many of the Golgi stacks are not connected with each other. Therefore, the
Golgi ribbon is less developed.

The main function of the GC is lipid and protein glycosylation and protein
sorting. The GC cooperates with the trans-Golgi network (TGN) localized nearby.
The details of Golgi function and organization are described in Mironov et al.
(2016). Of interest, the GC can also nucleate MTs (reviewed by Polishchuk and
Mironov 2004; Mironov and Pavelka 2008). Proteins, which regulate behaviour of
the microtubule minus end, also affect Golgi organization and morphology (Yang
et al. 2017). The Golgi ribbon is also a site for localization and activation of several
proteins involved in cell signalling (Gosavi et al. 2018). Several centrosomal pro-
teins stabilize microtubules associated with the GC (Hoppeler-Lebel et al. 2007).

In mammals, dozens or even hundreds of Golgi stacks are laterally linked
together to form an interconnected, ribbon-like single organelle, which is located
in the perinuclear area. Golgi ribbon is formed from the mini stacks localized near
the centrosome. MTs growing at a high density from the centrosome ‘push’ the
Golgi membranes out, forcing them to stay away from the cell centre. The connec-
tivity between individual stacks has been shown in fixed cells using scanning
electron microscopy and observation of the complementary fractures of the GC
(Inoue 1992) and in living cells using fluorescence restoration after photobleaching
of Golgi resident proteins tagged with the green fluorescent protein (GFP). For
instance, several Golgi resident proteins exhibit rapid diffusion exchange between
stacks (Cole et al. 1996). Golgi stacks are connected (1) by tubules or noncompact
zones or (2) by single cisterna. In human fibroblasts, the neighbouring stacks are
connected by a single cisterna that sometimes extends out of the stacks and is
transformed into a tubule connecting corresponding cisterna of the neighbouring
stacks (Mironov et al. 2016). Of interest, cisternal distensions containing aggregates
of procollagen are situated at the peripheral (oriented to the centriole) side of the GC
(Mironov et al. 2016).

The development of the Golgi ribbon varies in different cells. For instance, in
fibroblasts and in spinal neurons, the ribbon is well developed. In contrast, in HeLa
cells the GC is fragmented into several pieces (reviewed by Polishchuk and Mironov
2004; Mironov and Pavelka 2008; Mironov et al. 2016). Golgi ribbon is not found in
some oocytes (Motta et al. 1994), highly differentiated uroepithelial cells (Kreft et al.
2010), myotubes (Rahkila et al. 1996) and in mammalian cells completely deprived
of microtubules (Polishchuk et al. 1999; Trucco et al. 2004; Mironov et al. 2016).
Golgi fragmentation has been also observed in some mammalian neurons (Horton
et al. 2005; Hanus and Ehlers 2008). Golgi stacks are connected with each other by
tubular-reticular noncompact zones and membranous tubules. The formation and
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positioning of the Golgi ribbon depend on the organization of MT aster and the
position of the centrosome. In polarized epithelial cells, the MTs are primarily
oriented with their plus ends located near the GC and their minus ends in the apical
cytoplasm. The ribbon is necessary for the delivery of post-Golgi carriers towards
the leading edge of the migrating cells (Mironov and Beznoussenko 2011; Mironov
et al. 2016).

The MT motors such as dynein are involved in the central delivery (centraliza-
tion) of ER-to-Golgi carriers and Golgi mini stacks, and thus, the motors are
important for the formation of the Golgi ribbon (reviewed by Mironov and
Beznoussenko 2011). When the delivery of ER-Golgi carrier (EGC) to the cell
centre (but not the exit of cargo from the ER) was blocked, the GC appeared as an
assembly of the peripheral fragments. The peripherally located Golgi fragments
(mini stacks) are fully functional (Trucco et al. 2004) and can reform the ribbon
after restoration of centralization. For instance, upon nocodazole washout, when the
already fragmented GC is placed in conditions where the MT aster with a united
centrosome is restored, the Golgi fragments immediately undergo centralization, and
the ribbon of interconnected stacks is rebuilt (Ho et al. 1989). When the GC is
fragmented due to the absence of ER-to-Golgi transport, the relative number of
coatomer I (COPI)-dependent vesicles increases due to the relative increase of
cisternal rims in comparison to the Golgi ribbon. In contrast, the centrally located
GC fragments usually are devoid of CMC and TMC and are surrounded by many
52-nm vesicles (Marra et al. 2007; Mironov et al. 2016). Fragmentation of the Golgi
ribbon results in the modulation of many signalling pathways (Makhoul et al. 2018).

4.3 Ribbon Factors

Mechanisms responsible for the generation of the Golgi ribbon include Golgi cen-
tralization system, which is composed of centrioles/centrosome, Golgins, SNAREs
(soluble NSF [N-ethylmaleimide-sensitive factor] attachment receptors) and other
molecular machines responsible for membrane fusion and several other less studied
factors. Interpretation of all these findings is highly affected by the model of intra-
cellular transport (ICT), which had been used for data analysis. In most mammals, the
Golgi ribbon depends on the centralization of Golgi membranes and membranes
containing cargos. There are several factors involved in Golgi centralization: (1) cen-
triole/centrosome and microtubule aster and (2) Golgi membrane-associated minus
end-directed microtubule motors, mainly dynein, which move the Golgi stacks
inwards and cause concentration of the Golgi stacks around the centrosome. There
are also factors inhibiting centralization: (1) kinesin and (2) GMAP-210/TRIP11
(Golgi microtubule-associated protein 210 or thyroid receptor-interacting protein
11), a protein participating in attachment of the GC toMTs, which prevents complete
centralization of the GC. Thus, the formation of Golgi ribbon occurs only when there
are (1) functional MTOC and dynamic MT, (2) central delivery of membranes from
the ER exit sites, and (3) functional coatomers I and II. The balance between the
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activity of the minus-end motor dynein and the plus-endmotor kinesin determines the
final positioning of GC. For instance, KIFC3 (kinesin family member C3) plays a
significant role in theMT-dependent centralization and positioning of the GC in some
polarized epithelial cells. Also, acetylated MTs are enriched at the GC, their
deacetylation resulting in Golgi fragmentation (Mironov and Beznoussenko 2011).
Amechanism for functional coupling of COPII-coatedmembranes to themicrotubule
cytoskeleton has been described. This mechanism regulates the delivery or EGCs to
the cell centre (Watson et al. 2005).

Centralization can be blocked by several methods: (1) depolymerization of MTs
by specific drugs (e.g., nocodazole; Polishchuk et al. 1999; Trucco et al. 2004) or
impairment of their dynamics (for instance, treatment of cells with low concentra-
tions of nocodazole; Minin 1997); (2) stabilization of MTs, for instance, by Taxol;
and (3) impairment of the function of dynein and proteins regulating MT function
(Mironov and Beznoussenko 2011). The blockage of MT polymerization induces
transformation of the Golgi ribbon into many peripheral fragments. The inactivation
of kinesins, proteins that move towards the plus end of MTs, in nonpolarized cells
results in the collapse of the GC and the ER around the centrosome (Feiguin et al.
1994) and, strangely, microinjection of an anti-kinesin antibody inhibits centraliza-
tion of ER-to-Golgi carriers (Lippincott-Schwartz et al. 1995). Also, after depoly-
merization of actin, the GC shifts to the cell centre (Valderrama et al. 1998).

There are several proteins and other factors involved in the formation of Golgi
ribbon. We call them the gluing factors. Among them Golgins and SNAREs/Ca2+

play central role. However, these gluing factors function only when the membranes
filled with cargos are delivered to the GC (Marra et al. 2007; Mironov and
Beznoussenko 2011). Gluing makes fusion of Golgi cisternae and consecutive
formation of Golgi ribbon easier. Understanding of the cargo role explains many
other seemingly strange findings. For instance, silencing, depletion or inhibition of
ßCOP (Styers et al. 2008; Razi et al. 2009) and proteins cooperating with COPI such
as protein number 24 (Mitrovic et al. 2008; Koegler et al. 2010), COPII (Cutrona et al.
2013), Rab 1 and 2 (Venditti et al. 2012; Romero et al. 2013) or trafficking protein
particle complex subunit 3 (Venditti et al. 2012) leads to Golgi fragmentation because
the delivery of cargo to the GCwas blocked. The cells lacking COPII coat do not form
peripheral mini stacks when treated with nocodazole (Cutrona et al. 2013). The role of
cargo domain for the formation of Golgi ribbon is shown in Fig. 4.3. After arrival of
the EGC, its membranes are integrated between the neighbouring Golgi stacks and
after fusion with them function as a bridge between the stacks.

Thus, the formation of Golgi ribbon depends on the delivery of EGCs containing
cargos towards the GC. Also, the role of IGT in the formation of Golgi ribbon is
important. In order to understand how the Golgi ribbon cargo participates in its
formation, it is necessary to know mechanisms of EGT and IGT. Currently, there are
four main models of ICT: (1) the vesicular model (VM), (2) the compartment
maturation progression model (CMPM), (3) the diffusion model (DM) and (4) the
kiss-and-run model (KARM). VM is based on the assumption that COPI-dependent
vesicles transport cargo proteins and membrane from one more proximal compart-
ment to another more distal compartment. CMPM poses that newly formed cis-Golgi
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cisternae undergo progression through the Golgi stack with simultaneous recycling
of resident Golgi proteins with retrograde vesicles. DM claims that GC represents a
single membrane compartment and cargo moves along it using simple diffusion.
KARM exists in symmetrical and asymmetrical variants and suggests that there are
repetitive fusion and subsequent fission between two Golgi cisternae. Fusion/fission
could occur in the same site (the symmetrical variant) or in different sites (asym-
metrical variant). In the latter case, fusion would be between the leading edge of the
distal compartment and the rare edge of the proximal one, whereas fission would be
somewhere within the distal compartment.

a b

c d
Ar11(GTP)

G97

e f

hg

Fig. 4.3 Possible scheme of the Golgi ribbon formation. Role of cargo for gluing of Golgi stacks.
(a) Resting Golgi stack without CMC and TMC and ER-Golgi carrier (EGC; yellow). The trans ER
is coloured in green. (b) Attachment of EGC to the Golgi stack with the formation of perforated
CMC (black arrow) and inter-cisternal connections. (c) Cargo domain is transported (yellow) across
the Golgi stack. Simultaneously there is the Golgin97 and Arl1-dependent attachment of TMC to
the medial Golgi cisternae. (d) The cargo (yellow) reaches the trans side of the stack. (e, f) Fusion of
cargo domain (yellow) with cisternae of another stack. (g, h) Consecutive steps of the formation of
the common cisterna for both stacks and attachment of TMC. After its arrival at the GC, ER-Golgi
carrier serves as a bridge between adjacent Golgi cisternae and fuses with them forming Golgi
ribbon
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There could be several strategies. The simplest solution is to propose the different
model for each cargo transport at different steps of ICT and then find corresponding
molecular machinery for such transport. We tried to use this approach combining the
diffusion mechanism with the cisterna (compartment) maturation progression model
(Beznoussenko et al. 2014). Another strategy is to insist that the dogma is correct and
propose explanations for the data, which contradict the main aspects of the dogma.
For instance, proponents of VM suggested that in our paper (Mironov et al. 2003),
we should use anti-Sec13 antibody (although we used anti-Sec31 antibody, we also
confirmed our data with the help of anti-Sec13 antibody, but these data were not
shown) because Sec13 has only one isoform (Sec31 has two isoforms). Thus,
according to the authors, using anti-Sec31 antibody, we could not detect mega-
vesicle because these mega-vesicles could be covered by another isoform of Sec31,
which was undetectable by our antibodies. However, we used polyclonal antibody,
and we also did not observe mega-vesicle at the electron microscopy level. Trying to
convince readers that VM is correct, it is also possible to suggest that the antibodies
we used cannot detect some mega-vesicles (Gorur et al. 2017). Another way is to
claim (in our experiments with silencing of both Sar1A and B isoforms where we
could not find COPII-coated buds and COPII vesicles): ‘It is as yet unclear how
possible mechanisms such as kiss and run could retain sufficient selectivity to
prevent non-selective transport. It remains possible, however, that the small
remaining amount of COPII proteins in the RNAi experiments described here is
sufficient to direct COPII-dependent selectivity’ (https://stephenslab.wordpress.
com/2013/02/27/comments-on-silencing-of-mammalian-sar1-isoforms-reveals-
copii-independent-protein-sorting-and-transport/). Another strategy is to find
other explanations for the cornerstone experiments supporting VM. The third
approach is to find a model that would explain all the available data.

4.4 ER-Golgi Transport

VM of the ER-Golgi transport (EGT) poses that COPII-dependent vesicles are
involved in EGT as the carriers. According to CMPM of EGT, immature EGCs
are formed by protrusion from the ER, and ER resident proteins are eliminated from
EGC by retrograde COPI-dependent vesicles. Within the framework of DM, EGT
occurs by diffusion along constant connections between the ER and the
GC. ER-Golgi connections were shown several times (reviewed by Mironov et al.
1997). For example, Sesso et al. (1994) demonstrated ER-Golgi connections. High-
resolution three-dimensional analysis revealed connection between this partial cis-
terna, positioned between medial Golgi cisternae and the ER. This cisterna contains
pores and membrane buds with typical necks (Ladinsky et al. 1999).

Finally, KARM assumes that EGT is realized by fusion–fission mechanism:
initially the membrane protrusion filled with a cargo is formed, and then this
protrusion fuses with the tubule emanating from the GC and in particular from
CMC. After this fusion, the fission occurs near the neck connecting the protrusion
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and the ER. The tubule delivers dynein to the immature EGC. This motor moves
EGC towards the GC. The arrival of this carrier at the GC generates flux of Ca2+

from ER exit sites (Micaroni et al. 2010) and stimulates fusion of the carrier with the
medial GC. The hug-and-kiss model, proposed by Kurokawa et al. (2013), actually
represents KARM.

These models compete with each other for the role of the paradigm within this
field. There are many unresolved questions. For instance, within the framework of
VM and CMPM, it is not possible to explain the role of cargo delivery in the
formation of Golgi ribbon. It is not clear why Golgi ribbon undergoes fragmentation
when delivery of cargo is blocked. Also, the formation of the centrally fragmented
and the peripherally fragmented GC cannot be explained within the framework of
VM, DM or CMPM. The important role of cargo in the formation of Golgi ribbon
necessitates a description of mechanisms of EGT and IGT. Several evidences against
VM of EGT were published. For instance, EGT occurs even in the absence of COPII
(reviewed by Mironov 2014). For example, Bard et al. (2006) showed that after
elimination of COPII subunits, EGT still occurs although at the slightly lower level
(54% of the control). Caco-2 cells lacking Sec13 (this protein has only one isoform
in humans) could grow although their polarization was defective. These cells form a
multilayered sheet of cells (Townley et al. 2012). Their ability to divide suggests that
the delivery of membrane to the PM necessary for membrane duplication during cell
division was normal. Thus, in the absence of Sec13, Caco-2 cells can transport
membrane proteins. Also, Sec13 depletion leads to a defect in deposition of large
ECM components such as collagen (Townley et al. 2008). However, there is the lack
of detectable defects in the transport or secretion of small, soluble, freely diffusible
proteins or transmembrane proteins in Sec13-suppressed HeLa cells (Townley et al.
2008) and Caco-2 cells (Townley et al. 2012).

The absence of COPII does not affect transport of soluble and membrane cargos
although exit of procollagen from the ER is inhibited (Cutrona et al. 2013). Not only
the absence of COPII coat but also slowdown (after depletion of Sedlin; Venditti
et al. 2012) or acceleration of COPII turnover (the Sec23A-M702V mutation, Kim
et al. 2012) inhibited procollagen exit from the ER. We did not find membrane buds
on the ER in Saccharomyces cerevisiae (Beznoussenko et al. 2016). Other
researchers also did not demonstrate the presence of these buds (reviewed by
Beznoussenko et al. 2016). In Microsporidia parasite, the ER and Golgi remnants
also have no such buds and separated vesicles (Beznoussenko et al. 2007). Using
electron cryomicroscopy and pure liposomes, it was demonstrated that the size of
COPII-dependent vesicles should be about 75–80 nm (Antonny et al. 2003; Fig. 3a
in Lee et al. 2005; Bacia et al. 2011). Moreover, within the ER exit sites, only 50-nm
vesicles were found using a quick-freezing technique while the 70–80 nm vesicles
were absent (Mironov et al. 2003). Also, Zeuschner et al. (2006) found only free
50-nm diameter vesicles. Finally, Bannykh et al. (1996) also did not find the 70–80-
nm separated vesicles within the ER exit sites (ERES). Typical images of this
structure are shown in Fig. 4.2c, d.

Additionally, we found the depletion of the anterograde cargos in the 50-nm
vesicles localized within the ERES (Mironov et al. 2003). Also, nobody
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demonstrated how COPII vesicles or aggregates of COPII vesicles (as it was
proposed by Bannykh et al. 1996) move towards the GC. Of interest, ERES
described in cell cultures were found in situ only in the tissues with high mitotic
index such as bone marrow, basal cells of epidermis, enterocytes in intestinal crypts
(Rhodin 1974; Pavelka and Roth 2005), fibroblasts of the rat food pad (Marchi and
Leblond 1983), odontoblasts (Weinstock and Leblond 1974; Leblond 1989) and in
cancer cells (Ghadialli 1982) as well as in professional secretors such as the acinar
pancreatic cells or ß-cells ofs Langerhans islets (Jamieson and Palade 1968; Sesso
et al. 1994). In neurons, ERES are present only near the GC (Peters et al. 1991).
Here, in order to explain all these contradictions, we try to find another interpretation
of data presented in the cornerstone papers, supporting different models of EGT.

The main support for VM of EGT is the paper by Kaiser and Schekman (1990).
The authors generated the temperature-sensitive mutants of proteins that are respon-
sible for EGT (COPII subunits Sec23 and Sec13) and proteins involved into
membrane fusion (Sec17 [known also as αSNAP] and Sec18 [known also as
NSF]). When cells were heated up to 37�C and the membrane fusion was blocked,
they found an accumulation of 50-nm vesicles (60 vesicles per 1 μm3 of cytosol,
whereas at normal temperature, there were 13 vesicles per 1 μm3). When they
simultaneously inhibited both Sec17 and Sec23, a significant accumulation of
50-nm vesicles was not observed (Fig. 3 by Kaiser and Schekman 1990).

Their interpretations of these results were within the framework of VM, which
poses that COPII-dependent vesicles execute EGT, whereas IGT is performed by
COPI-dependent vesicles. When the fusion of COPII-vesicles generated by Sec23 or
Sec13 is blocked, COPII vesicles have to accumulate, whereas when not only fusion
of vesicles with the distal compartments but also their generation is inhibited, the
accumulation of the vesicles should not be observed. However, their interpretation
contains contradiction because during ICT, not only COPII vesicles were generated
but also COPI vesicles should appear, and their number has to be higher than that of
COPII vesicles because their volume is smaller. According to Bacia et al. (2011) and
Lee et al. (2005), the size of COPII vesicle should be 70–80 nm, whereas COPI
vesicle in Saccharomyces cerevisiae has a diameter of 50 nm; see Beznoussenko
et al. (2016). Therefore, when function of Sec17 was blocked and putative COPII
vesicles were not formed, the GC still existed, and COPI-dependent vesicles should
be generated from it.

Here, we try to interpret all existing data within the framework of KARM.
Initially, we have to emphasize that the authors blocked the proteins responsible
for ER-GC transport by heating cells to 37�C and examined cells 60 min after the
heating. According to KARM, Sec23 and Sec13 are important for ER-GC transport
although COPII vesicles are very rare and do not function as EGCs. According to
KARM, when the authors inhibited Sec17, there should be accumulation of COPI
vesicles because COPII vesicles have no transport role. Indeed, the authors observed
accumulation of 50-nm vesicles. In Saccharomyces cerevisiae, 50 nm is the diameter
of COPI-dependent vesicles (Beznoussenko et al. 2016). Also, when both Sec17 and
Sec23 were inhibited, presumably, there should be accumulation of COPI vesicle but
only if the GC remain separated from the ER. However, in Saccharomyces
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cerevisiae, when the delivery of cargo at the GC is blocked, the GC disappears in
4 min (Morin-Ganet et al. 2000), and the generation of COPI vesicles is stopped. In
the absence of cargo delivery, the redistribution of the GC into ER under the action
of brefeldin A requires membrane fusion between the GC and the post-Golgi
compartments (Fukunaga et al. 1998; Kweon et al. 2004), whereas in Saccharomy-
ces cerevisiae, the GC is often connected with the ER (Beznoussenko et al. 2016 and
reference therein) and is not dependent on membrane fusion. Indeed, in agreement
with the prediction of KARM, Kaiser and Schekman (1990) found only small
accumulation of vesicles (from normal 13 vesicles per 1 μm3 up to 20 vesicles per
1 μm3). Thus, KARM can explain the results, which were presented in the corner-
stone papers and interpreted in favour of VM of EGT.

The second cornerstone paper in favour of VM is that by Barlowe et al. (1994).
They isolated COPII-coated vesicles after incubation of yeast microsomes with
purified component of COPII in the presence of GTP. Importantly, after incubation
of microsomes with COPII subunits and GTP, the authors obtained mixture of
tubules and vesicles. Then the authors filtered this membrane fraction through the
gel with small pores. The authors concluded that these vesicles are formed by COPII
and these vesicles contain cargo proteins. In order to find another explanation of
these observations, we should stress that Barlowe et al. (1994) presented EM images
of round profiles partially coated with COPI-like coat (Fig. 8E by Barlowe et al.
1994) and images of cryosections of round profiles with diameter of 66–73 nm and
labelled for Sec23 (Fig. 8G in Barlowe et al. 1994) and Sec13 (see Fig. 8H in
Barlowe et al. 1994) but not for Sar1 (see Fig. 8E in Barlowe et al. 1994). In Fig. 8E,
the diameter of vesicles partially coated with COPI-like coat is very uniform and
varied from 38 to 55 nm with the average of 51 nm. These characteristics are typical
for COPI vesicles (Marsh et al. 2001). Also, the structure of the vesicle coats in the
Fig. 8E is similar to that observed on COPI-coated buds localized within ERES
(Bannykh et al. 1996) and differs from the structure of COPII coat demonstrated
with electron cryo-microscopy (see Bacia et al. 2011). Vesicles shown in Figs. 8B–D
and 8F–H by Barlowe et al. (1994) exhibited much higher heterogeneity than 51-nm
vesicles in Fig. 8E. These parameters are typical for membranes coated with COPII
coat (Lee et al. 2005). Importantly, the same research group using electron cryo-
microscopy and pure liposomes demonstrated that the size of COPII-dependent
vesicles should be about 75–80 nm (Fig. 3A in Lee et al. 2005; Bacia et al. 2011).

We believe that the authors presented two types of vesicles, COPI-dependent
(Fig. 7 and 8E) and COPII-dependent (in Fig. 8B–H). When the primarily isolated
COPII-coated tubules were passed through small pores, they could undergo frag-
mentation into 66-nm COPII-coated vesicles. These vesicles do not contain Sar1
because COPII-coated buds and tubules are devoid of Sar1p (Mironov et al. 2003).
Careful analysis of the experimental procedures used by Barlowe et al. (1994)
revealed that microsomes contain residual amount of COPI attached to the micro-
somal membranes. However, in their experiments on isolation of vesicles, the
authors do not use the microsomes washed with 2.5 M urea in order to eliminate
all peripheral membrane proteins. Thus, this residual amount of COPI present on
their microsomes could be sufficient to generate a few COPI-coated vesicles. If these

4 Role of Intracellular Transport in the Centriole-Dependent Formation. . . 61



51-nm vesicles were formed with COPI, why are these vesicles coated? The reason
is the following: ArfGAP protein, which is necessary for COPI uncoating, is present
on the GC but not on the ER (microsomes). Then, it is necessary to explain why
TEM sectioning gave images of COPI vesicles, whereas cryosectioning resulted in
COPII vesicles. The reason could be the following: After centrifugation of the
membranes passed through small pores, the authors obtained a pellet where heavy
COPI-coated vesicles were near the bottom, whereas less heavy COPII-coated
structures were at the top. This distribution was described by Kweon et al. (2004).
The pellets were embedded into Epon or prepared for cryosectioning. The sectioning
of Epon-embedded pellet starts from the very bottom, and therefore on sections,
mostly 48–50-nm partially COPI-coated round profiles were visible. In contrast, for
cryosectioning it is necessary to prepare a pyramid. Therefore, several layers of the
pellet, which were situated near the bottom and containing mostly COPI, were
eliminated in order to get the precise pyramid. As a result on the cryosections, one
would have only vesicles derived from COPII-coated tubules.

Finally, in another cornerstone paper, Bednarek et al. (1995) described so-called
COPII-coated buds on the ER of Saccharomyces cerevisiae after cell
permeabilization and incubation with COPII subunits. However, again in Material
and Methods, they quoted Rexach and Schekman (1992) for the description of
isolation of nuclei. However, Rexach and Schekman (1992) did not use 2.5 M
urea in order to wash the membrane from COPI. Thus, a significant amount of
COPI was present on the external nuclear membrane of the ER, which could be used
for the generation of COPI-coated buds on the ER.

But the main contradiction of VM of EGT is the observation of large cargo
aggregates, which are formed in the lumen of the ER. Pre-chylomicrons
[in enterocytes (Sabesin and Frase 1977; Siddiqi et al. 2003)], low-density lipoproteins
and very low-density lipoproteins [in hepatocytes (Claude 1970)] and procollagen
aggregates (Mironov et al. 1997; Bonfanti et al. 1998) form in the lumen of the smooth
ER and then exit the ER. PCI is known to trimerize in the ER, and only the correctly
folded PCI trimers are chaperoned by HSP47 to exit the ER en route to the GC
(Mironov et al. 2003; Gorur et al. 2017). After formation of a procollagen aggregate,
it does not undergo disassembly during EGT and IGT (Patterson et al. 2008). If EGT
occurred by 70–80 nm COPII-dependent vesicles (Mironov 2014), the size of chylo-
microns in enterocytes (Sabesin and Frase 1977), very low-density lipoprotein
(VLDL) in hepatocytes (Claude 1970) and procollagen I aggregates in fibroblasts
(Leblond 1989; Bonfanti et al. 1998;Mironov et al. 2003) would be incompatible with
the diameter of 70–80 nm COPII vesicles. Indeed, these aggregates are too big to be
packed into 70–85 nm COPII vesicles. For instance, non-bent procollagen I trimers
and aggregates composed of them (with a length of up to 300 nm), which form inside
the lumen of the ER near ERES, are incompatible in size with COPII vesicles
(Mironov et al. 1997, 2003; Bonfanti et al. 1998).

In order to solve these contradictions, it has been proposed that large cargos are
transported by ‘mega-vesicles’, or ‘mega-carriers’, which are formed by unusual
combinations of isoforms of COPII subunits (Fromme and Schekman 2005; Venditti
et al. 2012; Malhotra et al. 2015; Santos et al. 2016; Gorur et al. 2017; Raote et al.
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2017, 2018). According to mega-vesicles model, large cargo aggregates form in the
mega-buds coated with COPII. It has been shown that the membrane protein
TANGO1 binds PCVII and that TANGO1 binds the COPII-coated proteins,
Sec23/Sec24 (Saito et al. 2009). Knockdown of TANGO1 inhibits export of the
bulky PCVII (but not of PCI) from the ER (Saito et al. 2009; Nogueira et al. 2014).
However, in order to prove that mega-buds and mega-vesicles exist, it is necessary to
show (better with correlative light electron microscopy or immune electron micros-
copy) buds coated with COPII or separated mega-vesicles coated with COPII. If
mega-vesicles exist, Sec13 should form a cap over procollagen aggregate, very
low-density lipoproteins (VLDL) or chylomicron. Of interest, until now this require-
ment was not fulfilled. For instance, Santos et al. (2016) did not demonstrate
co-localization between Sec13 and lipids or Apo B (lipid and Apo proteins of
VLDL). Importantly, Santos et al. (2016) did not discuss the contradiction of their
data with the results by Siddiqi et al. (2003).

In the article by Raote et al. (2018), there is not a single picture that directly
confirms the scheme of the formation of a mega-buds proposed by the authors,
namely, the COPII ring, then more external ring of TANGO1 and a procollagen-
positive spots inside these rings. Claude (1970) and Sabesin and Frase (1977) have
not observed lipid particles and pre-chylomicrons in the ER buds. It was shown that
the aggregates of PC are formed inside the lumen of the ER cisternae. However,
there is no coat visible on the distensions of the ER. Thus, at steady state, mega-buds
containing procollagen and coated with COPII-like coat were also not detected
(Leblond 1989).

In order to prove the existence of transport mega-vesicles filled with procollagen,
Gorur et al. (2017) engineered cells to stably overexpress the human pro-α1
(I) collagen. Using the correlative light electron microscopy based on serial sections
with a thickness of 70–100 nm, the authors demonstrated the structure filled with
procollagen I with the diameter of 900 nm (Fig. 2C/Z7 by Gorur et al. 2017). The
thickness of coat over this structure is more than 40 nm, whereas the typical thickness
of COPII coat is 12 nm (Bannykh et al. 1996; Bacia et al. 2011). Also, the significant
thickness of serial sections indicates that the resolution along Z-axis was 140–200 nm.
Therefore, it is not possible to judge whether this structure is connected with the ER or
disconnected. Moreover, in a vast majority of papers, the diameter of the procollagen
containing EGCs or Golgi cisterna distensions filled with procollagen never exceeds
350 nm (Leblond 1989, Bonfanti et al. 1998; Patterson et al. 2008; Perinetti et al.
2009). Importantly, in their Fig. 2ii, the labelling for Sec31a does not form ring, as it
should be in agreement with the hypothesis of COPII-coated mega-vesicles. Of
interest, the area of the labelling for procollagen is wider than the labelling for
Sec31A, namely, near the border the green intensity is higher than the red one, whereas
in the centre the intensities of red and green colours are equal. The authors used super-
resolution light microscopy and have to detect the ring- or cap-like labelling for
Sec31A, which should surround the collagen aggregate. Moreover, in their Fig. 3A
v–x, the thickness of COPII coat is more than 100 nm, whereas under normal
conditions, the thickness of COPII coat is only 12 nm (Bannykh et al. 1996).
Moreover, the diameter of procollagen aggregate is only 100 nm, although under
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normal conditions, their diameter is 300 nm (Mironov et al. 2003). Also, there is an
empty space between the PCI spot and Sec31A-positive cap (see Fig. 3A viii by Gorur
et al. 2017). Such space has never been observed under normal conditions. On the
other hand, in Figs. S5B: i, ii, iii (in Gorur et al. 2017), diameter of the vesicles is about
200 nm.Only in Fig. S5B:iv the vesicle has a diameter of 350 nm, but this vesicle is not
coated.

Recently, McCaughey et al. (2019) provided direct evidence suggesting in favour
of the very minor (if any) role of mega-vesicles for EGT of procollagen. They
demonstrated that EGT of procollagen occurs without formation COPII-coated
200–300 nm carriers. These observations contradict to the mega-vesicle hypothesis
proposed by the proponents of VM of EGT. However, the authors did not discuss
this issue and simply wrote the following: ‘In many cases, small GFP–COL puncta
were seen in our experiments that co-localize with Sec31A. These show a distinct
size distribution from large, static, circular structures negative for the COPII marker.
Therefore, our data are entirely consistent with COP II-dependent trafficking of
procollagen from the ER via conventionally described ERES, and we do not dispute
an absolute requirement for COP II in this process (page 12).’ Also, the authors did
not quote two important papers by Patterson et al. (2008) and Mironov et al. (2003)
where mechanisms of EGT of procollagen I were described and the role of COPII
was questioned. Moreover, Patterson et al. (2008) presented data on the procollagen
I transport in live cells, whereas we already demonstrated the rarity of the arrival of
EGCs with the diameter of 300 nm to the GC. Also, in contrast to McCaughey et al.
(2019), we observed rare EGCs filled with procollagen III. To this end, we bleached
the whole Golgi area and monitored the rate of entry of PC-III-GFP into the GC from
the ER. PC-III-GFP behaved as expected from our previous experiments on PC-I
trafficking (Bonfanti et al. 1998; Mironov et al. 2001; Trucco et al. 2004). At 3 min
post-bleaching, some PC-III-GFP aggregates (in the form of distinct bright puncta)
had already entered the Golgi area (Beznoussenko et al. 2014). In experiments by
McCaughey et al. (2019), the PC-containing dots grew inside the Golgi area. In our
experiments, these dots acquired their high brightness at the periphery and then
moved to the Golgi area.

We suggest that mega-vesicles observed by Gorur et al. (2017) and large
procollagen-positive immobile dots observed by McCaughey et al. (2019) could
be generated using a similar mechanism. It seems that unusually large mega-vesicles
demonstrated by Gorur et al. (2017) and McCaughey et al. (2019, Fig. 2) represent
the ER-derived autophagosomes (reticulophagosomes; Fregno et al. 2018; Fregno
and Molinari 2018; Forrester et al. 2019). This phenomenon was observed upon
overexpression of the secretory heavy chain of immunoglobulin M lacking some
domains; the aggregates of this chain are concentrated in the ER protrusions with the
diameter of 400 nm or more. These protrusions are not coated with COPII-like coat.
After detachment from the ER, these distensions are delivered to the GC and then
secreted or fused with lysosomes.

Finally, Oprins et al. (2001) observed significant concentration of the regulation
secretory protein during their exit from the ER. Indeed, the concentration of these
cargos in the ER is 57.6-fold lower than inside the ERES compartments. The authors
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tried to apply CMPM in order to explain such high concentration. However, COPI
vesicles presumably operating as carriers for retrograde transport at the level of
ERES cannot be used because COPI vesicles have very high ratio between the
surface and the volume, and this means that these vesicles are not suitable to explain
such high level of cargo concentration. This cannot be explained using maturation
progression model. Recycling of COPI vesicles would eliminate surface area but not
volume of immature EGCs. Similarly, the assumption of constant connections
between the ER and the GC cannot explain the rarity of their findings.

Thus, VM, DM and CMPM cannot explain data, which contradict to their logic,
whereas KARM can explain cornerstone observations supporting VM, DM
and CMPM.

4.5 Intra-Golgi Transport

VM, DM, CMPM and KARM are also the main models describing mechanisms of
IGT. The pros and cons of these models have been extensively discussed (Mironov
et al. 1997; 1998, 2005, 2013, 2016; Beznoussenko and Mironov 2002; Mironov and
Beznoussenko 2008, 2012; Glick and Nakano 2009; Glick and Luini 2011).
Attempts to find the compromise between different models of IGT failed (Emr
et al. 2009). Therefore, we re-examine cornerstone experiments, on which each
model of IGT is based, and try to reinterpret these results within the framework of
another model.

VM was proposed by Palade (1975) and substantiated by Rothman et al. (1980),
who found that after accumulation of the temperature-sensitive G protein of the
vesicular stomatitis virus (VSVG) in the ER at the restrictive (40 �C) temperature
and the consecutive release of this temperature block by placing the cells at 32 �C,
VSVG moved along the secretory pathway and in 10 min appeared in the clathrin-
coated vesicles isolated from the GC. However, a significant part of VSVG found in
these vesicles was not fully processed by Golgi glycosylation enzymes. This sug-
gests that VSVG in these vesicles bypassed some compartments of the GC. The
authors proposed that these vesicles are transport carriers.

The explanation of this bypass could be the following: Rothman et al. (1980)
accumulated a large amount of VSVG in the ER. When a lot of VSVG molecules
start to move through the GC, these molecules could quickly reach the trans-side of
the GC (Patterson et al. 2008), where clathrin-coated vesicles are formed (Bonfanti
et al. 1998). This is due to overloading of this pathway. Then, Rothman et al. (1984)
demonstrated that after fusion of two cells, where the GCs and the cargos were
differently labelled, and formation of heterokaryon, the cargo derived from the GC
of one cell can be quickly delivered to the GC derived from another cell and vice
versa. The authors concluded that these observations support VM of IGT. However,
in 1986, COPI-dependent vesicles were found near the GC (Orci et al. 1986). After
this, instead of clathrin-coated vesicles, COPI-dependent vesicles began to be
considered as transport carriers (see details in Mironov et al. 1997, 2005, 2013,
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2016). Of interest, after the discovery that all COPI-dependent vesicles are on strings
and cannot freely diffuse across the cytosol, the results of the heterokaryon exper-
iments were considered as artefacts (Orci et al. 1998).

However, the main problem for VM is the large cargo aggregates incompatible in
size with COPI vesicles, which cannot be transported by COPI vesicles (see
Mironov et al. 1997). Transport of VLDL particles through the GC of hepatocytes
was demonstrated by Taylor et al. (1997). Transport of procollagen I through the GC
was proved by Bonfanti et al. (1998). Transport of chylomicrons through the GC was
proved by Sabesin and Frase (1977). Similarly, secretory casein submicelles, which
are transported through the GC in lactating mammary glands, are larger than COPI
vesicles (Clermont et al. 1993). In order to solve this contradiction, Rothman’s group
proposed that such large cargos are transported according to CMPM, whereas VSVG
is transported by vesicles (Orci et al. 2000b). However, it is established now that a
vast majority of cargos are absent in COPI vesicles. The list of cargo proteins that are
excluded from COPI vesicles was presented by Mironov et al. (2005). Martinez-
Menárguez et al. (1999) showed that the concentration of amylase in COPI-
dependent vesicles is lower than in Golgi cisterna. Orci et al. (1986), the main
proponents of VM, demonstrated that the concentration of the G protein of the
vesicular stomatitis virus within 52–56 nm COPI-dependent vesicles was 1.5-fold
lower than in Golgi cisterna (see Table 1 in Orci et al. 1986). In order to support VM,
Orci et al. (1997) claimed that pro-insulin is transported by COPI vesicles. However,
careful analysis of the paper revealed that in Table 3 by Orci et al. (1997), the
concentration of insulin in Golgi-associated round profile is threefold lower than in
Golgi cisterna. Trying to solve this contradiction, the authors proposed that there are
two populations of COPI vesicles, namely, one population, for the anterograde
transport, and another population, for the retrograde transport. Further, trying to
provide the additional support for VM, Rothman’s group (Pellett et al. 2013)
transfected one population of cells with fluorescently tagged cargo tagged with
one fluorophore; other cells were transfected with Golgi resident proteins tagged
with another fluorophore. Next, heterokaryons were generated. These cargos and
enzymes were found in small dots visible in the cytosol. A small portion of these
particles contained coatomer. Pellett et al. (2013) measured diameters of the above-
mentioned spots in cytoplasm and isolated COPI vesicles out of cytosol using super-
resolution light microscopy. Comparing diameters of these particles measured at the
level of light microscopy particles with diameter of isolated COPI vesicles, the
authors concluded that these particles are dependent COPI vesicles. The authors
state that the resolution of their super-resolution method is 80 nm. However, in
reality (not in model experiments), STED resolution is about 100 nm (Sesorova et al.
2018). Diameter of COPI is 52 nm (Marsh et al. 2001). It means that the resolution of
their method is lower than the size of structures measured. Resolution of super-
resolution microscopy depends on the refractory index of the medium, and in vitro
this parameter differs from that of cytosol. Also, the method used by Pellett et al.
(2013) is very sensitive to the refractive indices of the media (Sesorova et al. 2018).
Therefore, under these conditions, there could be significant systematic mistakes.
Also, the authors did not take into consideration that COPI-derived vesicles are on
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strings. This fact was discovered by Orci et al. (1998) and then confirmed by Marsh
et al. (2001). Indeed, in mammalian cells, nobody demonstrated 52-nm vesicles
coated or non-coated at the distance more than 200 nm (Martinez-Menárguez et al.
1999). Finally, it is known that diffusion of particles with a diameter of more than
50 nm is strongly restricted (Luby-Phelps 1994).

Another problem of the interpretations presented in this chapter is the volume-to-
surface ratio of transport carriers observed. According to the authors, during 30 min
25% of membrane protein was transported from the GC of one cell to the GC of
another cell. During this time, the authors observed 20,000 such particles. The rate of
transport of soluble cargo is identical to that of the membrane cargo (see Fig. 3 in
Pellett et al. 2013). The diameter of COPI-dependent vesicle is 52 nm (Marsh et al.
2001). Its internal volume is equal to 0.000045 μm3, and the surface area is equal to
0.074 μm2. The Golgi volume is equal to 1500 μm3 (Mironov and Mironov 1998). If
we take into consideration that the ratio between the volume and the surface area of
the GC is equal to 140 (Ladinsky et al. 1999), the surface area of the GC would be
equal to 210,000 μm2. If these dots were COPI vesicles, 20,000 such vesicles would
transport 1480 μm2 of surface area (0.7% of the total) and 0.9 μm3 of Golgi volume
(0.06% of the total). These considerations suggest that the authors observed move-
ment of carriers, which are much larger than COPI vesicles.

There are also other problems of VM. There is a significant decrease of the
number of COPI vesicles during synchronous intra-Golgi transport (IGT; Rambourg
et al. 1993; Fusella et al. 2013). In some organisms, COPI-dependent vesicles are
absent [microsporidia Paranosema grylli and Paranosema locustae (Beznoussenko
et al. 2007)] or very few [algaOstreococcus tauri; Henderson et al. (2007)]; parasites
Plasmodium falciparum; Hohmann-Marriott et al. (2009) and Trypanosoma cruzi
[see movies and Fig. 2i by Girard-Dias et al. (2012)]. VM cannot explain maturation
of Golgi compartments in yeast (Matsuura-Tokita et al. 2006).

There are several observations favouring the DM. In order to be relevant, DM
should be based on the structures which are interconnected. Indeed, connections
between Golgi cisternae are more abundant in transporting Golgi stacks and after
stimulation of cell signalling (Marsh et al. 2001; Trucco et al. 2004; Mironov and
Beznoussenko 2012; Mironov et al. 2016). These connections are permeable for
albumin (Beznoussenko et al. 2014). Pagano et al. (1989) demonstrated that exter-
nally added lipids move from the PM to the GC and then to the ER even in aldehyde-
fixed cells and that OsO4, which freezes the lateral diffusion of lipids, blocks this
movement. This lipid movement in aldehyde-fixed cells suggests that there are
physical continuities between the GC and the plasma membrane. Furthermore,
dicumarol destabilizes Golgi tubules and delays IGT (Mironov et al. 2004), whereas
after activation of protein kinase A, when the cisternae of the GC become
interconnected, IGT is accelerated (Mavillard et al. 2010). This suggests the impor-
tant role of the connections. Some lipids (e.g. phosphatidylethanolamine,
diacylglycerol) can be easily transported along the secretory pathway at low tem-
peratures when active transport (including the formation of vesicles) and endocytosis
are inhibited (Sleight and Pagano 1983; Pagano and Longmuir 1985). In living cells,
spots filled with fluorescent cargos can move through the pre-bleached Golgi ribbon
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gradually losing their intensity (Presley et al. 1997). Finally, Patterson et al. (2008)
reported that a cargo, which exits the Golgi area, exhibits exponential kinetics. Such
type of kinetics indicates that all compartments within the GC are interconnected.
The authors also proposed that large cargos, which diffuses slowly, can exit even
from the cis-side of the GC. The last explanation is invalid, because PCI always exits
from the trans-side of the GC (Bonfanti et al. 1998). Another problem of this paper is
the following: Patterson et al. (2008) did not examine the GC, which is empty before
the restoration of IGT. They examined only the GC which were already filled with
cargos. However, the process of Golgi filling with cargos could take a significant
time, and under such conditions, the exit kinetic could be different.

The main problem of DM is the existence of protein, lipid and ionic gradients
across Golgi stacks and the presence of SNARE complexes within all stages of the
secretory pathway. For instance, during IGT, there is a concentration of both soluble
cargo (albumin; Beznoussenko et al. 2014) and large cargo aggregates unable to
diffuse along ICs (Claude 1970; Sabesin and Frase 1977; Bonfanti et al. 1998; see
below). This indicates that the connections are transient. This feature of the connec-
tions contradicts to the essence of DM (Mironov and Beznoussenko 2008, 2012;
Mironov et al. 2013).

According to CMPM, during IGT, concentration of any cargo is impossible
because cargo should not leave the cisterna, which is formed at the cis-side of the
GC, and then progress through the stack. The second restriction of VM is the
following: Golgi resident proteins should not be depleted in COPI-dependent
52-nm vesicles because if the concentration of these proteins in the vesicles were
lower than in Golgi cisterna, the recycling of these proteins would be very slow.
Indeed, mathematical modelling based on CMPM demonstrated that a significant
concentration of the Golgi enzymes in the vesicles is a prerequisite for the good
performance of CMPM (Glick et al. 1997). However, depletion of the Golgi resident
proteins in COPI vesicles is observed in a vast majority of papers suggesting against
CMPM. Indeed, it was shown that concentration of Golgi glycosylation enzymes
(Kweon et al. 2004), nucleotide sugar transporters (Fusella et al. 2013), some
SNAREs (Orci et al. 2000a, b), several proteins localized within the cis- and trans-
side of the GC (Gilchrist et al. 2006) and Rab escort protein 1 (in Saccharomyces
cerevisiae, Beznoussenko et al. 2016) is lower than in Golgi cisternae.

In spite of this, Gilchrist et al. (2006) demonstrated that the light membrane
fraction of Golgi membranes obtained after incubation of isolated Golgi membranes
with cytosol and GTP is depleted of secretory cargo but enriched in Golgi enzymes.
Electron microscopic analysis revealed that this fraction is composed of 52-nm
vesicles. The authors concluded that COPI-dependent vesicles are retrograde trans-
port carriers for Golgi enzymes. However, careful analysis of their results revealed
that when the light fraction was prepared for electron microscopy, it was additionally
pelleted onto sucrose cushion (50% (w/w)) at 45,000 rpm. This procedure was not
used for biochemical measurement of Golgi enzyme concentration in this fraction.
This sucrose-based centrifugation was not used in their previous paper (Lanoix et al.
1999), and the purity of 52-nm vesicles was significantly lower. Therefore, one
could propose that in their light fraction, perforated fragments of Golgi cisternae
enriched in Golgi enzymes (Kweon et al. 2004) were present, whereas after the
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additional centrifugation, only 52-nm vesicle remained in the samples prepared for
electron microscopy. This could explain why concentration of the enzymes in the
light fraction is higher than in the isolated Golgi membranes. Moreover, actually, the
paper by Gilchrist et al. (2006) contains information suggesting against the role of
COPI vesicles as retrograde carriers because several other resident Golgi proteins
have lower concentration in the light fraction than in the isolated GC (see above).

On the other hand, Martinez-Menárguez et al. (1999) demonstrated that in situ,
mannosidase II is 1.6-fold more concentrated in COPI-coated peri-Golgiolar round
profiles located within 200-nm distance from GC. However, on cryosections it is not
possible to distinguish a section of COPI vesicle from a section of a COPI-coated
tube. Indeed, it was demonstrated that tangential tubules are coated with COPI
(Weidman et al. 1993; Yang et al. 2011). Importantly, a vast majority of 52-nm
vesicles within the Golgi area are uncoated (Marsh et al. 2001), whereas sections of
tangential tubules could give 52-nm round profiles coated with COPI. We showed
that these areas are enriched in Golgi glycosylation enzymes (Kweon et al. 2004).
Importantly, other studies performed under the same conditions as those used by
Martinez-Menárguez et al. (1999) have reported a depletion of mannosidase II in
peri-Golgi round profiles (Cosson et al. 2002; Kweon et al. 2004). Also, in a vast
majority of the papers based on different types of immune EM, the density of
labelling for the Golgi enzymes upon cisternae is much higher than over nearby
round profiles (Orci et al. 2000a, b; Cosson et al. 2002; Kweon et al. 2004; Dunlop
et al. 2017; see also Fig. 7 by Velasco et al. 1993).

Recently, Rizzo et al. (2013) prepared the chimeric mannosidase I (ManI), the
protein, which is localized at the cis-side of the GC. This chimera is able to
polymerize after addition of the chemical accelerator. After the polymerization of
the chimeric ManI, these polymers moved to the trans-side of the GC. The mono-
meric form of this chimera is depleted in near-Golgi round profiles, whereas after
depolymerization of these aggregates, this protein quickly appeared in round pro-
files. According to the authors, 50% of these round profiles were coated with COPI.
These data were interpreted in favour of CMPM. However, Rizzo et al. (2013) did
not prove that these ManI aggregates behaved as a cargo because these cargos cannot
exit from the GC. At least this is not shown in the paper. Moreover, we think that it is
possible to provide the alternative interpretation of these data. Indeed, it is
established that ManI is localized within the highly perforated CMC (Marra et al.
2007). There, pores are surrounded by thin tubules with branches. This means that
mannosidase I preferred to localize within the highly curved membranes. When the
ManI-containing chimera was stimulated to polymerize, this ability to reside within
perforated CMC was lost and ManI oligomers were shifted to more solid cisternae at
the trans-side of the GC. When the ManI polymers were depolymerized, the mono-
mers of ManI chimera cannot reside in the solid Golgi cisterna and need the cisternae
composed of tubules such as CMC. This necessity could be caused by the shape of
ManI molecule and its molecular interactions. Otherwise normal ManI would not
reside within CMC. Sharp appearance of many monomers of ManI could transform
the solid Golgi cisterna, which resides near the trans-side of the GC, into the tubular
network, which would protrude out of Golgi stack. On cryosections, this network
could appear as round profiles which were considered by the authors as COPI-
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dependent vesicles. In order to prove that round profiles represent separated vesicles,
the authors show very small in size serial electron microscopic tomography images
of only one round profile. However, this round profile exhibits a visible neck
connecting it with Golgi cisterna. This neck is visible on frames 45–55 and in
Figs. S5j and k by Rizzo et al. (2013). If we took into consideration that the thickness
of their tomography slice is 3 nm and the resolution of the presented the images is
10 nm, the obvious conclusion is that this neck represents a membranous structure
and that this round profile actually represents a COPI-coated bud. The statement that
50% of round profiles is coated with COPI coat also suggests in favour of our
explanation because a vast majority of free vesicles near the GC are uncoated (Marsh
et al. 2001). Rizzo et al. (2013) did not use serial cryosections in order to distinguish
between the round profile as the projection of cross section of the tubule and the
projection of a real vesicle. On random cryosections, this distinction is not possible
(Kweon et al. 2004).

Recently, using experimental approach when individual Golgi cisternae are
separated and ‘land-locked’ between mitochondria, Dunlop et al. (2017) provided
the additional evidence against CMPM. However, the authors did not exclude the
possibility that KARM could also explain their data. Indeed, Golgi cisternae visible
within the mitochondria aggregates were rather close to each other and could be
temporally connected by tubules (see Fig. 3B by Dunlop et al. 2017). On the other
hand, the authors did not observe vesicles on strings, which they described earlier
(Orci et al. 1998).

CMPM has several other problems. The full list of CMPM problems was
presented in our review (Mironov et al. 2013). For instance, sialyltransferases and
fucosyltransferases are present within TMC. However, there are no COPI-coated
buds on the trans-most cistern (Ladinsky et al. 1999; Marsh et al. 2001; Mironov
et al. 2016). Therefore, it is not clear how the resident proteins undergo recycling
from TMC. Even when COPI vesicles were generated at maximal speed, the rate of
their generation can support only 10% of vesicles necessary for IGT (Fusella et al.
2013). In some organisms, COPI-dependent vesicles are absent (see above). If we
assumed that IGT occurs according to CMPM in Saccharomyces cerevisiae, the
mechanism of the vectoral delivery of retrograde COPI vesicles would be unclear.
Indeed, in mammalian cells, COPI vesicles are on ‘strings’ and this could explain the
vectorality of vesicle movement (Orci et al. 1998). In contrast, in Saccharomyces
cerevisiae, the different Golgi compartments are localized separately from each
other, and hence they are divided by significant space.

One of the main problems of CMPM is the concentration of soluble cargos,
regulated secretory cargos and cargo aggregates during IGT (Oprins et al. 2001;
Mironov and Arvan 2008; Beznoussenko et al. 2014) and the observation that
albumin reached the trans-side of the GC faster than VSVG and procollagen I
(Beznoussenko et al. 2014). Also, aggregates of cargo proteins inside cisternal
distensions of Golgi cisterna move faster than cisterna domains where opposite
membranes are connected by protein bridges (Lavieu et al. 2013). Concentration
of cisternal distensions filled with PCI was proved by Bonfanti et al. (1998, Fig. 4).
Concentration of chylomicrons in cisterna distensions at the trans-side of the GC in
enterocytes was shown by Sabesin and Frase (1977). Concentration of VLDL in
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cisternal distensions of the GC in hepatocytes was shown by Claude (1970).
Concentration of lipid particles in cisterna distensions at the trans-side of the
Golgi complex is also demonstrated by Glaumann et al. (1975, Fig. 7b) and
Matsuura and Tashiro (1979, Figs. 1, 9, 14). Also, in Figs. 1 and 6 by Dahan et al.
(1994), it is visible that the number of Apo E, a marker of lipid particles, increases at
the trans-side of the Golgi complex in comparison to cis-side. Concentration of large
cargo aggregates unable to diffuse along ICs not only suggests against CMPM but
also suggests against DM.

Although here, we prove that now KARM in the most powerful model of IGT, it
has some difficulties. For instance, one of these difficulties is the existence of
separated different Golgi compartments in Saccharomyces cerevisiae. The observa-
tion that different Golgi compartments are rarely connected by tubules could provide
the explanation and requirements of KARM (Beznoussenko et al. 2016). On the
other hand, in order to be efficient, KARM should be based on the prerequisites that
membrane cargo(s), cargo aggregates and SNAREs should be concentrated in cargo
domains and these domains have to be separated from the rest of Golgi cisternae by
row of pores as the site for fission within the framework of the asymmetric KARM.
Indeed, pores separating cisternal distensions from the rest of Golgi cisternae were
shown by Claude (1970), in hepatocytes; by Sabesin and Frase (1977) and by
Pavelka and Roth (2005, Fig. 101A, p. 205), in enterocytes where the GC
transported chylomicrons; by Sesso et al. (1994, Figs. 5, 7a–d, 9, 10), in acinar
pancreatic cells; by Ladinsky et al. (2002), after the 20 �C temperature block; by
Mironov et al. (2001, Figs. 4C, E, F), in fibroblasts transporting PCI aggregates; and
by Pavelka and Roth (2005, Fig. 98B, p. 199), in hepatocytes during IGT of VLDL.
Within the framework of KARM, COPI vesicles are important for (1) elimination of
excessive membrane curvature (Beznoussenko et al. 2015), (2) extraction of Qb
SNAREs and slowing down of IGT (Trucco et al. 2004; Fusella et al. 2013;
Beznoussenko et al. 2016) and (3) retention of Golgi enzymes.

Now, post-Golgi transport (PGT) was not considered as being executed by
vesicles. Clathrin-dependent vesicles are not used for the delivery of cargo from
the GC towards the PM and for recycling of resident proteins (Polishchuk et al. 2000,
2003). On the other hand, the above-mentioned results by Pagano et al. (1989) could
be explained on the basis of the proposal that connections between different post-
Golgi compartments are constantly formed and then undergo fission. However, at
each given moment, there are several connections, which are used for the slow
diffusion of the lipid dye in experiments by Pagano et al. (1989). This explanation is
within the framework of KARM.

4.6 Conclusions and Perspectives

Centrioles/centrosomes are important for Golgi organization. The formation of
Golgi ribbon depends on many molecular machines. However, function of a vast
majority of them is examined in vitro. Now, it is necessary to check their role in situ.
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Delivery of membrane from the ER towards the GC and through the GC is one of the
most important prerequisites for the formation of Golgi ribbon. However, experi-
mental data on ICT are highly controversial. Therefore, now it is important to find
the way on how to adapt all these observations to the existing models of ICT.
Alternatively, one could explain these experimental results from the point of view
of only one model. Here, we demonstrated that the experiments usually considered
as the cornerstone of VM, DM and CMPM could be easily explained from the point
of view of KARM. For instance, VM, CMPM and DM cannot explain mechanisms
of Golgi ribbon formation and the disappearance of the GC in Saccharomyces
cerevisiae and fragmentation of Golgi ribbon in mammals and other animal cells
after blockage of cargo delivery and concentration of cargo during IGT. In contrast,
KARM can explain these observations. Our current analysis of the cornerstone
experiments within the field of ICT favours the KARM.
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Chapter 5
RhoA Pathway and Actin Regulation
of the Golgi/Centriole Complex

Malgorzata Kloc, Ahmed Uosef, Jarek Wosik, Jacek Z. Kubiak,
and Rafik Mark Ghobrial

Abstract In vertebrate cells, the Golgi apparatus is located in close proximity to the
centriole. The architecture of the Golgi/centriole complex depends on a multitude of
factors, including the actin filament cytoskeleton. In turn, both the Golgi and centriole
act as the actin nucleation centers. Actin organization and polymerization also depend
on the small GTPase RhoA pathway. In this chapter, we summarize the most current
knowledge on how the genetic, magnetic, or pharmacologic interference with RhoA
pathway and actin cytoskeleton directly or indirectly affects architecture, structure,
and function of the Golgi/centriole complex.
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5.1 Pericentriolar Location of the Golgi Apparatus

In vertebrate cells, the Golgi apparatus consists of stacks of flattened membranous
cisternae interconnected by tubular cisternae into a continuous Golgi ribbon. The
main function of the Golgi is the posttranslational modification of the proteins
delivered from the endoplasmic reticulum (ER) and their subsequent sorting and
delivery, within the Golgi-derived secretory vesicles, to the cell surface or to the
endosomal–lysosomal system. During interphase, the Golgi apparatus is located near
the nucleus, in close proximity to or surrounding the centrioles and their
pericentriolar material (PCM; collectively called the centrosome). In preparation
for cell division, during the G2 phase of the cell cycle, the Golgi ribbon separates
into isolated stacks that migrate to the cell periphery and away from the centrioles
that migrate to the opposite poles of the cell to nucleate the microtubules of the
spindle (Colanzi et al. 2003; Cervigni et al. 2015; Sütterlin and Colanzi 2010; Rios
2014). In dividing cells, the centrioles and/or centrosomes function as the main
microtubule-organizing centers (MTOCs) for the asters and the spindles. Addition-
ally, in ciliated cells, the centrioles are converted into basal bodies and organize cilia
(Bettencourt-Dias and Glover 2007).

Although this subject is beyond the scope of this review, the Golgi itself is also
able to nucleate microtubules (Miller et al. 2009; Maia et al. 2013; Rios 2014).
Interestingly, the Golgi and the centrosome share the molecules needed for micro-
tubule assembly. One such molecule is the scaffolding protein kinase N-associated
protein AKAP450, which recruits other proteins required for microtubule formation
(EI Din El Homasany et al. 2005). Since Golgi- and centrosome-derived microtubule
arrays differ in their geometry, it is believed that they may play complementary
and/or different functions (Rios 2014). For example, it was shown that Golgi-derived
microtubules controlled the speed of cell migration during wound closure (Hurtado
et al. 2011; Rios 2014).

Physical contact between the Golgi and centriole is also required for cell polar-
ization and movement when the Golgi and centriole move in unison to the leading
edge of the cell. A striking example of the polarization of the Golgi/centriole
complex is the formation of the immunological synapse between interacting immune
cells during the immune response (Kloc et al. 2014). Although we still do not fully
understand the role of the association between the Golgi and centriole, it is believed
that it facilitates polar/directional movement of the Golgi-derived secretory vesicles
on the microtubules nucleated at the centrioles. Thus, it defines a polarity of
secretion of various molecules (Rios 2014) and the recycling and directional posi-
tioning of the receptors in the cell membrane.

In contrast to vertebrate cells, in yeast, invertebrates, and plants, the Golgi stacks
are dispersed in the cytoplasm, do not form ribbon, and are not located in the vicinity
of the centrioles (daSilva et al. 2004; Kondylis and Rabouille 2009; Preuss et al.
1992). This suggests that pericentriolar localization of the Golgi is not a prerequisite
for its most basic functions.
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The question that arises is how the peripherally located Golgi stacks are
repositioned at the centriole and centrosome after cell division? It has been shown
that the movement of the Golgi stacks from the cell periphery toward the cell center
and the maintenance of the pericentrosomal location of the Golgi depend on the
microtubules and the motor protein dynein (Cole et al. 1996; Corthesy-Theulaz et al.
1992; Harada et al. 1998; Rios 2014; Thyberg and Moskalewski 1999), which is
recruited to the Golgi by its resident membrane protein Golgin-160 (Hicks and
Machamer 2002; Yadav et al. 2009, 2012; Rios 2014). The anchoring of the Golgi
stacks in the vicinity of centriole/centrosome depends on a cis-Golgi network-
associated protein GMAP-210 (TRIP11) (Infante et al. 1999; Rios et al. 2004). It
has been shown that the depletion of GMAP-210 causes dispersion of the Golgi
stacks, while the experimental targeting of GAMP-210 to the mitochondria causes
their clustering around the centrioles (Yadav et al. 2009, 2012; Rios 2014).

Recently, it was shown that not only does the centriole affect the positioning and
function of the Golgi but also the Golgi regulates the positioning of the centriole and
centrosome (Bisel et al. 2008; Sütterlin and Colanzi 2010). Bisel et al. (2008)
showed that in the rat kidney (NRK) cell wound healing assay, the reorientation of
the centrosome and accompanying Golgi toward the leading edge of migrating cell
depends on the phosphorylation of the Golgi structural protein GRASP65 by the
extracellular signal-regulated kinase (ERK). This study showed that phosphorylation
of GRASP65 or treatment with brefeldin A, which both cause disassembly of the
Golgi ribbon, is necessary for centrosome orientation and subsequent polarization of
migrating cells.

5.2 Golgi/Centriole Complex and Actin

It is well established that the structure of the Golgi depends on centriole- and Golgi-
derived microtubules (Kreis 1990 ; Thyberg and Moskalewski 1999; Miller et al.
2009; Maia et al. 2013; Rios 2014). However, in the last decades, numerous studies
have shown that actin filaments are also very important for the establishment and
maintenance of the Golgi architecture (Colón-Franco et al. 2011; Egea et al. 2006;
Guet et al. 2014; Lowe 2011). Surprisingly, it has been shown that both the Golgi
and the centriole are able to nucleate actin filaments (Chen et al. 2004; Dubois et al.
2005; Carreno et al. 2004; Guet et al. 2014; Obino et al. 2016).

5.2.1 Golgi and Actin

The Golgi cisternae are stacked parallel to each other and have a very distinct
morphology; they are flattened in the center and swollen at the rims, which bud
off to form transporting vesicles. The actin filaments associated with the Golgi
apparatus maintain the structural integrity of the Golgi stacks, provide mechanical
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rigidity and flatness of the cisternae, form a physical barrier preventing the formation
of transport vesicles at the center of the cisternae, and facilitate scission of the
transport vesicles at the rims of the cisternae (Fig. 5.1). In addition, actin, together
with the actin motor proteins, such as myosin II and VI, translocates the vesicles
away from the Golgi to their intracellular or extracellular destinations (Fig. 5.1;
Brownhill et al. 2009; Buss et al. 2002; di Campli et al. 1999; Egea et al. 2006; Fath
2005; Guet et al. 2014; Miserey-Lenkei et al. 2010). Recently, Capmany et al. (2019)
showed that the Golgi-associated myosin MYO1C, which colocalizes with the
Golgi-associated actin, is necessary for actin stabilization, Golgi compaction, and
anterograde and retrograde vesicular transport. Depolymerization of actin filaments
with cytochalasin D, latrunculin B, or mycalolide B induces swelling of the cister-
nae, while stabilization of actin filaments with jasplakinolide causes fragmentation
of the cisternae (Egea et al. 2006). Recently, Guet et al. (2014) used internalized
microspheres trapped in optical tweezers to deform Golgi membranes and showed
that the alteration in actin dynamics and inhibition of actomyosin (myosin II)
decreased the rigidity of Golgi membranes. They also showed that the mechanical

RhoA

Golgi

RhoA

RhoA

Transport  vesicle

Actin filament

Actin motor

Cargo

Microtubule

Microtubule motor

Fig. 5.1 Diagram of actin filament and RhoA role in the scission from the Golgi cisternae and in
the transport of the cargo-containing vesicles. The actin filaments associated with the Golgi provide
mechanical rigidity and flatness of the cisternae, form a physical barrier preventing the formation of
transport vesicles at the center of the cisternae, and facilitate scission of the transport vesicles at the
rims of the cisternae. Actin polymerization is regulated by RhoA pathway. The vesicles transport
their cargo, such as various receptors, to the cell membrane using actin filament and actin motors, or
alternatively, the microtubules and microtubule motors
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force applied to the Golgi membranes disrupts the dynamics of Golgi-associated
actin and decreases the formation of Golgi-derived vesicles (Guet et al. 2014). In
addition, Makhoul et al. (2019) showed that actin regulation of the Golgi dynamics
depends on the interaction between the golgin (trans-Golgi network (TGN), GCC88,
protein) and its binding partnerintersectin-1 (ITSN-1).

Another fascinating phenomenon dependent on actin/myosin is the stop-and-go
motion of the Golgi described in plant cells (Nebenfuhr and Staehelin 2001).
Although the movement of Golgi through the cytoplasm is probably restricted to
plant cells, where the Golgi stacks are dispersed in the cytoplasm, Breuer et al.
(2017) showed that the Golgi apparatus oscillates (wiggles) in the hypocotyl cells of
Arabidopsis. The authors believe that because “the wiggling resembles the searching
behavior of foraging animals or microbes that has been suggested to optimize food
search efficiency,” the Golgi may use this motion to more efficiently transport
various compounds from the ER or/and distribute Golgi-derived material within
the cell (Breuer et al. 2017). Further studies are needed to establish if the fascinating
phenomenon of the Golgi oscillation is limited to the plant cells or is a universal
phenomenon of all eukaryotic cells.

5.2.2 Centriole and Actin

It has been known for years that the centriole and centrosome interact with actin
filaments in interphase and dividing invertebrate and vertebrate cells, eggs, and
embryos. For example, it has been shown that actin is associated with the cnidarian
sperm centrioles (Kleve and Cark 1980) and that cortical actin plays a role in
centrosome separation at the onset of mitosis in Drosophila embryos and 3T3-L1
adipocytes (Cao et al. 2010; Wang et al. 2008). In Drosophila syncytial blastoderm
embryos, centrosomes direct the assembly and position of cortical actin caps and
cytokinetic furrows (Stevenson et al. 2001). Ciliated cells in the neural tube have
centriole-derived basal bodies that are anchored by actin filaments (Antoniades et al.
2014). However, although the results of proteomic analyses showed the presence of
actin and its associated proteins at mammalian and human centrosomes (Andersen
et al. 2003; Firat-Karalar et al. 2014; Jakobsen et al. 2011), until recently, there was
no direct proof that the centriole and centrosome could nucleate actin filaments. In
2016, Farina and coinvestigators used isolated centrosomes from human Jurkat and
HeLa cells to provide evidence that, indeed, the centrosome nucleates actin filaments
through the action of the centrosomal Wiskott–Aldrich syndrome protein (WASP)
family member, WASH (Zigmond 2000), which stimulates the Arp2/3 complex
(Farina et al. 2016). The Arp2/3 protein complex contains seven subunits. Two of
these subunits, the actin-related proteins, ARP2 and ARP3, serve as nucleation sites
for actin filaments (Veltman and Insall 2010). A question that arises concerns the
roles of centrosome-derived actin filaments. Although further studies are needed to
discover all potential functions, a recent study by Obino et al. (2016) showed that in
the resting lymphocytes, the actin filaments nucleated by centrosomal Arp2/3 anchor
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the centrosome to the nucleus. Upon lymphocyte activation, which leads to its
polarization and formation of the immunological synapse, the level of ARP2/3 at
the centrosome decreases. This, in turn, reduces actin nucleation at the centrosome
and allows centrosome detachment from the nucleus and its movement together with
the accompanying Golgi complex to the immunological synapse (Obino et al. 2016).
Ultimately, the positioning of the Golgi at the immunological synapse allows for the
polar delivery of cytokines, enzymes, and receptors toward the lymphocyte target
(Kloc et al. 2014). Recent studies by Inoue et al. (2019) on the actin present in the
lymphocyte centrosomes showed that centrosomal actin physically blocks elonga-
tion of the centrosome-derived microtubules.

5.3 The Role of RhoA Pathway in Golgi and Centriole
Architecture and Functions

In all eukaryotic cells, the actin cytoskeleton is regulated by the small GTPase RhoA
and its downstream effector ROCK1 p160 kinase. RhoA is activated by RhoA-
specific guanine exchange factors (GEFs) that activate GTPases by stimulating the
release of guanosine diphosphate (GDP) and binding of guanosine triphosphate
(GTP; Cherfils and Zeghouf 2013; Fig. 5.2a). RhoA is also reciprocally regulated
by the Rho GTPase Rac1 and mTOR pathways (Fig.5.2a; Byrne et al. 2016;
Laplante and Sabatini 2009). Recent studies indicate that, surprisingly, ROCK1
kinase is not only the effector of RhoA but also an effector of Rac1 (Fig.5.2a;
Soriano-Castell et al. 2017). As previously discussed, the actin cytoskeleton plays a
major role in the structure and function of the Golgi/centriole complex. Thus, it
should be expected that interference with the RhoA pathway would disrupt actin
cytoskeleton and indirectly affect the Golgi/centriole complex. Indeed, studies from
our laboratories showed that the inhibition of RhoA GEFs using Rhosin or Y16
inhibitors, the inhibition of ROCK1 using the Y2762 inhibitor, or the genetic
deletion of RhoA reorganizes the actin cytoskeleton in mouse macrophages and
disrupts the structure of the Golgi, which fragments, disperses, and/or migrates from
its perinuclear position to the macrophage tail (Figs. 5.2b and 5.3; Chen et al. 2017,
2018; Liu et al. 2016a, b, c, 2017). Interestingly, actin disorganization does not cause
repositioning of the centriole, which remains in the perinuclear position. Thus, the
RhoA interference causes uncoupling of the Golgi from the centriole (Fig. 5.3). We
also showed that the macrophage-specific deletion of RhoA caused defective
recycling, which relies on the Golgi-derived vesicular pathway, of macrophage
fractalkine receptor CX3CR1 (Liu et al. 2017). Interestingly, very similar effects
on macrophage phenotype, the Golgi and receptors were achieved when the macro-
phages were exposed to the magnetic field gradient interference (Wosik et al. 2018).
In these studies, we have designed a permanent rare-earth magnet setup with defined
magnetic field-gradient patterns and investigated the effect of these fields on mouse
peritoneal macrophages grown in in vitro culture. We observed that the magnetic
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force elongated macrophages and arranged them in distinctive rows/waves. The
location and alignment of magnetic field-elongated macrophages correlated very
well with the simulated distribution and orientation of magnetic force lines (Wosik
et al. 2018). Also, the exposure of cultured RAW 264 cells (Abelson murine
leukemia virus-transformed mouse macrophage) to the magnetic force had a similar
effect (Uosef et al. unpublished). We also showed that similar to RhoA interference,
the magnetic field exposure elongated macrophages, changed Golgi complex and
cation channel receptor TRPM2 distribution, and modified the expression of mac-
rophage molecular markers (Wosik et al. 2018).

All these studies suggested that the effect of RhoA pathway interference on the
Golgi/receptor recycling was indirect, resulting from the changes to the actin
cytoskeleton. However, there are studies indicating that RhoA and/or its binding
partners are associated with the Golgi apparatus and thus are directly involved in the
regulation of some aspects of the Golgi structure and functions (Chi et al. 2013;
Long and Simpson 2017). Quassollo et al. (2015) showed that in the neuronal cells,
RhoA, ROCK, and serine-threonine kinases, LIMK1, and PKD1, are necessary for
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Fig. 5.2 Diagram of the RhoA pathway, actin, centriole, and Golgi. (a) In normal, untreated cells,
RhoA is activated by RhoA-specific GEFs and is reciprocally regulated by mTOR and the Rac1
pathway. RhoA regulates actin filament polymerization and organization through its downstream
effector ROCK kinase. Recently, it has been shown that ROCK is also a direct downstream effector
of Rac1 (Soriano-Castell et al. 2017). A properly organized actin cytoskeleton and fully functioning
RhoA pathway support perinuclear organization of Golgi and centrioles, the Golgi-derived vesic-
ular transport of various molecules and receptors, and the recycling of the receptors from the
membrane back to the Golgi. (b) Pharmacologic, genetic, or magnetic interferences with the
components of the RhoA pathway, such as GEF inhibition with Rhosin or Y16, Rock inhibition
with Y27632, RhoA deletion, or the exposure of macrophages to the magnetic field gradient,
elongate macrophage, disrupt actin cytoskeleton, disperse Golgi, and/or cause translocation of its
fragments into the macrophage tail. These interferences do not affect perinuclear localization of the
centrioles
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Fig. 5.3 Golgi and centrioles in mouse macrophages. (a)Transmission electron microscopy. In
untreated macrophages, centrioles are surrounded by the stacks of Golgi cisternae and positioned in
the vicinity of the nucleus. Bar is equal to 500 nm. (b). Light microscopy. Untreated mouse
macrophage immunostained with Golgi marker anti-GM130 antibody and FITC-conjugated sec-
ondary antibody (green) and counterstained with Rhodamine phalloidin to visualize actin (red) and
DAPI to visualize nucleus (blue). Golgi is visible in the vicinity of the nucleus. Bar is equal to
50 μm. (c) Transmission electron microscopy. RhoA deleted macrophages treated with GEFs’
inhibitor, Rhosin. The centrioles and remnants of the dispersed Golgi were visible in the vicinity of
the nucleus, while the majority of the dispersed Golgi moved away from the nucleus toward the
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the scission and fission of the dendritic Golgi outposts (GOPs) needed for the
trafficking of synaptic receptors (Fig. 5.1). In another study, Zilberman et al.
(2011) showed that the effects of the overexpression of RhoA, which causes
dispersion of the Golgi ribbon and defects in the fission of the transporting vesicles,
depend on a member of the formin protein, mDia1, localized at the Golgi mem-
branes. Camera et al. (2003, 2008) showed that the Golgi apparatus of neural cells
contains RhoA-binding protein Citron-N, which controls actin filament polymeriza-
tion through the local assembly of ROCK kinase, and actin-binding protein, Profilin
IIa. Another study showed a centriolar function of RhoA. Aoki et al. (2009) showed
that the RhoA GEFARHGEF10 is localized at the centrosome in G1/S and M phases
of the cell cycle. The ARHGEF10 regulates RhoA and controls centrosome dupli-
cation through its binding partner—a motor protein KIF3B, which is colocalized
with ARHGEF10 at the centrosome.

In summary, these data indicate that the RhoA pathway is both indirectly, through
the actin cytoskeleton, and directly, through the Golgi/centriole-associated factors,
involved in the regulation of Golgi/centriole structure and functions.
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Chapter 6
Multiple Roles of Rab GTPases at the Golgi

Cinzia Progida

Abstract The Golgi apparatus is a central sorting station in the cell. It receives newly
synthesized molecules from the endoplasmic reticulum and directs them to different
subcellular destinations, such as the plasma membrane or the endocytic pathway.
Importantly, in the last few years, it has emerged that the maintenance of Golgi
structure is connected to the proper regulation of membrane trafficking. Rab proteins
are small GTPases that are considered to be the master regulators of the intracellular
membrane trafficking. Several of the over 60 human Rabs are involved in the
regulation of transport pathways at the Golgi as well as in the maintenance of its
architecture. This chapter will summarize the different roles of Rab GTPases at the
Golgi, both as regulators of membrane transport, scaffold, and tethering proteins and
in preserving the structure and function of this organelle.

6.1 Introduction

The Golgi apparatus is one of the main sorting stations of the cells at the crossroad
between the endocytic and the secretory pathway. Newly synthesized proteins, car-
bohydrates, and lipids are transported from the endoplasmic reticulum (ER) via the
Golgi toward their final destination. Some will remain in the Golgi, while others, as
newly synthesized lysosomal enzymes, will be transported to the endocytic pathway
and others to the plasma membrane (secretory pathway).

The communication between the different intracellular compartments occurs via
vesicles or tubules and consists of different steps (Fig. 6.1). The first step is cargo
recruitment and membrane budding. Transmembrane cargos or receptors for luminal
cargos recruit coat proteins directly or via adaptor proteins, inducing membrane
curvature that shapes a nascent bud (Faini et al. 2013). The budding vesicle is then
pinched off from the membrane of the donor compartment. The fission process
involves dynamin, which forms a constrictive ring around the neck of the bud or
actin cytoskeleton (Antonny et al. 2016; Romer et al. 2010). Once the vesicle is
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released in the cytosol, it travels along the cytoskeleton toward itsfinal destination, and
coat proteins dissociate (Kirchhausen et al. 2014; Trahey and Hay 2010). Vesicle
transport is mediated by different motor proteins that connect, directly or indirectly,
through adaptor proteins, the vesicle to actin filaments, or microtubules. The vesicle
eventually tethers and fuses to the target membrane, transferring its content to the
acceptor compartment (Spang 2016; Witkos and Lowe 2017). Soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins medi-
ate the fusion with the target membrane (Baker and Hughson 2016; Bombardier and
Munson 2015).

In order to ensure the correct transport to the right destination, every single step of
intracellular transport has to be tightly regulated. The importance of this regulation is
demonstrated by the multitude of diseases associated with alterations of any of the
abovementioned transport steps including neurological and immune disorders (Bucci
et al. 2012; Krzewski and Cullinane 2013; Olkkonen and Ikonen 2006).

6.2 The Multiple Transport Pathways at the Golgi

In the cell, there are two main transport pathways, the biosynthetic (or exocytic/
secretory) and the endocytic route, and the Golgi apparatus is the central sorting
station at the intersection between them.

Fig. 6.1 Steps in vesicular transport. Coat proteins induce the formation of a bud containing cargo
on the donor membrane. Next, the vesicle is transported to the acceptor compartment along
cytoskeletal track by motor proteins. Tethering factors tether the vesicle to the target membrane.
Finally, the vesicle-associated SNARE and the SNARE on the acceptor membrane assemble into a
trans-SNARE complex, leading to membrane fusion and the delivery of cargo. Rab GTPases are
key regulators of all these steps
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The secretory pathway starts at the ER. From there, the newly synthesized pro-
teins and lipids are transported to the Golgi in vesicles that fuse to form the vesicles
and tubules of the ER-Golgi intermediate compartment (ERGIC). Golgi-resident
proteins are retained in the Golgi, while secretory cargo proteins undergo the
posttranslational modification and glycosylation before further transport to different
destinations. Secretory cargo proteins are delivered to the cell surface through the
secretory pathway, while newly synthesized lysosomal enzymes are delivered to the
endosomal pathway. Altogether, this forward transport constitutes the anterograde
trafficking pathway (Palmer and Stephens 2004; Viotti 2016). The trans-Golgi
network (TGN) also receive vesicles from the endosomal pathway for recycling of
transport machinery (Progida and Bakke 2016). Furthermore, a Golgi retrograde
pathway mediates the transport of ER proteins back to their original location using
Coat protein complex I (COPI)-coated vesicles (Borgese 2016; Cottam and Ungar
2012; Spang 2013).

When vesicles arrive in the Golgi proximity, they are captured by tethering
factors such as golgins, the Golgi-associated retrograde protein (GARP I) complex
at the TGN, or the multisubunit transport protein particles (TRAPP) I/II and con-
served oligomeric Golgi (COG) complexes for the ER-Golgi and intra-Golgi traffic
(Barrowman et al. 2010; Bonifacino and Hierro 2011; Gillingham and Munro 2016;
Miller and Ungar 2012). Golgins are long coiled-coil proteins that contain multiple
Rab-binding sites. By protruding from the Golgi membranes, they capture incoming
vesicles (Sinka et al. 2008). The distribution of different golgins in different regions
of the Golgi has been suggested to contribute to the specificity of membrane
recognition and to the ability of capturing vesicles of different origins (Gillingham
and Munro 2016; Wong and Munro 2014).

In order to ensure the proper function of all these transport pathways, the Golgi
apparatus needs to maintain an ordered structure (Liu and Storrie 2012; Storrie
2005). On the other side, it has been suggested that the balance between membranes
arriving or leaving at the cis-side and at the trans-side is essential for the mainte-
nance of Golgi organization, homeostasis, and morphology (Liu and Storrie 2012,
2015). Thus, increasing evidence indicates that the different transport pathways at
the Golgi are connected with its organization and emerging candidates involved in
this regulation are Rab proteins (Liu and Storrie 2012, 2015).

6.3 Rab GTPases

Rab proteins are small GTPases consisting of over 60 members in humans (Zhen and
Stenmark 2015). Each Rab is characterized by distinct intracellular localization and
regulates a specific trafficking route. Rab GTPases interact with a plethora of effector
proteins to perform different tasks in the various steps of intracellular transport
(Gillingham et al. 2014; Pylypenko et al. 2018). Adaptor proteins, as well as lipid
kinases or phosphatases, help Rabs in cargo sorting and membrane remodeling
(Christoforidis et al. 1999b; Perrin et al. 2013; Stein et al. 2003). Rabs also interact
with motor proteins to mediate vesicular transport along the cytoskeleton (Borg et al.
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2014; Horgan and McCaffrey 2011; Jordens et al. 2001; Kjos et al. 2018; Seabra and
Coudrier 2004) or with tethering factors and SNAREs to facilitate the fusion of
vesicles with the correct target membrane (Cai et al. 2007; Christoforidis et al.
1999a; Epp et al. 2011; Lupashin and Waters 1997; Lurick et al. 2017).

Rab GTPases are characterized by a conserved fold (G-domain) and two switch
regions that are subjected to a conformational change upon GTP binding (Goitre et al.
2014; Pylypenko et al. 2018). The nucleotide-dependent conformational change
allows these small GTPases to function as molecular switches. In addition, Rab
proteins contain five Rab family (RabF) motifs that differentiate them from the
other small GTPases and four Rab-subfamily sequence motifs (RabSF) that define
subfamilies of Rabs (Pereira-Leal and Seabra 2000, 2001). Both RabF and RabSF
motifs are conserved across species (Pereira-Leal and Seabra 2001).

At the C-terminus, Rab proteins contain a hypervariable region, which was
originally suggested to be responsible for the targeting of Rabs to specific membranes
(Chavrier et al. 1991; Stenmark et al. 1994). However, this hypothesis has later been
challenged as membrane targeting seems to be regulated by a more complex mech-
anism involving different regions of Rab proteins as well as their effectors and other
binding partners (Ali et al. 2004; Li et al. 2014).

One or two cysteine prenylation motifs are present at the end of the Rab
C-terminus. Posttranslational modifications (geranylgeranylation) at these cysteines
permit the association of Rab proteins to membranes (Goitre et al. 2014; Pylypenko
et al. 2018; Wu et al. 2009).

6.3.1 Rab Proteins as Molecular Switches

Rab GTPases function as molecular switches by cycling between an active
GTP-bound state and an inactive GDP-bound state (Fig. 6.2). This switch regulates
the association of Rabs with the membranes and effectors.

Newly synthesized GDP-bound Rab proteins are escorted by a Rab escort protein
(REP) to a Rab geranylgeranyl transferase (RabGGT) (Andres et al. 1993; Casey and
Seabra 1996). This transferase catalyzes the addition of one or two geranylgeranyl
groups to the C-terminal cysteines of the Rabs (Casey and Seabra 1996; Gutkowska
and Swiezewska 2012). REP masks the geranylgeranyl group of Rab proteins, thus
keeping soluble the prenylated Rabs (Rak et al. 2004).

The GDP dissociation inhibitor (GDI) is another Rab chaperone that binds to Rab
proteins in the cytosol. Nevertheless, while REP binds to Rabs regardless of their
prenylation status, and therefore is involved in presenting a newly synthesized Rab
to the GGT, GDI has higher affinity for Rabs when prenylated (Wu et al. 2007).
Consequently, GDI is implicated in the extraction of inactive Rabs from the mem-
branes (Muller and Goody 2017; Pylypenko et al. 2018).

It has been suggested that a GDI displacement factors (GDFs) may assist in
targeting and inserting Rab proteins in the appropriate membranes (Collins 2003;
Dirac-Svejstrup et al. 1997; Goody et al. 2017). However, what targets different
Rabs to their specific membranes is not fully understood yet. Indeed, it has also been
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reported that guanine-nucleotide exchange factors (GEFs) are necessary and suffi-
cient for membrane targeting of Rabs and that GDFs are not required for this process
(Blumer et al. 2013; Wu et al. 2010). GEFs stimulate the exchange of GDP for GTP,
thereby activating the Rabs. Active Rab GTPases recruit downstream effectors that
facilitate the regulation of the trafficking steps (Pylypenko et al. 2018).

Afterward, GTPase-activating proteins (GAPs) inactivate the Rabs by catalyzing
the hydrolysis of GTP. The GDP-bound Rab is then a substrate for Rab-GDI. As
mentioned before, this protein extracts Rab proteins from the membranes and keeps
them inactive in the cytosol until the reactivation for a new round of vesicular
transport (Gavriljuk et al. 2013; Muller and Goody 2017; Ullrich et al. 1993).

6.4 Rab GTPases at the Golgi

Several Rabs associate with the Golgi complex and the TGN where they regulate
intra-Golgi trafficking as well as different transport pathways to or from the Golgi. In
addition, some Rab proteins play also a role in maintaining Golgi architecture. These

Fig. 6.2 The Rab GTPase cycle. Newly synthesized Rab proteins associate with a Rab escort
protein (REP). This complex is recognized by a geranylgeranyl transferase (GGT) that prenylates
the Rab C-terminal cysteine motifs. Upon membrane attachment, Rab proteins are activated by
guanine nucleotide exchange factors (GEFs) that promotes the exchange of GDP for GTP. The
active, membrane-bound Rabs are able to interact with specific effectors to fulfill their functions.
Subsequently, specific GTPase activating proteins (GAPs) inactivate the Rabs by promoting GTP
hydrolysis. The inactive, GDP-bound Rab is then extracted from the membrane by GDP dissoci-
ation inhibitors (GDIs) and can go through another round of activation. This is possible because
GDI displacement factors (GDFs) assist Rab proteins in the dissociation from the GDIs and in the
reinsertion into the membrane
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Golgi-associated Rabs have been suggested to be the link between Golgi organiza-
tion and membrane trafficking (Liu and Storrie 2012).

6.4.1 The Multiple Roles of Rab6 at the Golgi

Rab6 is the most studied Golgi-associated Rab. It regulates different trafficking
pathways at the Golgi, such as intra- and post-Golgi transport, Golgi-to-ER and
endosome-to-Golgi retrograde traffic (Grigoriev et al. 2007; Mallard et al. 2002;
Martinez et al. 1994; Mayer et al. 1996; Utskarpen et al. 2006; White et al. 1999). In
addition, Rab6 is involved in the maintenance of Golgi integrity and steady-state
homeostasis (Starr et al. 2010).

Rab6 has four isoforms in humans. Alternative splicing of the Rab6A gene
generates Rab6A and Rab6A0 that differ in only three amino acids (Echard et al.
2000). Rab6B is encoded by a different gene and is mainly expressed in the brain
(Opdam et al. 2000). Rab6C is a retrogene derived from the RAB6A0 transcript. It
localizes to centrosomes and is involved in cell cycle progression (Young et al. 2010).

Rab6A and Rab6A0 are ubiquitously expressed and localize to the trans-Golgi
and TGN. Some studies report Rab6A to regulate the traffic between the Golgi and
the ER, and others indicate the involvement of Rab6A0 in the transport from
endosomes to the TGN (Del Nery et al. 2006; Echard et al. 2000; Matanis et al.
2002). Despite this evidence, Rab6A and Rab6A0 seem to be functionally redundant.
Indeed, the retrograde transport of ricin toxin is dependent on both Rab6A and
Rab6A0, indicating that Rab6A can also regulate the endosome-to-Golgi transport
(Utskarpen et al. 2006). Additionally, either the silencing of Rab6A or Rab6A0 or the
expression of their constitutively active mutants influences Golgi-to-ER transport
(Young et al. 2005), demonstrating the overlapping roles of Rab6A or Rab6A0 also
in the regulation of this transport pathway. For this, and because Rab6A or Rab6A0

are quite similar both biochemically and functionally, they are collectively referred
to as Rab6.

Rab6B is also present at the Golgi and the TGN (Opdam et al. 2000). Active Rab6
(A or A0) or Rab6B interacts with ELKS (glutamic acid/leucine/lysine/serine-rich
protein; also known as Rab6IP2 or CAST) on Golgi membranes. It has been earlier
suggested that this complex regulates the endosome-to-Golgi transport as expression
of either the Rab6-binding domain of Rab6IP2 or of Rab6 dominant-negative mutant
or Rab6 depletion inhibits the retrograde transport of the Shiga toxin B subunit (Del
Nery et al. 2006; Mallard et al. 2002; Monier et al. 2002). However, more recently it
has been demonstrated that Rab6 interacts with ELKS at the cell periphery to
mediate exocytosis (Grigoriev et al. 2007, 2011; Kobayashi et al. 2016).

Indeed, Rab6 is also involved in the regulation of the transport from the Golgi to
the plasma membrane (Grigoriev et al. 2007, 2011). Within this pathway, this small
GTPase has an additional role in the fission of vesicles from the Golgi membranes by
binding to the actin motor myosin II and the microtubule motor kinesin family
member 20A (KIF20A) (Miserey-Lenkei et al. 2010, 2017). The interaction with
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KIF20A is responsible for anchoring Rab6 to the Golgi membranes and for posi-
tioning the Rab6-positive vesicles leaving the Golgi along microtubules (Miserey-
Lenkei et al. 2017).

Rab6 binds also to another kinesin, KIF1C (Lee et al. 2015). This interaction
mediates vesicle transport to the cell surface and influences Golgi organization. Rab6
controls KIF1C’s activity by binding to the kinesin motor domain, thus inhibiting the
interaction of this motor with microtubules (Lee et al. 2015). However, as another
kinesin, KIF5B, has been previously shown to mediate the transport of Rab6-
positive exocytotic vesicles to the cell periphery (Grigoriev et al. 2007), it remains
to be determined whether these two kinesins work in concert for the transport of
Rab6 post-Golgi carriers to the plasma membrane.

In addition to myosin and kinesin motors, Rab6 recruits the dynein motor to
Golgi membranes through the interaction with the golgin Bicaudal D2 (BICD2) and
p150glued, a subunit of the dynactin complex (Short et al. 2002). Through this
binding, Rab6 is involved in the targeting and docking of endosomes with the TGN
(Matsuto et al. 2015; Short et al. 2002). Therefore, Rab6 has multiple roles not only
in regulating numerous trafficking pathways but also in tethering and fission of
vesicles at the Golgi. Furthermore, it is involved in the maintenance of Golgi ribbon
organization. Indeed, light microscopy studies show that Rab6 depletion condenses
Golgi ribbon (Sun et al. 2007; Young et al. 2005). A more fine analysis by electron
microscopy indicates that silencing of Rab6 increases both number and length of
Golgi cisternae, as well as cisternal continuity (Ferraro et al. 2014; Micaroni et al.
2013; Storrie et al. 2012).

To regulate and coordinate all its functions at the Golgi, Rab6 not only interacts
with several effectors but is also involved in crosstalk with other Rab proteins. It has
been suggested that Rab6 and Rab11 sequentially regulate the retrograde transport
pathway between recycling endosomes and the Golgi, as they both bind to the Rab6-
interacting protein 1 (R6IP1) (Miserey-Lenkei et al. 2007). In addition, Rab6 coop-
erates with Rab8 to control docking and fusion of exocytotic vesicles (Grigoriev et al.
2011). It has been proposed that Rab6 recruits Rab8 to Golgi-derived vesicles.
Subsequently, Rab8 is linked by molecule interacting with CasL protein 3
(MICAL) 3, to the Rab6-interacting cortical factor ELKS. Expression of an inactive
MICAL3mutant accumulates secretory vesicles that dock at the cell cortex but fail to
fuse with the plasma membrane. Therefore, MICAL3may function as linker between
these Rabs on the same pathway regulating vesicle docking and fusion (Grigoriev
et al. 2011).

Finally, Rab6, together with Rab33b, takes also part in an intra-Golgi Rab
cascade. Rab33b is a medial Golgi-localized GTPase that, when active, associates
with Ribosomal control protein1 (Ric1) and retrograde Golgi transport homolog
1 (Rgp1) proteins. These proteins form a complex that catalyzes guanine nucleotide
exchange of Rab6. Loss of Ric1 or Rgp1 inhibits the Rab6-dependent retrograde
Golgi transport, and so the Rab33b-Rab6 cascade has been suggested to regulate a
major intra-Golgi retrograde trafficking pathway (Pusapati et al. 2012; Starr et al.
2010).
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6.4.2 Rab33

The Rab33 subfamily consists of two members, Rab33a and Rab33b. Rab33a is
expressed in the brain and the immune system, while Rab33b is ubiquitously
expressed (Zheng et al. 1998). Both Rabs are Golgi-localized, with Rab33b localized
to the medial Golgi cisternae (Nakazawa et al. 2012; Zheng et al. 1998). Rab33a is
also present on post-Golgi vesicles in growing axons of developing neurons. There-
fore, it has been suggested that this small GTPase contributes to the anterograde
axonal transport of post-Golgi vesicles, to promote membrane insertion at the
growth cones and axon outgrowth (Nakazawa et al. 2012).

Similarly to Rab6, also Rab33b regulates Golgi-to-ER retrograde trafficking and
Golgi homeostasis/organization (Starr et al. 2010; Valsdottir et al. 2001). Indeed,
overexpression of either Rab6 or Rab33b, or of their constitutively active mutants,
relocates Golgi enzymes to the ER (Jiang and Storrie 2005; Martinez et al. 1997;
Valsdottir et al. 2001). However, while depletion of Rab33b partially inhibits this
redistribution of Golgi enzymes to the ER, Rab6 depletion has barely any effect,
suggesting that Rab33b and Rab6 act sequentially in this retrograde Golgi transport
pathway (Starr et al. 2010). Indeed, as mentioned earlier, Rab33b and Rab6 take part
in a Rab cascade, where Rab33b recruits the GEF for Rab6 to the Golgi membranes
for the regulation of subsequent steps in retrograde transport pathways (Pusapati
et al. 2012; Starr et al. 2010).

Golgi- and ER-derived vesicles are one of the membrane sources for
autophagosomes, the double-membrane organelles responsible for the degradation
of cytoplasmic components in eukaryotic cells. As Rab33b specifically interacts with
autophagy related 16 like (Atg16L), a factor essential for the initiation of
autophagosome formation, it has been proposed that Rab33b has an additional role
in the process of autophagosome formation by supplying Golgi-derived membranes
(Itoh et al. 2008).

The importance of Rab33b function in Golgi transport pathways and homeostasis
is further highlighted by the recent discoveries of mutations in the gene encoding for
this small GTPase in patients with Smith-McCort dysplasia or Dyggve-Melchior-
Clausen syndrome, two types of skeletal dysplasias characterized by defects in Golgi
organization and traffic (Alshammari et al. 2012; Dupuis et al. 2013; Osipovich et al.
2008; Salian et al. 2017).

6.4.3 Golgi-Associated Rabs Regulating Lysosomal
Positioning

Two other Rab proteins, Rab34 and Rab36, primarily localize to the Golgi apparatus
where they are involved in the regulation of lysosomal positioning. This regulation
occurs through the recruitment of the Rab-interacting lysosomal protein (RILP)
(Chen et al. 2010; Wang and Hong 2002). Indeed, the expression of wild-type or
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constitutively active mutant of Rab34 that binds to RILP redistributes lysosomes
from the periphery to the Golgi region (Goldenberg et al. 2007; Wang and Hong
2002).

Furthermore, Rab34 regulates the secretory pathway. Depletion of Rab34 or
expression of its dominant-negative mutant impairs transports from the Golgi to
the plasma membrane, but not ER-Golgi traffic. In more detail, Rab34 acts at the
Golgi controlling intra-Golgi transport but not the exit from the TGN (Goldenberg
et al. 2007).

6.5 Rab Proteins Mediating the Transport Between
Endosomes and Golgi

In addition to the described Rab proteins primarily associated with the Golgi, there
are also Rabs that mainly localize to other organelles but regulate the transport in or
out from the Golgi. A bidirectional transport between the Golgi and the endosomal
pathway ensures a continuous traffic of newly synthesized proteins and their sorting
receptors, as well as lipids, bacterial toxins, and other proteins (Hasanagic et al.
2015; Progida and Bakke 2016; Sandvig et al. 2013).

At the TGN, transmembrane sorting receptors, such as mannose 6-phosphate
receptors (MPRs) and sortilins (Vps10p-domain receptor family), bind to newly
synthesized enzymes for their delivery to the endo-lysosomal pathway. The acidic
endosomal environment promotes the dissociation of the ligands from their receptors.
In this way, the enzymes continue their journey toward the lysosomes where they will
perform their degradative function, while the sorting receptors are recycled back to
the TGN to load newly synthesized enzymes and start another transport cycle.

Several molecules mediate this bidirectional transport between Golgi and
endosomes, and between them Rab proteins and their effectors are key regulators
(Progida and Bakke 2016). The best characterized Rabs regulating these transport
pathways are Rab9 and Rab7b.

6.5.1 Rab9

Rab9 was identified almost three decades ago as a small GTPase localized to late
endosomes (Chavrier et al. 1990b; Lombardi et al. 1993). Its function was proposed
to be the transport of MPR from late endosomes to the TGN (Lombardi et al. 1993).
In support of this, the first identified effector of Rab9, a 40-kD protein named p40,
was found to promote MPR retrograde trafficking while the dominant-negative
mutant of Rab9 to inhibit MPR recycling (Diaz et al. 1997; Riederer et al. 1994).
The regulation of MPR recycling mediated by Rab9 also requires Rho-related BTB
domain containing 3 (RhoBTB3), an atypical member of the Rho GTPase family and
the golgin GCC185. These proteins, indeed, interact with Rab9, and it has been
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suggested that they aid the docking and tethering of Rab9-positive endosomes to the
TGN (Espinosa et al. 2009; Reddy et al. 2006).

By regulating MPR trafficking, Rab9 is also involved in the delivery of enzymes
to lysosomes. Indeed, the expression of Rab9-negative mutant decreases the effi-
ciency of enzyme transport to lysosomes and increases their secretion (Riederer et al.
1994). In line with this, Rab9 is important for the proper morphology and localiza-
tion of late endosomes and lysosomes and its depletion clusters and reduces the size
of late endosomes (Ganley et al. 2004). The involvement of Rab9 in the transport
from the TGN toward the endo-lysosomal pathway has been more recently con-
firmed by live imaging studies showing that Rab9-positive vesicles, similarly to
MPR-positive vesicles, reach the endosomal pathway at the transition between early
and late endosomes (Kucera et al. 2016b).

In this pathway, other effectors are involved, as, for example, RUN and TBC1
domain-containing proteins 1 and 2 (RUTBC1 and RUTBC2). They are GAPs for
Rab32, Rab33b, and Rab36, but not for Rab9 (Nottingham et al. 2011, 2012). Even
though the role of their interaction with Rab9 has not been fully elucidated, the
Rab9-RUTBC1 complex is required for the transport of melanogenic enzymes to
melanosomes that are lysosome-related organelles (Mahanty et al. 2016; Marubashi
et al. 2016). By regulating the transport of enzymes to lysosomes and melanosomes,
Rab9 is involved in the biogenesis of lysosomes and lysosome-related organelles
through the interaction with biogenesis of lysosome-related organelle complex
3 (BLOC-3) (Kloer et al. 2010; Kucera et al. 2016b; Lombardi et al. 1993; Mahanty
et al. 2016; Riederer et al. 1994).

In addition to the previously mentioned interactors, several other Rab9 effectors
have been identified. Tail-interacting protein of 47 kDa (TIP47) was found to bind
directly to both Rab9 and MPR to mediate the sorting of this receptor (Carroll et al.
2001; Hanna et al. 2002). However, a subsequent study questioned the role of TIP47
in Rab9-mediated MPR transport, by demonstrating that TIP47 is involved in lipid
droplet biogenesis (Bulankina et al. 2009).

The multitude of Rab9 interactors reflects the complexity of the pathways at the
intersection between the TGN and the endocytic route regulated by this small
GTPase (Kucera et al. 2016a). Furthermore, Rab9 contributes to the formation of
autophagosomes by providing membranes derived from the trans-Golgi and late
endosomes (Nishida et al. 2009).

Therefore, Rab9 regulates several functions that depend on the transport directed
toward the endosomal pathway. The identification of two additional Rab proteins
that mediate MPR recycling, Rab7b and Rab29, questioned the sovereignty of Rab9
in the retrograde transport pathway (Progida et al. 2010, 2012; Wang et al. 2014).

6.5.2 Rab7b

A new Rab protein was identified in 2004 and named Rab7b because it shares 65%
similarity with Rab7a and similarly localizes to late endosomes and lysosomes (Yang
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et al. 2004). However, it was later shown that Rab7b is also present at the Golgi and
TGN and that it has a different function compared to Rab7a (Progida et al. 2010).
While Rab7a mediates the transport from late endosomes to lysosomes, and is
necessary for lysosomal degradation (Cantalupo et al. 2001; Ceresa and Bahr
2006), Rab7b mediates endosome-to-Golgi transport (Progida et al. 2010). Indeed,
Rab7b depletion delays the retrograde transport to the TGN of the B-subunit of
cholera toxin and of the sorting receptors sortilin andMPR (Bucci et al. 2010; Progida
et al. 2010, 2012). Furthermore, expression of Rab7b dominant-negative mutant
reduces human papillomavirus 16 (HPV16) infection. As HPV16 subunits traffic
from late endosomes to the TGN, the reduced infection in presence of Rab7b-
negativemutant supports that Rab7bmediates HPV16 subunits traffic in this pathway
(Day et al. 2013).

In addition, GTP hydrolysis of Rab7b is required for the correct carrier formation
at the TGN. Indeed, expression of Rab7b constitutively active mutant impairs the
formation of carriers containing sorting receptors from the TGN (Progida et al.
2012). In line with this, depletion of TBC1D5, a Rab7b GAP, has been recently
shown to mimic the effect of Rab7b constitutively active mutant by reducing the
number of vesicles containing the sorting receptors MPR and sortilin (Borg
Distefano et al. 2018). TBC1D5 is also a GAP for Rab7a and associates with the
retromer, a multi-protein complex that recycles transmembrane cargo from
endosomes to the TGN (Jia et al. 2016). It has been suggested that this GAP directs
the next phase in transport from late endosomes by regulating in time and space
Rab7b and Rab7a cargo delivery to the TGN or the endosomal system, respectively
(Borg Distefano et al. 2018).

Whereas the expression of Rab7b constitutively active mutant reduces the num-
ber of TGN-derived vesicles, the expression of the constitutively active mutant of
Rab9 increases carrier formation at the TGN (Kucera et al. 2016b; Progida et al.
2012). Additionally, these two mutants localize to different target compartments: the
Golgi for the constitutively active mutant of Rab7b and late endosomes for the
constitutively active mutant of Rab9 (Kucera et al. 2016b; Progida et al. 2012). It is
therefore likely that Rab7b mediates the endosome-to-Golgi transport and Rab9
primarily regulates the opposite pathway.

6.5.3 Other Rabs in the Transport Between Endosomes
and Golgi

Other Rabs have also been reported to mediate the transport pathways between
endosome and Golgi; however, the underlying mechanisms are less characterized.
Rab29 (also known as Rab7L1) is associated with and maintain the integrity of the
TGN. It also regulates the retrograde trafficking of MPRs from endosomes to the
TGN (Wang et al. 2014). Rab31 (also known as Rab22b) is involved in the formation
and in the transport of tubulo-vesicular carriers from the TGN to endosomes (Ng et al.
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2007; Rodriguez-Gabin et al. 2001, 2009). Rab31 and its effector OCRL-1, a
phosphatidylinositol 4,5-biphosphate 5-phosphatase that regulates the levels of lipids
for vesicular transport at the Golgi, localize to both TGN and endosomes, as well as
on MPR-containing carriers that bud from the TGN (Rodriguez-Gabin et al. 2010;
Suchy et al. 1995). It has therefore been suggested that Rab31 recruits OCRL-1 to the
TGN for the formation and sorting of MPR carriers (Rodriguez-Gabin et al. 2010,
2009). However, further studies are needed to fully understand the intracellular
pathway(s) regulated by Rab31 as this small GTPase has also been reported to
mediate the transport from early to late endosomes (Chua and Tang 2014; Ng et al.
2009).

Similarly to Rab31, also other Rabs described to function in the transport from the
TGN to endosomes, such as Rab11, Rab13, and Rab14, are reported to influence
additional intracellular pathways. Rab11 associates with the TGN and TGN-derived
vesicles to regulate TGN-to-plasma membrane transport (Chen et al. 1998; de Graaf
et al. 2004; Parmar and Duncan 2016; Urbe et al. 1993). However, it has also been
reported to regulate the traffic through the recycling endosomes in the pericentriolar
recycling compartment (Gidon et al. 2012; Horgan et al. 2010; Ren et al. 1998;
Takahashi et al. 2012; Ullrich et al. 1996). As endosomal recycling compartments
are frequently concentrated in the perinuclear region in close proximity of the TGN,
it has also been suggested that the Rab11-positive recycling endosomes are inter-
mediate compartment for the post-Golgi trafficking and exocytosis (Ang et al. 2004;
Lock and Stow 2005).

Likewise Rab11 and Rab13 regulate both membrane trafficking between TGN
and recycling endosomes and endocytic recycling to the cell surface (Morimoto et al.
2005; Nokes et al. 2008). Rab14 is localized to biosynthetic (ER, Golgi, and TGN)
and endosomal compartments, and it has been suggested to regulate the biosynthetic
pathway between the Golgi and endosomal/recycling compartments (Junutula et al.
2004; Kitt et al. 2008; Proikas-Cezanne et al. 2006).

6.6 Rabs Mediating the Transport Between ER and Golgi

Continuous bidirectional membrane traffic between the ER and the Golgi ensures
that newly synthesized secretory cargo are transported from the ER along the
secretory pathway through the Golgi complex and that transport machineries can
be recycled back to the ER. Coat protein complex II (COPII) participates in cargo
export from the ER, and coat protein complex I (COPI) in the transport from the
Golgi back to the ER, despite a COPI-independent pathway also being described
(Girod et al. 1999; Szul and Sztul 2011; Viotti 2016). Several Rab GTPases are also
involved in these pathways.

106 C. Progida



6.6.1 Rab1

The first identified Rab protein, Ypt1, was discovered in yeast over three decades
ago (Gallwitz et al. 1983; Schmitt et al. 1986). Ypt1 and its human homolog Rab1
regulate the secretory pathway, in particular the ER-to-Golgi transport (Jedd et al.
1995; Plutner et al. 1991; Segev et al. 1988; Tisdale et al. 1992). Two isoforms of
Rab1 exist: Rab1a and Rab1b (Touchot et al. 1989). They are both localized at the
ER, early Golgi stack, and ERGIC (Plutner et al. 1991; Saraste et al. 1995), and they
have been suggested to be functionally interchangeable (Nuoffer et al. 1994).
Indeed, both Rab1a and Rab1b are able to antagonize the effects of the negative
mutant of Rab1a that inhibits protein export from the ER and the transport between
Golgi compartments (Nuoffer et al. 1994).

Electron microscopy studies show that Rab1a dominant-negative mutant causes
an accumulation of cargos in pre-cis-Golgi vesicles and vesicular-tubular clusters,
indicating that this small GTPase is essential for the delivery of vesicles to the Golgi
(Pind et al. 1994). In agreement with this, active Rab1 interacts with tethering factors
at the Golgi, including membrane tethering protein p115 and Golgi matrix protein
130 kD (GM130) (Allan et al. 2000; Weide et al. 2001). Rab1 recruits first p115 to
COPII vesicles and, together with SNAREs (soluble N-ethylmaleimide-sensitive
factor attachment protein receptors), forms a complex that promotes GM130-
mediated targeting to the Golgi apparatus (Allan et al. 2000; Moyer et al. 2001).

Rab1 dominant-negative mutant also disperses the Golgi apparatus to the ER
(Nuoffer et al. 1994; Wilson et al. 1994). Similarly, Rab1 depletion causes fusion of
Golgi membranes with the ER (Bard et al. 2006). Therefore, Rab1 not only requires
for the ER-to-Golgi and intra-Golgi transport but also for the maintenance of the
Golgi apparatus. The importance of Rab1 for Golgi biogenesis is highlighted not
only by the effect of its depletion or expression of dominant-negative mutant but also
by the inactivation caused by the expression of TBC1 domain family member
20 (TBC1D20), a GAP for Rab1 localized to the ER. All cause a block in the ER-
to-Golgi transport, and the collapse of the Golgi, supporting the role of Rab1 in the
biogenesis and maintenance of Golgi (Haas et al. 2007).

As for Rab6, the role of Rab1 in Golgi organization may be an indirect conse-
quence of its function in membrane trafficking. However, GTP-bound Rab1 binds to
Golgin-84, a membrane-anchored golgin that is involved in generating and
maintaining the architecture of the Golgi apparatus, suggesting that the role of
Rab1 in Golgi maintenance may be dependent on this interaction (Satoh et al.
2003). Also, the Rab1 effector p115 plays a role in maintenance of Golgi structure,
and its inhibition induces Golgi vesiculation, similarly to the effect of Rab1-negative
mutant (Puthenveedu and Linstedt 2001).

Recently, it has been demonstrated that active Rab1 interacts with WAS protein
homolog associated with actin, Golgi membranes, and microtubules (WHAMM), an
activator of actin nucleation to promote membrane tubule elongation, and with Golgi
phosphoprotein 3 (GOLPH3), a PtdIns(4)P and myosin 18A-binding protein that
connects the Golgi to F-actin for efficient tubule and vesicle formation (Dippold
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et al. 2009; Russo et al. 2016; Sechi et al. 2017). This interaction is important for
successful cytokinesis where Rab1, by controlling GOLPH3 localization at the Golgi
and at the cleavage site, regulates the secretory vesicle trafficking that is necessary
for proper furrow ingression during cytokinesis (Sechi et al. 2017).

6.6.2 Rab2

Rab2 subfamily consists of two members, Rab2a and Rab2b. Even though they are
localized to an intermediate compartment between the ER and the Golgi, and regulate
the transport from ER to pre-Golgi intermediates, they seem to be involved in the
regulation of Golgi morphology (Chavrier et al. 1990a; Ni et al. 2002; Tisdale et al.
1992).

Similarly to Rab1 that mediates the transport from the ER to the Golgi through the
interaction with the vesicle tethering factor p115 and the cis-Golgi matrix protein
GM130, Rab2 interacts with the coiled-coil protein Golgin-45 which binds in turn to
the medial-Golgi matrix protein Golgi reassembly stacking protein of 55 kDa
(GRASP55). Golgin-45 together with GRASP55 forms a Rab2 effector complex
on the medial-Golgi essential for ER-to-Golgi traffic and for Golgi structure (Short
et al. 2001). Indeed, Rab2 depletion causes Golgi fragmentation (Haas et al. 2007).
Interestingly, the Golgi fragmentation caused by Rab2b silencing is rescued by the
re-expression of Rab2b but not of Rab2a. It has therefore been suggested that these
Rabs regulate Golgi morphology by interacting with isoform-specific effectors. One
of these effectors is the Golgi-associated Rab2b interactor-like 4 (GARI-L4), a
specific Rab2b interactor whose knockdown also induced Golgi fragmentation
(Aizawa and Fukuda 2015).

Rab2 has also been reported to bind to other golgins, including Golgi microtubule-
associated protein 210 (GMAP-210), GRIP and coiled-coil domain containing
88 kDa and 185 kDa proteins (GCC88 and GCC185), and Golgin-245 (Gillingham
et al. 2014; Sato et al. 2015; Sinka et al. 2008). Although many of these golgins bind
to Rabs mostly through their coiled-coil regions, the function of these interactions has
been long debated. Initially, it was thought that the Rab-binding sites within golgins
were responsible for vesicle capture (Sinka et al. 2008). More recently, it has been
suggested that Rab2 binding to golgins occurs downstream from vesicle capture and
tethering (Sato et al. 2015). The binding of Rab2 to its binding site within the central
coiled-coil region of GMAP-210 would then bring the vesicle in closer proximity to
the target membrane, leading ultimately to SNARE-mediated fusion (Sato et al.
2015).

Rab2 also interacts with subunits of the homotypic fusion and protein sorting
(HOPS) complex. This complex is present on endosomal membranes where it
contributes to membrane tethering and fusion. It has been therefore suggested that
Rab2, by interacting with HOPS subunits, can regulate the transport of carriers from
Golgi to endosomes (Gillingham et al. 2014; Lorincz et al. 2017).
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6.7 Rabs Mediating the Transport from the Golgi
to the Plasma Membrane

The discovery that Rab proteins regulate intracellular trafficking was initiated over
30 years ago when it was demonstrated that Sec4, the yeast homolog of Rab8,
mediates the transport of Golgi-derived vesicles to the plasma membrane (Goud
et al. 1988; Salminen and Novick 1987). Similarly, in mammalian cells Rab8
regulates the vesicular transport from TGN to the plasma membrane (Huber et al.
1993).

At the Golgi, Rab8 interacts with optineurin, a protein that links myosin VI to the
Golgi complex and plays a central role in Golgi ribbon formation and exocytosis
(Sahlender et al. 2005). On exocytotic vesicles, Rab8 is not needed for budding or
motility but for docking and fusion. Rab6 promotes the recruitment of Rab8 to
exocytotic vesicles and contributes to the interaction of these vesicles with the cortex
through direct binding to ELKS. Rab8 also interacts with ELKS at cortical sites
throughMICAL3, a member of the MICAL family of flavoprotein monooxygenases,
promoting docking and fusion of vesicles (Grigoriev et al. 2011).

Rab10 has also been reported to regulate Golgi-to-plasma membrane transport
(Schuck et al. 2007; Wang et al. 2010). It localizes to the Golgi during early cell
polarization, and it has been suggested to have a role in the transport from the Golgi to
the basolateral membrane at early stages of epithelial polarization. Indeed, the
expression of its constitutively active mutant inhibits the transport from the Golgi
to the plasma membrane and missorts basolateral cargo to the apical membrane
(Schuck et al. 2007).

Rab10 regulation of post-Golgi transport is mediated by its interaction with
myosin Vb. Inhibition of this interaction or downregulation of myosin Vb expres-
sion prevents the fission of Rab10 vesicles from the trans-Golgi and reduces the
number of Rab10 transport carriers (Liu et al. 2013b). However, Rab10 has also been
reported to function in different trafficking pathways, including endosomal sorting in
polarized cells, endo-phagocytic processes, Golgi-to-ER transport, as well as in the
regulation of ER dynamics (Babbey et al. 2006; Cardoso et al. 2010; Chua and Tang
2018; Deen et al. 2014; English and Voeltz 2013; Galea et al. 2015; Liu et al. 2018;
Wang et al. 2016). How this small GTPase can contribute to the regulation of several
different pathways is still unclear even though one possible explanation is that
Rab10’s roles are dependent on the specificity of the effectors present in different
cell types or cell stages.

6.8 Rab Proteins Involved in Golgi Maintenance

Several Rab proteins, including the previously described Rab6, Rab33, Rab1, and
Rab2, have a role not only in membrane trafficking but also in the regulation of
Golgi organization and maintenance. In a siRNAs screening for human Rabs
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influencing Golgi morphology, knockdown of Rab1, Rab2, Rab6, or Rab8 caused
Golgi fragmentation (Aizawa and Fukuda 2015). In addition also Rab43, Rab18,
Rab30, and Rab41 have been reported to influence Golgi organization (Dejgaard
et al. 2008; Haas et al. 2007; Kelly et al. 2012; Liu et al. 2013a).

6.8.1 Rab30

Rab30 is mainly localized to the Golgi apparatus where it is required for the
structural integrity of this organelle (de Leeuw et al. 1998; Kelly et al. 2012).
Depletion of Rab30 indeed alters the morphology of the Golgi, by fragmenting the
cisternae (Kelly et al. 2012). As Rab30 interacts with D. melanogaster orthologs of
several human golgin proteins such as Golgin-245, Golgin-97, GM130, GCC88,
p115, and Bicaudal D (BicD), it has been suggested that Rab30’s ability to regulate
Golgi structural integrity is dependent on its association with these golgins (Kelly
et al. 2012; Sinka et al. 2008). According to this model, loss of Rab30 prevents the
recruitment or the function of the golgins at the Golgi cisternae resulting in the
overall loss of Golgi structural integrity.

The function of Rab30 at the Golgi seems to be restricted only to the maintenance
of this organelle architecture as perturbation of Rab30 function does not affect
anterograde or retrograde trafficking through the Golgi (Kelly et al. 2012). However,
it has been more recently shown that Rab30 also interacts with all eight subunits of
the exocyst, a complex that mediates tethering of Golgi-derived vesicles at the
plasma membrane (Gillingham et al. 2014), but the functional role of this interaction
needs to be further investigated.

6.8.2 Rab41

Rab41 is also termed Rab6d as it shares 60% similarity with the other members of
the Rab6 family (Goud et al. 2018; Pereira-Leal and Seabra 2001). In contrast to
Rab6 depletion that increases the number and the continuity of Golgi cisternae,
Rab41 depletion affects Golgi organization scattering the Golgi ribbon into punctate
elements (Liu et al. 2013a; Storrie et al. 2012). As depletion of Rab6 results in a more
compact Golgi ribbon, while depletion of Rab41 disperses the Golgi, it has been
suggested that these small GTPases contribute to Golgi ribbon organization by
recruiting opposing motors (Liu and Storrie 2015).

Rab6 recruits the effectors myosin II and the plus-end motor kinesin Kif20A, also
involved in the regulation of Golgi organization (Liu and Storrie 2015; Majeed et al.
2014). On the other side, Rab41, by interacting with dynactin 6, recruits cytoplasmic
dynein to Golgi membranes (Liu et al. 2016). The recruitment of the minus-end
motor dynein is important for Golgi organization as it regulates the afferent transport
of membrane cargo (Jaarsma and Hoogenraad 2015). Rab41 interacts also with
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syntaxin 8 and depletion of dynactin 6, and syntaxin 8 results in Golgi fragmenta-
tion, a phenotype similar to the one observed upon Rab41 depletion, indicating that
these effectors contribute to Rab41 function in the maintenance of Golgi organiza-
tion (Liu et al. 2016).

Furthermore, Rab41 regulates ER-to-Golgi trafficking, as its silencing or the
expression of a dominant-negative mutant partially inhibits ER-to-Golgi transport
of Vesicular stomatitis virus G (VSV-G) protein (Liu et al. 2013a).

6.8.3 Other Rabs That Influence Golgi Organization

Similarly to Rab41, other Rabs regulating trafficking between ER and Golgi, such as
Rab1, Rab2, Rab18, and Rab43, influence Golgi organization. Indeed, depletion or
inactivation of any of these Rab proteins fragments or disperses the Golgi, suggesting
that a continuous and regulated anterograde transport is needed to maintain Golgi
organization (Dejgaard et al. 2008; Haas et al. 2007; Tisdale et al. 1992).

The dominant-negative (GDP-locked) mutant of Rab43 redistributes Golgi to ER
exit sites without blocking the secretory pathway, indicating a function in the
anterograde ER-Golgi transport route (Dejgaard et al. 2008). This function has
been recently confirmed, as Rab43, by directly interacting with G-protein-coupled
receptors (GPCRs), the largest superfamily of cell-surface signaling proteins, regu-
lates the transport of these receptors from the ER to the Golgi (Li et al. 2017).

On the other side, overexpression of Rab18 or its depletion disrupts the Golgi
complex and reduces secretion, indicating the involvement of this small GTPase in
the retrograde Golgi-to-ER transport pathway (Dejgaard et al. 2008). The regulation
of opposite transport pathways for these two Rabs is consistent also with their
different intracellular localization: while Rab18 is ER-associated, Rab43 is mostly
localized at the cis- and medial- Golgi (Cox et al. 2016; Dejgaard et al. 2008;
Gerondopoulos et al. 2014; Jayson et al. 2018; Martin et al. 2005). Nevertheless,
both Rab18 and Rab43 are necessary for proper Golgi ribbon organization.
Overexpression or downregulation of Rab18, as well as the expression of the
dominant-negative mutant of Rab43, disperses the Golgi complex (Dejgaard et al.
2008; Haas et al. 2007).

6.9 Conclusions

Rab GTPases are master regulators of the intracellular membrane trafficking, and, as
such, is not surprising that several of them regulate different transport pathways
toward, through, and from the Golgi apparatus (Fig. 6.3). What is maybe more
remarkable is that a few of them are also involved in other Golgi-associated
functions, as, for example, Golgi organization and maintenance. Despite, at least
for some Rabs, their role in Golgi organization which can be explained as the result
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of an effect on vesicular trafficking, e.g., related to the recycling of transport
machineries, for other Rab proteins this remains an open question. It could be a
result of interactions with specific Golgi-associated structural proteins as, for exam-
ple, golgins, or with microtubules and motor proteins (Yadav and Linstedt 2011).
According to this hypothesis, the Rab-dependent Golgi ribbon organization would
be the result of a balance between the recruitment of minus-end and plus-end
directed motors (Liu and Storrie 2015; Majeed et al. 2014). Given the importance
of Golgi biogenesis and organization during the cell cycle, further studies are needed
to fully elucidate how the Golgi-associated Rab proteins coordinate multiple pro-
cesses in order to regulate Golgi structure, functions, and dynamics.

Fig. 6.3 Localization and transport pathways of major Golgi-associated Rab proteins. ER endo-
plasmic reticulum, TGN trans Golgi network, LE late endosome, EE early endosome, PM plasma
membrane
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Part II
Golgi and Centriole Positioning,

Interactions and Dynamics



Chapter 7
Positioning of the Centrosome and Golgi
Complex

Amos Orlofsky

Abstract For over a century, the centrosome has been an organelle more easily
tracked than understood, and the study of its peregrinations within the cell remains a
chief underpinning of its functional investigation. Increasing attention and new
approaches have been brought to bear on mechanisms that control centrosome
localization in the context of cleavage plane determination, ciliogenesis, directional
migration, and immunological synapse formation, among other cellular and devel-
opmental processes. The Golgi complex, often linked with the centrosome, presents
a contrasting case of a pleiomorphic organelle for which functional studies advanced
somewhat more rapidly than positional tracking. However, Golgi orientation and
distribution has emerged as an area of considerable interest with respect to polarized
cellular function. This chapter will review our current understanding of the mecha-
nism and significance of the positioning of these organelles.

List of Abbreviations

ADAP Adhesion- and degranulation-promoting adapter protein
Akt v-akt murine thymoma viral oncogene homolog 1
Arf1 ADP-ribosylation factor 1
Arp2/3 Actin-related protein 2/3
APC Antigen-presenting cell
BARS BFA-dependent ADP-ribosylation substrate
BICD2 Bicaudal D2
CD3 Cluster of differentiation 3
Cdc42 Cell division control protein 42 homolog
Cdk1 Cyclin-dependent kinase 1
CENPF Centromere protein F

A. Orlofsky (*)
Department of Biological Sciences and Geology, Queensborough Community College, City
University of NY, Bayside, NY, USA

Department of Pathology, Albert Einstein College of Medicine, Bronx, NY, USA
e-mail: amos.orlofsky@einstein.yu.edu

© Springer Nature Switzerland AG 2019
M. Kloc (ed.), The Golgi Apparatus and Centriole, Results and Problems in Cell
Differentiation 67, https://doi.org/10.1007/978-3-030-23173-6_7

127

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-23173-6_7&domain=pdf
mailto:amos.orlofsky@einstein.yu.edu


CEP Centrosomal protein
CLIP-170 Cytoplasmic linker protein 170 alpha-2
C-Nap1 Centrosomal Nek2-associated protein 1
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Rac Ras-related C3 botulinum toxin substrate
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Rho Ras homologous
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Wnt Wingless/integrated
Zyg-12 Zygote defective-12

7.1 Introduction

A signal feature of eukaryotic cells is the regulated geometry of their intracellular
organization, which in turn supports their spatially organized interactions with
neighboring cells and substrates and helps guide the orientation of cell division.
Of the many subcellular structures that take part in this ballet, the centrosome is
unique in the variety of positions it can adopt and the corresponding variety of
structures with which it is functionally associated, including microtubule asters,
mitotic spindles, cilia and flagella, immunological synapses, developing neurites,
and the lamellipodia and pseudopodia of migrating cells. Centrosome positioning,
then, may be a key control point for many cell behaviors and developmental
processes that depend on the processing of spatial information.

While the centrosome has, historically, held pride of place in theories of cell
organization, a growing body of studies indicates that the Golgi complex, often
closely associated with the centrosome, also has important organizing function,
acting either independently of or in coordination with centrosomes. Golgi and
centrosome positioning may therefore both individually and interactively serve as
focal points for geometrically coordinated cellular functions. Here we review the
current understanding of the control of the localization of these organelles.

7.2 Centrosome Positioning: An Overview

Centrosomes are found in most animals and many protists, as well as lower plants
and certain fungi, and consist of a pair of centrioles (mother and daughter)
surrounded by pericentriolar material, except in dividing cells, in which mother
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and daughter centrioles separate to form distinct centrosomes. Centrosomes are
commonly observed in one of three positions: (1) as basal bodies at the plasma
membrane, where they serve to assemble and anchor cilia/flagella; (2) adjacent to
nuclei (paranuclear), with an orientation that may be modified by polarizing stimuli;
(3) in the spindle poles of dividing cells. The phylogenetic distribution of these
structures suggests that the location in basal bodies is primordial and was most likely
present in the last eukaryotic common ancestor (Ross and Normark 2015; Woodland
and Fry 2008). However, in some taxa, including higher fungi, nematodes and
arthropods, centrosomes are present but cilia/flagella are rare or absent. In general,
the different observed centrosome positions are due to repositioning events and not
to the formation of new centrosomes. It was previously thought that basal body
centrosomes in multiciliated cells could arise de novo (Klos Dehring et al. 2013), in
which case their initial positioning might be specified independently of preexisting
centrosomes. However, more recent live-imaging studies demonstrated that basal
body centrosomes in multiciliated cells arise from procentriolar extensions from
parental daughter centrioles (Al Jord et al. 2014). Consequently, with rare exceptions
[as in the case of the mouse early embryo (Courtois et al. 2012)], all centrosomes
arise from other centrosomes and have initial positions determined by the location of
the parent structure. Centrosome localization, then, is governed by repositioning.

Several of the more common scenarios of centrosome repositioning, which will be
discussed in detail later, are summarized in Fig. 7.1. In nonpolarized interphase cells,
the centrosome maintains a paranuclear position. In prophase, the centrosome
undergoes disjunction to form separate mother and daughter centrosomes, which
migrate to opposite ends of the nucleus, where they form spindle poles, which are
subject to adjustments in positioning that specify the plane of cell division. Centro-
somes resume their paranuclear position in telophase. Especially (but not exclusively)
in postmitotic cells, the paranuclear centrosome may dock at the plasma membrane,
where the mother centriole will form the basal body of a primary cilium, a structure
that has emerged as a key regulator of a wide variety of cellular and developmental
processes (Walz 2017). Polarizing events can modulate centrosome position in a
variety of ways. A migratory stimulus leads to centrosome orientation in the axis of
migration, either in front of or behind the nucleus. Epithelial polarization repositions
the centrosome to the apical surface, and its location at that surface may be further
specified by planar cell polarity signaling. Certain epithelia develop multiple, motile
cilia that are structurally and functionally distinct from the primary cilium. In
lymphocytes polarized by recognition of antigen, the centrosome migrates to the
surface at which recognition has taken place (immunological synapse), while in
developing neurons, centrosomes may migrate to regions of axon formation.

Even this brief summary may suffice to convey the impression of the centrosome
as a remarkably multipurpose structure. Yet in many of these scenarios, our under-
standing of the function of the organelle is still very incomplete. That understanding
will undoubtedly develop within the framework provided by studies of the regula-
tion of centrosome position, which will now be discussed further.
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7.3 Positioning of the Interphase Centrosome
in Nonpolarized Cells

A large number of studies of nonpolarized cells in interphase have shown that the
paranuclear centrosome typically occupies a position close to the cell centroid, i.e., the
geometric center of the cell. This central position, from which the name of the organelle
derives, is rapidly achieved in cells, such as fertilized eggs, in which centrosomes are
initially off-center (see below), indicating an active centering force. As will be
discussed later, centration, once achieved, can be maintained even when cells are
responding to polarizing migratory stimuli, implying the existence of restraining forces.
This restraint is shown even more clearly by the difference in motility between mother
and daughter centrioles in enucleated cytoplasts: the daughter wanders, while the
mother, which is the dominant centriole with respect to nucleation of microtubules
(MTs), is much less mobile (Piel et al. 2000). The daughter, in turn, is restrained by
linkage to the mother, as shown by the correlation of their movements. Centrosomes in
these cells, then, are subject to centering forces at all times. Two obvious potential
sources for such centering forces are the structures with which the paranuclear centro-
some is most clearly associated: MTs and nuclei. These will be considered in turn.

Fig. 7.1 Regulation of centrosome positioning. Non-polarized cells have paranuclear centrosomes.
In the non-polarized cell on the right the centrosome is nucleating a primary cilium. Polarized cells:
Panel (a) shows three epithelial cells with apicobasal polarity. In the middle cell, planar cell polarity
signals have shifted the position of the cilium. The cell on the right is multiciliated. (b) migrating
cell. (c) Lymphocyte (LY) and antigen-presenting cell (APC) form an immunological synapse, to
which the centrosome migrates (arrow). In mitotic cells, centrosomes disjoin and migrate in
prophase (left) and form spindle poles that can reorient at metaphase (right)
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7.3.1 Microtubules and Centration

Since the centrosome nucleates an aster of MTs that radiate to the cell periphery, it is
natural to suppose that the microtubules might exert forces to maintain the position-
ing of the organelle at the cell centroid. Such forces may consist of active pushing or
pulling, as well as passive tethering. Early studies in a kidney epithelial cell line
probed these ideas by a local application of an MT-depolymerizing agent,
nocodazole, to disrupt MTs in a region of the cell. When actomyosin contractility
was simultaneously inhibited to permit specific visualization of MT forces, the
centrosome was observed to move away from the site of nocodazole application,
consistent with an active localization of the centrosome by MT pulling forces
(Burakov et al. 2003). Subsequently, evidence for a pulling mechanism was obtained
in the one-cell embryo of Caenorhabditis elegans, in which the male pronucleus,
flanked by a pair of paranuclear centrosomes, migrates to the center of the egg
(Kimura and Onami 2005). The authors compared computational models of
centration by either MT pushing or pulling forces and identified a qualitative feature
of the pulling model that was well matched by in vivo data.

A logical candidate for mediation of an MT pulling force is the minus-end-
directed motor protein, cytoplasmic dynein 1 (henceforth dynein). Since dynein
moves cargo centrally along MTs, if the motor is anchored (that is, its “cargo” is
immobile), then it would be expected to pull MTs toward the periphery. In
C. elegans one-cell embryos, the centrosome-centering force was shown to be
dynein dependent (Kimura and Onami 2005), although actomyosin forces may
also contribute (Goulding et al. 2007). Other studies have also shown that dynein
inhibition leads to aberrant centrosome localization in interphase (Burakov et al.
2003; Wu et al. 2011). These findings, as well as simulation studies (Zhu et al. 2010),
lend support to a model of positioning based on dynein pulling forces. However,
they do not rule out contributions from forces generated by myosin or from MT
pushing against cytoplasmic structures, which may work in concert with pulling
forces (Zhu et al. 2010). Indeed, the observation that, in enucleated cytoplasts, MT
depolymerization does not disturb the position of the stable mother centriole indi-
cates a role for additional forces (Piel et al. 2000). The authors further observed that
daughter centriole motions were differently affected by actomyosin or MT disrup-
tion, suggesting different roles for these cytoskeletal elements: actomyosin appears
to regulate the range of daughter movement, while MTs mediate sudden changes in
direction. Myosin motors, however, are not essential to maintaining centration
(Burakov et al. 2003). Overall, the evidence points to an important role for dynein
in the active maintenance of centration, while the roles of other force generators are
less defined.

A mechanism that actively maintains the centrosome at the cell centroid (or at any
specified position in the cytoplasm) must be able to generate asymmetric restoring
forces: that is, displacement from the center must result in a net centering force. How
might dynein pulling forces be configured to provide this asymmetry? The answer
depends greatly on where the dynein is. Since, as discussed later, dynein localizes to
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the cell cortex in mitosis to exert force on the spindle, one possibility is that cortical
dynein is also the force generator in interphase. The difficulty, however, is that a
displaced (off-center) aster would be expected to make more contact with proximal
than with distal cortical sites, and cortical dynein should in this case be a decentering
force. One proposal to address this issue, supported by cell-free studies of asters of
polymerized tubulin in chambers coated with dynein, is that slipping of MT ends as
they abut the cortex tends to move the cortical pulling sites away from the proximal
end, leading to an anisotropic (distally biased) MT distribution that supports
centration by dynein pulling forces (Laan et al. 2012). A second hypothesis is that
the cortical sites that anchor dynein are limited, such that no matter where the aster
might migrate within the cell, MTs will remain in sufficient excess to ensure
continual occupancy of all such sites, and consequently a constant net centering
force will be maintained (Grill and Hyman 2005). However, there is little direct
evidence for pulling by cortical dynein in nonpolarized cells in interphase. Live
imaging of dynein traffic during interphase in HeLa cells does not provide clear
evidence of cortical dynein accumulation (Kobayashi and Murayama 2009).

A third mechanism, which currently has the most experimental support in studies
of interphase centrosomes, is that MT pulling forces are dependent on MT length, so
that centrosome departure from the centroid will generate a force imbalance to
restore centration. Early evidence for length-dependent pulling came from
Hamaguchi and Hiramoto in a study of sand dollar eggs. By using UV irradiation
to locally restore MT growth in eggs treated with an MT-depolymerizing agent, the
authors were able to generate a sperm aster that centered itself within the irradiated
region, and that did so by following the longest astral MT rays, consistent with
length-dependent MT pulling (Hamaguchi and Hiramoto 1986). The growing astral
rays appear to exert force prior to reaching the cell cortex, suggesting that the length-
dependent forces are not cortically localized. Indeed, in contrast to the cortical
dynein-based models, a mechanism based on length-dependent MT pulling forces
requires force generators distributed along the length of MTs. One possibility is that
cytoplasmically anchored dynein is distributed along the MT length. However, there
is currently no evidence for such uniformly distributed cytoplasmic anchors. A
second possibility was introduced by further studies of pronuclear centrosome
centration in C. elegans one-cell embryos (Kimura and Kimura 2011). The authors
first noted that a cortically based pulling force model was unlikely in this system since
MTs oriented in the direction of centrosomal movement were not long enough to
reach the facing cortical regions. Furthermore, centration was shown to depend on a
dynein subunit responsible for the movement of organelles such as lysosomes and
yolk granules along MTs but that is not required to generate dynein pulling force.
Variations in speed of centration were shown to correlate with variations in speed of
organellar movement, and interference with organellar motility suppressed centro-
some centration (Kimura and Kimura 2011). The basis of the dynein-dependent MT
pulling force, then, is most likely not anchored dynein but rather the reactive drag
forces generated continuously along theMTs by organellar movement (Fig. 7.2). This
model has recently received further support from studies of sperm aster centration in
sea urchin eggs (Tanimoto et al. 2016). As with C. elegans one-cell embryos,
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centration took place long before MT growth could reach the opposing cortex,
arguing against pulling based on cortical anchors. Aster movement was dynein
dependent, and laser ablation of one astral side induced movement toward the
nonablated side, consistent with a pulling mechanism. However, a cautionary note
emerges from another recent study in this system: by using microinjected dynein-
bindingmagnetic particles to create a cortically localized pulling “cap” in the egg, and
thereby measure pulling forces, it was shown that the astral centering forces that
center the male pronucleus are three times stronger during the centration process than
afterward (Salle et al. 2018). It is possible, then, that the “drag force” mechanism
represents a specialized adaptation to meet the demand for large and rapid nuclear
movement in fertilized eggs. In this case, the extension of the drag force model to
interphase centration in other systems may require further investigation.

Regardless of the site from which dynein pulls, the centrosome cannot move
unless the MT plus end either moves or is continually removed. Both of these
mechanisms have been described in the context of cortical dynein forces exerted
in mitosis, where they are referred to, respectively, as sliding models and capture-

Fig. 7.2 Length-dependent force model for centrosome centration. The centrosome, with centrioles
(red) embedded in MT-nucleating pericentriolar material (blue), is depicted as being moved to the
cell centroid (asterisk) by a net force derived from the sum of drag forces generated by the minus
end-directed movement of dynein motors bearing cytoplasmic cargoes. MTs closer to the centroid
(on the right) are longer and hence bear more dynein and generate greater force. These MTs have
not yet reached the cortex and are therefore moving (as well as polymerizing) toward cortex. The
shorter MTs on the left have reached the cortex, and their pulling action depends on tubulin flow
resulting from either sliding or depolymerization at the cortex
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shrinkage or end-on models (Guild et al. 2017; Omer 2018). Experimental evidence
for either model in interphase cells is limited. However, in the study, described
earlier, in which centrosome movement was observed after local nocodazole appli-
cation, the addition of taxol, which prevents MT depolymerization, abolished
centrosome motion (Burakov et al. 2003), suggesting that MT shortening may be
necessary for the centering process.

While the majority of studies of interphase centrosome positioning have been
interpreted in terms of a pulling force model, studies in some systems point to a role
for MT pushing forces. Studies in the slime mold Dictyostelium suggest that pushing
by plus-end-directed kinesin motors contributes to centrosome movement (Brito
et al. 2005). Pushing force may also be generated by the growth of MTs that either
are anchored at or abut against peripheral structures. In vitro studies of polymerized-
tubulin asters demonstrate that substantial pushing forces can be generated in this
fashion (Holy et al. 1997). In Drosophila oocytes, nuclear centration appears to be
driven by MT pushing (Zhao et al. 2012). This system has unusual features,
however, as the centrosomes are positioned between the nucleus and the proximal
cellular end from which displacement occurs, possibly precluding a pulling force-
based mechanism. More evidence for pushing comes from fission yeast: when the
yeast nucleus (and associated spindle pole body, the yeast equivalent of a centro-
some) are experimentally displaced from the cell center, nuclear return occurs when
a growing MT reaches the near end of the cell and then continues to grow against it,
indicating that this MT is pushing the nucleus and the centrosome back toward the
center (Tolic-Norrelykke et al. 2005).

Further studies in the yeast system, however, suggest that pushing and pulling
forces may be tailored to specific aspects of cell organization. The MTs in the yeast
are aligned with the long axis of the cell, except in meiotic prophase, when they adopt
an astral geometry that may be more comparable to the MT array observed in other
systems. Interestingly, in meiotic yeast cells with astral MTs, experiments using laser
cutting of MTs indicated that dynein-dependent pulling rather than pushing forces
controlled spindle pole body/nuclear movement (Vogel et al. 2009). When nondi-
viding mitotic cells, with axially aligned MTs, were genetically manipulated to adopt
an astral geometry similar to meiotic cells, the nucleus and the centrosome were
displaced, suggesting that pushing forces may be inadequate for centrosome
centration in the presence of astral MTs (Tolic-Norrelykke et al. 2005). Overall,
then, dynein-mediated MT pulling forces appear to have widespread importance for
regulating interphase centrosome position, while contributions from other forces,
such as MT pushing, may be tailored to particular contexts of mechanical constraint.
With respect to cellular organizing forces, architecture is likely to dictate strategy.

7.3.2 Nucleus–Centrosome Interaction

The close apposition of the nucleus and the centrosome in nonpolarized cells (and in
some polarized cells) suggests that the nucleus may anchor and restrain the centrosome
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and also that nuclear motion might enforce centrosome repositioning. Two questions
then arise. First, what is the evidence of mechanisms linking the organelles? Second, if
they are mechanically linked, who is the cart and who is the horse?

Early evidence for the physical attachment of the nucleus and the centrosome
came from cell fractionation studies. Homogenates of liver or spleen [tissues that are
mostly unciliated (D’Angelo and Franco 2011)] often contain centrosomes attached
to nuclei, and these attachments survive nonionic detergent and nuclease treatment
(Bornens 1977; Nadezhdina et al. 1979). Additional evidence derives from the
observation of organelle motions. Nuclei and centrosomes frequently comigrate
[reviewed in Burakov and Nadezhdina (2013)], and when centrosomes reposition,
they often do so while maintaining apposition to the nuclear envelope (NE), as for
example when moving toward their eventual spindle pole positions during prophase.
Furthermore, when centrosome rotary motion is observed in cells of the slime mold
Dictyostelium, the attached nucleus rotates with the centrosome, as detected by
nucleolar movement (Koonce et al. 1999). Fibrous structures that link the centro-
some and the nucleus have been described inDictyostelium (Omura and Fukui 1985)
and also in the green alga Chlamydomonas (Wright et al. 1989), but similar
structures in metazoa have not been described. Pericentriolar material, however,
may contain components that can associate with the outer nuclear membrane, as
suggested by the observation of skeletal muscle cells, in which centrosomes are
independent of the nucleus, which instead becomes coated with a matrix of
pericentriolar proteins that serve as the MT-nucleating center (Srsen et al. 2009;
Tassin et al. 1985).

More recent studies have revealed a variety of molecular links between nuclei and
centrosomes. Many of these potential mechanisms involve members of the SUN
protein family, localized to the inner nuclear membrane, interacting with various
members of the KASH family in the outer nuclear membrane. Cytoplasmic KASH
domains are capable of a variety of interactions with actin, tubulin, dynein, and other
cytoskeletal components, and the depletion of some KASH proteins, such as various
members of the nesprin family in mammalian cells or ZYG-12 in nematodes, leads
to the separation of centrosomes from nuclei (Burakov and Nadezhdina 2013; Obino
et al. 2016). Depletion of emerin, an NE protein that binds tubulin, generates a
similar phenotype in mammalian cells (Salpingidou et al. 2007), as does nuclear
lamin knockdown in cells grown on circular micropatterns (Hale et al. 2011). It has
been proposed that nesprin-4 linkage of the nucleus and the centrosome may be used
as a mechanism to regulate centrosome positioning (Roux et al. 2009). Actin
filaments have also recently been implicated in centrosome binding to the nucleus
(Obino et al. 2016), and centrosomes can nucleate actin (Farina et al. 2016). It
remains unclear, however, whether there is any direct molecular bridge between the
two organelles. The centrosome is typically separated from the NE by a distance of
>1 μm, and while this space might conceivably be bridged by, for example,
dimerization of putative linkers such as ZYG-12, the association with the NE may
instead be dependent on dynamic connections via MTs or actin cytoskeleton
(Burakov and Nadezhdina 2013; Tikhonenko et al. 2013). The latter view is consis-
tent with experiments in which centrosomes become separated from nuclei upon the
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depletion of either dynein (Robinson et al. 1999) or NE proteins that bind to dynein,
including ZYG-12 (Malone et al. 2003) in nematodes and nuclear-pore-associated
Bicaudal D2 (BICD2) in human cells (Splinter et al. 2010). If linkage is indeed based
on dynamic cytoskeletal connection, these links might serve as restraining tethers or
even to convey displacing forces, but they might alternatively serve as tracks for
circumnuclear centrosome navigation or as scaffolds for signaling complexes.

If mechanisms of linkage have yet to be fully elucidated, there is even less
information with respect to the transmission of restraining or displacing forces
between the two organelles. Centrosome centration is maintained in enucleated
cells (Bornens 2012; Piel et al. 2000), indicating that the nucleus is dispensable for
centering. In migrating cells, nuclear movement to the rear does not perturb the
location of the centrosome at the cell centroid (Gomes et al. 2005), and the motions
of the centrosome in migrating cells are not coordinated with those of the nucleus
(Yvon et al. 2002). However, it is noteworthy that when dynein is prevented from
pulling on the centrosome, the rearward nuclear movement now does seem to pull
back the centrosome (Gomes et al. 2005). This suggests that the nucleus can exert
sufficient force to displace the centrosome and that therefore under normal condi-
tions (with active dynein) it at least provides a restraining force. There is, overall,
little evidence for displacing force conveyed by the nucleus. Indeed, observations of
deformation in nuclei rotating with centrosomes in Dictyostelium were interpreted to
suggest that the nucleus is a passive partner, following centrosome motion rather
than initiating it (Koonce et al. 1999). Imaging of centrosome migration to an
immunological synapse also shows the deforming nucleus as an apparently passive
rather than active participant [movie S2 in Kuhn and Poenie (2002)]. Furthermore,
even when apposed to the nucleus, centrosomes must be capable of motion unlinked
to nuclear motion, else it would be impossible for two replicated centrosomes, after
disjunction, to move in opposite directions along the NE. Overall, then, current
evidence is more consistent with a view of the nucleus as, at most, a dynamic anchor
rather than an active positioner of the centrosome.

7.4 Centrosome Disjunction and Positioning DuringMitosis

The spindle is the central organizing feature of dividing cells. In many respects, the
spindle can be viewed as a well-conserved machine performing a stereotyped
function. In other respects, however, the spindle is far from stereotyped: in its
orientation/positioning and also in its centriole asymmetry, the spindle can be loaded
with information that is highly context dependent and critical both for symmetrical
cell division and for a host of asymmetrical developmental processes. The
repositioning of the centrosome during mitosis, then, tracks the role of this organelle
not only in the generation of spindle poles but also as a mediator of developmental
and tissue-organizing information.
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7.4.1 Spindle Formation 1: Prior to Nuclear Envelope
Breakdown

At the onset of mitosis, a first step in the preparation for spindle formation is the
disjunction of mother and daughter centrosomes. Mother and daughter centrioles
remain closely linked until late G2 phase. This linkage is controlled by the phos-
phorylation state of several linker proteins, including rootletin and C-Nap1 (Wang
et al. 2014). The centrosomal kinase Nek2A phosphorylates the linker proteins, but
during most of interphase Nek2A is associated with the phosphatase PP1, which
maintains the linker proteins in a dephosphorylated state and prevents their disas-
sembly. Nek2A-PP1 association is controlled by the kinase Mst2. At the G2/M
transition, the linker phosphorylation state is shifted in response to signals that drive
the cell into mitosis. Specifically, the accumulation of cyclin B during G2 phase is a
critical event leading to the activation of the cyclin-dependent kinase Cdk1, which
localizes to the centrosome. At the same time, the scaffold protein CEP192 is
recruited to the centrosome and in turn recruits the kinase Aurora A, as well its
effector kinase, Plk1 (the terms used are for vertebrate homologs of components
generally conserved in animals and fungi). Activated Plk1 phosphorylates Mst2,
inhibiting association of Nek2A with PP1 and thereby leading to linker protein
phosphorylation and linker disassembly (Mardin et al. 2011). In many cancer cell
lines, signaling through the EGF receptor can activate Nek2A independently of Plk1
(Mardin et al. 2013).

While the Nek2A mechanism seems sufficient to disjoin the centrioles, it can be
supplemented by a motor-driven mechanism mediated by Eg5, a member of the
kinesin-5 family of plus-end-directed MT motors (Mardin et al. 2010). In contrast to
the pulling forces generated by anchored, minus-end-directed dynein, an anchored
plus-end-directed motor bound to a centrosome-nucleated MT would be expected to
push the centrosome. Eg5 does not require anchoring, however, because it forms a
tetramer that is capable of simultaneously binding two antiparallel MTs and moving
along both of them, effectively causing the two MTs to slide over each other in
opposite directions (Kapitein et al. 2005). Therefore, the current view is that Eg5 acts
in between the two separating centrosomes to simultaneously push them in opposite
directions, forcing them apart (De Simone et al. 2016). The Eg5 mechanism is
capable of enforcing centrosome disjunction in the absence of Nek2A activity
(Mardin et al. 2010). This result implies that Eg5 must itself be regulated to prevent
premature separation, and this is apparently accomplished by making the recruitment
of Eg5 to the centrosome dependent on Plk1 activation (Mardin et al. 2011; Smith
et al. 2011). In further support of an MT-based mechanism of disjunction, the
centrosomal protein GAS2L1 was shown to enhance MT binding to the centrosome
and also to mediate disjunction (Au et al. 2017).

Recently, a motor has been identified in human cells that may oppose Eg5 and act
to maintain centrosome tethering (Decarreau et al. 2017). Kif25 is in the kinesin-14
family, whose members, unlike most kinesins, are minus end directed. Kif25
localizes to centrosomes and, like Eg5, has a tetrameric structure, suggesting that

138 A. Orlofsky



it may act via a similar antiparallel sliding mechanism, but in the opposing direction.
Kif25 depletion results in premature centrosome disjunction as early as S phase
(Decarreau et al. 2017), suggesting that a dynamic force balance is already generated
at the centrosome at the time of its duplication.

Once unlinked at the G2/M boundary, mother and daughter centrioles, each
forming a centrosome with pericentriolar material and each nucleating an MT aster,
begin to migrate in opposite directions over the NE during prophase. A live-imaging
study in newt lung cells showed that this migration involves fluctuating motions: the
movements of the two centrosomes were not correlated, and included both forward
and backward motions, but the frequency and average speed of the forward move-
ments were greater (Waters et al. 1993). In all systems studied, including Drosophila
and C. elegans embryos, as well as mammalian cells, dynein is implicated as a force
generator for prophase migration (Ferenz et al. 2010; Gonczy et al. 1999;
Raaijmakers et al. 2012; Robinson et al. 1999; Sharp et al. 2000; Tanenbaum et al.
2008; Vaisberg et al. 1993). In mammalian cells, however, a major role is played by
Eg5, so that the role of dynein only became evident, in a cell type-dependent fashion,
when Eg5 was partly inhibited or when cells were selected for Eg5 independence
(Raaijmakers et al. 2012; Tanenbaum et al. 2008). As in the case of centrosome
disjunction, the action of Eg5 during prophase is most likely by a sliding microtubule
mechanism that pushes both centrosomes simultaneously (Fig. 7.3). Elegant support
for this idea comes from the observation that centrosome movement in prophase
ceases to be Eg5 dependent (while remaining dynein dependent) if only one centro-
some is present in the cell (Raaijmakers et al. 2012). On the other hand, Eg5 is
dispensable for mitosis in C. elegans and for the prophase of Drosophila embryos
(Ferenz et al. 2010), while dynein is essential for prophase centrosome separation in
both of these systems (Gonczy et al. 1999; Robinson et al. 1999).

The universal importance of dynein pulling forces for driving centrosome sepa-
ration raises the question of where these forces are generated. Since the movement
takes place along the NE, and dynein can localize to the envelope (Splinter et al.
2010), envelope-bound dynein is a logical candidate. BICD2 is a motor adaptor that
localizes to the NE during G2 phase and binds both dynein and kinesin-1, while
CENPF is an NE protein that binds the dynein adapter, Nde1 (Bolhy et al. 2011;
Splinter et al. 2010). In mammalian cells, the depletion of either BICD2 or CENPF
inhibited prophase centrosome separation, implicating NE-associated dynein as a
critical motor (Raaijmakers et al. 2012). How dynein in this location can create
asymmetric force to move centrosomes is unclear. One possibility is the generation
of asymmetric length-dependent force: astral MTs may grow longer in the “forward”
direction (away from the other centrosome) because, in the backward direction,
encounters with MTs from the opposing aster may initiate catastrophes and limit MT
growth (Raaijmakers et al. 2012).

The action of NE-localized dynein is expected to maintain centrosome–nucleus
association during migration, but this function of the motor seems to be opposed by
kinesin-1, a plus-end-directed motor. When dynein was depleted, kinesin-1 medi-
ated extensive separation of the nucleus from the centrosomes, moving all these
structures toward the cell periphery in a manner that depended on its association with
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the NE via BICD2 (Splinter et al. 2010). On the other hand, kinesin-1 depletion in
cells with inhibited Eg5 (in which case centrosome separation is dynein dependent)
promoted centrosome separation (Raaijmakers et al. 2012). Balanced interaction
among multiple motors, then, appears to regulate centrosome positioning during
mammalian prophase.

InDrosophila embryos, on the other hand, several studies implicate the cortex as a
key site of force generation for migrating centrosomes (Buttrick et al. 2008; Cao et al.
2010; Cytrynbaum et al. 2005). Ncd, a plus-end-directed member of the kinesin-14
family, provides an opposing force (Sharp et al. 2000). As with NE-localized dynein,
the question of how asymmetric force is generated by cortical dynein remains
unsettled, and the mechanism may depend on features of embryo geometry and
cortical organization that are specific to this system and not widely applicable
(Cytrynbaum et al. 2005; Tanenbaum and Medema 2010). A dynein-independent
mechanism may also exist in this system since some migration persists in the absence
of dynein (Robinson et al. 1999). This mechanism may be linked to the extension of
cortical actin, potentially driving the motion of astral MTs that track cortical actin
flow (Cao et al. 2010). A concept of coupling between cortical actin and force-
mediating MT has also been developed in studies of centrosome migration around
the male pronucleus of the C. elegans one-cell embryo. In this system, migration was
impaired upon the removal of either NE-localized dynein (by the depletion of

Fig. 7.3 Model of prophase centrosome migration in mammalian cells. Plus-end-directed Eg5
tetramers perform sliding action to exert simultaneous outward pushing force on both centrosomes.
A second centrosome-separating force is generated by the minus end-directed walking of dynein
motors anchored to nuclear envelope-bound BICD2. Each centriole bears a lateral protuberance
representing the procentriole acquired in S phase
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ZYG-12) or cortical dynein (by the depletion of Gα proteins required for cortical
localization), and both cortical dynein and centrosome migration were shown to
spatially correlate with cortical actomyosin flow (De Simone et al. 2016), consistent
with actin-MT coupling.

7.4.2 Spindle Formation 2: After Nuclear Envelope
Breakdown

At the conclusion of prophase, NE breakdown takes place, permitting the assembly
of a stable bipolar spindle. Centrosome migration to opposite poles is often complete
prior to envelope breakdown, but in some cells this is not the case and migration is
completed in the absence of the envelope (Silkworth et al. 2012). In mammalian
cells, this late migration is actomyosin mediated and may involve the movement of
MTs bound to cortical regions that flow in response to myosin activity (Rosenblatt
et al. 2004). Following the placement of centrosomes at opposing poles, studies in
multiple systems, including yeast, flies, and vertebrates, have identified motors that
regulate the intercentrosomal distance as spindle assembly is completed in
prometaphase (Sharp et al. 2000; Tanenbaum and Medema 2010; van Heesbeen
et al. 2014; Yount et al. 2015; Yukawa et al. 2018). Pushing and pulling forces,
which respectively promote outward and inward movement of centrosomes, are
generated, respectively, by Eg5 and kinesin-14, each of which can bind to antipar-
allel microtubules to create sliding action. A second outward force is generated by
the plus-end-directed kinesin-12, which pushes by a sliding action on parallel MTs
(Drechsler and McAinsh 2016), while, at least in vertebrate systems, a second
inward force is mediated by dynein, which exerts a pulling force from within the
spindle (van Heesbeen et al. 2014). The contribution of cortical dynein to
prometaphase spindle assembly is not clear in vertebrate cells, although it plays a
role in Drosophila embryos (Sharp et al. 2000) and also in fungi (Fink et al. 2006).
During metaphase, on the other hand, cortical dynein assumes a crucial role in the
rotations that adjust spindle orientation (Gallini et al. 2016; Grill and Hyman 2005;
Kiyomitsu and Cheeseman 2012; Kotak et al. 2012), as discussed below.

While forces exerted within the spindle regulate centrosome separation, and
hence spindle length, centrosomes are governed by forces outside the spindle to
stabilize and adjust the spindle with respect to both rotational orientation and also
longitudinal position. A recent detailed study of spindle dynamics using live imaging
of frog embryonic epithelium shows a clear temporal separation between a first
phase (comprising prometaphase and early metaphase) in which a steady rotation
repositions the spindle, followed by a second phase, in late metaphase, in which
orientation is maintained with little net rotation (Larson and Bement 2017; Roszko
et al. 2006). In the second phase, rotary oscillations take place, steadily dampening
as anaphase approaches, suggesting an important role for stabilizing forces. A recent
investigation of spindle maintenance in C. elegans one-cell embryos in metaphase
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revealed remarkable accuracy, robustness, and stability of positioning, with respect
to both centering and also axial orientation (Pecreaux et al. 2016), consistent with
spindle centering observed in other systems (Howard and Garzon-Coral 2017).
Injection of the one-cell embryos with superparamagnetic beads allowed the direct
measurement of spindle-position-maintaining forces using magnetic tweezers
(Garzon-Coral et al. 2016). The authors interpreted their results as consistent with
a model in which each centrosome is stabilized by damped springs that oppose
transverse displacement with a force sufficient to dampen thermal forces but weak
enough to permit adjustments.

What are these stabilizing forces? Potential candidates include the astral
MT-mediated forces that were discussed earlier in the context of interphase centro-
some centration. These include (1) MT pushing forces, driven byMT polymerization
at cortical sites; (2) MT length-dependent drag forces mediated by dynein-driven
cargo transport; (3) MT pulling forces dependent on cortically localized dynein.
Evidence has been obtained to support all three of these mechanisms as stabilizers
of spindle position. The authors of the magnetic tweezer study in C. elegans embryos
proposed an MT pushing mechanism because of its consistency with the spring-like
properties they observed, as well as the agreement of the drag forces they measured
with values predicted by the model (Garzon-Coral et al. 2016; Howard and Garzon-
Coral 2017). This mechanism, however, requires that MTs extend to the cortex, and
therefore it has been argued that spindles forming in larger cells, such as eggs, must
instead be stabilized by MT length-dependent drag forces (Minc et al. 2011; Wuhr
et al. 2010). This is especially the case for metaphase spindles, which in Xenopus and
zebrafish zygotes have asters whose radius is no more than 10% of the zygote radius
(Mitchison et al. 2012).

The third mechanism, MT pulling via cortically localized dynein, is supported by
numerous studies demonstrating that dynein is localized to cortical anchoring sites
during metaphase and anaphase and that cortical dynein is vital for correct spindle
orientation [reviewed in Kotak and Gonczy (2013)]. The anchoring structure for
dynein in the cortex is a ternary complex comprised (using vertebrate terms) of Gαi,
LGN, and NuMA. This complex only forms during mitosis since during interphase
NuMA is stored in the nucleus. Two recent studies, one in human cells and one in the
C. elegans embryo, found that optogenetic targeting of NuMA to the plasma mem-
brane was sufficient to recruit dynein and locally attract the spindle, confirming the
potency of the NuMA-dynein mechanism as a means of controlling spindle orienta-
tion (Fielmich et al. 2018; Okumura et al. 2018). NuMA also has MT-binding
capability, which may facilitate dynein action but may also provide an alternative
means of exerting pulling force via MT shortening (Grishchuk et al. 2005). Inhibition
of MT depolymerization with taxol only slightly reduced the spindle-repositioning
effect of optogenetically localized NuMA, indicating that while dynein-independent
MT shortening may be an important contributor to spindle control (Seldin et al.
2016), it is likely not the major mechanism (Okumura et al. 2018).

While the evidence for the role of cortical dynein as a stabilizing force is
compelling, there remains the question, as discussed earlier for interphase cells, of
how an MT pulling force that is not length dependent can generate the asymmetric
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force distribution needed to restore the orientation of a deviated spindle. An answer
was provided by a study of the regulation of dynein distribution in the mitotic cortex
of human cells (Kiyomitsu and Cheeseman 2012). The authors found that NuMA,
and hence dynein, is symmetrically polarized to the regions of lateral cortex that
surround the spindle poles, via a mechanism based on chromosome-localized
RanGTP that excludes LGN/NuMA complexes from the cortical regions near the
spindle midzone. This localization of pulling force provides a means to stabilize the
spindle against rotational deviation, but there remained the question of how
off-centering motions along the longitudinal axis were corrected. The authors
addressed this issue with the demonstration that centrosomal proximity to the cortex
(within 2 μm) leads to the local depletion of dynein due to the action of centrosomal
Plk1, which phosphorylates NuMA, as well as dynactin, a dynein cofactor
(Kiyomitsu and Cheeseman 2012). Consequently, displacement of the spindle
toward one pole leads to reduced dynein activity at that pole and a net restoring
force to recenter the spindle (Fig. 7.4). More recent findings have extended this work
to show that anaphase spindle elongation is driven by further NuMA accumulation,
resulting from a shifting balance in NuMA phosphorylation state that depends on the
kinase CDK1 and the phosphatase PPP2CA (Kiyomitsu and Cheeseman 2013;
Kotak et al. 2013; Kotak and Gonczy 2014).

Is dynein, then, the only pulling motor that stabilizes spindle poles, and are MTs
the only instrument for the conduction of force (pushing or pulling) to the centro-
some? The recent discovery that centrosomes are surrounded by actin clouds in vivo
and can nucleate actin filaments in vitro, using Arp2/3 and the centrosome-localized
nucleation-promoting factor WASH (Farina et al. 2016), encourages the exploration
of actomyosin as a force generator potentially acting directly on centrosomes.
Indeed, a study of spindle positioning in frog gastrula epithelial cells revealed that
proper positioning in the plane of the epithelium required both a basal pull generated
by MTs and an apical pull that was dependent on actin and myosin-2 (Woolner and
Papalopulu 2012). However, it is not clear whether the apical pull on the centrosome
reflects the direct action of myosin-2 as a force generator since this myosin was
shown to be required for the apically directed cortical flow of actin filaments in these
cells. Therefore, the role of myosin-2 may be to apically position actin filaments that
then influence the spindle by an as yet unknown, MT-independent mechanism. The
authors note in this regard the evidence for subcortical actin structures that appear to
exert a pulling force on spindles (Fink et al. 2011).

A final consideration with respect to spindle stabilization is that corrective posi-
tioning is not only a matter of regulation of forces. In the late anaphase of HeLa cells,
off-centering of the spindle can be corrected by asymmetrical addition of plasma
membrane at the polar membrane closest to the spindle, by means of the chromosome-
generated RanGTP gradient, which locally depletes anillin to promote local membrane
blebbing (Kiyomitsu and Cheeseman 2013). Essentially, instead of pulling the spindle
back, the cell extends its boundary asymmetrically in order to restore spindle central-
ity. It is ultimately architecture, and not forces per se, that matter.

In late anaphase (anaphase B), the spindle poles move apart. Eg5 continues at this
stage to represent the principal outward force, so that centrosome separation is most
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likely initiated by the limitation of some opposing process. Studies in Drosophila
embryos suggest that the opposing process is kinesin-13-mediated minus-end MT
depolymerization at the spindle poles. Cyclin B degradation at the onset of anaphase
leads to the expression of the kinesin-13 antagonist, Patronin, and the consequent
stabilization of minus-ends generates outward MT growth (Brust-Mascher et al.
2015; Wang et al. 2013). The findings, however, are also consistent with a model
based on plus-end MT stabilization (Brust-Mascher et al. 2015).

7.4.3 The Mitotic Centrosome as Information Reader:
Spindle Orientation

Spindles must not only form and be stabilized; they must also be correctly oriented
and positioned in order to specify the appropriate plane of cell division. The control

Fig. 7.4 Mechanisms that govern centrosome position during spindle assembly and stabilization.
Centrosome separation (spindle length) is governed by the balance between separating motors
(kinesin-12 and Eg5) and contracting motors (kinesin-14 and dynein). Note that kinesin-12
generates its force by moving more rapidly on the upper of the two parallel MT to which it is
bound. Centrosome positions are also stabilized by the pulling force of dynein bound to cortical
ternary complexes. These complexes are excluded from the midzone regions by a gradient of
RanGTP. The contribution of NuMA-MT interaction is not depicted. Longitudinal (left-right)
off-centering of the spindle is in the process of being corrected by the depletion of dynein pulling
force at the left pole due to the proximity of centrosome-bound Plk1. The consequent correcting
motion is shown as a dashed double arrow on the right
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of division plane in symmetric divisions determines the geometry of growth in a
tissue, while in asymmetrical divisions the division plane is critical for a variety of
developmental processes, which include axis formation, fate determination, mor-
phogenesis, and tissue regeneration. In all of these situations, then, the spindle,
through its centrosomes, must receive external information in order to be
repositioned either by rotation or by translational (longitudinal) motion.

The migration of centrosomes in prophase results in the fixing of initial points for
spindle pole formation. Conceivably, then, in a symmetrical cell lacking anisotropic
signals to reorient the spindle, the centrosome migration takes place in a stereotyped
symmetrical manner, and the resulting spindle, undergoing no adjustment, will adopt
a predictable default orientation. Since each centrosome migrates 90� in this case,
each division plane is predicted to be rotated 90� relative to the preceding mitosis
(Strome 1993). This default scenario, sometimes referred to as Sachs’s rule, is
observed to occur in many settings, such as early cleavage stages in ascidians
(Negishi and Nishida 2017) and later embryonic divisions in Spiralia (Brun-Usan
et al. 2017). This default “rule” is not in fact adequate to specify a spindle orientation
in three dimensions: it cannot determine, for example, whether a cell in a monolayer
divides parallel or perpendicular to the monolayer. Nevertheless, the rule is useful
since it raises the question of how deviations from this default take place. Such
deviations must occur, for instance, whenever a cell undergoes successive divisions
along the same axis, as happens, for example, when an epithelial or neural stem cell
divides repeatedly along an axis perpendicular to the epithelial plane. Deviations
from default can potentially arise at three stages in centrosome positioning: (1) in
interphase, by repositioning of the interphase centrosome; (2) in prophase, by
asymmetric migration of the disjoined centrosomes; (3) later in mitosis, by rotation
of the spindle. Cell division within an epithelial monolayer, as modeled with
cultured MDCK cells, offers an example of all three deviations (Reinsch and
Karsenti 1994). Since the spindles of the dividing cells lie in the epithelial plane,
the centrosome at the conclusion of anaphase is lateral to the nucleus, where the
default scenario requires it to remain until disjunction. However, epithelial cells have
apicobasal polarity and form primary cilia at the apical surface during interphase.
Consequently, during telophase, the centrosome migrates apically and remains there
during interphase. A second deviation from default occurs in the ensuing prophase
migration: instead of a stereotyped 90� arc, the authors found that the migratory
paths of the two centrosomes were in fact highly variable and often asymmetrical,
resulting in a variety of positions in prometaphase. Since the final metaphase spindle
was robustly parallel to the epithelial plane (within 10�), it is likely that spindle
rotation (a third deviation) also took place. More recent studies in chick
neuroepithelium demonstrated similarly that, following apical centrosome disjunc-
tion, highly variable centrosome separations were corrected by spindle z-plane
rotation early in metaphase to generate a planar orientation, while at the same time
x-y rotations (within the plane) appeared to be random (Peyre et al. 2011). Similar
observations with respect to centrosome migration during mitosis have been made in
other epithelial cell types (Rattner and Berns 1976; Zeligs and Wollman 1979), and a
similar rotational correction has been observed in algae (Bisgrove and Kropf 1998).
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Examples of asymmetric centrosome migration can also be found in systems of
asymmetric cell division. In the mitoses ofDrosophila larval neuroblasts, the spindle
is oriented along the apicobasal axis, and an asymmetric division generates an apical
neuroblast and a basal neuroglial progenitor cell. The neuroblast then repeats this
division in the same orientation, in violation of the default process. In the prophase
of this mitosis, the disjoined centrosomes take very different paths: the daughter
centrosome makes only short-range movements and remains in its apical position,
while the mother centrosome begins a series of rapid, irregular motions culminating
in a basal localization (Rebollo et al. 2007), thereby creating the axis that determines
the spindle orientation. The asymmetric division of Drosophila male germline stem
cells offers a similar example, although in this case the centrosome disjunction
occurs in interphase rather than prophase (Yamashita et al. 2007). A third example
occurs in the embryos of the ascidian Phallusia mammillata. In the dorsal midline of
the blastula of this species, NNE cells have a spindle aligned with the animal–vegetal
axis, producing an NN cell on the animal side and an E cell on the vegetal (Fig. 7.5).
The E cell, with an interphase centrosome facing the vegetal pole, then divides with a
spindle again on the animal–vegetal axis, representing a deviation from default. As
in the case of Drosophila neuroblasts and germline stem cells, one of the disjoined E
cell centrosomes remains at its original vegetal location during prophase, while the
second centrosome moves 180� to the animal side, providing for the necessary
spindle orientation (Fig. 7.5) (Negishi and Yasuo 2015).

In contrast to these systems in which atypical centrosome migration plays an
important role, a number of deviations from default spindle positioning can be
primarily attributed to spindle rotation in metaphase. One example is the division of
the NN cell in the ascidian embryo (Fig. 7.5) (Negishi and Yasuo 2015). A second
example takes place in the stem cell niche of Drosophila neuroepithelium. Embryonic
neuroblasts (distinct from the larval neuroblasts discussed above) initially form a
spindle parallel to the epithelial plane (similar to their neighboring epidermoblasts).
This spindle then rotates 90� so that it lies perpendicular to the epithelial plane, leading
to an asymmetric division between an apical daughter, which retains stem cell
character, and a basal neural progenitor cell (Kaltschmidt et al. 2000). In its subsequent
divisions, however, the apical daughter directly generates perpendicular spindles
without the need for rotation (Rebollo et al. 2009). A third example is found in the
keratinocytes of developing mouse epidermis. Individual basal keratinocytes are able
to choose between a spindle orientation parallel to the basement membrane and a
perpendicular orientation leading to the stratification of the epithelium (Poulson and
Lechler 2010). The authors showed that interphase centrosomes did not migrate in this
system and also that spindle orientation was random at prometaphase. They inferred
that final spindle orientations must be determined by rotation in metaphase, and they
supported this interpretation by demonstrating metaphase rotations in cultured
keratinocytes. A similar use of metaphase rotation to correct random prometaphase
spindle alignment occurs during the asymmetric division of the Drosophila sensory
organ precursor cell (Bellaiche et al. 2001). Finally, the first three rounds of cell
division in C. elegans embryos afford three instances of 90� rotation, although in each
case the rotating object is not the spindle but rather a combined nucleus-centrosome
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complex, just prior to NE breakdown. These rotations occur in the zygotic division,
which creates an AB cell and a P1 cell, the division of P1, creating P2 and EMS, and
the division of EMS (Fig. 7.6) (Galli and van den Heuvel 2008). The nucleus and
centrosomes usually rotate as a unit, but in some cases the motions of the two
centrosomes are not coordinated (Hyman and White 1987). Notably, for both the P1
and EMS rotations, the choice between clockwise and counterclockwise rotation was
random (Hyman and White 1987), as was also the case for the ascidian NN cell
mentioned above. However, in the ascidian case, this choice of rotational direction was
correlated between the two bilaterally symmetric NN cells (Negishi and Yasuo 2015),
suggesting a role for intercellular or tissue-level signaling in the control of spindle
rotation.

These dramatic spindle rotations might conceivably be governed by special
mechanisms required for specific developmental events. The evidence suggests
that, at least with respect to the mechanism of force generation, this is not the
case: the NuMA-dynein cortical pulling mechanism used to stabilize metaphase
spindles in most cells is also used in cases in which rotational reorientation is
required. However, in the asymmetric cells in which these reorienting spindles are
observed, the mechanism has an added feature: the force generators are asymmetri-
cally localized to cell cortex. The asymmetric localization of LGN and NuMA has
been implicated in the spindle rotations observed in Drosophila embryonic
neuroblasts (Yoshiura et al. 2012), mouse epidermis (Poulson and Lechler 2010;

Fig. 7.5 Deviations from default spindle positioning in an ascidian embryo. The dorsal midline of
the blastula of Phallusia mammillata contains pairs of bilaterally symmetric NN and E cells. The
right NN and right E cells are depicted in dorsal view. The NN cell deviates from default positioning
by rotation of its spindle, while the E cell deviation is the result of asymmetric centrosome migration
in prophase. In both cells, the final spindle orientation is identical to that of their mother NNE cell
(i.e. parallel to the animal-vegetal axis)
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Williams et al. 2014), and the C. elegans one-cell embryo (Park and Rose 2008).
Asymmetric NuMA (but not LGN) localization is also implicated in the Drosophila
sensory organ precursor (Segalen et al. 2010). NuMA is also required, but without
asymmetric localization, for rotation in the C. elegans EMS cell (Heppert et al. 2018;
Liro and Rose 2016). In ascidian NN cells, an asymmetric cytoplasmic distribution
of dynein is implicated in spindle rotation, but whether or how this dynein is
anchored has yet to be determined (Negishi and Yasuo 2015). Finally, translational
and rotational spindle positioning may be governed by similar pathways: in budding
yeast, a translational movement of the spindle into the mother bud neck is mediated
by cortical dynein anchored by Num1 (Omer et al. 2018), which functions analo-
gously to NuMA, although it is not a NuMA structural homlog (Greenberg et al.
2018).

Fig. 7.6 Spindle positioning in the C. elegans embryo. The embryo is seen in side view, with
anterior to the left. In the zygote (a) and P1 cell (d), paired arrows indicate the rotation of the
nucleus-centrosome complex. In the zygote, this complex includes the two pronuclei. (b) After
rotation, the complex moves posteriorly to create an off-center spindle. (c–f) The AB cell generates
ABa and ABp, while P1 generates P2 and EMS. Arrows in AB (c), P1 (c), and ABa (f) indicate the
path of centrosome migration. (c, f) Signaling via cell-cell contact is indicated by black bars linked
to short arrows that indicate the direction of instruction. (c) contact with P1 controls spindle
direction in AB. (f) contact with both the larger ABp and the smaller EMS controls the orientation
of the ABa spindle, which points into the page along the left-right axis (g). Wnt signals generated by
P2 (f) lead to rotation of the nucleus-centrosome complex in EMS (black arrows), generating a
spindle along the anterior-posterior axis (g)
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These studies imply that anisotropic information, supplied by either intrinsic or
extrinsic signals, flows to spindle pole centrosomes via the asymmetric localization
of force generators. What links the information-bearing signals to motor localiza-
tion? Two conserved pathways of polarity-regulating proteins have been broadly
implicated in cell polarization that governs spindle orientation in metazoans: the
planar cell polarity (PCP) pathway, which is commonly activated by Wnt ligands,
and the PAR (partitioning-defective) pathway (Devenport 2016; Lu and Johnston
2013; McCaffrey and Macara 2012; Smith et al. 2017). Components of these
pathways (polarity proteins) can support cell polarization by self-organizing into
distinct, mutually excluding cortical domains. PCP signaling, for example, is
required for NuMA localization and spindle orientation in the Drosophila sensory
organ precursor, as well as zebrafish gastrula (Segalen et al. 2010). PAR signaling is
required for spindle orientation in C. elegans one-cell embryos (Gotta et al. 2003),
and differences in PAR signaling account for the distinct spindle orientations in
Drosophila embryonic neuroblasts compared to their epithelial neighbor cells
(McCaffrey and Macara 2012). Cortical PAR complexes can asymmetrically local-
ize the ternary complex through their ability to bind LGN via the adapter Inscuteable
(Mapelli and Gonzalez 2012). Cooperation between the PCP and PAR pathways is
necessary for spindle control in both Drosophila sensory organ precursor (Besson
et al. 2015) and developing mouse epidermis (Williams et al. 2014). However, while
the control of motor localization and activity is necessary for correct spindle
orientation, it may not be sufficient. It is possible that independent mechanisms
predetermine the final spindle axis and thereby control the extent of rotation, as has
been suggested for the C. elegans embryo (Hyman and White 1987). Recent
optogenetic studies in the C. elegans embryo addressed the question of NuMA
sufficiency by targeting NuMA to specific cortical regions (Fielmich et al. 2018).
In the zygote, mislocalized NuMA initially reoriented the spindle, but in late mitosis
the correct orientation was restored, consistent with the notion of an independent
axis-determining constraint. However, in two-cell embryos, this restoration did not
occur. This system may provide unique opportunities to examine the interaction
between distinct polarity-determining mechanisms.

While dynein-independent forces may contribute to spindle repositioning, evi-
dence for them is currently limited. One well-studied example is provided by the
C. elegans one-cell embryo, in which the spindle undergoes a translational shift from
the cell center toward the posterior end, generating asymmetric daughter cells of
unequal size (Fig. 7.6b, c). This spindle movement is driven in part by force
generated by cytoplasmic flow, in addition to a contribution from MT-dependent
dynein pulling force (Saturno et al. 2017). Specifically, initial asymmetry in the cell
(created by sperm entry at the posterior end) leads to asymmetric distribution of
cortical actomyosin-based contractility, producing anteriorly directed cortical flow
that in turn results in a posteriorly directed flow of interior cytoplasm (Hird and
White 1993), which helps to push the spindle posteriorly. Similar off-centering of
the spindle is likely to be required in other situations of unequal cleavage, as
commonly occurs in many protostomes, by mechanisms yet to be determined.
Recent further studies in the C. elegans embryo provide evidence that myosin-
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driven cortical flow can control spindle orientation in a manner that is independent of
dynein and MT-dependent forces (Sugioka and Bowerman 2018). In this study,
Sugioka and Bowerman showed that, in two-cell embryos, the spindle orientation in
AB cells is unaffected by either the depletion of LGN (and hence cortical dynein) or
the depolymerization of MTs but is dependent on actin and myosin. Furthermore,
treatments (discussed below) that induced accurate spindle orientation in isolated
AB cells also triggered asymmetric myosin flow similar to that observed in vivo,
suggesting that the spindle was oriented by flow.

Some progress has been made, then, with respect to how information is “read”
into mitotic centrosomes. But what is the nature of this information? Anisotropic
cues are potentially available from cell geometry or internal organization (intrinsic
cues), as well as from a host of external sources, including adhesion patterns,
intercellular junctions, signals from neighboring cells, and tissue-scale mechanical
forces. In zygotes, spindle orientation can be governed by both intrinsic information,
such as the animal–vegetal axis in eggs (Sardet et al. 2007), and extrinsic cues, such
as the sperm entry site in C. elegans (Galli and van den Heuvel 2008). In the
C. elegans system, some of the cues and signaling pathways that control spindle
orientation have begun to be elucidated. In particular, in the four-cell embryo, the P2
cell signals to the neighboring EMS cell via the paracrine factor Wnt (Fig. 7.6f) and,
in a separate, parallel pathway, the receptor Mes-1 in order to drive a 90� spindle
rotation (Liro and Rose 2016). Members of the Wnt family are initiating signals for
PCP polarity signaling, so similar cues from neighboring cells may play a role in
many systems in which PCP signaling has been shown to control spindle orientation.

Can asymmetric information be conveyed other than by intercellular signal
transduction? Adhesions and intercellular junctions are a potential source of such
information, but they are experimentally difficult to assess since, for example, the
disruption of physical contact may have nonspecific effects. In their study of
C. elegans embryos, Sugioka and Bowerman developed an interesting alternative
approach: the use of adherent beads as substitutes for neighboring cells (Sugioka and
Bowerman 2018). When isolated AB cells were paired with a bead, their spindle
oriented parallel to the bead, exactly as if the bead were a P1 cell. They next
examined the daughter of AB, ABa, which is flanked by two cells of unequal size
and normally divides along a left-right axis that is parallel to its neighbors but
orthogonal to the spindle of its mother AB cell. Remarkably, correct spindle
orientation was recovered in an isolated ABa cell only when it was paired with
unequal beads resembling its normal neighbors. While these data do not yet reveal
the nature of the signals conveyed to ABa, they are compelling evidence that cell–
cell adhesive contact per se, in the absence of any specific extrinsic signal, can
supply sufficient information to guide spindle orientation. Interestingly, the authors
proceeded to employ the same method to examine the EMS cell, which as we have
seen is normally instructed by P2 to rotate its spindle. When EMS was paired with a
bead plus cells other than P2, its spindle was instructed by the bead in a manner
similar to AB and ABa: that is, it oriented parallel to the bead. But when EMS was
paired with a bead plus P2, it rotated its spindle to point toward P2, exactly as in situ,
and this orientation was Wnt-dependent. Thus, EMS responded both to contact and
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to Wnt, but when the two signals conflicted, the Wnt signal was dominant. This
study, then, provides the first evidence of a possible hierarchy of extrinsic cues, in
which one cue may override another.

Cues from adjacent cells were also explored for their potential to control the
asymmetric migration of prophase centrosomes in the E cells of the ascidian embryo
(Negishi and Yasuo 2015). Ablation of neighbor or near-neighbor cells generated a
variety of effects on centrosome migration. The interpretation of the authors was that
asymmetric migration was likely governed by an intrinsic signal related to E-cell
shape, which in turn was affected by the ablation of nearby cells, rather than by
signaling derived from cell–cell contact.

Cells often need to adjust spindle orientation based on information that is
anisotropic but not necessarily asymmetric. A cell dividing in a monolayer faces
this situation, for example, in determining the direction for its spindle within the
plane of the monolayer. It would seem both mechanically and energetically favor-
able for the cell to divide across its longest axis, and a century ago this was proposed
as a rule by Hertwig (1884). But if the cell is sensing its shape as a cue, what is the
source of information? One possibility is that the cell collects global shape data via
its MT asters; another is that it identifies landmarks, such as junctions or adhesions.
To experimentally distinguish these mechanisms is challenging since alteration of
adhesion, for example, is likely to alter shape. By using micropatterned substrates,
however, it is possible to maintain cell shape while varying adhesion pattern, and the
results clearly identify adhesions, rather than global shape, as a cue for spindle
orientation (Thery et al. 2005). A more recent study has identified tricellular junc-
tions, which accumulate NuMA, as a cue (Bosveld et al. 2016, 2018). The problem
arises that when the cell enters mitosis, it rounds up, profoundly altering its shape,
adhesions, and junctions. However, there is compelling evidence that the original
information is not quite lost: retraction fibers persist, generating cortical cues that can
guide spindle orientation (Fink et al. 2011; Thery et al. 2005). These cues likely
involve actin filaments, which may indirectly recruit NuMA and dynein via
Slk-activated ERM proteins (Machicoane et al. 2014). Nevertheless, while these
cortical cues might suffice to enforce a planar spindle orientation, it seems that they
are not the only input to the spindle. A recent study of the columnar epithelium in
Drosophila gastrulae revealed that when the rounding up of the mitotic columnar
cells was inhibited by blocking myosin activity, the spindle oriented perpendicular to
the plane, as if obeying a Hertwig-rule geometric instruction (dividing so as to bisect
the long axis) rather than the cortical cues, even though the cortical localization of
LGN (Pins in Drosophila) remained unaffected by myosin depletion (Chanet et al.
2017). This study represents, then, another example of the potentially hierarchical
nature of orientation cues, as in the case of the override by Wnt signaling in the
C. elegans EMS cell. It seems plausible that in stratified epithelia such as mamma-
lian epidermis, in which spindles perpendicular to the plane are necessary for tissue
renewal, a similar override may be mediated by PCP signaling (Poulson and Lechler
2010; Williams et al. 2014). The notion of cell geometric cues operating in the
absence of cortical cues is also consistent with studies of spindle orientation in large
eggs (Minc et al. 2011). From this point of view, the centrosome at the spindle pole
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represents an integration point for multiple streams of information flow. How these
streams of input are sorted, organized, and prioritized will be a fascinating area for
further investigation.

7.4.4 The Mitotic Centrosome as Information Reader:
Centrosome Asymmetry

While the symmetry of the spindle around its equator is apparent, it is never absolute:
mother and daughter centrosomes have distinct histories and features (Piel et al.
2000), and this asymmetry can potentially be exploited as a means for an asymmet-
rically dividing cell to collect and transmit information from asymmetric cues. It is of
interest, for example, to determine in cases of asymmetric stem cell division whether
one daughter cell preferentially acquires a mother or daughter centrosome. Remark-
ably, in five out of the six such systems that have been examined, asymmetric
centrosomal inheritance indeed takes place. In mitoses of Drosophila neuroblasts
(Januschke et al. 2011, 2013) and female germline stem cells (Salzmann et al. 2014),
the daughter cell that retains stem character also retains the daughter centrosome. On
the other hand, in mitoses of Drosophila male germline stem cells (Yamashita et al.
2007), as well as the radial glial progenitor cells of developing mammalian neocor-
tex (Wang et al. 2009) and also mammalian embryonic stem cells (Habib et al.
2013), the daughter cell with stem character retains the mother centrosome. Inter-
estingly, retention of the mother centrosome in embryonic stem cells is triggered by
asymmetric Wnt signaling (Habib et al. 2013). In addition, in budding yeast, the
mother cell retains the mother spindle pole body (Lengefeld and Barral 2018). The
lone counterexample among the stem cell systems is the granule neuron progenitor
of developing mouse cerebellum (Chatterjee 2018).

Neither the mechanism nor the functional significance of asymmetry in centrosomal
inheritance is as yet well understood. The molecular nature of the asymmetry is
incompletely characterized and, as a consequence, tools for its manipulation are still
largely lacking. The mother centrosome, as discussed later, is responsible for the
formation of primary cilia, and cells inheriting the mother centrosome can form such
cilia more quickly, perhaps leading to differential signal transduction in daughter cells
(Anderson and Stearns 2009; Paridaen et al. 2013). Another possibility is that the
centrosomes carry distinct cargo to the two daughter cells. Proteins destined for
proteasomal breakdown have been observed to specifically associate with one of the
two centrosomes in the cell (Fuentealba et al. 2008), as have selected mollusc embry-
onic mRNAs (Lambert and Nagy 2002), although it was not determined if these were
mother or daughter centrosomes. When asymmetric centrosome inheritance in the
neocortex was disrupted by the depletion of ninein, a MT-nucleating protein found
preferentially in mother centrosomes, radial glial progenitor cells were lost from the
ventricular zone (Wang et al. 2009), suggesting that important functional distinctions
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exist between older and younger centrosomes. The impact of centrosomal inheritance
on daughter cell fates is a promising area for future investigation.

7.5 Centrosome Positioning and Cell Polarity

While the mitotic centrosome serves as a focal point for the control of mitotic
polarity, the interphase centrosome responds to and transmits information guiding
polarized cellular activity. The interphase centrosome is uniquely suited to this
function as it is distinctly localized and persistently unitary: although it contains
two centrioles that can be separated by several μm in G1 phase, this intercentriolar
distance is fairly stable (within approximately 1 μm) and, perhaps more importantly,
the mother centriole, which performs the bulk of interphase MT nucleation, main-
tains a stable position in the absence of external stimuli (Piel et al. 2000).

The polarized functions associated with centrosome positioning include direc-
tional responses to migratory stimuli, apicobasal polarity in epithelia, morphogenetic
polarity in development, planar polarity in ciliary positioning, and polarized cell–cell
interaction in the case of the immunological synapse. Interacting with several of
these processes is a polarized cellular feature that is present in most eukaryotic cells:
the primary cilium, whose formation is organized by the mother centrosome that
serves as its basal body. While the functions of primary cilia are still in an early stage
of characterization, this structure may represent the most direct and unambiguous
link between the centrosome and cellular polarity. Consideration of the control of
ciliation with respect to centrosome positioning will serve as a useful introduction to
a further discussion of polarized functions.

7.5.1 Centrosome Migration During Cilia Assembly
and Disassembly

Formation of a primary cilium has classically been viewed as a hallmark of
postmitotic cells in vertebrate systems. However, proliferating cells can form cilia,
although they must be transiently removed during mitosis (Plotnikova et al. 2009;
Wheatley et al. 1996). Cilia are also not uniformly detected in postmitotic tissues
(D’Angelo and Franco 2011) or on cultured cells upon cell cycle exit (Vorobjev and
Chentsov Yu 1982; Wheatley et al. 1996), and cell culture settings can affect cilium
formation in ways that are cell type dependent and not understood (Strugnell et al.
1996). Thus, both ciliation and deciliation are subject to complex regulation by
mechanisms that are only beginning to be investigated.

Ciliation involves the transition of the mother centriole into a basal body docked
at the plasma membrane and therefore requires centrosome positioning at the
membrane. While specific signals that trigger this centrosome movement have not
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been elucidated, some evidence has been obtained with respect to the forces
involved. In C. elegans, a primary cilium forms in the dendrites of sensory neurons,
requiring centrosome migration from cell body to dendrite. A recent study showed
this migration to be partly dynein dependent, suggesting a role for MT pulling forces
(Li et al. 2017). On the other hand, MT pushing forces have been implicated in
studies of centrosome migration during ciliation induced by serum withdrawal in
micropatterned retinal epithelial (RPE1) cells. The authors demonstrated that cen-
trosome migration in the apical direction was associated with MT stabilization and
the formation of dense MT bundles oriented between the centrosome and the basal
pole of the cell, suggesting that MTs were pushing off the basal cortex to move the
centrosome apically (Pitaval et al. 2017). Consistently, migration was enhanced by
treatments that stabilized MTs or promoted MT growth. They also showed that the
depletion of a specific centrosomal protein, the distal appendage protein CEP164,
prevented both MT stabilization and migration. Since CEP164 has also been linked
to ciliogenesis effector functions and to the regulation of epithelial-mesenchymal
transition (Slaats et al. 2014), this finding may provide an avenue for the investiga-
tion of centrosomal functions that link ciliogenesis with other cellular pathways. In
addition, the authors found that migration was dependent on kinesin-2, which hints
at a second possible pushing mechanism. Kinesin-2 is plus end directed and so, if
anchored, could potentially exert pushing force toward the centrosome. Kinesin-1,
also plus end directed, interacts with nesprin-4, which is bound to the NE by a SUN–
KASH interaction. This interaction has been shown to generate a large centrosome
displacement from the nucleus in nesprin-4-overexpressing cells (Roux et al. 2009).
Several studies have implicated nesprins in cilia formation (Dawe et al. 2009; Pitaval
et al. 2017). Finally, the migration to the plasma membrane may also be regulated at
its final stage: the docking of centrioles to the membrane [see Wang and Dynlacht
(2018) for a recent review of the docking mechanism]. An interesting series of recent
studies suggests that centrosome migration during ciliogenesis depends on docking
signals mediated through meckelin, a receptor that may interact with PCP signaling
and actin modulation (Adams et al. 2012; Dawe et al. 2007b, 2009).

While the ciliating centrosome must always reach the plasma membrane, there are
cell types, including fibroblasts and also retinal epithelial cells, in which it does not
reach the cell surface. In these cells, vesicles are recruited to the centrosome within
the first hour of serum withdrawal and fuse to form a ciliary vesicle docked to the
mother centriole, which initiates the growth of axonemal microtubules into this
vesicle while the assembly is still cytoplasmic (Kobayashi et al. 2014; Lu et al.
2015; Schmidt et al. 2012; Westlake et al. 2011). When the elongated vesicle finally
fuses with the plasma membrane, the result is a deeply invaginated pocket, with the
centriole/basal body at its base. In contrast to this “intracellular pathway,” in some
epithelial cell types the centrosome first migrates to the cell surface, then docks at the
plasma membrane and initiates cilium formation (extracellular pathway) (Wang and
Dynlacht 2018). Regulation of ciliation, then, is not only a matter of “when” but also
“how.” Interestingly, the depletion of centriole proteins needed for the formation of
subdistal appendages, a structure unique to the mother centriole, abolishes the
intracellular pathway. The mutant mother centriole separates from the daughter
(in contrast to normal ciliogenesis, in which the two centrioles retain their
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association), moves away from the Golgi complex (which may normally provide
vesicles needed for ciliary vesicle formation), and docks at the plasma membrane to
generate a cell surface cilium (Mazo et al. 2016). These studies provide important
new tools for the investigation of centrosome dynamics.

The basal bodies generated by the intracellular pathway typically remain close to
the nucleus, and it remains to be established to what extent, in these cells, centro-
some association with the nucleus is altered. In ciliated fibroblasts, or other cells
using this pathway, retention of the basal body in a paranuclear position might
facilitate migratory responses that depend on centrosome-nucleated MTs, as well as
transitions in and out of mitosis, by eliminating the need for “shuttling” to and from
the cell surface. Even in ciliated proliferating epithelial cells (Alieva and Vorobjev
2004; Reinsch and Karsenti 1994), as well as in the micropatterned retinal epithelial
cells treated by serum withdrawal (Pitaval et al. 2017), the final apical position of the
centrosome is also not very distant from the nucleus, and most if not all of the
centrosome migration may consist of movement along the NE. Certainly in ciliated
epithelial and neuronal tissues in situ, apically localized basal bodies can be consid-
erably separated from the nucleus (Alieva and Vorobjev 2004; Carvajal-Gonzalez
et al. 2016a; Spear and Erickson 2012), but this positioning likely reflects a complex
program of apicobasal polarization (Rodriguez-Boulan and Macara 2014) that has
not been fully recapitulated in the cell culture systems that have been used to study
ciliogenesis. The extension of these studies to systems that more fully capture
epithelial maturation will likely yield important insight into mechanisms that govern
centrosome positioning.

The reverse movement of centrosomes during deciliation is not well studied.
Deciliation can be triggered by mitogenic stimulation, for example, via the PDGF
receptor, which leads to the activation of the Aurora A kinase (Nielsen et al. 2015).
As discussed earlier with respect to mitotic entry, Aurora A localizes to centrosomes
in G2, coincident with a wave of ciliary resorption (Plotnikova et al. 2009). Aurora A
is both necessary and sufficient for deciliation, and it is also active early in G1 phase
after mitogenic stimulation, at the time of another wave of resorption (Plotnikova
et al. 2009). Intriguingly, while the cilium is completely disassembled prior to
mitotic entry, the same is not always true for the ciliary vesicle. An endocytosed
remnant vesicle remains attached to the mother centriole throughout mitosis, enhanc-
ing the previously discussed advantage possessed by the mother centriole with
respect to the rapidity of reciliation in the daughter cell to which that centriole passes
(Paridaen et al. 2013). This persistence of docking through mitosis is not universal: it
was observed in two mammalian cell lines, as well as developing neocortex, but in
the latter case persistence waned as development progressed (Paridaen et al. 2013).

7.5.2 Centrosome Positioning During Directional Migration

Directional migration is the polarized function that has been most intensively studied
with respect to linkage to centrosome positioning. The systems in which this linkage
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has been examined include slime molds, fish keratocytes, and mammalian neurons,
astrocytes, fibroblasts, leukocytes, and epithelial cells, among others. While many
years of effort have revealed mechanisms through which centrosome position and
migratory polarization may be connected, a number of fundamental questions
remain unsettled.

One question is whether there is such a thing as a nonpolarized cell, with respect to
migratory direction. Experimentally, polarization is assessed in response to a stimulus.
But are unstimulated cells devoid of any substructure (such as an oriented centrosome)
that biases the direction of migration? Early studies in the slime mold Dictyostelium,
which moves by an amoeboid process of pseudopod extension, suggested that the
centrosome did not bias the cell: in a randomly migrating cell, the production of a new
pseudopod, in a new direction, was not preceded by an orientation of the centrosome
in the new direction. In fact, after new pseudopod initiation, an average of 12 s elapsed
before centrosome orientation to the new direction began (Ueda et al. 1997). This
centrosome orientation, however, was necessary for the pseudopod to persist. When
the cells were induced to turn using a chemotactic stimulus, centrosome orientation
lagged similarly. The results were consistent with random (nonpolarized) choices of
direction, followed by centrosome-mediated stabilization. More recent studies with
Dictyostelium, however, showed that the “random” migration is not a random walk
because turns in one direction tend to be followed by turns in the other, resulting in a
degree of persistence (Li et al. 2008), as later shown also for amoeboid migration in T
cells (Liu et al. 2015). Amoeboid migration in newt eosinophils also shows directional
persistence, with a leading centrosome, and persistence was lost upon centrosome
ablation (Koonce et al. 1984). The authors of the Dictyostelium study suggested that
the cell has an “intrinsic vector” that biases its next change of direction and hypoth-
esized that this vector may be based on centrosome position (Li et al. 2008).
Compelling evidence for an intrinsic vector was obtained in studies of neutrophil-
like HL-60 cells, when “undirected”migration was induced by uniform treatment with
a chemokinetic factor (Xu et al. 2007). The authors first determined the nucleus–
centrosome axis prior to treatment. The subsequent-induced migration displayed a
clear directional bias with respect to this axis. Remarkably, this bias was not along the
axis, but rather to its left, implying that migratory direction was influenced by a chiral
substructure of which centrosome position represented a component (Fig. 7.7a, b).
Unlike most mammalian cells, neutrophils share withDictyostelium an amoeboid style
of locomotion. Might a chiral centrosome-based entity direct alternating turn polarities
during amoeboid migration, perhaps by rotations or inversions of the chiral structure?
Do similar “intrinsic vectors” or chiral substructures exist in other cells, including
those that undergo mesenchymal locomotion, involving lamellipod extension? In fact,
multiple cell lines show evidence of chirality during polarization on micropatterns and
in 3D cultures, suggesting that chirality may be a universal cell property (Fig. 7.7c, d)
(Chen et al. 2012; Chin et al. 2018; Wan et al. 2013). Further investigation in this area
promises to be quite interesting.

A second basic question is: to what position do centrosomes move when a cell
polarizes in response to a directional migratory stimulus? Many early studies of
centrosome behavior, employing wound (scratch) migration assays in a variety of
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mammalian cells, observed that centrosomes became positioned on the side of the
nucleus nearest the leading edge of the migrating cell (Etienne-Manneville and Hall
2001; Euteneuer and Schliwa 1992; Gotlieb et al. 1981; Gundersen and Bulinski
1988; Kupfer et al. 1982). Initially, these observations suggested a movement of the
centrosome to a position “ahead of the nucleus,” from which it could support
migration. However, more careful examination in epithelial cells showed that
throughout the wound response, the centrosome remained at the cell centroid, or
sometimes slightly behind it, either in the presence or absence of nuclei (Euteneuer
and Schliwa 1992). The authors suggested that the shift in the nucleus–centrosome
relationship was unimportant and that instead the centrosome should be seen as
simply tracking the cell centroid, which gradually moved in the direction of the
extending lamellipod at the leading edge. Similar findings were later obtained with
fibroblasts (Gomes et al. 2005). The relevance of being “ahead” of the nucleus was
further downgraded by the discovery that in these wound assays, the centrosome
could be found either ahead of or behind the nucleus, depending on the cell line, the
substrate, or the expression of cadherins (Dupin et al. 2009; Schutze et al. 1991; Yvon
et al. 2002). Subsequently, the centrosome (or the Golgi complex, which is generally
adjacent to the centrosome) was found to be in the rear of migrating cells observed in
situ in the lateral line primordium of zebrafish and also in cells on one-dimensional
micropatterned tracks (Pouthas et al. 2008). In these systems, the Golgi complex/
centrosome appears to be considerably behind the cell centroid. The authors observed
that as they widened the micropatterned track on which cells migrated, thus
approaching the two-dimensional conditions used in the earlier wound studies, the
Golgi position gradually tended to shift from rear to front, confirming the importance
of cellular environment with respect to the organization of cellular polarity. Migra-
tory behavior on one-dimensional tracks showed similar properties to migration in
three-dimensional matrices, in which rear-positioned centrosomes were also
observed (Doyle et al. 2009). However, front-facing centrosomes are not only

Fig. 7.7 Centrosome positioning linked to chirality, Part 1. (a, b) Centrosome position defines
chirality in polarizing HL-60 neutrophil-like cells (Xu et al. 2007). The axis formed by the nucleus
and centrosome prior to polarization is shown as a dotted line in (a). An “intrinsic vector” of
polarization (green arrow) is inferred from the subsequent axis of polarization (b) formed upon
treatment with fMLP. (c, d) Chiral patterning in mammalian cells grown on ring-shaped
micropatterns (half the micropattern is shown) (Wan et al. 2011). Different cell types display either
a counterclockwise (c) or clockwise (d) alignment. Centrosomes are shown in red
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found in wound assays: they are also observed, for example, in migrating neurons in
developing neocortex (Dantas et al. 2016) and in a majority of migrating epithelial
cells in the peripheral cornea (Silverman et al. 2017), among others [reviewed in
Luxton and Gundersen (2011)]. Thus, centrosome positioning is highly context-
dependent during migration, as has also been observed inDictyostelium (Sameshima
et al. 1988). It should also be emphasized that in most of these studies, the reported
organelle localizations are statistical, with considerable variation among cells. In a
recent in vivo study in medaka fish, centrosomes in migrating leukocytes were
observed to continually change their position from front to rear, in a manner that
correlated with localized actin accumulation (Crespo et al. 2014). Similar switching
between front and rear, but with a pronounced rearward preference, was also recently
observed with respect to the position of the Golgi complex in breast epithelial cells
migrating on one-dimensional micropatterns (Natividad et al. 2018). The authors also
noted that a substantial fraction of these cells did not switch but appeared instead to be
committed to either a front or rear Golgi position. Cells, then, may be able to choose
not only between alternative centrosome/Golgi positions but also between “commit-
ted” and “plastic” positioning. Interestingly, when cells on one-dimensional tracks
were amputated at each end, so that the centrosome was closer to one cut end, 78% of
cells migrated toward the cut end that was distal to the centrosome, suggesting that the
cell “interprets” the centrosome position as the rear end (Zhang andWang 2017). This
finding comports with unpublished studies that argue for rear-end migratory steering
based on observations of asymmetries in myosin distribution and actin flow in cells
that persistently turn as they migrate (Allena et al. 2018). It is possible that a default
mechanism positions the centrosome rearward to participate in directional control but
that final positioning depends on the interaction of this mechanism with additional
regulatory networks, polarizing stimuli, and/or mechanical constraints in ways that
have yet to be elucidated.

A third question is how the positioning of the centrosome is controlled during
migration. The forces acting on the centrosome are most likely MT pulling forces,
mediated by dynein, rather than actomyosin forces [although these have been
implicated in the case of glial-guided neuronal migration (Solecki et al. 2009)]. In
wound models using multiple cell types, centrosome reorientation toward the wound
is abolished by MT-depolymerizing drugs, even at low concentrations that preserve
the MT cytoskeleton, while treatments that depolymerize actin, or that either inhibit
or activate the upstream actomyosin regulators Rac and Rho kinase, had no effect on
centrosome position, although they efficiently blocked lamellipodia formation and
cell migration (Etienne-Manneville and Hall 2001; Gotlieb et al. 1983; Liao et al.
1995; Palazzo et al. 2001). During polarization, a prominent network of stabilized
MTs with modified tubulin forms between the centrosome and the leading edge.
However, this stabilized network is not required for centrosome reorientation
(Palazzo et al. 2001). Inhibition of dynein by antibody injection or by dynamitin
overexpression leads to mislocalization of the centrosome in wound models, con-
sistent with a role for dynein pulling forces in centrosome orientation (Etienne-
Manneville and Hall 2001; Palazzo et al. 2001). Subsequent live-imaging studies
suggested that dynein is needed in order to free the centrosome from nuclear
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restraint: in dynein-inhibited cells, the application of a polarizing stimulus causes the
centrosome to move backward from the cell centroid, accompanying the nucleus as
an apparently passive passenger, in contrast to its normal positioning ahead of the
nucleus (Gomes et al. 2005). The rearward movement of the nucleus, which is
characteristic of wound models with front-facing centrosomes, was not affected by
dynein inhibition, indicating that centrosome reorientation is independent of nuclear
positioning, consistent with the observed dependence of nuclear, but not centrosome
movement on actomyosin (Gomes et al. 2005). As discussed earlier, however,
dynein inhibition also leads to centrosome off-centering in nonmigrating cells
(Burakov et al. 2003; Wu et al. 2011), and therefore the effects of dynein inhibition
in polarizing cells could reflect effects on a baseline positioning mechanism, such as
cytoplasmic astral pulling forces. It remained uncertain from these studies, then,
whether polarization generates a new source of dynein pulling force.

Support for a polarized dynein mechanism came from studies of cortical localiza-
tion of dynein in migrating cells. In front-facing wound models, polarization is
accompanied by the accumulation of dynein, and its cofactors dynactin and LIS1,
at the leading edge (Dujardin et al. 2003;Manneville et al. 2010). A component of this
accumulation consists of puncta of dynein that are independent of actin polymeriza-
tion, consistent with a role in centrosome positioning. These results suggested a novel
pathway of cortical dynein localization in polarizing cells. Subsequent studies forged
connections between leading-edge dynein and polarity pathway signals that are
critical for both centrosome orientation and cell migration. Previous work in wound
models had established that the Rho family GTPase, Cdc42, acts as a key upstream
signal in these systems (Etienne-Manneville and Hall 2001; Palazzo et al. 2001),
linking detection of spatial cues, perhaps provided by integrins (Etienne-Manneville
and Hall 2001), with downstream polarity pathway signals that ultimately govern
centrosome positioning and migration. Upon wounding, Cdc42 becomes activated,
highly expressed and partly localized to the leading edge (Etienne-Manneville and
Hall 2001; Palazzo et al. 2001), where in astrocytes it forms a complex with the
polarity proteins PAR-6 and PKCζ, each of which is essential for centrosome
orientation (Etienne-Manneville and Hall 2001). This complex in turn recruits the
polarity protein Dlg1 to microtubules at the leading edge, which in turn recruits and
binds to the scaffold GKAP. GKAP binds dynein, which also localizes to leading
edge microtubules (Manneville et al. 2010). Both Dlg1-GKAP and GKAP-dynein
interactions are essential to centrosome polarization in the astrocyte wound model
(Manneville et al. 2010). Besides recruiting Dlg1, the PAR-6–PKCζ complex also
recruits the MT-binding protein APC, which interacts with Dlg1 to promote centro-
some orientation, perhaps by the enhancement of dynein localization (Etienne-
Manneville et al. 2005; Manneville et al. 2010) or by the promotion of MT cortical
anchoring or growth (Reilein and Nelson 2005). In addition to the PAR pathway,
signaling through PCP pathway components via Wnt ligands has also been impli-
cated in centrosome and Golgi repositioning in a fibroblast wound model
(Schlessinger et al. 2007).

These studies in wounded monolayers provide strong evidence that the position-
ing of interphase centrosomes is regulated through the polarity complexes that have
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been established as general mediators of cell polarization throughout the animal
kingdom (Iden and Collard 2008; McCaffrey and Macara 2012). In wounded
fibroblast cultures, another frequent component of polarity complexes, PAR-3,
was also shown to govern centrosome reorientation via an interaction with cortical
dynein (Schmoranzer et al. 2009). Interestingly, in this case, the localization of the
complexes was at cell–cell boundaries rather than at the leading edge, suggesting
that centrosome position in polarizing cells may require orchestration of pulling
forces from multiple directions. In Drosophila, PAR-3 can recruit the centrosome to
the cell cortex if normal PCP signaling is disturbed (Jiang et al. 2015). In the
migrating leukocytes in medaka fish, centrosome orientation depended on the
interaction of PKCζ with both PAR-3 and PAR-6 (Crespo et al. 2014). Disruption
of these interactions led to the preferential localization of the centrosome toward the
front. Collectively, these studies point to the possibility of unraveling links between
specific polarity pathways and positional choices that shape the internal organization
of the migrating cell.

Finally, one may ask: what is the functional significance of centrosome position-
ing during cell migration? While locomotion per se requires only the actomyosin
network, many studies have shown a requirement of the MT network for direction-
ality of migration (Euteneuer and Schliwa 1986; Malech et al. 1977; Yoo et al.
2012). However, there are notable counterexamples (Euteneuer and Schliwa 1984,
1986), and even when directionality is shown to depend on MTs and dynein, these
results do not provide sufficient evidence for a role of centrosome positioning. A
core difficulty is that experimental perturbation of centrosome movement inevitably
involves disturbance of the MT network. The observation that migrating cells can
change Golgi/centrosome positioning without changing direction (Crespo et al.
2014; Natividad et al. 2018) demonstrates that organelle positioning per se cannot
be the only determinant of migratory polarity. It may be that centrosome positioning
in migrating cells has functions unrelated to steering. One possible function is to
control the orientation of primary cilia. Primary cilia orient in the direction of
migration in a number of cell types (Christensen et al. 2008; Mirvis et al. 2018).
Multiple receptors and polarity pathway components localize to the cilium and can
potentially mediate the sensing of chemoattractants, extracellular matrix compo-
nents, or other stimuli related to directional migration (Christensen et al. 2008;
Mirvis et al. 2018). Nevertheless, directed migration can take place in unciliated
cells (Boehlke et al. 2015). A second possibility is that centrosome positioning
changes in order to coordinate regional actomyosin activity, consistent with the
observations in medaka fish leukocytes (Crespo et al. 2014). Finally, perhaps
centrosome position in some systems does not govern direction but rather reinforces
an axis of migration, for example by nucleating axial MTs to enhance vesicular flow
from rear to front. In that case, axial centering of the centrosome may be more critical
than an anterior-posterior position. Overall, with respect to centrosome positioning
in migrating cells, we have learned much about “how” and much less about “why.”
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7.5.3 Centrosome Positioning During Morphogenesis

Developmental processes at the tissue or organ level are frequently asymmetric,
implying a potential role for cellular polarization. Centrosome repositioning has
been shown to be associated with both epithelial and neuronal morphogenesis in
studies conducted both in vivo and in vitro. In several of these systems, the evidence
points to an important morphogenetic role for centrosome localization.

7.5.3.1 Epithelial Morphogenesis 1: Apicobasal Polarity

The maturation of epithelial tissue requires the establishment of apicobasal polarity
(Rodriguez-Boulan andMacara 2014). This process entails centrosome repositioning
to the apical surface, commonly resulting in primary cilium formation, as discussed
earlier. However, the apical translocation of centrosomes takes place in unciliated
epithelia as well, as, for example, in the gut and wing epithelia of Drosophila
(Carvajal-Gonzalez et al. 2016a), the intestinal epithelium of C. elegans (Feldman
and Priess 2012), and also in mammalian epithelial cells under certain culture
conditions (Boehlke et al. 2015; Chin et al. 2018). In mouse duodenal columnar
epithelium, the apical centrosome is on average 1.5 μm from the surface, and cilia are
not in evidence (Taverna et al. 2016). These apical, nonciliated centrosomes are not
associated with the majority of the cell’s MTs (Meads and Schroer 1995). Indeed, in
C. elegans intestine, the apically migrating centrosome seems to play an active role in
handing off its MT-nucleating function to newly forming noncentrosomal
MT-nucleation centers (Feldman and Priess 2012). Apical translocation of centro-
somes can be observed in cultured epithelial cells as they progress to confluency, or
when they are confined as single cells on micropatterns, and in each case the
centrosome movement is MT dependent (Buendia et al. 1990; Pitaval et al. 2017).
These monolayer cultures, however, do not capture certain morphogenetic events
such as lumen formation. When epithelial cells are confined to a circular
micropattern, a lumen forms in the developing cyst, accompanied by apical centro-
some translocation (Rodriguez-Fraticelli et al. 2012). Both processes are dependent
on PKCζ, part of the polarity pathway that regulates centrosome positioning in
migrating cells. Apical translocation was also prevented by the activation of
basolateral actomyosin when confinement was reduced by widening the
micropattern, suggesting that both cytoskeletal and polarity pathways control cen-
trosome positioning. These findings are consistent with earlier work using 3D
epithelial cultures, in which lumen formation was shown to require signaling via
polarity pathway members previously found to control centrosome positioning both
in migrating cells and during primary ciliogenesis, including Cdc42, PAR-3, and
PAR-6 (Bryant et al. 2010). Similarly, studies in C. elegans intestinal epithelium
strongly implicate PAR-3, and to a lesser degree PAR-6, in apical centrosome
migration (Feldman and Priess 2012). Basally located centrosomes in these cells
first migrated to lateral positions with respect to the nucleus and then moved to the
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lateral membranes near PAR-3 foci before proceeding apically. This final apical
movement was PAR-3 dependent. Apical translocation in the nematode intestine
was not actin mediated, although it was dependent onMTs, dynein, and unc-83, a NE
KASH protein (Feldman and Priess 2012). Collectively, these studies are consistent
with the notion of a polarity-pathway-mediated MT-dependent mechanism for the
positioning of centrosomes that may have common features in multiple settings that
involve cell polarization.

7.5.3.2 Epithelial Morphogenesis 2: Planar Cell Polarity
and the Positioning of Cilia

While epithelial polarization establishes an apicobasal axis perpendicular to the
epithelial plane, positioning along an orthogonal axis, parallel to the plane, is
controlled by the PCP pathway. PCP signaling generates asymmetric cortical
domains within the plane, and these domains can then orchestrate asymmetric planar
positioning of cellular structures, including centrosomes. Most studies of PCP
effects on centrosomes have focused on the positioning and rotational orientation
of ciliary basal bodies. For example, in the hair cells of the developing mouse
cochlea, the primary cilium, known as the kinocilium, is initially centrally located
at the apical cell surface. Over a period of several days, the cilium, together with the
microvilli-like stereocilia that provide mechanosensation, moves to the lateral edge
of the cell surface. This off-centering is dependent on core PCP proteins, which are
asymmetrically localized to the medial and lateral domains of the cell [reviewed in
Jones and Chen (2008)]. Subsequent studies have revealed a widespread involve-
ment of PCP signaling in the localization of primary cilia, including cells of the lens,
neuroepithelium, and node (Borovina et al. 2010; Hashimoto et al. 2010; Sugiyama
et al. 2010). Notably, similar PCP signaling leads to off-centering of the apical
centrosome of unciliated epithelial cells in the Drosophila wing, suggesting that the
link between the PCP pathway and the positioning of epithelial centrosomes is
widely conserved (Carvajal-Gonzalez et al. 2016b).

PCP signals also govern the localization of motile cilia in postmitotic
multiciliated cells. Ciliogenesis in multiciliated cells is a fundamentally different
process from primary ciliogenesis since the basal bodies derive primarily from
deuterosomes generated from the daughter centrosome (Al Jord et al. 2014). The
migration of these basal bodies to the plasma membrane for docking is governed by
actomyosin forces (Dawe et al. 2007a). Docking at the membrane depends upon the
apical enrichment of cortical actin, mediated by RhoA, PCP signaling, and the
interaction between Rac1, the Rac-GEF ELMO-DOCK1, and ezrin, among other
factors (Epting et al. 2015; Ioannou et al. 2013; Pan et al. 2007; Park et al. 2008).
After the docking step, PCP signaling remains necessary for the alignment of basal
bodies with respect to their rotational orientation around the axis of the cilium. The
basal body has a single, asymmetric basal foot that projects laterally and determines
the direction of beating for the cilium. Rotational orientation around the ciliary axis
specifies the direction of the foot, and the alignment of this orientation across the
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epithelium is critical for the organization of fluid flow and mucociliary clearance
(Spassky and Meunier 2017). Studies in amphibian larval epidermis and in mam-
malian ependyma show that coordinated orientation is regulated by the coupling of
PCP signaling with instruction from the hydrodynamic forces generated by fluid
flow (Guirao et al. 2010; Mitchell et al. 2007) and is also dependent on both actin and
MT cytoskeleton (Clare et al. 2014; Werner et al. 2011). In addition to rotational
orientation, ependymal cells also display translational polarity of their cilia: the cilia
are initially clustered near the center of the apical plane and subsequently migrate as
a patch toward the anterior edge (Mirzadeh et al. 2010). This movement is reminis-
cent of the PCP-directed migration of primary cilia, and remarkably it appears to be
directed by the primary cilium present in the radial glial cell that is the embryonic
precursor of the ependymal cell. This primary cilium responds to PCP signals, and
perhaps also fluid flow, by moving off-center to the same region that will later be
occupied by the multiciliated patch, and the presence of the primary cilium is a
prerequisite for the later patch movement (Boutin et al. 2014; Ohata and Alvarez-
Buylla 2016; Ohata et al. 2015). Another intriguing feature of this system is that
depletion of different PCP proteins yields two classes of polarity defects: either an
alteration in patch shape and rotational orientations or a failure to coordinate
migration at a tissue level (Boutin et al. 2014). Further work in this area is likely
to provide important insights into the interactions of PCP, cytoskeleton, and sym-
metry breaking in basal body positioning.

While motile cilia are primarily found in multiciliated cells, in some instances
primary cilia possess motility and can generate flow. A particularly interesting
example of such a motile primary cilium is found in the node, the mammalian term
for a transient structure located at the posterior notochord in gastrula-stage vertebrate
embryos. Ventral node cells express primary cilia that, as a consequence of PCP
signaling and mechanical strain, localize asymmetrically to the posterior edge of the
cell (Antic et al. 2010; Borovina et al. 2010; Chien et al. 2018; Hashimoto et al. 2010;
Minegishi et al. 2017). Possibly as a result of this posterior shift on a rounded cell
surface, the repositioned cilia are tilted downward in a posterior direction. Unlike
other motile cilia, which move by beating through a plane, these primary cilia have
clockwise, rotary movement. The combination of posterior tilt and clockwise rotation
on a ventral surface results in the generation of net leftward flow since strokes to the
left are further from the surface, and therefore opposed by less drag, than strokes to
the right (Fig. 7.8a, b) (Nonaka et al. 2005). There is considerable evidence that the
left-right developmental axis of vertebrates depends on this asymmetric flow, which
may asymmetrically trigger mechanosensory cilia lateral to the node (Okada et al.
2005; Schweickert et al. 2007; Tisler et al. 2017; Yuan et al. 2015; Zinski et al. 2018).
In this instance, we can see the simultaneous harvesting of the multiple capacities of
the interphase centrosome to generate asymmetry: it is single, it can polarize to one
surface, it can respond to planar polarity within that surface, and, as a basal body, it
can generate both ciliary tilt and ciliary motion in a biased (clockwise) direction.
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Fig. 7.8 Centrosome positioning linked to chirality, Part 2. (a, b) Centrosome positioning deter-
mines left-right chirality in development. (a) Ventral schematic view of the mouse gastrula. N,
Node. PS, primitive streak. The expanded view on the right shows epithelial cells in which basal
bodies have shifted posteriorly (open arrows), with posterior tilt. (b) Perspective view showing that
clockwise rotary motion of the cilium drives net leftward flow, because the leftward stroke is further
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7.5.3.3 Epithelial Morphogenesis 3: Polarization in the Context of Cell–
Cell Contact

Stable contact among adjoining cells, generally characterized by cadherin-based
adherens junctions, is a defining feature of epithelial tissues but one that did not
initially receive great attention in studies of cell polarization. This deficiency has
been remedied, and work on the interaction between contact and polarity promises to
yield important insight into tissue organization, organogenesis, and pathogenesis
(as in the case of metastatic tumor progression).

When an epithelial cell positions its centrosome, what influence does it receive
from its junctions with its epithelial neighbors? Multiple studies have shown a
correlation between junctional composition and centrosome localization. When a
pair of mammalian epithelial cells was plated in agarose microwells that enforced
contact without permitting migration, the centrosome positions of the two cells were
initially uncorrelated but within 6 h became oriented to face away from each other
(Desai et al. 2009). Both the formation and the maintenance of this oriented state were
dependent on E-cadherin function, suggesting that the centrosomes might be
instructed by the intercellular junction. Similar dependence of centrosome orientation
on cadherins has been observed in other cell types (Dupin et al. 2009). Instructions
from junctions might involve polarity pathway signals: as discussed earlier, centro-
some orientation in migrating fibroblasts is controlled by PAR-3 localized to cell–cell
contact regions, where it colocalizes withMTs and dynein (Schmoranzer et al. 2009).
Consistent results were recently obtained using pairs of breast epithelial cells plated
on micropatterns that permitted contact but not locomotion. When epithelial-
mesenchymal transition (EMT) was modeled in this system by treatment with
TGFβ, centrosomes switched from being polarized toward the junction [similar to
the lumen-forming system discussed earlier (Rodriguez-Fraticelli et al. 2012)] to the
reverse (away from the junction), and this switch in polarity was accompanied by
changes in the composition of the junction: E-cadherin, PAR-3, and α-catenin were
reduced, and Par-3 levels controlled centrosome repositioning (Burute et al. 2017).
Since MTs can stabilize adherens junctions (Meng et al. 2008), it was notable that
TGFβ treatment also abrogated the accumulation of stabilized MTs at the junction,
strengthening the correlation between weakening of the junction and reorientation of
the centrosome. Consistently, when TGFβ-treated cells were freed from the
micropattern restriction and permitted to move, the doublets separated, but this was
prevented by treatments that stabilized MTs.

⁄�

Fig. 7.8 (continued) from the cell surface. (c, d) Chiral cellular architecture associated with chiral
morphogenesis in Drosophila embryonic hindgut (Taniguchi et al. 2011). The hindgut, shown in
dorsal view, is initially symmetrical (c) and then makes a left-handed rotation (d). Prior to rotation,
hindgut epithelial cells (c, expansion of boxed region) display a chiral morphology associated with
off-centering of the centrosome, which adopts a mean position to the posterior right of the cell
centroid (asterisks)
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The correlation of junctional weakening with centrosome release and
repositioning has recently been observed in detailed studies of the delamination of
differentiating neurons in the neuroepithelium of chick spinal cord (Das and Storey
2014; Kasioulis et al. 2017). The centrosome of the undifferentiated neuroepithelial
cell is a basal body nucleating a primary cilium at the apical, ventricular surface.
Adjacent neuroepithelial cells are linked via subapical N-cadherin, whose expression
depends on contact by centrosome-nucleated MTs. The onset of neuronal differenti-
ation involves an MT-dependent, EMT-like transition (Singh and Solecki 2015), in
which N-cadherin is downregulated and the apical tip of the cell is withdrawn from
the ventricular surface. Remarkably, the centrosome does not leave its apical post
until a very late stage, when the remaining apical process of the cell, through which
the centrosomemust travel, is barely wide enough to permit its passage, suggesting an
important role for the centrosome as an orchestrator of junctional dissolution and
apical release (Kasioulis et al. 2017).

During in vivo morphogenesis, epithelial cells have junctions with multiple
neighbors, and therefore in order to polarize correctly, the cell likely needs to
integrate information from all these junctions with additional signals that may be
derived from chemotactic gradients, mechanical forces from neighboring cell move-
ments, the stiffness of the matrix (Burute et al. 2017), and the presence of a contact-
free edge (as in the wound response). Whether centrosome positioning plays a role in
this integration is largely unexplored, although studies of the migration of epithelial
cell collectives point to a vital role for cadherin-based junctions. The migrating
collective contains a group of leader cells that polarizes, in a cooperative cadherin-
dependent manner, and then instructs the follower cells by mechanisms that are also
mediated by cadherin-based junctions (Mayor and Etienne-Manneville 2016;
Venhuizen and Zegers 2017). Studies of this communication have focused on the
actin cytoskeleton (Malinova and Huveneers 2018). The role of the centrosome and
microtubule network has received less attention, perhaps because follower cells do
not always display centrosome orientation with respect to the collective migratory
direction (Reffay et al. 2011; Theveneau et al. 2010). For example, cells at any
border of the collective tend to orient their centrosomes toward the free space
(Reffay et al. 2011). However, polarization of the Golgi complex in follower cells
has been observed in collectively migrating keratinocytes (Lang et al. 2018). It is
also noteworthy that cells in the collective do not have uniform migratory direction:
regions within the collective typically contain groups of cells with distinct migratory
orientation, correlated to some extent with the avoidance of shear stress (Tambe et al.
2011; Zaritsky et al. 2015). Whether polarization in these “subcollectives” involves
centrosome positioning has not been studied. Centrosome positioning in collectives
is highly dynamic, in both leader and follower cells (Reffay et al. 2011), which may
indicate responsiveness to multiple cues. It is possible that smaller collectives with
more defined cues may be helpful for the analysis of centrosome positioning. For
example, when small numbers of epithelial cells are permitted to form migrating
chains on micropatterns, their centrosomes are all front facing, except for the trailing
cell, which has an opposite orientation (Li and Wang 2018). Interestingly, the
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persistence of the chain through turns depends on PCP signaling, consistent with a
centrosome/MT/junction-mediated mechanism.

Studies of morphogenesis in vivo may offer the best opportunities for assessing
the integration of spatial cues. For example, epithelial organogenesis often results in
a chiral structure, involving asymmetry in all three developmental axes. A potential
role for the centrosome in chiral organogenesis is suggested by studies of the
epithelium of the Drosophila hindgut, which during development rotates to the left
(so that the former dorsal side faces left) (Taniguchi et al. 2011). This rotation
requires left-right symmetry breaking. The authors found that, prior to the rotation,
hindgut epithelial cells displayed left-right bias with respect to centrosome position,
cell geometry, and E-cadherin intensity at cell boundaries (Fig. 7.8c, d). Disruption
of either E-cadherin or actin signaling abolished both cell geometry bias and hindgut
laterality. A mutation in the unconventional myosin MyoID reversed the cell geom-
etry bias, the E-cadherin intensity bias, and the hindgut laterality. Remarkably, in
mosaic hindgut whose cells were either wild type or mutant for MyoID, the left-right
bias with respect to E-cadherin intensity at cell boundaries was wild type if both cells
at that boundary were wild type, reversed if both cells were mutant, and unbiased if
the cells were mixed. Similar findings were obtained with respect to the bias in cell
geometry (Hatori et al. 2014). Chirality of tissues, then, appears to be determined at
the level of cells. Similarly, a study of centrosome position in vascular endothelium
observed a chiral bias in vivo that could be reversed by PKCα activity in vitro. When
endothelial cells of mixed chirality were cocultured, they retained their conflicting
biases and could not form normal junctions with each other, again demonstrating
chiral determination at the cellular level (Fan et al. 2018).

The Drosophila hindgut study strongly suggests that cytoskeletal chirality can
drive chiral organogenesis, but whether the initial determination of left-right polarity
occurs in the actin or MT networks remains unsettled. Actin networks can evolve
into chiral patterns even when MTs are removed by nocodazole treatment (Tee et al.
2015), and the chiral alignments observed in cells grown on ring-shaped
micropatterns, or as spheroids in 3D culture, were reversed by the disturbance of
the actin cytoskeleton (Chin et al. 2018; Wan et al. 2013). In contrast, nocodazole
had no effect on the chirality of micropatterned cells, although a slightly higher dose
appeared to abolish (not reverse) chirality in the spheroid system. Overall, these
results suggest actin as the driver of chirality. On the other hand, the “intrinsic
vector” of HL-60 cells discussed earlier, the first demonstration of chirality in
cultured cells, can be abolished by MT depolymerization, or by the inhibition of
either dynein or PKCζ (Xu et al. 2007). Moreover, it has been reported that this
chirality in HL-60 polarity is eliminated by the expression of a mutant tubulin
comparable to tubulin mutations that disrupt left-right chirality in plants, nematodes,
and frogs (Lobikin et al. 2012). These studies in HL-60 cells clearly support an
MT-based chiral mechanism. The elucidation of the chirality-determining entities
within cells, and their interaction with actin, MTs, and centrosomes, has emerged as
a key challenge for cell biologists.
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7.5.3.4 Neuronal Morphogenesis

Polarization is a major theme of neurogenesis. In developing cortex, newborn
neurons must polarize correctly in order to migrate between the apical ventricular
zone and the cortical plate and also to form axons with proper orientation. The role of
centrosome positioning in these events, particularly in axon formation, has been
studied by several investigators. Initially, it was observed that in cultured hippo-
campal neurons, the centrosome is positioned at the lamellipodium that initiates
axonogenesis. Axon development was shown to be associated with stable MT
formation and to be dependent on MTs and on an intact centrosome (de Anda
et al. 2005). Notably, when cytokinesis blockade was used to generate neurons
with two centrosomes, the cells formed two axon-like extensions, strongly implying
a centrosome role in axon formation. Subsequent studies in embryonic neocortex
showed that centrosomes in newborn multipolar neurons migrate from their initial
basal position to an apical position just prior to the apical outgrowth of the neurite
that becomes the axon (de Anda et al. 2010). Axon formation was again dependent
on intact centrosome and MTs, and was associated with stable MT formation.
However, the extension of the neurite did not require the continued presence of
the centrosome at its base: shortly after neurite initiation, cells reverted from
multipolar to bipolar morphology while beginning migration to the cortical plate,
and the centrosome at this time moved basally to the leading process. The findings
are consistent with a role for centrosome positioning either in the selection of sites
for axon outgrowth or alternatively in supporting early stages of growth in neurites
that have been selected to become axons. A recent study in the same system supports
the latter model (Sakakibara et al. 2014). The authors observed that multipolar
neurons, prior to axon extension, formed many processes that varied in the persis-
tence of their growth. The centrosome migrated toward whichever process was
currently most persistent, sometimes switching several times, as different processes
assumed the “dominant” role. Eventually one of these dominant processes devel-
oped into an axon (Fig. 7.9). From this point of view, the translocation of the
centrosome from axon to leading process in the bipolar stage is simply explained
by the dominance of the leading process, which is thicker than the axon. More
generally, this model is consistent with studies of polarization in migrating cells,
which show, in systems as diverse as Dictyostelium and mammalian wound models,
that protrusion comes first and centrosome repositioning second (Ueda et al. 1997;
Wong and Gotlieb 1988). Finally, studies of zebrafish sensory neuron development
lend further support to a role for centrosome positioning in axonogenesis (Andersen
and Halloran 2012). These neurons generate two types of axon: central and periph-
eral. The outgrowth of the peripheral axon correlated with centrosome migration
toward its base and was strongly inhibited by laser ablation of the centrosome.
Remarkably, the authors found that a LIM homeodomain transcription factor that
was necessary for peripheral axon initiation was also necessary for the centrosome
migration toward the axon, as well as for normal centrosome motility. Collectively,
these studies highlight the unique opportunities that these neuronal systems are
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likely to provide for defining and investigating specific centrosome roles in
morphogenesis.

7.5.4 Centrosome Positioning in Polarized Immune Cell
Interactions

The hallmark of adaptive immunity is specificity. For a lymphocyte encountering
antigen, this specificity is manifested, first, in the selectivity of its recognition and,
second, in the specific targeting of its response to the antigen-presenting cell (APC)
rather than neighboring cells. A notable feature of the lymphocyte–APC interaction,
enhancing both the specificity and efficiency of lymphocyte response, is the immu-
nological synapse (IS), a temporary (minutes to hours), micron-sized zone of close
contact between the apposed plasma membranes of the two cells, within which a
highly organized set of supramolecular clusters, including antigen receptor

Fig. 7.9 Centrosome and Golgi positioning during neurogenesis in developing neocortex. The
radial glial cell (RGC) on the left extends from the apical ventricular surface through the ventricular
zone (VZ), intermediate zone (IZ) and cortical plate (CP) to the basal pial surface. Multiple stacks of
Golgi complex (GC) are localized apical to the nucleus and away from the centrosome/basal body
(Taverna et al. 2016). The GC remains apical to the nucleus as the nucleus migrates to the apical end
to undergo mitosis. Asymmetric mitosis of the RGC generates a differentiating progenitor cell that
delaminates and develops into a multipolar neuron (MP) in the IZ. Upon delamination, Golgi
complex and centrosome adopt a perinuclear localization. The study of Sakakibara et al. (2014)
indicates that the MP forms a series of short-lived “dominant” processes (asterisks), and that the
centrosome repositions to the base of each newly-formed dominant process. Finally, one such
process develops into an axon and the MP develops into a bipolar neuron (BP) that migrates into the
CP, with the centrosome positioned at the base of the leading process
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complexes and costimulatory and adhesion receptors, acts to facilitate both signaling
between the cells and targeted delivery of secretory products. The nature of these
products depends on the cells involved. Cytotoxic T cells (CTL) and natural killer
cells form synapses that deliver cytotoxic granule contents to target cells, while
T-helper cells deliver cytokines through synapses with APC, and B cells acquiring
antigen from APC secrete lysosomal contents to aid in antigen extraction (Bustos-
Moran et al. 2016; de la Roche et al. 2016; Dustin and Choudhuri 2016; Huse 2017;
Tolar 2017).

The formation of the IS is a polarizing event for the lymphocyte and is accom-
panied by the translocation of several organelles, including the centrosome and
Golgi complex, to a position near the synapse. It is, in fact, typically a repolarizing
event since the lymphocyte, prior to synapse formation, migrates over the surface of
the cognate cell in search of antigen. Lymphocytes migrate with polarized, rear-
facing centrosomes, so when they encounter antigen and initiate synapse formation,
the repolarizing centrosome is obliged to migrate from the cell tail (uropod) around
the nucleus and then to the cell surface, where it remains for the duration of the
synapse. What is accomplished by this migration? At the synapse, centrosome-
nucleatedMTs, many of which are stabilized (Serrador et al. 2004), extend either par-
allel to the cell surface, providing potential tracks for the organization of receptor
clusters, or interiorly, where the Golgi complex is located, potentially facilitating the
delivery of secretory products. In addition, the centrosome, which is separated from
the plasma membrane by only a 20-nm-wide space that is substantially depleted of
cortical actin, may play a more direct role in secretion. In CTL, cytolytic granules
cluster around the centrosome as it polarizes and they arrive at the IS with the
centrosome, which is localized in the center of the synapse (Ritter et al. 2015;
Stinchcombe et al. 2006). Consistently, CTL killing efficiency is reduced by the
inhibition of PKCζ (Davenport et al. 2018), which is required to stabilize centrosome
polarization (Yuseff et al. 2011), but is not affected by the inhibition of plus-end-
directed movement on MTs, suggesting that direct centrosome-mediated delivery of
granules is both necessary and sufficient for CTL function (Stinchcombe et al. 2006).

The motors and the signaling pathways that drive centrosome migration to the
synapse have been the subject of numerous studies [reviewed in Martin-Cofreces
and Sanchez-Madrid (2018)] (Fig. 7.10). MT integrity and dynein activity are
critically important for migration (Martin-Cofreces et al. 2008; Nath et al. 2016;
Wang et al. 2017; Yi et al. 2013). Dynein localizes to the IS by binding to the
scaffolding protein ADAP that is linked to both T-cell receptor and integrin signal-
ing (Combs et al. 2006). Dynein at the IS is complexed with Nde1, which was found
to be essential for centrosome migration (Nath et al. 2016). MTs extend from the IS
to the migrating centrosome, and these MTs straighten and shorten as the centrosome
moves linearly toward the IS. Collectively, these studies suggest that cortically
anchored dynein moves the centrosome by pulling forces that involve a “capture-
shrinkage” MT-mediated mechanism, although an alternative proposal is that the
dynein-pulled MTs, instead of shortening, slide along and past the IS surface toward
the back of the cell (Kuhn and Poenie 2002; Nath et al. 2016). The strength of the
dynein pulling force was made evident in a study employing an optical trap approach
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to ensure that the centrosome’s initial position in the uropod was precisely opposite
to that of APC contact. In several cases, this led to a “frustrated” centrosome that was
unable to find its way around the nucleus, so that the pulling forces instead forced the
IS to deeply invaginate into the T cell (Yi et al. 2013). This study also demonstrated
that centrosome migration is biphasic, with an initial, rapid phase that brings the

Fig. 7.10 Potential mechanisms of centrosome positioning at the immunological synapse. Follow-
ing antigen receptor activation, centrosome repositioning (open arrows) includes a migration from
the uropod to the opposite side of the nucleus, followed by movement to and docking at the plasma
membrane of the synapse. This repositioning requires the presence, among others, of ADAP,
IQGAP, PAR pathway proteins, and novel PKCs (nPKCs), as well as the relocation of Arp2/3
from nucleus to synapse. Each of these represents a potentially distinct mechanism for centrosome
movement. The scaffold ADAP provides a cortical anchoring site for dynein. The expanding actin
ring at the synapse may pull MT via mediators such as IQGAP. PAR signals can potentially recruit
dynein. Synaptic diacylglycerol recruits nPKCs and dynein. Arp2/3 relocation may release the
centrosome from tethering by perinuclear actin. APC antigen-presenting cell. LY, lymphocyte
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centrosome within 2 μm of the surface, followed by a slower docking phase that is
especially sensitive to dynein inhibition. Specific control of this docking step is
indicated by its dependence on Lck, a kinase recruited to the activated antigen
receptor complex (Tsun et al. 2011). Remarkably, the docking of the centrosome
greatly resembles docking for primary ciliogenesis, with the mother centriole ori-
ented to the surface and subdistal appendages contacting the plasma membrane
(Stinchcombe et al. 2015). This finding is consistent with previous studies showing
functional similarities between IS and primary cilia, including localized hedgehog
signaling (de la Roche et al. 2013) and the use of the intraflagellar transport system
(Finetti et al. 2009, 2014).

IS formation is accompanied by a profound remodeling of the local actin cyto-
skeleton, including actin clearance in the central region of the IS, as well as the
formation of a dense ring of peripheral actin that surrounds this central area (Hammer
et al. 2018). IQGAP, part of a complex linking actin and MT, localizes to the
peripheral ring, leading to the suggestion that actomyosin forces might pull on
synaptic MTs as actin moves peripherally, thereby moving the centrosome to the
synapse (Stinchcombe et al. 2006). In support of this model, both IQGAP and CLIP-
170, which binds both MTs and IQGAP, are necessary for centrosome migration to
the synapse, as are the actin-regulating proteins Rap1 and cofilin (Lim et al. 2018;
Wang et al. 2017). Inhibition of myosin II reduces centrosome migration to the IS,
especially when combined with nocodazole, but myosin II localizes to the uropod, the
opposite side of the cell from the IS (Liu et al. 2013). Altogether, these studies
indicate a role for actin in centrosome migration but do not establish that actomyosin
forces act on the organelle. More recently, some insight into this issue has been
provided by studies that give the actin–centrosome relationship a new twist. Obino
and coworkers demonstrated that centrosome migration in B cells is associated with a
reduction in Arp2/3-mediated actin nucleation at the centrosome and a concomitant
increase in Arp2/3 at the synapse, where it is recruited by HS1, a member of the
cortactin family, and presumably contributes to IS actin remodeling (Obino et al.
2016). Remarkably, migration was entirely independent of these events at the syn-
apse and strictly dependent on the loss of Arp2/3 nucleation activity at the centro-
some, which was sufficient to induce centrosome–nucleus separation in the absence
of antigen. The authors propose that migration requires the release of the centrosome
from actin tethers that restrain it at the nucleus and that this release entails an antigen-
induced shift of actin-nucleating activity from the centrosome to the cell surface. This
model accounts for previous findings of migration dependence on actin regulation,
without invoking actomyosin force. It will be important to determine whether a
similar Arp2/3-based mechanism contributes to the regulation of centrosome
repositioning in other settings. It should also be borne in mind that the degree of
centrosome separation from the nucleus is variable in many studies of IS formation,
and therefore, even if Arp2/3 removal from the centrosome increases its mobility, this
may not necessarily imply a complete unlinking of the centrosome and the nucleus. In
this regard, Kuhn and coworkers generated time-lapse sequences of centrosomes that,
following their arrival at the plasma membrane, oscillated laterally between two APC
contact sites (Kuhn and Poenie 2002). These images convey a strong impression of
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linked nucleus-centrosome movement. Conceivably, since actomyosin has been
linked to nuclear movement in migrating cells, it may play a role in this context.

Signaling pathways that govern centrosome migration through these cytoskeletal
mechanisms have also begun to be elucidated, beginning with the antigen receptor
complex, several of whose components have been shown to be required for the
polarization of the centrosome (Kuhne et al. 2003). Of the many effectors of this
complex, phospholipase C-γ has been implicated in polarization, as has its product,
diacylglycerol (DAG), which is also required for dynein recruitment to the region of
antigen receptor activation in the plasma membrane (Quann et al. 2009). Remark-
ably, dynein is recruited within 10 s of DAG production, followed a few seconds
later by centrosome migration. Subsequent studies from the same group revealed
that DAG exerted its effects via the activation of the novel PKCs: PKC-ε, PKC-η,
and PKC-θ, all of which are recruited to the site of activation (Quann et al. 2011).
PKC-ε and PKC-η act to recruit PKC-θ, and consistently, PKC-θ and either of
PKC-ε or PKC-η are necessary for centrosome migration.

In addition to the DAG pathway, dynein localization may also be driven by
polarity pathway signaling similar to what was described earlier with respect to
migrating cells. Specifically, PAR-1b, PAR-3, and PKCζ are each required for
centrosome migration to the synapse (Bertrand et al. 2010; Lin et al. 2009; Reversat
et al. 2015; Yuseff et al. 2011). PAR-3 has in addition been shown to be necessary
for dynein localization to the synapse, and specifically for the prolonged residence
time, in the central area of the synapse, of dynein puncta to which PAR-3 is
colocalized (Reversat et al. 2015). PAR-3 and PKCζ have also been linked to
synapse functionality (Bertrand et al. 2010; Reversat et al. 2015; Yuseff et al.
2011). What lies upstream of these polarity proteins? As discussed earlier, Cdc42
frequently regulates this pathway, and it has indeed been linked to centrosome
migration in the same systems in which PAR-3 and PKCζ were implicated (Reversat
et al. 2015). Cdc42 is activated during IS formation by signaling from β1-integrin
and from the CD3 component of the antigen receptor complex, mediated by PI3
kinase and Akt (Carlin et al. 2011; Makrogianneli et al. 2009). However, two studies
failed to find a Cdc42 requirement for centrosome migration (Chemin et al. 2012;
Gomez et al. 2007). It is possible that the involvement of the polarity signals in
migration is variable. A second possibility is that the primary role of Cdc42 is the
promotion of actin remodeling (Chemin et al. 2012) and that another upstream signal
is responsible for polarity pathway activation. This signal may in fact come from the
DAG pathway. PKC-θ binds to and phosphorylates PKCζ, and PKCζ mediates the
PKC-θ activation of NF-κB in T cells (Gruber et al. 2008). There may be no setting
that places as much demand on the centrosome to travel far, and quickly, as its
migration to the synapse, and it will therefore be no surprise if coordination among
several mechanisms is required to accomplish it.
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7.6 Positioning of the Golgi Complex

The vertebrate Golgi complex consists of a series of cisternal stacks that are laterally
connected by tubules to form a unified ribbon structure. In most vertebrate cells, the
complex is found in close proximity to the centrosome, except during mitosis, when
it is dispersed into vesicles. It is natural to suppose that this alignment reflects a need
to maximize the general efficiency of vesicular trafficking: for a structure that
packages cargo for transit, the region in which “roads” originate would seem an
appropriate location. However, it is not clear whether this view is correct. The
maintenance of the ribbon structure is MT dependent, and treatment with nocodazole
disassembles the ribbon into individual cisternal stacks (mini-stacks), which are
dispersed through the cytoplasm with little or no polarization to the centrosomal
region (note that this dispersal into mini-stacks is not to be confused with the mitotic
dispersal into individual vesicles). Notably, this dispersal does not compromise the
global delivery of ER-derived cargo to the cell surface but instead generates a
specific defect in the polarized delivery of apical markers to the apical surface of
epithelial cells (Eilers et al. 1989; Rindler et al. 1987; Rogalski et al. 1984). These
early findings suggested that polarity, rather than general efficiency, is the key
feature of the unified ribbon, but the use of nocodazole was problematic due to its
likely broad impact on polarized function. More recent studies have supported the
initial findings using genetic approaches that disassemble the ribbon into dispersed
mini-stacks without affecting the MT cytoskeleton. Several of these studies target
golgins, a nonhomologous family of coiled-coil proteins that localize to the Golgi
matrix and attach to Golgi membranes (Witkos and Lowe 2015). The golgins golgin-
84, GM130, GMAP-210, and golgin-160 have each been shown to be required for
maintaining the Golgi ribbon: in each case, depletion of the golgin results in
dispersed mini-stacks but not in reduced global trafficking efficiency (for golgin-
84, global trafficking was reduced absolutely, but not relative to levels of Golgi
membrane in the cell) (Diao et al. 2003; Puthenveedu et al. 2006; Yadav et al. 2009).
In wound models, however, the depletion of either GMAP-210 or golgin-160
abolished polarized vesicle delivery to the leading edge and more generally
prevented cell polarization: depleted cells failed to orient the centrosome and
Golgi complex toward the leading edge and did not migrate to the wound (Yadav
et al. 2009). Further support for an important role of Golgi positioning in cell polarity
derives from the finding that nearly half of the MT in RPE1 cells are nucleated by the
Golgi complex (Efimov et al. 2007). In contrast to the astral distribution of
centrosome-nucleated MT, Golgi-nucleated MTs are primarily directed toward the
Golgi-facing cell perimeter, corresponding to the leading edge of a migrating cell
(with front-facing centrosomes). In addition, specific depletion of the Golgi-
nucleated MTs generated dispersed mini-stacks, again resulting in a specific defect
in polarized trafficking to the leading edge, as well as an associated failure of
directional migration (Miller et al. 2009).

Collectively, these studies establish that the principal functional consequence of
Golgi localization to the centrosomal region is to support polarized cellular function
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through asymmetrical targeting of vesicular traffic. It remains, however, to be
determined whether this is equally the case in the many instances in which the
centrosome and Golgi complex are oriented toward the rear of a migrating cell. If the
mechanism of migration is based on rearward plasma membrane flow, balanced by
rear-to-front vesicular traffic, which is likely to be the case at least for amoeboid
migration (O’Neill et al. 2018; Tanaka et al. 2017), then the principal function of
Golgi positioning may be to support vesicular membrane flow by providing stabi-
lized Golgi-nucleated MTs in appropriate orientation. In this case, support for
endocytic flow at the rear may be as valuable as support for exocytosis at the
front. Increased exocytosis has been demonstrated at the front of migrating cells
(Schmoranzer et al. 2003).

Localization of the Golgi complex to the centrosomal region is far from universal.
A system of dispersed stacks is found in plants, invertebrates, and many fungi (Wei
and Seemann 2010). Indeed, dispersed stacks can also be found in vertebrates. They
occur, for example, in the parietal cells of gastric epithelium (Gunn et al. 2011) and
in uroepithelial cells (Kreft et al. 2010), in each case perhaps reflecting a need for
distributed Golgi activity created by the anatomical features of those cells. They may
be even more common in early development: in gastrulating zebrafish embryos,
dispersed Golgi stacks are found in most cells until segmentation stages (Sepich and
Solnica-Krezel 2016). They are also found throughout the cell cycle in embryonic
fibroblasts deficient in BARS, the protein that mediates the fission of Golgi tubules
necessary for ribbon disassembly prior to mitosis. The absence of a ribbon allows
these mutant fibroblasts to pass the G2 checkpoint for Golgi disassembly (Colanzi
et al. 2007). Collectively, these findings indicate that transitions between dispersed
and compact Golgi localization take place in vertebrate cells. The dispersed mini-
stack configuration shows some resemblance to the dispersed mini-stacks that occur
as an intermediate form during the reassembly of the Golgi ribbon that begins in late
mitosis (Miller et al. 2009). It is conceivable, then, that the dispersed stacks that are
found, for example, in gastrulae represent an arrested stage in postmitotic
reassembly. Cell division occurs very rapidly in these embryos, and since cell
migrations at this stage are stereotyped and may be robustly cued, the energy
saved by not having to continually recenter the stacks may be more valuable than
a polarized Golgi ribbon.

Some details of the mechanism that converts dispersed stacks into a ribbon have
emerged. In late mitosis, isolated vesicles fuse to form cisternae and assemble into
mini-stacks by a process that is MT independent (Tang et al. 2008). These stacks
then collect into clusters, still dispersed, whose formation is mediated by the dynein-
dependent movement of the stacks toward the minus end of Golgi-nucleated MTs.
Finally, the clusters move toward the centrosome via centrosome-nucleated MTs
(Hurtado et al. 2011; Miller et al. 2009). Dynein is recruited to Golgi membranes by
golgin-160, and this binding was shown to be necessary for the repositioning of
Golgi membranes to the centrosome (Yadav et al. 2012). The authors further showed
that golgin-160 localization to Golgi membranes is in turn dependent on the small
GTP-binding protein Arf1. Golgin-160 binds to Arf1 in its GTP-bound activated
state, which is dependent on the guanine nucleotide exchange factor GBF1.
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Consistently, the depletion of GBF1 caused the dissociation of golgin-160 and the
dispersal of the Golgi ribbon (Yadav et al. 2012), although these effects could also be
due to other Arf1 functions (Jackson 2018), such as the regulation of GMAP-210,
which plays a role in maintaining Golgi localization to the centrosomal region (Rios
et al. 2004). Finally, upon recruitment to the centrosome, mini-stacks assemble into
the ribbon structure, the maintenance of which is dependent on the Golgi membrane
proteins GRASP65 and GRASP55 (Feinstein and Linstedt 2008; Puthenveedu et al.
2006), although perhaps not in all cells (Hurtado et al. 2011). The maintenance of the
ribbon near the centrosome during interphase is an active process, as evidenced by
the dispersal observed upon the disabling of dynein (Vaisberg et al. 1996; Xu et al.
2002). Actin depolymerization, in contrast, has little effect (Ho et al. 1989; Xu et al.
2002). The disassembly of the ribbon, which is essential for mitotic entry, reverses
the assembly sequence (Valente and Colanzi 2015). First, the deactivation of Arf1
and the phosphorylation of GRASP55 and GRASP65 in G2 phase promote the
fragmentation of the ribbon into mini-stacks, a process mediated by BARS. The
isolated stacks then go through unstacking and vesiculation steps in prophase.

The observation of dispersed Golgi stacks distant from centrosomes raises the
question of whether cells may be able to modulate Golgi positioning independent of
centrosome location. Given the need of neurons to precisely regulate highly polar-
ized structures over large distances, it is perhaps not surprising that these cells
provide the lone examples to date of such independent control. One such example
is found in the radial glial cells of developing neocortex. These cells extend a thin
apical process to the ventricular surface, at which the centrosome is localized, as well
as a thin basal process in the opposite direction that contacts the pial surface. The
nucleus cycles between the basal and apical ends. A recent study of Golgi localiza-
tion in these cells found that the complex consisted of dispersed mini-stacks that
were separate from the centrosome and whose positioning adjusted in accord with
nuclear migration (Taverna et al. 2016). The stacks were always apical (occasionally
lateral) to the nucleus and were distributed throughout the apical region, but always
at least 8 μm (average of 20 μm) from the centrosome (Fig. 7.9). As the nucleus
moved apically, the stacks shortened, adjusting their position to remain apical to the
nucleus. The authors demonstrated the functional significance of this localization by
showing that Golgi-derived N-linked glycans were found only on the apical and not
the basal process. However, when the cell divides asymmetrically, it gives rise to a
basal progenitor cell that delaminates from the apical surface and loses apicobasal
polarity, and in this daughter cell the Golgi complex and centrosome were reunited
next to the nucleus (Fig. 7.9). The separation of the Golgi complex from the
centrosome may be a general feature of columnar epithelia since it was also observed
by the authors in duodenal mucosa.

How is Golgi positioning controlled in radial glial cells? The apical distribution
may be controlled by centrosome-nucleated MTs since inhibition of dynein moved
the Golgi stacks basally, while kinesin inhibition did the reverse (Taverna et al.
2016). A more recent study provides further mechanistic insight (Xie et al. 2018). In
the absence of two proteins (PITPNA and PITPNB) that redundantly stimulate the
production of phosphatidylinositol-4-phosphate (PI4P), the apically distributed
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Golgi stacks relocalize to a perinuclear position as the cell loses its radial alignment.
This shift in Golgi position was not due to a loss of apical contact with the ventricle.
Instead, both Golgi apical positioning and the maintenance of radial glial polarity
could be attributed to a requirement for PI4P-dependent Golgi recruitment of the
PI4P-binding protein GOLPH3 and to the presence of the unconventional myosin
MYO18A, which has previously been shown to complex with GOLPH3 to promote
Golgi orientation toward the leading edge in migrating cells (Xing et al. 2016). The
results suggest a contribution of actomyosin forces to apical Golgi distribution in
these cells. Further studies in this system, then, may provide unique insight into the
coordination of multiple mechanisms for Golgi positioning.

A second example of Golgi positional regulation comes from studies of neuronal
formation of dendritic arbors. Cultured hippocampal neurons first form dendrites
symmetrically, in several directions, and then asymmetrically select one to be the
major (principal) dendrite, which will extend, widen, and form several levels of
branches. A study of Golgi localization during this process concluded that the
perinuclear Golgi complex orients to face the direction in which the principal
dendrite will later develop (Horton et al. 2005) (Fig.7.11a, b). Notably, when the
overexpression of GRASP65 was used to cause Golgi vesiculation and dispersal, the
polarization of dendritic development was inhibited. More recently, the depletion of
the Golgi-localized kinase STK25, or its associated adaptor, STRAD, was shown to
abolish Golgi polarization in newborn adult hippocampal neurons, resulting in the
formation of abnormal neurites, each of which displayed mislocalized Golgi mem-
branes at its base (Rao et al. 2018). Collectively, these findings indicate an instruc-
tive role for Golgi orientation in neurons and also suggest a distinction between the
morphogenetic roles of centrosome and Golgi complex: as discussed earlier, cen-
trosome orientation is associated with axonogenesis (de Anda et al. 2005), whereas
the Golgi complex polarizes to the primary dendrite but not toward the axon (Horton
et al. 2005). Golgi polarization in support of arbor development does not end there,
however. When the trafficking of ER-derived cargo was studied by live imaging,
cargo was observed to arrest and accumulate at branchpoints within the principal
dendrite (Horton and Ehlers 2003). The branchpoints were shown to contain small
stacks of cisternae termed Golgi outposts. These outposts were rare in other den-
drites, and many neurons lacked them altogether (Horton and Ehlers 2003; Horton
et al. 2005). Similar outposts have been demonstrated in Drosophila sensory neu-
rons, where they have been implicated in MT nucleation and the maintenance of
dendritic branch dynamics (Ori-McKenney et al. 2012; Ye et al. 2007). The orien-
tation of the outpost may bias the direction of MT nucleation to regulate the
placement of dendritic branches and thereby shape arbor morphogenesis (Yalgin
et al. 2015). Golgi outposts have also been shown to selectively process cargo that is
diverted from the perinuclear Golgi complex (Jeyifous et al. 2009).

Recent studies in hippocampal cultures uncovered a mechanism for Golgi outpost
formation (Quassollo et al. 2015). The perinuclear Golgi ribbon generates tubules,
which, within seconds, enter the principal dendrite and undergo fission, followed by
the distal migration of the severed Golgi membrane, bearing markers of both cis- and
trans-Golgi, into the dendrite. Tubule fission was shown to be essential for outpost
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formation. Fission was dependent on signaling from RhoA through ROCK, LIMK1,
PKD1, cofilin, and dynamin, similar to the pathway responsible for other Golgi
fission events (Salvarezza et al. 2009) and implying an actin-based fission mecha-
nism (Fig. 7.11c–f). Orientation of the tubular membrane to the dendrite was
independent of this pathway, however, and may instead be guided by dynein,
which has been shown to be necessary for correct dendritic localization of Golgi
outposts in Drosophila neurons (Kelliher et al. 2018; Lin et al. 2015; Zheng et al.
2008).

The absence of Golgi outposts in many neurons raises the question of whether the
placement of distal Golgi elements may take other forms. Recently, a newly
designed Golgi tracker was used in hippocampal cultures to demonstrate that most
dendrites, in most neurons, contain structures smaller than Golgi outposts, termed
Golgi satellites by the authors, that accumulate cargo, possess glycosylation machin-
ery, and engage in transport activities (Mikhaylova et al. 2016). The relationship of
these structures to Golgi complexes is still very unclear, and much interesting work
lies ahead. As with the centrosome, unraveling of the mechanisms by which Golgi
complexes, or their derivatives, detect and respond to spatial cues promises to
illuminate many fundamental issues in cellular organization.

Fig. 7.11 Golgi polarization and outpost formation in hippocampal neurons. (a, b) The Golgi
complex in cultured hippocampal neurons becomes polarized to the site of formation of the
principal dendrite (Horton et al. 2005). (c–e) Golgi outpost formation (Quassollo et al. 2015). A
tubular extension of the Golgi complex enters the principal dendrite (c) and is then cleaved by a
mechanism dependent on dynamin and on the inhibition of cofilin activity via RhoA/ROCK/LIMK/
PKD1 signaling (d). The distal fragment of the tubule then migrates to a dendritic branchpoint,
forming a Golgi outpost (e)
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7.7 Perspective: Positioning as Clue to Centrosome
Function

The nature of the centrosome makes it well suited to studies of position but ill-suited
to studies of function. The last two decades have yielded fascinating results with
respect to the “where” and “how” of centrosome positioning, but the very fascination
speaks to the limitation of these approaches: they excite interest partly because they
remain the major evidence for hypotheses with respect to “why.” Outside of its
primordial function as the basal body for cilia, it is difficult to identify roles for the
centrosome that are supported by clear mechanistic evidence. Laser ablation studies
provide support for a centrosome requirement in certain functions related to cell
polarity (Andersen and Halloran 2012; Cowan and Hyman 2004; Koonce et al.
1984; Wakida et al. 2010), but centrosomes seem to be dispensable for most
developmental processes in Drosophila (Gogendeau and Basto 2010), as well as
spindle formation in vertebrate cells (Khodjakov et al. 2000). A general understand-
ing of centrosome function, then, is still elusive and may be greatly informed by
positioning studies.

Outside of ciliation, the most widespread observation linking centrosome position
to potential function is its nucleation of MT asters, and for several decades, the
discussion of centrosome function has focused on its role as an “organizer” of MTs.
From this notion, it is not difficult to develop a more general hypothesis of the
centrosome as an organizer of cell architecture. Support for a broad organizing
function comes from studies in Chlamydomonas, a green alga with highly stereo-
typed organellar geometry. These organelles, including the nucleus, contractile
vacuole, and eyespot, all maintain chirally asymmetric positions that can be struc-
turally traced, via asymmetrically deployed cytoskeletal elements, to the chiral
asymmetry of the two flagella and their two asymmetric basal bodies (Holmes and
Dutcher 1989). Furthermore, experiments with mutant strains provide evidence that
the centriole controls nuclear position and spindle orientation and also that mother
centrioles control the position of their daughters (Feldman et al. 2007; Feldman and
Marshall 2009; Marshall 2012). Notably, one of these mutations affects a protein
whose homolog, TBCCD1, is localized to centrosomes both in mammalian cells and
in the protist Trypanosoma brucei. Depletion of TBCCD1 in mammalian cells
caused the displacement of the centrosome from the nucleus, as well as Golgi
dispersal, and inhibited directional migration, without affecting centrosomal
MT-nucleation function (Goncalves et al. 2010). In trypanosomes, TBCCD1 deple-
tion disrupted cell organization, including loss of centriole-kinetoplast linkage
(Andre et al. 2013).

While these findings provide support for a view of the algal centrosome as a cell
organizer, this view may not be an adequate description of centrosome function in
metazoa. Metazoan cells often have an organization that is regulated, rather than
stereotyped, and even when it is stereotyped, as in the embryogenesis of many taxa, it
often must vary within a cell lineage. This regulation requires collection and organi-
zation of vectorial information, and this organized information must be represented in
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structures that, either individually or collectively, contain the precision, robustness,
and degrees of freedom necessary to adequately convey these processed vectorial
cues to effectors that govern cell shape, organization, polarized function, and plane of
division. Cells may have several such “information processors,”which may be either
distinct or overlapping, condensed or dispersed, but centrosomes, or their centriole
components, present themselves as attractive candidates.

A number of the positioning studies reviewed here shed light on the potential for
centrosomes to fulfill this role. Among these, for example, are the studies of astral
centration. If regulatory cues are delivered to centrosomes, they presumably must be
overlaid on a baseline of preexisting cytoskeletal forces acting on the organelle. The
centered interphase aster, likely governed by the cytoplasmic length-scaled forces
supported by multiple studies, may represent such a baseline, and strongly enforced
baseline positioning by such forces might be an impediment to a cued response. It is
interesting in this regard that Salle and coworkers observed a steep decline in
centering forces after centration had been achieved in sea urchin eggs (Salle et al.
2018). The authors noted that that this decline might be due to a depletion of
cytoplasmic cargo, but it conceivably may represent a regulatory event. In either
case, the finding suggests the possibility that most cells have astral baseline forces
that are low compared to the systems (chiefly eggs) in which these forces have been
largely studied, and this reduction of baseline forces may provide more sensitivity to
cues. The question arises as to whether there are in fact significant astral centering
forces in most cells. One study observed centrosomes to be displaced from the cell
centroid in confluent fibroblast monolayers and also found that centrosomes could be
moved away from the centroid by adhesion to micropatterns that enforced a polar-
ized cell shape (Hale et al. 2011), suggesting that, even in the absence of overt,
extrinsic polarizing signals, geometric or other cues may be generally dominant.

Positioning studies have provided clues to the nature of the information that may
be flowing to the centrosome, as well as to the forces mediating this flow. Our
understanding of both the content and the forces is more advanced for mitotic
spindle rotation than for the interphase centrosome, but the available evidence
suggests there may be considerable commonality. For example, in multiple systems,
the information delivered to the spindle poles includes instruction from neighboring
cells in the form of junctional polarity pathway signals. The interphase centrosome
also seems to receive such content, as seen in the effect of PAR-3, localized to lateral
cortex, on polarizing centrosomes both in polarizing epithelial cells and in polarizing
fibroblasts at the edge of a wound, and also as seen in the role of the polarity pathway
in the formation of the immunological synapse. A second example is provided by the
role of cell–cell contact. The role of contact in spindle orientation was demonstrated
by Sugioka and Bowerman using bead–cell interactions in C. elegans embryos,
while, with respect to interphase centrosome positioning, the important role of
cadherins has been demonstrated in models of epithelial polarization, as well as
collective cell migration. In spite of this progress, however, the elucidation of cues,
and the likely cross-talk between them, is at an early stage.

Dynein appears to be the major force generator, acting via centrosome-nucleated
MTs to control both spindle rotation and interphase centrosome positioning,
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although other forces, including kinesins and MT pushing forces, have also been
implicated in both mitosis and interphase. Cortical anchors for dynein have been
described for force communication to spindle poles, while in interphase different
anchoring mechanisms appear to be responsible for cortical dynein localization
during directional migration and during immunological synapse formation. Elabo-
ration of the distinctions and similarities among these various mechanisms, and how
they interact with MT dynamics to modulate force, represents an overarching
challenge for the field. For migrating cells, the challenge is amplified by the mystery
of why centrosomes move to different locations in different cells or at different times
in the same cell. However, this puzzle is also likely to be an opportunity, if studies of
positional switching by centrosomes during migration can be leveraged to uncover
underlying mechanisms.

The view of the centrosome as an information processor depends greatly on
determining how much information it is able to simultaneously receive and report:
that is, in the degrees of freedom of its manipulation by forces (or other signals).
Positioning studies are potentially critical for addressing this issue, but there is the
question of, first, what aspect of positioning to measure and, second, what experi-
mental system provides an appropriate test. Two lines of investigation discussed
earlier have provided intriguing hints. First, measuring centrosome position in vivo
in a bilaterally symmetric animal allows the use of developmental axes, coupled with
the cell centroid, as a coordinate system. Taniguchi and coworkers exploited this
idea to demonstrate a chiral specification of centrosome position in developing
Drosophila hindgut, an organ that subsequently undergoes a chiral (left-right asym-
metric) rotation (Taniguchi et al. 2011). While the authors showed that asymmetry in
E-cadherin intensity correlated with centrosome position and implicated E-cadherin
in chiral organogenesis, the mechanism by which asymmetric information is
detected and propagated in this tissue, and specifically the role of the centrosome
in this mechanism, remains to be determined. The second line of investigation,
examining cell polarization in vitro, simply uses the nuclear centroid and the
centrosome position to generate an axis, which is then compared either to the
direction in which the cell subsequently moves or, in micropatterned cultures, to
the axis of the micropattern (a radial axis or longitudinal axis in a circular or linear
micropattern, respectively). These studies have consistently demonstrated chirality
related to centrosome positioning. Collectively, these approaches raise the crucial
and unanswered question as to the nature of the chiral center(s) in cells. Intriguingly,
the direction of left-right asymmetry in micropatterned culture is cell specific (Wan
et al. 2013), which should be a useful starting point for genetic and other approaches
to investigate this issue.

The notion of the centrosome as a potential chiral center, or a component thereof,
inevitably leads to the consideration of the features of the centrosome, and its
components, that might participate in the transmission of chiral information (Marshall
2012; Regolini 2013). While a discussion of centriolar structure, as well as emerging
details of the pericentriolar material, is beyond the scope of this review, there is one
aspect of centrosome structure that may be directly related to the transmission of force
to the organelle: the rotational orientation of the centrosome, considered as a potential
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means to convey symmetry-breaking information. Outside the special case of
multiciliated cells, which are uncommon, is there evidence that a centrosome can
possess an adjustable rotational specification? Since the two centrioles are linked, a
rotation of one could lead to the revolution of the other, and therefore the spatial
relationship of mother and daughter provides one index of rotational orientation.
Studies of the cochlea kinocilium, as it migrates over the apical surface in response
to PCP signals, show that in these primary cilia, the mother and daughter centrioles
adopt a fixed, uniform orientation within the apical plane in response to PCP signals,
implying a PCP-specified rotational orientation about the axis orthogonal to the plane
(Jones et al. 2008). The mother–daughter relationship was very stable over several
days of slow migration, and this stability was shown to the result of confining forces,
which might potentially include forces that regulate orientation (Lepelletier et al.
2013). In addition to rotation within the cell surface plane, there is in principle the
possibility of rotation about other axes. For example, the pointing of primary cilia in
the direction of migration might represent the pointing of the mother centriole, which
would require rotational specification about two axes. Alternatively, since these cilia
are often near the front edge of the nucleus, the downward slope of the cell surface
might contribute to their tilt, as has been proposed for the posterior tilt of nodal cilia.
Nevertheless, an EM study of randomly migrating fibroblasts observed that mother
centrioles, some nucleating a cilium, were predominantly oriented parallel to the
substrate, while the daughter centriole was predominantly perpendicular to the sub-
strate (Albrecht-Buehler and Bushnell 1979). Centrioles aligned in this way would
necessarily possess specified orientation with respect to three axes of rotation. Further
support for a regulated rotation of centrioles comes from time-lapse studies of cultured
epithelial cells, which demonstrated that primary cilia move spontaneously, changing
their angle with respect to the cell surface (Battle et al. 2015). This motion is correlated
with the motion of the underlying basal body and indicates a hinge point below the
basal body. The motion is energy and myosin dependent, indicating that centrioles can
be actively reoriented. We currently lack convenient methods to examine centriole
orientation. The recent advent of ultrastructure expansion microscopy may provide
some new avenues to assess centrosome rotation as a chiral mechanism (Gambarotto
et al. 2019).

Finally, centrosome positioning may provide insight into the effector mechanisms
of this organelle. An early example is the study of Raff and Glover, who observed
that the migration of centrosomes to the posterior pole ofDrosophila embryos, in the
absence of nuclei, was sufficient to elicit the organization of pole bud cells (Raff and
Glover 1989). More recent examples also focus on the importance of centrosome
proximity. As discussed earlier, spindle pole approach to the polar cortex in meta-
phase initiates the depletion of cortical dynein to restore spindle position (Kiyomitsu
and Cheeseman 2012). In the C. elegans embryo, centrosome contact with the cortex
initiates embryo polarization by inducing local actomyosin relaxation, via an
unknown mechanism (Saturno et al. 2017). Why proximity is important in all
these cases is unclear, but one possibility is that the asymmetry of centrosomal
structure facilitates localized, asymmetric deployment of critical factors (such as
Plk1 in the spindle pole) to initiate these responses. The localization of Cdk1 activity
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on the centrosome may permit the organelle to initiate chemical waves that control
cell cycle progression and potentially other functions in frog embryos (Ishihara et al.
2014). Asymmetries that enhance the centrosome’s ability to “read” may, then, also
enhance its ability to “write.” We appear to have only begun to tap the novel
mechanisms of this remarkable organelle.
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Chapter 8
Centriole Positioning: Not Just a Little Dot
in the Cell

Angel-Carlos Roman, Sergio Garrido-Jimenez, Selene Diaz-Chamorro,
Francisco Centeno, and Jose Maria Carvajal-Gonzalez

Abstract Organelle positioning as many other morphological parameters in a cell is
not random. Centriole positioning as centrosomes or ciliary basal bodies is not an
exception to this rule in cell biology. Indeed, centriole positioning is a tightly
regulated process that occurs during development, and it is critical for many organs
to function properly, not just during development but also in the adulthood. In this
book chapter, we overview our knowledge on centriole positioning in different and
highly specialized animal cells like photoreceptor or ependymal cells. We will also
discuss recent advances in the discovery of molecular pathways involved in this
process, mostly related to the cytoskeleton and the cell polarity pathways. And
finally, we present quantitative methods that have been used to assess centriole
positioning in different cell types although mostly in epithelial cells.

8.1 About Centriole, Centrosome, and Basal Body

In animals, the size, structure, protein composition, function, number and position-
ing of centrioles, centrosomes, and ciliary basal bodies have an impact on many
aspects of development and physiology. Indeed, abnormalities in these centriole,
centrosome, and basal body features are implicated in many diseases including,
diabetes, obesity, microcephaly, and cancer (Bettencourt-Dias et al. 2011; Braun and
Hildebrandt 2017; Lopes et al. 2018; Vaisse et al. 2017; Volta and Gerdes 2017).
More specifically related to ciliary defects, abnormal ciliary functions will lead to
ciliopathies, such as primary ciliary dyskinesia (PCD), Meckel syndrome (MKS),
nephronophthisis (NPHP), and Joubert syndrome (JBTS) (Reiter and Leroux 2017).
In this book chapter, we will review our knowledge on centrioles, centrosomes, and
basal bodies positioning in animal cells and discuss existing methods to analyze and
compare centriole positioning.
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The centriole is a microtubule-based structure conserved through evolution that is
fundamental to form centrosomes and cilia (Marshall 2001). In a centriole, microtu-
bules are arranged in a cylindrical ninefold symmetric configuration, a structure
commonly known as a barrel-shaped, which is maintained in many eukaryotes
(Fig. 8.1). The size is below the resolution of regular microscopes being
100–250 nm in diameter and 100–400 nm in length. Apart from this general shape
and composition, centrioles also maintain a conserved number, two per cell, in cells
from different species. Based on their “age” and composition, one centriole is
considered as a mother centriole (the oldest inherited during mitosis) and the other
one as a daughter centriole.

The combination of two centrioles, mother and daughter, surrounded by a
pericentriolar matrix (PCM) conforms to the canonical centrosome (Fig. 8.1). This
PCM has recently been described as multiple radial layers of proteins around the pair
of centriole (Mennella et al. 2014). In dividing cells, centrosomes are the organelles
at the poles of the spindle ensuring the proper allocation of chromosomes among
cells. During interphase, centrosomes act as the major microtubule organizing center
(MTOC), nucleating cytoplasmic microtubules (MTs) from the surrounding
pericentriolar material (PCM) (Bornens 2012; Werner et al. 2017).

The mother centriole sits at the heart of the basal body, which is a highly organized
structure essential for the formation of cilia (Fig. 8.1). Cilia are microtubule-based
organelles that project from the surface of cells and serve both motile (secondary
cilia) and sensory functions (primary cilia) (Wang and Dynlacht 2018). During cilia
formation, basal bodies dock to a cellular membrane through their distal appendages
(also known as transition fibers). Then the mother centriole’s microtubule-growing
end extends and forms the cilium skeleton (the axoneme). Primary cilia share similar
structural characteristics with motile cilia, both consisting of nine microtubule dou-
blets forming the ciliary axoneme (9 + 0).Motile cilia, however, also contain a central
microtubule doublet (9 + 2), radial spokes, and a nexin ring, allowing for movement
and thus functions, such as propulsion or clearing of mucus and debris, not experi-
enced in primary cilia.

Fig. 8.1 Centriole, centrosome and basal body. Mother and daughter centrioles (a) as part of the
centrosome in (b) and basal body of a cilium in (c). PCM pericentriolar matrix, MC mother
centriole, DC daughter centriole

202 A.-C. Roman et al.



An exception to the role of a pair of centrioles per cell appears in very specialized
cells known as multiciliated cells, where centriole duplication is promoted by a
transcriptional program led by transcription factors like Forkhead Box J1 (Foxj1). In
these multiciliated cells, the number of centrioles will increase up to 200–300
per cell.

During development and homeostasis, centrioles as centrosomes or basal bodies
play critical functions for cell division in the mitotic spindle, for cell motility
(centrosome), in signaling (cilia-related) and in cilia directional movement (cilia-
related). To better convey the variety of centriolar functions, four examples of
centrioles and their cellular positioning in epithelial cells are:

1. The role in oriented cell division perfectly exemplifies the importance of centri-
oles/centrosomes during cells division. In this cellular process, the mitotic spindle
is aligned within the plane of the epithelium through an interaction between astral
microtubules growing from the centrosome and capture sites that are located on
the cortical surface of the cell. Oriented cell division has an important function in
morphogenesis of epithelial tissues determining its axial elongation and ulti-
mately determining organ size and shape.

2. To highlight the role of centrioles in cell migration, one could look at the
developmental process, namely, the convergent extension. This developmental
process is necessary to increase the length and narrowing of a field of cells, for
example, during gastrulation. Centrosomes will be polarized toward the migrat-
ing direction, so that the entire cell polarity axis is shifted in the same direction.
As a result, a cell migrates and intercalates within the plane of the epithelium.
This process will determine the entire body size.

3. The proper signaling of the Sonic hedgehog (Shh) pathway is based on
partitioning of the Shh receptor and downstream signaling component inside or
outside the ciliary axoneme. In the presence of Shh, Smoothened (Smo) is
translocated inside the ciliary axoneme liberating the transcription factors down-
stream. Proper Shh signaling is key for embryo development.

4. A more specific function for centrioles related to cilia is found in tissues with very
specific functions. In the airway epithelium, multiciliated cells projecting their
cilia toward the lumen of the airway will produce a directional mucus flow out of
the respiratory system, which is important to remove dust or undesired toxic
particles. To properly achieve this movement at the single cell level, centrioles as
basal bodies should be arranged so that the orientation of all the ciliary basal body
points toward the same side of the cell. In the airway epithelium, centrioles’
orientation is coordinated to create the directional fluid flow.

As mentioned above, centrioles/centrosome plays a key role in the control of cell
motility and shape, oriented cell divisions, and cilia positioning. For all these
processes, a proper centriole/centrosome positioning or changes in positioning is
necessary (Elric and Etienne-Manneville 2014).
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8.2 Centrosome and Basal Body Positioning in Highly
Specialized Cell Types

8.2.1 Centriole Positioning in Neurons

In a classic description of centriole/centrosome positioning, these are located close to
the nucleus, near the center of the cell, a distribution common for mesenchymal cells
or neurons (Fig. 8.2). A neuron is a highly polarized cell that has a unique thin and
elongated membrane projection named axon and one or more projections named
dendrites. In brain morphogenesis, neuronal proliferation, migration, and polariza-
tion are key processes dependent on centrosome and microtubules (Baas and Lin
2011; Conde and Caceres 2009; Kuijpers and Hoogenraad 2011). In proliferating
neurons, the initial centrosome is duplicated and the two newly formed centrosomes
participate in the assembly and organization of the mitotic spindle (Glotzer 2009; Lim
et al. 2009). As mentioned above, mutations on several genes coding for centrosome
proteins cause microcephaly. Mutations in Centromere Protein J (CENPJ),
Centrosomal Protein 152 (CEP152) and Centrosomal Protein 63 (CEP63) all cause

Fig. 8.2 Centriole as centrosome or ciliary basal body positioning in different cell types. A distinct
centriole positioning is depicted in epithelial cells with apical, lateral, and basal membrane (a), a
neuron with dendrites and the axon (b), a photoreceptor with the outer segment (c), an immune cell
with a target cells (d), a group of sensory cells in inner ear (e), and a group of ependymal cells (f).
IHC inner hair cells, OHC outer hair cells. It must be described. N nucleus, G Golgi, but it must be
explained
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primary microcephaly-associated proteins (Bond et al. 2002; Guernsey et al. 2010;
Sir et al. 2011). CENPJ regulates centriole duplication and elongation, and CEP63
and CEP152 colocalize at the proximal end of the maternal centriole and are required
for centriole duplication, suggesting that the centrosomes are essential in the prolif-
erative phase regulating brain size. Recently, other two microcephaly inducer-
proteins have been identified, WD Repeat Domain 62 (WDR62) and Abnormal
Spindle Microtubule Assembly (ASPM) (Jayaraman et al. 2016). Wdr62 and Aspm
localize to the proximal end of the mother centriole and are required together with
CEP63 to localize CENPJ at the apical region of the centriole.

Migration allows neurons to achieve their final position in the brain, and it is a
complex process where migrating neurons undergo important morphological
changes and strong shifts in centrosome positioning. In most of the migrating
neurons, centrosome is located ahead of the nucleus and coupled by a cage-like
structure of perinuclear microtubules. Moreover, these centrosome perinuclear
microtubules are extended outward in the migratory leading process (Kuijpers and
Hoogenraad 2011). The first migration process is called nuclear translocation.
Lissencephaly-1 (Lis1) and dynein, a microtubule minus-end-directed motor, are
responsible for coupling nuclear translocation and centrosome movement (Tsai et al.
2007). Microtubules are oriented with their minus end toward the centrosome, and
dynein is concentrated at an expansion in the leading process and near the nucleus.
Therefore, dynein may pull the centrosome forward toward the expansion and the
nucleus toward the centrosome (Sakakibara et al. 2013; Tsai et al. 2007). However,
the nuclear translocation independent of centrosome positioning also has been
shown (Distel et al. 2010; Umeshima et al. 2007). Therefore, it was proposed that
a concentrated actomyosin system in front of a translocating nucleus pulls the
nucleus. It is also plausible that cooperative force generation by dynein and acto-
myosin is used in nuclear translocation (Solecki et al. 2009).

Neurons polarize and develop an axon and several dendrites during and after
neuronal migration. Neuronal microtubules appear predominantly bundled,
presenting both parallel and antiparallel configurations. Whereas in axons most of
the microtubules are oriented with their plus ends away from the soma, microtubules
in dendrites show mixed polarity, with a large fraction of microtubule plus ends
oriented toward the soma. Before polarization, the centrosome is usually localized to
the site of axon outgrowth (Zmuda and Rivas 1998), and several reports identified the
centrosome location as a robust predictor of axonal fate (de Anda et al. 2005).
Interestingly, most of the microtubules in mature neurons are not connected to the
centrosome, and removal of the centrosome affected neither axon growth nor neuro-
nal microtubule organization and morphogenesis (Basto et al. 2006; Nguyen et al.
2011; Stiess et al. 2010). A current point of view is that noncentrosomal microtubules
are responsible for dendritic and axon formation. So, at early stages of neuronal
development in nonpolarized cells, newly formed axons already contain microtu-
bules of opposite polarity, suggesting that the establishment of uniform plus-end-out
microtubules occurs during axon formation and depending on external signals (Yau
et al. 2016). An essential component of all microtubules is the protein γ-tubulin,
which, together with γ-tubulin complex proteins, assembles into large γ-tubulin ring
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complexes that function as microtubule nucleator (Kuijpers and Hoogenraad 2011;
Teixido-Travesa et al. 2012). Moreover, recently it was demonstrated that augmin
(a multisubunit protein complex for lateral nucleation of microtubules) and γ-tubulin
ring complexes are crucial for microtubule organization in postmitotic neurons,
generating the highly bundled neuronal microtubule network and ensuring uniform
plus end-out microtubule polarity in axons. While γ-tubulin ring complex is essential
for the density and organization of the microtubule network, augmin complex
regulates the polarity of axonal microtubules (Sanchez-Huertas et al. 2016).

8.2.2 Centriole Positioning in Immune Cells

This central and close to the nucleus positioning of the centriole varies sometimes
due to external stimuli in some cells, such as immune cells (Fig. 8.2). This centriolar
movement inside the cell is key for the immune system function. The immune
system is composed of diverse types of cells whose principal role is the maintenance
of homeostasis and integrity of all the tissues. Immune cells are essential in the
protection of organisms against infectious diseases and cancer, participating, also, in
key processes such as the development, reproduction or wounds healing (Sattler
2017; Stinchcombe Jane and Griffiths Gillian 2014). The regulation of immune
response depends mainly on close interactions between immune cells and those
known as antigen presenting cells (APC). Those interactions not only involve
receptor-target recognition but also change in protein organization (polarization of
receptors) and cell morphology. This rearrangement of cell components forms an
area of specialization denominated as the immunological synapse formed by mem-
brane domains known as supramolecular activation clusters (SMAC). For instance,
CD4 T cells have a ring of integrin proteins that surround a central region with T cell
receptors and signaling proteins and a distal ring with actin and actin-associated
proteins (Angus and Griffiths 2013; Grakoui et al. 1999; Monks et al. 1998;
Stinchcombe Jane and Griffiths Gillian 2014).

The cell–cell interactions trigger the migration of centrosome from the periphery
of the nucleus toward the immunological synapse and its binding to the plasma
membrane (Vertii and Doxsey 2016; Roig-Martinez et al. 2019), which is a process
initially observed in cytotoxic T cells (Stinchcombe et al. 2006) and recently in CD4
and NK cells (Stinchcombe et al. 2011; Ueda et al. 2011) (Fig. 8.2). Centrosome
polarization toward the immunological synapse reorganizes the intracellular actin
and microtubule cytoskeleton, which is essential for the transmission of signals and
the traffic of secretion vesicles toward the area of contact/interaction (Stinchcombe
et al. 2006, 2011). Furthermore, this polarization controls other processes that occur
during the immunological synapses, such as the processing of newly synthesized
proteins and the endocytic vesicles recycling (Ambuj et al. 2014; Angus and
Griffiths 2013; Stinchcombe Jane and Griffiths Gillian 2014).
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8.2.3 Centriole Positioning in Specialized Epithelial Cells

Centrioles occupy other specific locations that differ between cell types and cellular
contexts. For instance, in mammalian epithelial cells, centrioles as a part of the basal
body are located near the apical surface (Spassky and Meunier 2017) (Fig. 8.2).
However, this localization can also evolve due to the specific functions acquired by
epithelial cells in a tissue. Clear examples for such a centriole positioning are found
in hair cells in the inner ear or ependymal and choroidal ciliated cells in the brain
ventricles.

8.2.3.1 Centriole Positioning in Hair Cell of the Cochlea

The mammalian auditory organ is composed of sensory cells that detect sound-
evoked vibrations. This perception is mediated by the hair bundle, located at their
apical surface, a mechanosensitive structure formed of large and stiff microvilli
known as stereocilia. At the hair bundle, vertex is located in the kinocilium, a
specialized primary cilium. The stereocilia are arranged in rows of increasing height
with the kinocilium located adjacent to and central with respect to the tallest row
(Nayak et al. 2007). The stereocilia are filled from top to bottom with numerous,
highly cross-linked F-actin filaments. A proportion of these F-actin filaments pass
through the base of each stereocilium that extends into a dense network of cytoskel-
etal proteins that underlies each hair bundle. The kinocilium is based in a basal body,
the mother centriole, located under the cell surface (Jones and Chen 2008; Satir et al.
2010). A daughter centriole is connected to the basal body by intercentriolar linkers
(Bornens 2012). Finally, the kinocilium is attached to the vertex of the forming hair
bundle by fibrous links that connect it to the tallest row of stereocilia (Michel et al.
2005; Webb et al. 2011).

During development, numerous short microvilli appear on the apical surface
surrounding a single centrally located kinocilium. The mother and daughter centri-
oles undergo confined random movements on short timescales at the apical surface
of hair cells, and the centriole movements are consistent with the Brownian motion
constrained by a radial force (Lepelletier et al. 2013). This allows the kinocilium to
migrate toward the periphery of the cell surface (Fig. 8.2). Microvilli adjacent to the
kinocilium thicken and elongate, eventually forming a V-shaped bundle of
stereocilia, with the kinocilium at its vertex (Fig. 8.2). However, little is known
about the mechanisms that coordinate this special planar cell polarity. It has shown
that the ablation of Lis1 (a well-established microtubule regulator) disrupts centro-
some anchoring and the normal V-shape of hair bundles, accompanied by defects in
the pericentriolar matrix and microtubule organization (Sipe et al. 2013). Recently, it
has been demonstrated the interdependency and interaction between the integrin
α8 (Itga8) and the protocadherin-15a (Pcdh15a) present in ciliary complex. The
absence of Itga8 or Pcdh15a affects kinocilia elongation and/or maintenance (Good-
man and Zallocchi 2017).
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8.2.3.2 Centriole Positioning in Ependymal and Choroidal Ciliated
Cells

The choroid plexus is a tissue that protrudes into brain ventricles. Its epithelium
consists of choroid plexus epithelial cells that produce the cerebrospinal fluid
(Damkier et al. 2013). These cells also secrete ligands important for brain physiol-
ogy, and regulate the selective protein crossing from vascular tissue to cerebrospinal
fluid (Reboldi et al. 2009; Redzic et al. 2005). However, the main function of the
ependymal cells, lining the ventricles of the brain and central canal of the spinal cord,
is to move cerebrospinal fluid. Because they derive from the dorsal neuroepithelium
and form a continuous monolayer with the ependyma, ependymal epithelium is
sometimes described as choroidal or modified ependyma. However, choroid plexus
epithelial cells and ependymal cells are distinct in many aspects. Thus, ependymal
cells contain hundreds of motile (secondary) cilia (9 + 2) that beat in a coordinate
manner to allow the circulation of the cerebrospinal fluid (Narita and Takeda 2015).
In contrast, choroid plexus epithelial cells have one or two dozens of nonmotile
(9 + 0) cilia (Narita et al. 2010) which exhibit transient motility only around the
perinatal period, with low and small beating frequency and amplitude and random
orientation (Narita et al. 2012). Also, there are differences in the mechanism of
ciliary formation of cilia between choroid plexus epithelial and ependymal cells.
Thus, in a knockout mouse for Cadherin EGF LAG seven-pass G-type receptor
2 (Celsr2), an impairment of ciliogenesis is observed in ependymal but not in
choroid plexus epithelial cells (Tissir et al. 2010). Both ependymal and choroid
plexus epithelial cells share origin. The precursor cells, termed radial glia, already
establish orientation of cilia prior to the generation of choroid plexus epithelial and
ependymal cells (Mirzadeh et al. 2010). In both cell types, multiciliogenesis is
associated with the induction of transcription factors, Foxj1 and regulatory factor� 3
(Rf�3). The formation of multiple cilia in choroid plexus epithelial cells occurs
shortly after the cells differentiate from the neuroepithelium during organogenesis
(about embryonic day 11 in mice) (Narita and Takeda 2015). However, ependymal
cells undergo multiciliogenesis after birth to establish hundreds of motile cilia in
2 weeks. Finally, a combination of planar polarity signaling and hydrodynamic
forces (by the emerging fluid flow) regulates docking and rotational orientation of
the ependymal motile cilia (Guirao et al. 2010), and important planar polarity
components such as CELSR1, CELSR2 and CELSR3 and VANGL2 (Vang-like
protein 2) are essential for ciliary orientation and function (Tissir et al. 2010).

8.2.4 Centriole Positioning in Photoreceptors

Although photoreceptors are neuroepithelial cells which generate electrical responses
when stimulated by light, their centriole positioning resembles one of the classical
epithelial cells (Fig. 8.2). They contain a distinctive photosensory organelle derived
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from a primary nonmotile cilium, named the outer segment (OS). The OS is
connected to the cell soma via a thin, eccentrically positioned bridge, called the
connecting cilium, which is connected to the basal body. This basal body is composed
of nine doublets of microtubules (9 + 0) derived from the mother centriole, and it
remains anchored to the periciliary membrane by transition fibers (Pazour and
Bloodgood 2008; Rosenbaum andWitman 2002;Wei et al. 2013). The outer segment
consists of stacks of membranous discs which are organized around a microtubule-
based axoneme and which contain proteins required for phototransduction, such as
the photopigment opsin. The connecting cilium, which is partly equivalent to the
transition zone in other cilia types, joins the outer segment with the inner segment
(Khanna 2015).

The major stages of outer segment morphogenesis are similar across all species,
and its initial stages closely parallel to the morphogenesis of primary cilia in other
cell types were described in great detail (Sedmak and Wolfrum 2011). Outer
segment morphogenesis begins with the maturation of the basal body as it migrates
toward the distal end of the inner segment. This basal body consists of the mother
and daughter centrioles. In photoreceptors, the first step in cilium formation is the
attachment of an intracellular ciliary vesicle to the distal end of the mother centriole,
and transition fibers, projected from the mother centriole, likely mediate this vesi-
cle’s attachment. Axonemal extension occurs next and causes the ciliary vesicle to
invaginate and form the ciliary sheath. The basal body ciliary vesicle structure then
docks to the plasma membrane, and the outer membrane of the sheath fuses with the
plasma membrane. It is likely that upon this fusion, the ciliary sheath becomes the
membrane region often referred to as the periciliary membrane. The next steps are
oriented to the building of photoreceptor discs. Primary cilium and outer segment
morphogenesis and architecture became a subject of renewed attention because
humans suffer from a variety of inherited ciliopathies and syndromic diseases that
often include problems with vision (Fliegauf et al. 2007). For example, ablation of
Macf1 (Microtubule actin crosslinking factor 1) in the developing retina abolishes
ciliogenesis, and basal bodies fail to dock to ciliary vesicles or to migrate apically.
Moreover, deletion of Macf1 in adult photoreceptors causes reversal of basal body
docking and loss of outer segments, reflecting a continuous requirement for Macf1
function (May-Simera et al. 2016).

8.3 Molecular Pathways Underlying Centrosome
Positioning During Interphase

In recent years, molecular mechanisms that control centrosome positioning have
been elucidated. Pathways including cytoskeletal and polarity proteins have been
demonstrated to be important for understanding this process (Carvajal-Gonzalez
et al. 2016a; Tang and Marshall 2012). In the next paragraphs, we will describe
some of these mechanisms.
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8.3.1 The Cytoskeleton as a Key Player in Centriole,
Centrosome, and Cilia Positioning

Several studies indicate that centriole positioning depends on both tubulin and actin
dynamics as well as motor proteins like dynein or myosin. They play a role on the
generation of forces that pull centrosome to the correct position in many cell types
during interphase (Buendia et al. 1990; Euteneuer and Schliwa 1985; Zhu et al.
2010). According to this, in some cellular processes, disruption of actin and micro-
tubules cytoskeleton using cytochalasin D or nocodazole and cold causes the arrest
of centrioles’ movement (Garrido-Jimenez et al. 2018; Piel et al. 2000). These
experiments have revealed that actin polymerization is required to maintain the
centrioles in restricted areas in epithelial cells (Boisvieux-Ulrich et al. 1990; Buendia
et al. 1990; Garrido-Jimenez et al. 2018).

One of the main structures in which the centrosome interacts with elements of the
cytoskeleton is the basal body of the ciliated cells. This structure (more specifically
the basal foot) acts as an anchoring point of the network of microtubules that allows
cytoskeleton to exercise mechanical forces caused by its depolymerization
(Hagiwara et al. 2000). Recent studies in this field propose that some basal body
proteins play a key role on cilia basal bodies migration to the cell surface, a process
which is dependent on the actin cytoskeleton (Dawe et al. 2007a; Lemullois et al.
1988). For instance, in ciliated cells, centrioles dock in the apical surface to become
basal bodies. In addition, basal body proteins MKS3 (Meckel Syndrome Type 3)
have been recently proposed as a regulating element of the position of the basal body
(Abdelhamed et al. 2015; Dawe et al. 2007b).

8.3.2 Polarity Pathways and Centriole, Centrosome, and Cilia
Positioning

During organism development, cell coordination is essential for proper morphogen-
esis and patterning. Thus, directional information drives cells to form oriented
cellular structures like cilia, kinocilia and outer segments of photoreceptors,
among others. During development, two types of polarity are stablished, planar
cell polarity (PCP) and apical-basolateral polarity. (Campanale et al. 2017; Gray
et al. 2011; Wallingford 2012).

8.3.2.1 Apical-Basolateral Polarity

In epithelial cells, apical-basolateral (Ap-Bl) polarity refers to the generation of two
different membrane domains: one is the apical membrane, in contact with the
environment, and the other the basal membrane, anchored to extracellular matrix
(ECM). Apical-basal polarity is a result of the differential distribution of protein
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complexes, phospholipids and components of the cytoskeleton (Goldstein and
Macara 2007; Rodriguez-Boulan and Macara 2014). This polarized distribution is
essential to regulate cellular functions such as directional transport of ions in
epithelial cells or the transmission of the electrical impulse in neurons. In vertebrates,
apical and basolateral membranes are separated by tight and/or adherent junctions,
maintaining this cellular asymmetry (Bryant and Mostov 2008; Mostov et al. 2003).

Several molecular pathways that regulate the Ap-Bl polarity establishment have
been clarified in the last decades, and they reflect the presence of, at least, three
interacting protein complexes. First, the main regulator of the Ap-Bl polarity is the
Par complex, consisting of Partitioning defective protein 3 (Par3), Partitioning
defective protein 6 (Par6), and atypical protein kinase C (aPCK) (Goldstein and
Macara 2007; St Johnston and Sanson 2011). This complex provides polarity
information during the first cell cycle, and is key for proper asymmetrical distribu-
tion of cell-fate regulators. A second complex for polarity is formed by Crumbs,
Stardust and Pals1-associated tight junction (PATJ), and its function is more
restricted to epithelial cells, defining apical membrane. Finally, the last complex
consists of Scribble, Discs large (Dlg), and Lethal giant larvae (Lgl), located in the
basal membrane. The interactions of these three protein complexes act through
negative regulation, defining the apical-basolateral surfaces of epithelial cells
(Tanentzapf and Tepass 2003).

The Ap-Bl polarity has been related to centrosome positioning through
Partitioning defective 6 homolog gamma (Par6γ) function in centrosomal protein
recruitment. In this sense, loss of Par6γ impairs the centrosomal recruitment of
proteins (Dormoy et al. 2013). In addition, it has been shown that apical moving
of centrosome during epithelial polarization is a process dependent on Par3. Thus,
embryos lacking Par3 fail to localize their centrosomes apically, affecting cilia
positioning (Feldman and Priess 2012). Par complex also regulates centrosome
anchoring at the cell cortex through its interaction with NuMA (nuclear mitotic
apparatus), Pins (partner of inscuteable), and G proteins, which have a clear impli-
cation in asymmetric cell division (Galli et al. 2011). This pathway has been recently
related with primary cilium movement to the apical surface of the cell. Deletion of G
proteins and Pins impairs the migration of the kinocilium in cochlear cells and
disrupts hair orientation and shape (Ezan et al. 2013).

8.3.2.2 Planar Cell Polarity (PCP)

Over the last years, growing evidences related centriole positioning with a second
cell polarity mechanism orthogonal to Ap-Bl axis, named planar cell polarity (PCP).
This mechanism governs the coordinated polarization within the plane of a cell sheet
(Goodrich and Strutt 2011; Guirao et al. 2010; Ybot-Gonzalez et al. 2007). PCP
signaling is a well-conserved mechanism based on the asymmetric distribution of
protein complexes, and drives morphogenetic changes across the tissue through
mutual exclusion of these proteins at opposite sides of the cell. In Drosophila,
PCP is controlled by genes including frizzled (Fz), van gogh (Vang, Vangl in
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vertebrates), and flamingo (Fmi, Celsr in vertebrates); the cytoplasmic components
dishevelled (Dsh, Dvl in vertebrates), diego (Dgo), and prickle (Pk), and PCP
effectors including, among others, inturned (In), fuzzy (Fy), and fritz (Frtz, Wdpcp
in vertebrates), implicated in early stages of centriole positioning during ciliogenesis
(Adler 2012; Park et al. 2006; Wallingford 2012; Wang et al. 2017).

The Frizzled PCP signaling pathway described above is established through the
asymmetric segregation of the protein complex comprised of Fz-Dsh-Fmi, located
on the distal side of the cell, and the protein complex composed of Vang-Pk-Fmi,
enriched on the proximal region. Differential distribution of proximal and distal
complexes generates a pattern that propagates throughout the tissue and it is
involved in many cellular processes such as gastrulation, neural tube closure and
patterning (Curtin et al. 2003; Kibar et al. 2001; Wallingford et al. 2000). The
amplification of asymmetry along the tissue is driven by repulsive interactions
between the Vang-Pk-Fmi complex and the F-Dsh-Fmi complex inside the cell
(Jenny et al. 2005), whereas cell–cell communication is performed through the direct
interaction of transmembrane proteins Vang and Fz.

In vertebrate ciliated cells, PCP have been widely related with centrosome and
basal body positioning, revealing its key role in generation of directional fluid flow
in a variety of ciliated cells (Mitchell et al. 2007, 2009; Wallingford 2010). For
instance, disruption of Dvl function results in a randomization of planar polarity in
multiciliated cell, impairing the cilia beating and directional fluid flow across the
epithelium (Park et al. 2008). In brain, Celsr 2/3, Vangl 2 and Dvl are implicated in
polarization of ciliated ependymal cells, and disruption of these proteins causes
hydrocephalus (Guirao et al. 2010; Hirota et al. 2010; Tissir et al. 2010). Moreover,
recent studies relate Vangl2 to the primary cilia localization to the posterior apical
membrane of neuroepithelial cells (Borovina et al. 2010). The essential role of PCP
in centrioles/basal bodies positioning and ciliogenesis is evident in the fact that a
wide variety of syndromes has been related to alterations such as heterotaxy or situs
inversus of PCP proteins (Pennekamp et al. 2015). PCP have been also related to the
eccentric position of primary cilia and with defects in the orientation of kinocilium in
the organ of Corti of inner ear (Axelrod 2008; Jones and Chen 2008). In addition,
mice with knockout of Fltp (Flattop, a gene transcriptionally activated during PCP
acquisition) show basal bodies and ciliogenesis defects in multiciliated lung cells
(Gegg et al. 2014).

Many advances in the knowledge of Fz-PCP were made in Drosophila wings. In
this model system, it has been recently described that the positioning of centrosomes
is polarized toward the distal side of each cell under the control of PCP pathway,
demonstrating that PCP also controls the position of centrioles in nonciliated cells.
Gain- and loss-of function experiments of PCP core components have revealed
alterations in the positioning of the centrioles when the distribution of PCP proteins
was impaired (Carvajal-Gonzalez et al. 2016a, b). In addition, unlike described in
vertebrates, lack of known PCP effectors frtz, drock (Rho-kinase), andmwh (multiple
wing hair) does not alter centriole positioning in Drosophila (Garrido-Jimenez et al.
2018).
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8.4 Methods to Measure Centrioles Polarity

The analyses of phenotypes associated with centrioles, centrosomes, basal bodies, or
MTOCs have been focused on the quantification of their number (1), size/shape (2),
and/or position (3). The most relevant factor that is related to cell polarity is its
relative position within the cell, here referred as centriole positioning, but we will
also briefly describe the techniques that are used for the quantification of their
number, size and shape.

Differences in the number of centrioles within cells have been described by
Theodor Boveri in 1887, including its potential association with aneuploidy and
tumoral progression (Holland and Cleveland 2009). Then, in the last few years,
several studies showed the role of centrosome amplification in different types of
cancer (Levine et al. 2017). Very often, clinical studies use manual quantification in
a set of immunohistochemical images with markers for centriole components like
pericentrin or gamma-tubulin, (Denu et al. 2016) while others use software-assisted
quantification (Levine et al. 2017). Finally, there is also the possibility to use indirect
measures such as Western blot (Iemura et al. 2007) to quantify the relative quantity
levels of centrosome components in different samples. In summary, the analysis of
centrosome number is mainly based on imaging studies, and novel automatic or
semiautomatic technologies will be able to screen phenotypes involving not only
centrosome number but also its associated shape (Marteil et al. 2018).

Nevertheless, it is fair to consider that the relative position of the centriole/
centrosome/basal body/MTOCwithin a cell is the most important parameter to define
defects in its polarization. It is important to define the different aspects that this type of
complex quantification contains. First, this centriole position is relative to the refer-
ence points or organelles, so we require the quantification of at least another cellular
structure that we assume that is fixed (a reference position). Potential possibilities for
these references include the nucleus, the centroid (geometric center of the cell), or the
plasma membrane, among others. The choice of the reference in the cell will depend
on our previous knowledge of the cell type and biology, and it will probably affect the
final quantification, even when there are no studies that measure this effect. Then, we
can quantify the distance between the centriole and the reference (distance-based
measurements) as a proxy for centriole polarization. The most used technique that
quantifies this distance is called Average Basal Body Positioning (ABP), and it uses
two references, the most anterior point and the most posterior point in the cell. These
are defined as �1.0 and +1.0, respectively, and the x-position of the centriole within
this Anterior–Posterior axis is considered as a measure of its polarization. The
average for a set of cells generates a single score that quantifies centriole polarization
(Minegishi et al. 2017). As an alternative, the Polarity Index (Burute et al. 2017)
estimates the relative distance (in the x-axis) between the nucleus and the centrosome
normalized by the size of the nucleus by using a new coordinate system that links the
nuclei of neighboring cells as the x-axis. However, these distance-based measure-
ments do not fully describe the relative position of the centriole, as multiple locations
can have the same distance (Euclidean or single axis) to the references (Fig. 8.3).
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Instead, these multiple locations will form different angles with respect to the
reference point. While distance-based measurements only require one reference,
angle-based measurements require at least two references in order to obtain an
angular score. A primary example of this technique is the Quantile (Q) method
(Taniguchi et al. 2011). In this case, the references are the Anterior–Posterior and
the Left–Right axes of the cell as they cross by its centroid. This defines four potential
angular positions of the centrosome within a cell (Left Anterior, Left Posterior, Right
Anterior and Right Posterior). This simple classification turns into a measure of
centriole polarization by the calculation of the percentage of cells located in these
four types. There are alternative angle-based methods as the direct angular quantifi-
cation either between the nucleus-centrosome vector and the central cavity axis in
epiblast cells (Burute et al. 2017) or the cell centroid–centriole vector and the
proximal–distal axis in Drosophila pupal wing cells (Carvajal-Gonzalez et al.
2016b). In parallel to distance-based measures, the same angle-based score might
reflect different centriole positions (Fig. 8.3).

Thus, neither distance-based nor angle-based measures by themselves are able to
fully explain differences in centriole polarization. Novel techniques that address both
position and orientation at the same time are required to obtain clearer centriole
phenotypes associated to polarity defects. In this way, the Representative Polarized
Centriole Distribution (RPCD) constitutes an effort to combine position and orien-
tation in a single score (Garrido-Jimenez et al. 2018). The idea underlying this
technique is to generate a statistical model to represent a specific centriole polarized
system having as reference the cell centroid and a theoretical normalized shape of the
cell. In the case of Drosophila wings, the normalized cell was modeled as a regular
hexagon (Garrido-Jimenez et al. 2018) but this could be changed to different poly-
gons in other systems. In every case, the size of single cells is normalized using the
real area and the predicted area of the polygon. Finally, statistical analyses will return
if a specific set of sample cells is significantly different from the RPCD or not. This

Fig. 8.3 Centriole positioning quantitative methods related referred to the center of the cell
(centroid). The distance methods (a and b) can quantify different measures like Euclidean distance
(a) or a single-axis distance (b). Nevertheless, in the figure it is shown how multiple centrosomes
(in green) will become equal to the test sample (in red) in terms of these distances even with
different relative positions within the cell. This also occurs with angle-based measures (c), when
multiple centrosomes (in green) share the same angle (α) with the test sample (in green)
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technique is powerful enough to detect phenotypes that were not detected in
distance-based or angle-based methods (Garrido-Jimenez et al. 2018) but it also
presents several inconveniences, as we are required to generate a library (a RPCD) of
the specific biological model we want to use in order to test it. Nevertheless, these
RPCDs can be iteratively improved as we increase the number of used cells, and the
binary classification (RPCD or not RPCD) can be potentially expanded to, for
example, different stages during the development.

In summary, there is a repertoire of imaging techniques to assess the centriole/
centrosome/MTOC polarity in a cell sample.We need to remark that these techniques
are used only for translational polarity. In the case of rotational polarity, the standard
analysis quantifies the relative angles between the basal feet and the basal bodies in
each multiciliated cell. Specifically, the use of scores like the Index of Alignment [Ia,
(Herawati et al. 2016)] can define up to four stages during multiciliated tracheal cell
differentiation (Floret, Scatter, Partial Alignment and Alignment). In the next few
years, we should obtain additional techniques that implement geometrical as well as
simulation andmodeling tools in order to further dissect centriole polarity phenotypes
in multiple biological models.
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Chapter 9
The MTOC/Golgi Complex at the T-Cell
Immunological Synapse

Meritxell Roig-Martinez, Elena Saavedra-Lopez, Paola V. Casanova,
George P. Cribaro, and Carlos Barcia

Abstract T cells effectively explore the tissue in search for antigens. When acti-
vated, they dedicate a big amount of energy and resources to arrange a complex
structure called immunological synapse (IS), containing a particular distribution of
molecules defined as supramolecular activation clusters (SMACs), and become
polarized toward the target cell in a manner that channels the information specifi-
cally. This arrangement is symmetrical and requires the polarization of the MTOC
and the Golgi to be operational, especially for the proper delivery of lytic granules
and the recycling of molecules three dimensionally segregated at the clustered
interface. Alternatively, after the productive encounter, T cells need to rearrange
again to newly navigate through the tissue, changing back to a motile state called
immunological kinapse (IK). In this IK state, the MTOC and the Golgi apparatus are
repositioned and recruited at the back of the T cell to facilitate motility, while the
established symmetry of the elements of the SMACs is broken and distributed in a
different pattern. Both states, IS and IK, are interchangeable and are mainly orches-
trated by the MTOC/Golgi complex, being critical for an effective immune response.

9.1 Introduction

T cells patrol the tissues searching for foreign antigens or neoantigens (Lu and
Robbins 2016; Ariotti et al. 2012; Yarchoan et al. 2017). They have to constantly
move through different environments and tissues and travel by intricate surround-
ings that require high adaptability (Weninger et al. 2014). This feature of great
cellular motility involves the constant reorganization of the cytoskeleton involving
microtubules and actin fibers (Dustin 2007). This active cytoskeletal arrangement is
controlled by dynamics of the microtubule-organizing center (MTOC), which is
positioned differently in each condition (Dustin 2010).
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Particularly, T cells alternate between two states, the immunological synapse
(IS) and the immunological kinapse (IK) (Fig. 9.1), according to the level of antigen
sensing (Moreau et al. 2012, 2015). On the one hand, IS is formed as a productive
interaction with target cells when the level of antigen is sufficient to trigger T-cell
activation. In this state, T cells undergo a dramatic arrangement with a high degree of
polarization. On the other hand, IK is a motile state, arranged when the sensing of
antigen is low.

9.2 Formation of Immunological Synapses

An IS is formed when T cells engage with antigen-presenting cells (APC) (Monks
et al. 1998). The interaction between the two cells generates a synaptic cleft that is
considered crucial for the specificity of the immune response (Mitxitorena et al. 2015;
Dustin 2005). This space is created with the characteristic arrangement of different
molecules configuring a secluded chamber where communication between both cells
occurs (Grakoui et al. 1999). The initiation of IS formation takes place when T cells
encounter an antigen on the target cell (Huppa and Davis 2003). This encounter

Fig. 9.1 T cells kinapse vs synapse. T cells alternate between kinapse (a) and synapse state (b).
With low antigen sensing, T cells maintain a motile state (a) (arrow indicates the direction), with the
configuration of a leading lamella and lamellipodium, as well as a trailing uropod. In this state, the
MTOC and Golgi are kept behind the cell nucleus. After T cells get activated, during IS formation
with a target cell (b), the MTOC and Golgi are positioned toward the interface with the target cell.
Original figure by authors

224 M. Roig-Martinez et al.



triggers a response that activates T cells through the phosphorylation of tyrosine
kinases such as zeta-chain-associated protein kinase 70 (Zap-70) or lymphocyte-
specific protein tyrosine kinase (Lck) (Lee et al. 2002; Blanchard et al. 2002; Holdorf
et al. 2002). This activation initiates a cascade of signaling that entails the transfor-
mation of the whole cell involving a cytoskeletal arrangement and a massive polar-
ization (Kuhn and Poenie 2002). The organization of the cytoskeleton is accompanied
by the physical distribution of molecules, such as T-cell receptor (TCR) that becomes
clustered at the center of the IS interface forming the so-called central supramolecular
activation cluster (c-SMAC) (Monks et al. 1998). Simultaneously, adhesion mole-
cules such as lymphocyte function-associated antigen 1 (LFA-1) are clustered as a
ring at the external border of the interface forming the peripheral SMAC (p-SMAC)
(Kaizuka et al. 2007) (Fig. 9.2). Outer to that ring, other molecules such as cluster of
differentiation 45 (CD45) accumulate forming the distal SMAC (d-SMAC) (Yu et al.
2013; Johnson et al. 2000). This configuration generates an isolated area externally
sealed by the adhesion ring of LFA-1, bound to intercellular adhesion molecule
1 (ICAM-1) at the target cell, where specific molecules, such as cytotoxic granules,
can be delivered specifically without altering bystander cells (Mitxitorena et al. 2015;
Huse et al. 2006; Dustin et al. 2010).

Although the function of the IS is not completely understood, the fact that
configures a specific polarization toward the target cell has been considered essential
for a proper immune response. Since the first description (Monks et al. 1998), the

Fig. 9.2 Structure of immunological synapse and kinapse. A multiview projection of a T cell in
kinapse state (a) and synapse state (b). Frontal and lateral views can be observed in 1 and 2, while
3 shows the interacting interface. A 3D interpretation is depicted in 4. In kinapse (a), the interface
shows a particular distribution, displaying TCR molecules relegated to the uropod while LFA-1 is
distributed in the lamella. In contrast, at the synaptic interface (b), TCR is concentrated at the
c-SMAC, surrounded by a LFA-1 ring forming the p-SMAC. In the 3D depiction, the distribution of
the interface can be seen accordingly, with the position of the MTOC in relation to the cell nucleus.
Original figure by authors
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visualization of the IS containing SMAC has been mostly based on in vitro exper-
iments, where it can be analyzed and examined in high detail (Cai et al. 2017).
However, despite the technical difficulties, signatures of IS can also be seen in tissue
(Barcia et al. 2006), demonstrating that this is a natural phenomenon with physio-
logical consequences.

For IS to happen, T cells suffer this arrangement involving the morphological
change of the cytoskeleton, positioning the microtubule-organizing center (MTOC)
toward the target cell (Billadeau et al. 2007). This position creates a complete and
radical polarization of the entire cell where some organelles are gathered toward the
synaptic interface (Franciszkiewicz et al. 2013) (Figs. 9.1 and 9.2). The role of the
MTOC is fundamental to modify the position of the Golgi apparatus and fundamen-
tally the nucleus location (Vicente-Manzanares and Sanchez-Madrid 2004; Kloc
et al. 2014).

Among these organelles, mitochondria are also dragged toward the IS by the
cytoskeleton rearrangement and it is thought that functions as the absorbent of
calcium at this level and intervenes in the synaptic dynamics (Maccari et al. 2016).
In fact, calcium channels such as ORAI and PMC are specifically localized at the IS
to control calcium trafficking (Quintana et al. 2011).

Several molecules have been described to be implicated in the positioning of the
MTOC at the IS. The lipid second messenger diacylglycerol (DAG) plays a funda-
mental role in this process being centered at the IS and involving the reorientation of
MTOC (Chauveau et al. 2014; Huse et al. 2013). Additionally, nuclear distribution E
homolog 1 (NDE-1) and dynactin also take part on this polarization, particularly,
NDE-1 in the translocation of the MTOC whereas dynactin allows the translocation
of lytic granules (Nath et al. 2016). In the latter, the MTOC is so close to the
membrane that may contact the plasma membrane (Stinchcombe et al. 2006).

Thus, the MTOC drags the Golgi apparatus along with the microtubules creating
a hemispherical dome. The T cell adopts this shape by alpha-tubulin ribs (Kuhn and
Poenie 2002), which are driven through a Lck-dependent mechanism by the gamma-
tubulin cluster at the MTOC (Tsun et al. 2011). This structure facilitates a balance of
the compression-tension able to hold the space at the interface area and channel the
information, fundamentally carried by granules.

Importantly, since the MTOC sets the position of the Golgi apparatus, its location
becomes critical for the orientation of endocytosis and secretory domains. This
situation of the Golgi at the IS is especially relevant for the recycling of numerous
molecules, such as TCR-CD3 complexes, of which the polarized secretion at the
SMAC is very active (Carpier et al. 2018). Interestingly, this polarization of the
MTOC-Golgi complex occurs prior to the release of cytolytic granules, which
indicates the importance of the IS cellular arrangement for an effective immune
response (Stinchcombe et al. 2001). Particularly, the granules are transported through
microtubules and not by F-actin, which remains excluded from the c-SMAC. Then,
granules are transported minus-end through long microtubules toward the IS and
transported plus-end through the short microtubules (Stinchcombe et al. 2006; Kloc
et al. 2014).
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9.3 The Formation of Immunological Kinapse

IK, in contrast with IS, is formed when the antigen recognition is low, so T cells
increase their motility forming an asymmetrical interacting interface (Dustin 2007;
Moreau et al. 2012). In this case, the MTOC is located toward the back of the cell,
the uropod, while the front, the lamellipodium, navigates through the environment
being highly sensitive to antigen (Negulescu et al. 1996; Kloc et al. 2014).

T cells interchange between the two states, IS and IK, in a symmetry-forming and
symmetry-breaking cycle, which is balanced according to the antigen recognition
(Dustin 2008), being the MTOC position a key factor organizing the architecture of
the cell and the position of the organelles (Dustin 2007).

In the kinaptic state, the interface is asymmetric, segregating the molecules of the
d-SMAC to the leading edge or lamellipodium and adhesion molecules (analogously
to the p-SMAC) to the lamellar focal point, while the TCR molecules (the elements
conforming the c-SMAC) are relegated to the uropod (Evans et al. 2009; Dustin
2008; Fritzsche and Dustin 2018). This arrangement is regulated by protein kinase
C-ϴ (PKCϴ), playing a critical role in the T-cell motility and localization of the
MTOC toward the uropod (Cannon et al. 2013). This is essential for the interchange
between these two states that T cells undergo (Dustin 2008). From the IK state, the IS
formation is triggered when a high load of antigen is recognized, reducing the
motility and arranging a synaptic interface, which is symmetrically driven by the
centriole position (Stinchcombe et al. 2006).

Motility of cells depends on different signaling pathways involving the arrange-
ment of the cytoskeleton and stress fibers. The activation of small GTPases such as cell
division control protein 42 (Cdc42) and Ras homologous (Rho) protein is critical for
the motility and its direction. Cdc42 is considered the center of polarity and intervenes
in the position of the MTOC (Etienne-Manneville 2004). A classical example was
defined in fibroblasts, by using in vitro experiments. After an artificial physical
damage is done, fibroblasts tend to close that gap by forming a cellular scar, a
phenomenon called wound healing. During this process, fibroblasts orient to the
wound and move toward this gap (Vicente-Manzanares et al. 2009). In this process,
the MTOC is located toward the leading edge, between the lamella and the nucleus
(Fig. 9.3). This position is assumed to happen in most of the mammal motile cells but it
does not seem very well defined in some leukocytes, including myeloid cells (Crespo
et al. 2014) and brain macrophage-like microglia (Lively and Schlichter 2013).

Although in myeloid cells the MTOC position in the front seems to lead the
direction, the perinuclear position of the MTOC interchanges and oscillates between
the front and the back, probably as a result of the changes in the rotation of the
nucleus when cells crawl (Crespo et al. 2014). In lymphocytes, however, it appears
to be settled that the MTOC position is maintained in the back of the cell, the uropod
when migrating, a position that seems to be adequate for the motility and the
incursion into narrow spaces (Weninger et al. 2014). One useful example, with its
obvious limitations, of the advantage of this distribution for the alternation between
IS and IK, is considering the alpha-tubulin cytoskeleton ribs and its dynamics as an
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umbrella. The open umbrella would resemble the IS position whereas the motility
and IK situation would be the closed umbrella (Ratner et al. 1997). In this way,
organelles are contained at this space facilitating the motility.

Importantly, these dynamics are physiologically relevant and can be seen in the
tissue, and an imbalance between the two states, IS and IK, could be apparent in
pathological conditions (Diaz et al. 2018) reflecting the difficulty of T cells to detect
antigens in particular areas.
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Fig. 9.3 Distinct pattern of MTOC position in kinaptic lymphocytes. This illustration is depicting
the position of the MTOC in motile fibroblasts (a) and lymphocytes (b). The MTOC is positioned
toward the leading edge in many cell types, such as fibroblasts (a), and appears displaced in front of
the nucleus, oriented to the area where the leading lamella is arranged. Microtubules appear
distributed radially from the MTOC to the actin-rich lamella and the trailing uropod at the back
of the cell. However in motile T cells (b), the MTOC presents a different position, being behind the
nucleus driving the motility of T cells in kinapsis mode. Original figure by authors
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Chapter 10
Semi-Intact Cell System for Reconstituting
and Analyzing Cellular Golgi Dynamics

Fumi Kano and Masayuki Murata

Abstract Morphology of Golgi apparatus changes frequently and diversely
depending on various cellular conditions and these changes correlate with the
balance between membrane inflow and outflow at the Golgi via vesicular transports.
In a previous study, we introduced a semi-intact cell system suitable for the recon-
stitution of morphological changes that organelles undergo as well as the vesicular
transport between them. Semi-intact cells are cells that have undergone plasma
membrane permeabilization by the cholesterol-dependent pore-forming cytolysin,
streptolysin O (SLO). Permeabilization enables the introduction of various mole-
cules into the cells, as well as the substitution of the original cytosol with an
exogenously made cytosol prepared from cells in various stages of cell cycle,
differentiation, and disease progression. Coupled with a green fluorescent protein
(GFP)-visualization technique, this cell-based system enables the analysis of the
molecular mechanisms underlying biological processes that are highly dependent on
the integrity of the intracellular architecture. In this chapter, we present a variety of
reconstitution assays concerning biological reactions pertaining to the Golgi
apparatus.
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10.1 Introduction

In mammalian cells, the Golgi apparatus forms a cisternal, ribbon-like structure. This
structure can be found near the nucleus during interphase, but it is drastically
changed during mitosis. The Golgi apparatus is fragmented and dispersed through-
out the cytoplasm during mitosis that enables equal partitioning to two daughter cells
(Shorter andWarren 2002; Colanzi et al. 2003; Altan-Bonnet et al. 2004). In addition
to cell cycle-dependent morphological changes, the morphology of the Golgi appa-
ratus changes frequently and diversely depending on various cellular conditions,
including DNA damage (Farber-Katz et al. 2014), apoptosis (Chiu et al. 2002;
Mancini et al. 2000), neurodegenerative diseases (Ayala and Colanzi 2017; Rendón
et al. 2013), cancer (Petrosyan 2015), and cellular response to pathogens
(Jesenberger et al. 2000; Reiling et al. 2013; Hansen et al. 2017). While the Golgi
apparatus maintains its unique structure during interphase, it connects with the
endoplasmic reticulum (ER) and various late-endosomal compartments through a
dynamic membranous flow involving vesicular transport. This morphological
homeostasis of the Golgi apparatus appears to be a characteristic state of the
physiological equilibrium maintained by the balance between inflow and outflow
of the membranes and components by vesicular transport. In other words, changes in
Golgi morphology might be the result of many biological reactions occurring in a
“concerted” fashion within the membrane-trafficking network around the Golgi
apparatus. In addition, not only the structures of the organelles and the cytoskeleton,
but also their proper relative spatial position is crucial for membrane trafficking and
cellular organelle dynamics. Accordingly, in order to investigate the mechanisms of
morphological changes and vesicular transport involved in the Golgi apparatus in
mammalian cells, the optimal reconstitution assays must be identified, in which the
concerted process may be dissected into several elementary reactions morphologi-
cally and biochemically, with the spatiotemporal information of the biological
reactions also included. In this review, we describe the reconstitution assays relevant
to cell cycle-dependent morphological changes observed in the Golgi and ER. In
addition, we discuss the vesicular transport between the two organelles, Golgi
disassembly induced by biological toxins, and the Golgi targeting of Rab6. Semi-
intact cell systems coupled with green fluorescent protein (GFP)-visualization tech-
niques could be a promising approach for addressing the above-mentioned obstacles.
In this review, we focus on semi-intact cell systems including in-cell reconstitution
systems for biochemical examination of factors involved in organelle morphology
and function.

10.2 Semi-Intact Cell Systems

Semi-intact cells are cells with permeabilized plasma membranes and intact organ-
elles and cytoskeletons. Cells are permeabilized using one of the cholesterol-
dependent cytolysins, streptolysin O (SLO) (Fig. 10.1) (Alouf 1980). SLO binds
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the plasma membrane in a cholesterol-dependent manner, and oligomerizes to form
pores in the plasma membrane. The SLO pores are approximately 30 nm in diameter
(Bhakdi et al. 1985; Sekiya et al. 1993), which allows both the leakage of cytosol
from permeabilized cells as well as exogenous introduction of various molecules,
including proteins, nucleotides, and membrane-impermeable small and mid-sized
chemical compounds, into cells. Having structural integrity, SLO-mediated semi-
intact cells can be used as cell-type “test tubes” for investigating the function of
exogenously introduced molecules under intracellular conditions. Furthermore, the
cytosol can be substituted with cytosol prepared from cells in various stages of cell
cycle, differentiation, and disease progression (Fig. 10.1), which permits elucidation
of the context-dependent behavior of exogenously introduced molecules. Owing to
its advantages, the semi-intact cell system is suitable for the reconstitution and
investigation of cell cycle-dependent membrane dynamics processes, which specif-
ically require integrity of cytoskeletons and spatial relationship between organelles.

Fig. 10.1 Scheme of reconstitution of the morphological changes of organelles during mitosis
using the semi-intact cell system
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10.3 Reconstitution of Cell Cycle-Dependent Morphological
Changes of the Golgi and the ER Network as well
as Vesicular Transport Between the Two Organelles

The Golgi apparatus and ER maintain their unique structures during interphase while
vesicular membrane transports allow continuous influx and efflux of substances
between the two organelles. In mitosis, the Golgi and ER undergo drastic simulta-
neous changes. As these organelles are connected via vesicular transport, it is
difficult to separate specific biological processes for examining the roles of specific
molecules in cells. Furthermore, analysis of these processes is further complicated by
asynchronous cell cycle progression. In semi-intact cells, the intracellular environ-
ment can be stabilized at fixed cell cycle status by incubating cells with interphase or
mitotic cytosol, which allows morphological and biochemical dissection of compli-
cated processes involved in organelle dynamics. Therefore, by using a semi-intact
cell system, we reconstituted several cell cycle-dependent morphological changes of
the Golgi apparatus and ER.

10.3.1 Reconstitution of Cell Cycle-Dependent Golgi
Disassembly in Semi-Intact Cells

In order to reconstitute the mitotic Golgi disassembly process, we used a MDCK cell
line, MDCK-GT, that constitutively expresses a GFP-tagged Golgi resident protein,
namely, mouse galactosyltransferase (GT) fused with GFP (GT-GFP). Semi-intact
MDCK-GT cells were prepared by first incubating cells with SLO and subsequently
with Xenopus mitotic extracts (Kano et al. 2000b). Confocal microscopic observa-
tion revealed that the Golgi apparatus was first fragmented into large vesicles that
were associated with microtubules under the apical plasma membrane. This process
was followed by further dispersion of the Golgi membrane as small vesicles into the
cytoplasm (Fig. 10.2). These processes were induced by Xenopus mitotic extracts,
but not by interphase extracts. Based on confocal microscopic observation, we
classified the disassembly process into three stages. Stage I (intact) was characterized
by a perinuclear, intact Golgi that resides near the nucleus; stage II (punctate) was
characterized by fragmented membranous structures associated with apical micro-
tubules; and stage III (dispersed) was characterized by completely dispersed Golgi
membranes (Fig. 10.2).

Next, we performed a Golgi disassembly assay in the presence of kinase-specific
inhibitors or specific kinase immuno-depleted cytosol, and identified the kinase that
was required for each of the two elementary processes. Mitogen-activated protein
kinase kinase (MEK) was responsible for stage I to II, and cdc2 kinase was
responsible for stage II to III (Fig. 10.2) (Kano et al. 2000b). Interestingly, MEK
was identified to be required for mitotic Golgi disassembly prior to the action of
cdc2, a master kinase in mitosis. Several reports support this progressive model of
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mitotic Golgi disruption and the possible role of MEK in disconnecting the Golgi
cisternae before disruption. For example, MEK1 or extracellular-activated protein
kinase 2 (Erk2) phosphorylates Golgi reassembly stacking protein 55 (GRASP55), a
matrix protein that links the Golgi cisternae (Short et al. 2005), thereby inhibiting the
stacking of Golgi cisternae, which ultimately results in their complete disconnection
(Feinstein and Linstedt 2007; Jesch et al. 2001).

10.3.2 Reconstitution of Partial ER Disruption During
Mitosis and Reformation of the ER Network During
Interphase in Semi-Intact Cells

We examined the cell cycle-dependent morphological changes of ER using a semi-
intact cell system. The morphology of the ER, a polygonal network at the cytoplasm
that connects to cisternae near the nucleus, was visualized in CHO-HSP cells,
Chinese hamster ovary (CHO) cells constitutively expressing GFP-conjugated heat
shock protein 47 (GFP-HSP47). HSP47 is an ER chaperone involved in the matu-
ration and transport of collagen (Ishida and Nagata 2011). Fluorescent microscopy
revealed that the network structure of ER was maintained during mitosis, which is
consistent with findings from other studies (Puhka et al. 2012; Voeltz et al. 2002). In
addition, we found partial disruption of the ER network in mitotic cells. Next, we
reconstituted the partial disruption of the ER network in semi-intact CHO-HSP cells

Fig. 10.2 Morphological and biochemical dissection of mitotic Golgi disassembly. The intact
Golgi apparatus (stage I) was first fragmented into large vesicles that are associated with the
microtubules underneath the apical membrane (stage II), in a MEK-dependent manner, and further
dispersed throughout the cytosol (stage III) in a cdc2-dependent manner. Lower panel shows the
confocal microscopy images of cells in each stage
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in the presence of cytosol derived from mitotic HeLa cells. We preincubated
CHO-HSP cells with nocodazole to eliminate the effect of microtubules on ER
morphology. Subsequently, we permeabilized the CHO-HSP cells to generate
semi-intact CHO-HSP cells and incubated them with cytosol that was prepared
from mitotic HeLa cells. Interestingly, we observed a cdc2 kinase-dependent dis-
ruption of the polygonal ER network in the presence of mitotic cytosol (Fig. 10.3).
Depolymerization of the microtubules by nocodazole was essential for the partial
disruption of mitotic ER networks, suggesting that microtubule depolymerization
was required for ER network disruption at the onset of mitosis.

Additional microscopic observation of ER dynamics revealed that mitotic
cytosol-induced disruption of the ER network was not a consequence of repressed
tubulation and/or bifurcation, but a consequence of inhibited ER tubule fusion.
Therefore, we hypothesized that the fusion event could be inactivated in a cdc2
kinase-dependent manner. One of the cdc2 substrates with a role in membrane fusion
is p47, a cofactor of p97, also known as valosin-containing protein (VCP). The
p97/p47 complex mediates the fusion events involved in Golgi reassembly and ER
network formation (Kondo et al. 1997; Uchiyama et al. 2002), and phosphorylation
of p47 by cdc2 at Ser140 was reported to be essential for Golgi disassembly during
mitosis (Uchiyama et al. 2003). Therefore, we examined whether a recombinant
protein of p47NP, a mutant p47 with a Ser to Ala substitution at position 140, would
inhibit partial ER disruption in an ER disruption assay and found that the addition of
p47NP in combination with mitotic cytosol resulted in ER network maintenance,
suggesting a crucial role for cdc2-mediated p47 phosphorylation in partial disruption
of the ER network during mitosis (Kano et al. 2005b). Interestingly, we found that

Fig. 10.3 Partial disruption of the ER network by mitotic cytosol and its morphometric assay.
Semi-intact CHO-HSP cells were permeabilized with SLO and incubated with interphase or mitotic
cytosol. Cells were observed using confocal microscopy. Morphological changes of the ER network
were quantified by counting the number of three-way junctions (red dots) of ER network per area
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washing out the mitotic cytosol and further incubating the cells with interphase
cytosol resulted in the reformation of the polygonal ER network that was disrupted
by the mitotic cytosol (Kano et al. 2005a). We hypothesized that the fusion between
ER tubules would be reactivated in the presence of interphase cytosol; however, the
p97/p47 complex-mediated fusion event did not sufficiently induce full reformation
of the ER network.

In order to investigate the biochemical requirements for the reformation step, we
focused on the role of the N-ethylmaleimide-sensitive factor (NSF) and p97 com-
plexes, which are well-known cellular fusion machineries (Malhotra et al. 1988;
Rabouille et al. 1995; Meyer 2005). To this end, we prepared N-ethylmaleimide
(NEM)-treated interphase cytosol [NEM(I)] because NEM inactivates ATPases
including NSF and p97. Next, we screened for cytosolic proteins, which restored
the three-way junction of the ER network in the presence of NEM(I). Using the
reformation assay and subsequent morphometric analyses based on three-way junc-
tion assays (Fig. 10.3, right), we found that this process only required NSF and its
cofactor α- and γ-synaptosomal nerve-associated protein (SNAP) (referred to as
NSFs) and p97/p47 (referred to as p97s) + p97/p47 complex-interacting protein
p135 (VCIP135) as exogenous factors (Fig. 10.4). It was unexpected that factors
required and sufficient for polygonal ER network formation were only NSFs and
p97s + VCIP135, because it had previously been reported that, in addition to the
vesicle fusion process, the tubulation/bifurcation process was required for ER net-
work formation (Dreier and Rapoport 2000). Furthermore, we showed that the two

Fig. 10.4 Model for the cell cycle-dependent morphological changes in the ER network. The ER
network in semi-intact cells was partially disrupted by mitotic cytosol. Subsequent incubation with
interphase cytosol induced reformation of the ER network structure. The reformation was dissected
into two processes: (1) Connection of disrupted ER tubules into intermediate compartments by the
NSF and SNAP complex; and (2) A p97/p47/VCIP135 induced complete fusion of the ER tubules
to create the network structure of ER
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fusion processes mediated by NSFs and p97s + VCIP135 functioned sequentially
during ER network reformation. The first membrane fusion process was mediated by
NSFs to create the membranous intermediates that connect the disrupted ER tubules,
which were visualized using electron microscopy (Fig. 10.4). The subsequent process
responsible for complete fusion of the ER tubules and formation of the ER network
was shown to be mediated by p97s + VCIP135 (Fig. 10.4). In addition, using the
reformation assay, we demonstrated that syntaxin 18 is a common t-soluble NSF
attachment protein receptor (SNARE) involved in both fusion reactions that occur
during ER network reformation.

10.3.3 Reconstitution of Disassembly of ER Exit Sites During
Mitosis and Anterograde and Retrograde Vesicular
Transports Between the ER and Golgi in Semi-Intact
Cells

ER exit sites (ERES) are domain structures generated on the ER network and known
to be the budding sites of transport vesicles destined to the Golgi apparatus (Jensen
and Schekman 2011). We found that GFP-fused Yip1A (also known as Yip1 domain
family member 5 [YIPf5]), a mammalian homolog of yeast YPT-interacting protein
(Yip) 1, accumulated at the ERES during interphase, and diffused throughout the ER
network at the onset of mitosis in CHO cells (Kano et al. 2004). Thus, we visualized
ERES in CHO-YIP cells constitutively expressing Yip1A-GFP as an ERES marker,
and reconstituted the mitotic disassembly of the ERES using semi-intact CHO-YIP
cells (Kano et al. 2004) (Fig. 10.5a). We found that addition of mitotic cytosol into
semi-intact cells induced ERES disassembly, which was inhibited by the
nonphosphorylatable form of p47, p47NP. This indicated that cdc2-dependent
phosphorylation of p47 might be crucial for ERES disassembly. In all, at the onset
of mitosis, cdc2-dependent phosphorylation of p47 is likely to be, at least partly, a
key regulator of Golgi fragmentation, partial ER network disruption, and ERES
disassembly.

As the Golgi apparatus and ER are connected through anterograde- and
retrograde-vesicular transport during interphase, their perturbation under patholog-
ical conditions or during mitosis would be expected to not only affect the quantity
and quality of the protein/lipid components that flow in and out of the organelles, but
also the overall organelle morphology (Miles et al. 2001; Zaal et al. 1999). Thus,
quantitative analysis of vesicular transport between the Golgi and ER under inter-
phase or mitotic conditions would elucidate the regulatory mechanisms underlying
mitosis-induced morphological changes in organelles. In order to further analyze this
issue, we first established CHO-GT cells; although most of the GT-GFP appears to
localize to the Golgi during interphase, GT-GFP is recycled between the ER and
Golgi through vesicular transport. Next, we reconstituted anterograde- or retrograde-
vesicular transport between the Golgi and ER of semi-intact CHO-GT cells, in the
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presence of interphase or mitotic cytosol (Murata and Kano 2012). We conducted
quantitative analysis of the vesicular transport of GT-GFP in semi-intact cells using
the fluorescence recovery after photobleaching (FRAP) method. In brief, we

Fig. 10.5 Disassembly of ER exit sites by mitotic cytosol, and ER-to-Golgi and Golgi-to-ER
transport in semi-intact cells with interphase or mitotic cytosols. (a) Mitotic cytosol induced the
disassembly of ER exit site marker Yip1A-GFP throughout the ER network from the dotted domain
structures, but interphase cytosol did not. (b) Using GT-GFP, which recycles between the ER and
Golgi as a marker, the extent of anterograde and retrograde transport between the ER and Golgi was
quantified using the fluorescence recovery after photobleaching (FRAP) method. In the presence of
mitotic cytosol (M) in semi-intact cells, ER-to-Golgi anterograde transport was significantly
inhibited in a cdc2-dependent manner. (c) The model for the coupling of cell cycle-dependent
morphological changes of the ER and Golgi, with vesicular transport in mammalian cells
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bleached GT-GFP fluorescence at a specific region of the Golgi in semi-intact cells
by repetitive laser illumination under the microscope. After bleaching, we quantified
the extent of fluorescence recovery resulting from anterograde transport of GT-GFP
from the ER to the Golgi. In order to measure the extent of retrograde GT-GFP
transport from the Golgi to the ER, we bleached the fluorescence in the ER network
and quantified the extent of fluorescence recovery at the bleached region. Analysis of
fluorescence recovery kinetics at the Golgi and ER showed inhibition of anterograde
transport but not of retrograde transport by mitotic cytosol (Fig. 10.5b). In addition,
we showed normal anterograde transport in the presence of cdc2-depleted mitotic
cytosol, suggesting a cdc2-dependent repression of anterograde transport in the
mitotic cytosol. These findings are consistent with the above finding that ERES,
the budding region of anterograde transport vesicles from the ER, was disrupted in
the presence of mitotic cytosol in a cdc2 kinase-dependent manner. Interestingly, the
retrograde transport assay further revealed that the mitotic cytosol likely enhanced
the retrograde transport of GT-GFP compared to the interphase cytosol, suggesting
that the translocation of certain Golgi components to the ER might be facilitated at
the onset of mitosis.

10.3.4 Schematic Model of Mitosis-Induced Morphological
Changes in the Golgi and ER Coupled with Vesicular
Transport

Golgi architecture is coupled with vesicular transport between the ER and Golgi. For
example, inhibition of anterograde transport from the ER through microinjection or
overexpression of the dominant negative type of Sar1, GTP-restricted Sar1, causes
loss of the Golgi structure near the nucleus and subsequently results in cytoplasmic
dispersion (Miles et al. 2001). Morphological changes in the Golgi and vesicular
transport process share common protein factors owing to similarities in the elemen-
tary steps of these processes, including membrane curvature, elongation, and fusion.
Therefore, reconstitution of these phenomena would be helpful for understanding the
function of each factor unique to each phenomenon. Based on our findings and those
of others (Bisel et al. 2008; Colanzi et al. 2003; Sütterlin and Colanzi 2010), we
proposed a model for the coupling of cell cycle-dependent morphological changes in
the ER and Golgi, with vesicular transport in mammalian cells (Fig. 10.5c). In this
model, just before or at the very beginning of mitosis, MEK activation is required for
the separation of Golgi cisternae into large vesicles, which might correspond to the
splitting and bipolar movement of centrosomes to the opposite sides of the nucleus to
create the mitotic spindle (Rabouille and Kondylis 2007). Indeed, Golgi fragmenta-
tion is often observed near split centrosomes. During the earlier stages of mitosis,
cdc2 kinase is activated and phosphorylates a variety of proteins in the cells,
including p47. The phosphorylation of p47 induces Golgi disassembly and simulta-
neous partial disruption of the ER network, as well as ERES disassembly. ERES
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disassembly inhibits ER-to-Golgi anterograde transport, but does not affect Golgi-
to-ER retrograde transport. In consequence, the efflux of some Golgi components
surpasses the influx of other cytosolic components, thus enhancing Golgi disassem-
bly during the early phase of mitosis. Disruption of the ER network and vesiculation
of Golgi membranes enables the dispersion of the components of these organelles
throughout the cell, resulting in their equal distribution into two daughter cells.

10.4 Dissection of BFA-Induced Disassembly of the Golgi
Using Semi-Intact Cells

Another concerted morphological change in the Golgi is the brefeldin A (BFA)-
induced absorption of the Golgi into the ER. The fungal metabolite BFA inhibits
several members of ADP ribosylation factors (Arfs) and guanine nucleotide
exchange factors (Casanova 2007), and inhibits membrane export from the ER
in vivo (Lippincott-Schwartz et al. 1989). BFA-induced dynamic morphological
changes of the Golgi have been extensively investigated in living cells using
GT-GFP as a Golgi marker (Sciaky et al. 1997). Light microscopic observation of
BFA-treated cells revealed the formation of many Golgi tubules within �10 min,
which persisted for 5–10 min before rapid fusion with the ER. BFA-induced Golgi
disassembly is characterized by the formation of prominent, long tubules from the
Golgi apparatus. These BFA-induced Golgi tubules are proposed to be transient
membrane structures that merely accentuate the normally observed constitutive
Golgi-to-ER retrograde transport. Several studies (Lippincott-Schwartz et al. 1990;
Lippincott-Schwartz et al. 1991; Wood et al. 1991) have shown that Golgi disas-
sembly can be dissected into two elementary reactions: Golgi tubule formation
followed by fusion of the Golgi tubules with the ER membrane (Fig. 10.6a). This
fusion leads to the quick relocation of mainly cis- or medial-Golgi components to the
ER. BFA-dependent Golgi disassembly involves calmodulin (Figueiredo and Brown
1995), cytoplasmic phospholipase A2 (Figueiredo et al. 1998), lysophosphatidic
acid-specific acyltransferase (Schmidt and Brown 2009), kinesin as the
microtubule-associated motor protein (Klausner et al. 1992), ATP as energy source,
and the fusogenic protein NSF (Sciaky et al. 1997; Fukunaga et al. 1998). However,
in BFA-treated cells, the formation of Golgi tubules and the fusion between Golgi
tubules and the ER membrane occur in a concerted fashion at different time points,
which makes the morphological dissection of these processes and the investigation
of the biochemical requirements of each elementary reaction challenging.

In order to independently investigate the factors that are required for Golgi
tubulation or fusion, we reconstituted BFA-induced Golgi disassembly in semi-
intact CHO-GT cells. At first, we reconstituted the Golgi disassembly in the presence
of cytosol derived from L5178Y mouse lymphoma cells and ATP-regenerating
systems and then dissected the whole process biochemically and morphologically
into two independent steps in semi-intact CHO-GT cells (Kano et al. 2000a): Golgi
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tubule formation and subsequent fusion of Golgi tubules with the ER membrane. For
this analysis, we classified Golgi morphology as normal perinuclear ribbon-like
“intact Golgi,” >5 μm long “tubular Golgi,” and “fused Golgi” with the Golgi
components absorbed to the ER (Fig. 10.6b). In consequence, the morphological
changes to the Golgi upon BFA treatment were expressed as the percentage of cells
having intact, tubular, or fused Golgi. Based on this morphometric analysis, we
developed assays for Golgi disassembly and for the two dissected elementary
processes of Golgi tubule formation and Golgi tubule fusion to the ER.

NEM treated cytosol, referred to as NEM-cytosol, induced normal Golgi tubule
formation, but did not induce Golgi fusion, owing to the potential inactivation of
NSF, a protein that mediates intracellular membrane fusion. Golgi tubule fusion
assay using NEM-cytosol containing various recombinant proteins (e.g., active or
inactive form of NSF) confirmed the essential role of NSF in the fusion process. In
addition, Golgi tubule formation assay showed facilitated motility and bifurcation of
Golgi tubules in the presence of NEM-cytosol, without any effect on tubule number
and length.

Fig. 10.6 Reconstitution of BFA-induced Golgi disassembly in semi-intact cells. (a) BFA induced
the formation of long tubules from the Golgi apparatus and the subsequent absorption of the Golgi
apparatus to the ER. These elementary processes were independently reconstituted in semi-intact
cells using the Golgi tubule formation assay and Golgi tubule fusion assay. (b) Formation of the
Golgi tubules was induced in the presence of ATP and BFA, and the fusion and absorption of the
Golgi tubules to the ER was induced in the presence of cytosol of L5178Y cells, ATP, and BFA,
indicating that the latter process required cytosolic factors
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As cytoskeletons and organelles remain almost intact, the semi-intact cell system
is suitable for the investigation of the effect of microtubules on each elementary
process during BFA-induced Golgi disassembly. First, Golgi disassembly assays
were performed using nocodazole-treated semi-intact CHO-GT cells with partially
disrupted microtubules. Interestingly, BFA-induced Golgi disassembly occurred
even in microtubule-disrupted semi-intact cells; however, the rate of Golgi tubule
formation was slower compared to that of nocodazole-untreated cells. In contrast,
Golgi tubule fusion occurred at a similar rate in nocodazole-treated and -untreated
cells. These findings suggested that microtubules affect Golgi tubule formation, but
is not required for fusion to the ER membrane in BFA-induced Golgi disassembly.
Therefore, we were able to easily investigate the role of specific intracellular pro-
teins, cytoskeleton, or the interaction of both in the biological reactions reconstituted
in semi-intact cells.

10.5 Reconstitution of Golgi Targeting of Rab6 Using
Semi-Intact Cells

The remaining integrity and spatial organization of the organelles and cytoskeleton
in semi-intact cells make them suitable systems for reconstituting the targeting of
proteins to specific intracellular sites. Proteins localize to specific organelles where
they have specific functions, and the underlying mechanisms of protein localization
are diverse. For example, while proteins that localize to the nucleus, mitochondria, or
ER possess a “signal sequence,”which is an amino acid tag required for localization,
other proteins do not have this tag sequence. The monomeric GTPase Rab family
proteins, an example of the latter, localize to various organelles and are involved in
vesicular transport and communication among organelles. The large Rab family
comprises 60 different proteins found in humans, and they all share a common GTP
binding site and lipid modification site; however, different intracellular localization
sites have been described for each Rab protein (Stenmark 2009; Wennerberg et al.
2005). For example, Rab1 localizes to the ER and Golgi apparatus, whereas Rab2
localizes to the cis-Golgi apparatus, and Rab5 localizes to the endosome, each
involved in the regulation of vesicular transport processes in their respective organ-
elles. No amino acid tag sequence has been reported for the localization of these
proteins. In order to address this issue, we reconstituted organelle targeting using the
semi-intact cell system (Matsuto et al. 2015) (Fig. 10.7). For this, we selected
Rab6A, which localizes to the Golgi apparatus of animal cells (Beranger et al.
1994; Martinez et al. 1997).

First, we performed bacterial transformation and purification of Rab6 protein
labeled with glutathione S-transferase (GST-Rab6). When purified GST-Rab6 pro-
tein was added to semi-intact CHO cells, the protein did not localize to the Golgi
apparatus. However, when GST-Rab6 was added to these cells in the presence of
cytosol of mouse lymphoma-derived L5178Y cells containing an ATP-regenerating
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system, immunofluorescence analysis using the anti-GST antibody demonstrated
GST-Rab6 localization to the Golgi apparatus (Fig. 10.7, GST-Rab6 + cytosol).
This finding suggested the existence of a factor in the L5178Y cytosol that is essential
for GST-Rab6 localization to the Golgi apparatus. Furthermore, a protein group that
binds to GST-Rab6 was recovered from the L5178Y cytosol via
co-immunoprecipitation and identified as bicaudal D homolog 2 (BICD2) via mass
spectrometry. BICD2 is one of the adapter proteins connecting dynein, a microtubule
motor protein, to transport vesicles (Matanis et al. 2002; Hoogenraad et al. 2001).
Moreover, GST-Rab6 localization to the Golgi apparatus was inhibited in the BICD2-
depleted cytosol by immune depletion and in the anti-BICD2 antibody-containing
cytosol. Therefore, the involvement of BICD2 in GST-Rab6 localization to the Golgi
was confirmed. Interestingly, microtubule integrity remained uninfluenced by
BICD2-dependent GST-Rab6 localization to the Golgi, indicating that BICD2
might be involved in the localization to Golgi via a mechanism that differed from
that of the adapter of the microtubule motor protein.

The screening method applied for the identification of a factor involved in Rab6
protein localization to the Golgi apparatus described here could be easily applied for
screening a regulating factor of subcellular localization for other Rab family pro-
teins. Moreover, this method has potential applications in the research on organelle
localization for other proteins (Kano et al. 2011). Our findings showed that
exploiting the features of the semi-intact cell assay system, otherwise known as
the “cell-type test tube,” is a good approach for investigating the mechanisms for a
broad range of protein localization and targeting.

Fig. 10.7 Reconstitution of the Golgi targeting of Rab6 in semi-intact cells. Cells were
permeabilized with SLO, and the GST-tagged recombinant Rab6 (GST-Rab6) was introduced
into the semi-intact cells. Intracellular localization of GST-Rab6 was examined by performing
immunofluorescent analysis using anti-GST antibody. Accumulation of GST-Rab6 was observed
only in the presence of cytosol (GST-Rab6A + cytosol)
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10.6 Conclusion

As mentioned above, the semi-intact cell system is a unique and powerful cellular
platform for the investigation of molecular mechanisms underlying the morpholog-
ical and functional regulation of organelles. Recently, we have developed a disease
model of cells using the cell-resealing technique, which is a modified version of the
semi-intact cell system. After introduction of pathological cytosol obtained from the
tissues of disease model animals, into semi-intact cells, the repair of the injured
plasma membrane via endocytosis, exocytosis, or bleb formation, is triggered by
the addition of CaCl2 (Andrews et al. 2014; Cooper and McNeil 2015). For example,
we established the diabetic hepatocyte model by adding the liver cytosol of db/db
diabetic model mouse into semi-intact cells (Kano et al. 2012, 2017). Interestingly,
diabetic model cells mimicked the state of “insulin resistance” at the cellular level,
with decreased transcriptional repression of gluconeogenic genes and aberrant glu-
cose production (Kano et al. 2017). It would be interesting to observe the functional
andmorphological changes of the Golgi apparatus alongwith other organelles in such
disease model cells, since it would highlight the undiscovered involvement of
organelles in diseases andmight shed light on the organelle as a novel disease marker.
In fact, we found that phosphatidylinositol-3-phosphate, a lipid enriched in early
endosomes, is depleted in diabetic model cells, which affects endocytosis and signal
transduction (Kano et al. 2012). In order to compare normal and disease model cells,
we believe that the quantification of organelle morphology and function is required.
This comparison is becoming easier owing to continuous improvements in image
recognition technologies (Wortzel et al. 2017; Sugawara et al. 2012). In combination
with novel technologies, the semi-intact cell system should serve as a powerful tool
for investigating the various aspects of organelle morphology and function.
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Chapter 11
The Centrosome as a Geometry Organizer

Marco Regolini

Abstract ‘Does the geometric design of centrioles imply their function? Several
principles of construction of a microscopically small device for locating the direc-
tions of signal sources in microscopic dimensions: it appears that the simplest and
smallest device that is compatible with the scrambling influence of thermal fluctu-
ations, as are demonstrated by Brownian motion, is a pair of cylinders oriented at
right angles to each other. Centrioles locate the direction of hypothetical signals
inside cells’ (Albrecht-Buehler G, Cell Motil, 1:237–245; 1981).

Despite a century of devoted efforts (articles on the centrosome always begin like
this) its role remains vague and nebulous: does the centrosome suffer from bad
press? Likely it does, it has an unfair image problem. It is dispensable in mitosis, but
a fly zygote, artificially deprived of centrosomes, cannot start its development; its
sophisticated architecture (200 protein types, highly conserved during evolution)
constitutes an enigmatic puzzle; centrosome reduction in gametogenesis is a chal-
lenging brainteaser; its duplication cycle (only one centrosome per cell) is more
complicated than chromosomes. Its striking geometric design (two ninefold sym-
metric orthogonal centrioles) shows an interesting correspondence with the require-
ments of a cellular compass: a reference system organizer based on a pair of
orthogonal goniometers; through its two orthogonal centrioles, the centrosome
may play the role of a cell geometry organizer: it can establish a finely tuned
geometry, inherited and shared by all cells. Indeed, a geometrical and informational
primary role for the centrosome has been ascertained in Caenorhabditis elegans
zygote: the sperm centrosome locates its polarity factors. The centrosome, through
its aster of microtubules, possesses all the characteristics necessary to operate as a
biophysical geometric compass: it could recognize cargoes equipped with topogenic
sequences and drive them precisely to where they are addressed (as hypothesized by
Albrecht-Buehler nearly 40 years ago). Recently, this geometric role of the centro-
some has been rediscovered by two important findings; in the Kupffer’s vesicle (the
laterality organ of zebrafish), chiral cilia orientation and rotational movement have
been described: primary cilia, in left and right halves of the Kupffer’s vesicle, are
symmetrically oriented relative to the midline and rotate in reverse direction. In mice
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node (laterality organ) left and right perinodal cells can distinguish flow direction-
ality through their primary cilia: primary cilium, ninefold symmetric, is strictly
connected to the centrosome that is located immediately under it (basal body).
Kupffer’s vesicle histology and mirror behaviour of mice perinodal cells suggest
primary cilia are enantiomeric geometric organelles. What is the meaning of the
geometric design of centrioles and centrosomes? Does it imply their function?

11.1 Introduction

The most important characteristic of centrioles is their extraordinary chemical
stability and longevity.

Basal Bodies Basal bodies are centrioles at the base of eukaryotic cilia and flagella:
through their distal appendages, basal bodies anchor cilia and flagella to cytoskeletal
microtubules (MTs), besides organizing the assemblage and function of the (nine
fold) axoneme of cilia/flagella.

Centrosomes Centrosomes are membrane-free organelles of metazoan cells,
roughly spherical (rather polyhedral); they are made up of a pair of orthogonal
centrioles, embedded and immersed in an orderly structured matrix of proteins, the
Peri Centriolar Material (PCM): from the surface of this grid several molecular
platforms, named γ-Tubulin Ring Complexes (γ-TuRCs), nucleate an aster of
MTs: these radiate from the centrosome PCM lattice to the cell cortex; this aster is
built around the centrosome during mitosis, and comprises a lot of MTs. Some of
these MTs are nucleated directly by centrosome γ-TuRCs, while others start from the
wall of centrosomal MTs (Sánchez-Huertas and Lüders 2015) through augmin-
dependent microtubule organizing centres (MTOCs). Centrosomes, as just said,
comprise two polarized centrioles, orthogonal during S, G2 and M phases; one,
axial, named ‘Mother centriole’ (MC) is equipped with two sets of appendages,
distal and subdistal; the second, named ‘Daughter centriole’ (DC) is located at the
proximal end of the MC, shows distal outgrowths or ribs, but is appendage free.

Centrosome Duplication Cycle Centrosome and primary cilium, like the nucleus,
are the only subcellular organelles present in single copy: during S phase, the two
centrioles disengage, the distal one, the ‘Daughter’, matures acquiring nine distal
and nine subdistal appendages, thus becoming itself a new mature ‘Mother’ centri-
ole; from each ‘Mother’ centriole a new ‘Daughter’ centriole arises, orthogonally,
using its Mother as a platform, not as a template. The PCM proteins are recruited
around this new centrosome; thus, it is formed, as just seen, by the (former)
ex-Daughter centriole, now transformed in a (new) actual Mother centriole, and its
own orthogonally joined Daughter. This is no doubt, a very complicated, singular
and unique process.

Cilia Motile cilia and flagella show 9 + 2 geometry (nine peripheral MT doublets,
plus two inner MTs). In contrast, the primary cilia (9 + 0 symmetry, no inner MTs)
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are non-motile, except in a few cells of the innermost part of the mouse node (the
mouse laterality organ). Cells have only one primary cilium, as only one centrosome:
cilium and PCM are resorbed and degraded before mitosis. The primary cilia act as
the external antennae (chemical signalling pathways and mechanosensitive func-
tions). Besides MC, also the DC plays a fundamental role in the process of cilium
assembly (Loukil et al. 2017).

Bilateral Symmetry Bilateral Symmetry, in terms of evolution, is a successful and
very ancient trait shared by almost all Metazoa (Bilateria). It is ideal for the balance
and mechanical stability of locomotive systems (walking, running, swimming, flying
and sidewinding) and for the differential analysis of the perceived stimuli by
sensorineural apparatuses (stereoscopy and stereo acoustics: detection of visual
and acoustic stimuli source location).

Symmetry Breaking Mirror symmetry, however, is not a good choice for internal
organs not in charge of motion or perception. It is early broken to solve architectural
anatomical problems (dramatic in narrow snake bodies) and functional challenges
(hydrodynamics of double circulation and gut length). Thus, during development,
the bilateral symmetry is, in a first step, early imposed and later, very soon cancelled
in visceral organs.

Node Node is the laterality organ in mice (responsible for establishing left–right
asymmetry), as Hensen’s node in birds and Kupffer’s vesicle in zebrafish. It consists
of about 250 cells formed, during gastrulation, at the midline, near the posterior end
of the notochord. Each cell of the node possesses a primary cilium.

11.2 Are Centrioles and Centrosome Enantiomeric (Then
Geometric) Structures?

Bilateria, seen from the outside, are mirror symmetric, but their visceral organs are
mostly unpaired and not bilaterally symmetric. In Vertebrates, heart and spleen are
usually located in the left side (situs viscerum solitus), but liver, stomach and
pancreas are right sided, while the gut and lungs are not symmetric and not sagittal.
Unexpectedly, the complete inversion of viscera (situs viscerum totalis) does not
create any abnormality whereas the partial, incomplete reverse disposition of a
limited number of internal organs, known as situs viscerum inversus, represents a
severe pathology.

How is asymmetry of visceral organs established? Nonaka and co-workers (2002)
suggested that in mice, a ciliary flow produced by the node may create a morphogen
gradient. Node cells possess on their apical side one primary cilium: primary cilia of
the innermost cells (pit cells) are motile whereas peripheral cells (called crown cells)
have immotile cilia; pit cells produce a fluid flow sensed by crown cells. Two
hypotheses about this mechanism have been proposed: (1) perinodal cells can be
bent and mechanically stretched, opening polycystin-2 (PKD2) cation channels;
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(2) perinodal cells can sense molecular gradients (although never identified). Both
mechanism trigger the expression of laterality genes only in the left side. In the
mouse node, motile primary cilia of inner cells rotate clockwise (viewed from above
their apical side), and so in zebrafish Kupffer’s vesicle (Ferreira et al. 2018; Okabe
et al. 2008): thus, a fluid flow directed towards the left side of the node is produced;
here monociliated (left) perinodal crown cells likely work as mechanosensitive
devices. The PKD2 cation channels, localized on their cilia, are stretch activated
when cilia are bent by the nodal flow (Yoshiba and Hamada 2014): thus, Nodal
expression (laterality gene cascade) is induced in their cytoplasm and expressed only
in the left lateral plate mesoderm, realizing the usual asymmetry of visceral organs
(situs solitus). To ascertain the role of the nodal flow, Nonaka et al. (2002) and
Yoshiba et al. (2012) cultured in wide flow chambers several mouse embryos, fixed
in parallel rows. These embryos have been correctly and coordinately oriented so
that crown cells of each node could be exposed and subjected together to artificial
laminar flows, alternately rightward and leftward. The right perinodal cells, which
also have ciliary-positioned PKD2 cation channels (Yoshiba et al. 2012), responded
to artificially induced rightward flows: Nodal expression was induced in their
cytoplasm and Nodal pathway expression activated in the right lateral plate meso-
derm just like left cells responded to leftward flows. By the morphogen hypothesis,
the hypothesized chemosensors should be mirror positioned on left and right crown
cell cilia. Thus, we must conclude that perinodal cells can distinguish flow direc-
tionality, showing mirror differential sensibility to oppositely directed flows: left
crown cells are excited by leftward flows, right cells by rightward. Moreover, both
left and right perinodal cells, excited by proper flows, trigger asymmetric expression
of the Nodal cascade, but inversely: right crown cells activate the Nodal pathway in
the right lateral plate mesoderm, producing situs inversus, the mirror image of situs
solitus: internal organs are mirror shaped and reversed from their usual positions;
one genomic pathway, two bilaterally symmetric realizations. Perinodal cell mirror
behaviour suggests that primary cilia are enantiomeric geometric organelles.

In the zebrafish laterality organ (Kupffer’s vesicle), Ferreira et al. (2018) mea-
sured motile and immotile cilia orientation relative to the midline. In the left and
right side of the early (3 somites stage) vesicle, primary cilia orientation is markedly
mirror symmetric: +14� in the left side, �21� in the right for motile cilia. The
immotile cilia of left and right hemisphere showed a similar divergent orientation
of ~40�, overall more dextral. Later in development (8–14 somites stage) cilia
orientation rotates ~20� towards the right, showing a dextral orientation over the
whole vesicle, yet maintaining the same angular difference between the left and right
side. Cilia of laterality organs in mice and fish appear, morphologically and phys-
iologically, mirror symmetric.

What is the meaning of this geometric design of centrioles and centrosomes? Do
they perform any geometric task inside the cell? Histological bilateral symmetry of
actual tissues and organs (like the zebrafish Kupffer’s vesicle) together with the
mirror functioning of mouse perinodal cells strongly suggests that chirality of
centrioles/centrosomes is central in left–right patterning; organs can be ‘actually’
implemented as left handed (sinistral) or right handed (dextral) depending on the side
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from which each organ derives: mother centrioles appear as chiral tools, bilaterally
symmetric, responsible for driving (mirror symmetrically and autonomously) growth
and form of organs in Bilateria. Then, one possibility (as crazy as logical, but not
counterintuitive) is that, in left and right halves of Bilateria, left (‘levo’, ‘+’) and right
(‘dextro’, ‘�’) enantiomeric mother centrioles (and then basal bodies, primary cilia,
centrosomes) do exist. This may be the reason why organs developed from left-sided
buds are precise mirror images of the same organs grown from right-sided primordia.
After all, centrioles show the highest micro- macro-scale correlation: they organize
pericentriolar material, asters and sister asters, and, in mitosis, by the peculiar
centrosome duplication cycle, the cytoskeleton of daughter cells is patterned upon
that of their mother.

11.3 ‘On Growth and Form’: 3D Geometry of Organs
and Organisms

D’Arcy Wentworth Thompson, Scottish biologist, mathematician and pioneer of
mathematical biology (more cited than read) worked on the concept of allometry (the
effect of scale and shear on size and shape of organisms); he wrote that an organism
is so complex a thing, and growth so complex a phenomenon, that for growth to be
so uniform and constant in all the parts as to keep the whole shape unchanged would
indeed be an unlikely and an unusual circumstance. He observed that rates vary,
proportions change, and the whole configuration alters accordingly with the effects
of scale on the shape of animals and plants.

The famous sheep Dolly was produced by a nucleus transfer from a mammary
gland cell of a Finn Dorset sheep into the cytoplasm of an enucleated oocyte of a
Scottish Blackface: Dolly showed the morphological features of the Finn Dorset
sheep, the DNA donor. How can DNA organize anisotropic growth to realize precise
shape of organs and organisms? Production and achievement of the typical and
reproducible species-specific 3D shape in Metazoa cannot be obtained by messy
growth of cells: on the contrary it is a geometric and highly anisotropic, reproducible
process. It is not random, but attentively planned: memorized and coded in the
genome, it is replicated from the zygote to the adult organism: and always in the
same way, billion and billion times in each species. Management of directions,
precise and noise-resistant traffic of intra and extracellular signals are crucial: cell
migration, adhesion, apical constriction and accurate orientation of extracellular
matrix fibres are mechanisms scrupulously planned; they assure highly geometrical
and functional results. The same global orientation relative to the sagittal plane is
maintained, common and unchanged, in organs far away (giraffe and elephant).
Collagen fibrils in the cornea, for example, are meticulously oriented to guarantee
the capability of transmitting light. The transparency and clearness of the cornea
really derives from the geometric design of the extracellular matrix, a grid composed
of orthogonal sheets of parallel fibrils. Metazoa are organisms made up of billions of
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cells and dozens of complex organs. To organize such a great numbers of cells in
forecast dispositions, they establish, already in the zygote, the axes of their intrinsic
geometry; a quasi-Cartesian reference system locates polarity complexes in the cell
cortex. Eventually other local ‘private’ systems of 3D coordinates are established, as
in limbs and appendages. in addition, almost all animals are bilaterally symmetric
(metazoans are, in the great majority, bilaterians: a clear sagittal plane divides the
whole organism in two mirror symmetric, left and right, halves). Coordinating
between them various reference systems to build an orderly assembled multicellular
organism (where ‘multi’ means 1014) at first glance may appear a tremendous
challenge, but, as we will see, it is not ‘mission impossible’. In the zygote of
Caenorhabditis elegans the sperm centrosome locates polarity factors (Zonies
et al. 2010). Do metazoan cells use the centrosome as a geometrical and informa-
tional organizer of the 3D architecture of their cytoskeleton? Is this the mechanism
that manages the common and shared geometry of far cells and organs? Is this the
mechanism that orients and accurately tunes growth and development of extremely
complicated organs (inner ears with cochlea and semi-circular canals)? Gradients of
chemicals or morphogens, isotropically diffusing, are incapable of self-orienting
towards preferred favourite directions. Moreover, they are intrinsically unstable:
thermal fluctuations prevent them from organizing in great detail 3D reproducible
arrangements of cells with the observed precision of single-cell width (Abouchar and
co-workers 2014). Diffusing chemicals are randomly moved and propelled by
thermal energy: the well-known chemical gradients of Planar Cell Polarity (PCP)
signals (Decapentaplegic, Hedgehog, Engrailed, Wingless) act in two-dimensional
(2D) fields (planarly). These fields have small size (less than 1 mm2, a few hundreds
of cell diameters) and are rapidly degraded. At the same time, the size of chemical
gradients is incompatible with the small dimensions of single cells and cannot be
realized within the cytoplasm. Furthermore, PCP cellular receptors such as Frizzled,
Flamingo, Van Gogh, Prickle, Dishevelled, or Diego are too much widespread on
the cell cortex to finely tune, by themselves, the precise location of landmarks:
division planes, directional movements (gastrulation and neurulation) and, above all,
accurate arrangements of extracellular fibres (cornea) need a more detailed cell map.
The fruit fly Drosophila melanogaster has three pairs of imaginal leg discs, whose
morphology is different from each other (Schubiger et al. 2012); then, diverse are the
adult legs (above all for the angles between the different parts: coxa, trochanter,
femur, tibia and tarsus). Given the similar spatial diffusion of morphogens (although
with some difference in diverse leg discs), how can chemicals, working on 2D discs,
exactly control the three-dimensional eversion of legs with different articular 3D
angles? What mechanism shapes the reproducible well oriented and anisotropic
directionality of morphogen fields in insect imaginal discs? In plants, devoid of
centrosomes, anatomy of flat organs is more 2D (planar) than 3D: they realize leaves,
petals and very simple structures (phloem and xylem vascular tubular bundles). Also
Planarians (flatworms), lacking centrosomes, can build only rudimentary 2D organs.
The plant anatomy is not comparable to Metazoa; it is remarkable that, without
centrosomes, besides three-dimensionality, also bilateral symmetry is missing: it is
enough to check the different curvature near the petiole of the borders of (apparently
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symmetric) leaves, how veins start (in an alternate fashion) from the central vein in
leaves, sepals and petals, or the asymmetry of planarian eyes. We cannot compare
the design of veins (tracheae) in Drosophila left and right wings (realized with the
precision of one cell level: see ahead Abouchar et al. 2014) with the gross layout of
veins in petals of zygomorphic flowers like orchids (which, at first glance, could
appear mirror symmetric). Moreover, planarians, without a centrosome, are not able
to perform gastrulation (Azimzadeh 2014), the most important process in Metazoa
development.

11.4 Cell and Tissue Local Geometries

The ratio between cell diameters and organism sizes is about 106. Making very
similar shapes, and precise angles (bilaterally symmetric) distant 104–105 cell
diameters (legs, arms, kidneys, ears, eyes) cannot be sustained by morphogen
gradients. Abouchar et al. (2014) described impressively the precision of develop-
ment in the fruit fly D. melanogaster: ‘Developmental processes in multicellular
organisms occur in fluctuating environments and are prone to noise, yet they produce
complex patterns with astonishing reproducibility. We have measured the left-right
and inter-individual precision of bilaterally symmetric fly wings across the natural
range of genetic and environmental conditions and found that wing vein patterns are
specified with identical spatial precision and are reproducible to within a single-cell
width. The early fly embryo operates at a similar degree of reproducibility,
suggesting the overall spatial precision of morphogenesis in Drosophila performs
at the single-cell level. Could development be operating at the physical limit of what
a biological system can achieve?’ Similar considerations may be done for the
cytoplasm inside the cell, where the average size of proteins is 104 times smaller
than the cell diameter. Free directional movements of proteins are impeded by large
membranous organelle (Golgi and endoplasmic reticulum). In addition, as said, cell
dimensions are too small for gradients to be established inside. Bicoid, Nanos,
Hunchback and Caudal form clear gradients in fertilized D. melanogaster eggs,
whose length (0.5 mm) is no doubt unusual, 102 times a normal cell diameter. How
can different cargoes be driven to their forecast destination so fast and precisely?
(Gáspár and Ephrussi 2017). Such quick precision requires mechanisms different
than diffusion it seems necessary, as suggested by Albrecht-Buehler, an informa-
tional cytoskeleton (i.e. made up of molecularly labelled fibres, distinguishable each
other through different receptors); mitochondrial TIM TOM complexes and Snare
(SNAp receptor) proteins follow similar labelling processes. The centrosome aster
wires geometrically the cell cortex (something like an underground railway net-
work): γ-Turc heterogeneity, recently shown in flies (Tovey et al. 2018), may be the
basis capable of differentiating astral MTs, recognizing cargoes equipped with
molecular labels; different γ-Turcs can match their own ‘labelled’ macromolecules,
DNA coded for precise cortical locations.
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As already said, dorsal–ventral and anterior–posterior orthogonal axes (a quasi-
Cartesian reference system) are imagined to be, round about arbitrarily, immediately
positioned in the zygote (in agreement with the entry point of the sperm or randomly
oriented). These axes are always perpendicular to themselves. As a matter of fact,
first blastomere mitoses occur following programmed and species-invariable pattern
of orthogonal division planes. After all, orthogonality cannot arise by chance, it must
be sustained by any molecular structure. In addition, a third axis, medial–lateral, is
created, on top of that, and it too is orthogonal to both other axes. A credible
mechanism capable of building right angles in Metazoa has never been unveiled.
In Prokaryotes orthogonality of Z-rings (in respect with the main cell axis) is
sustained by FtsZ proteins, homologues to Eukaryote tubulins. The centrosomes
too are made up of two perpendicular centrioles composed of tubulin blades. During
mitosis, as seen, a new centriole (Daughter) arises orthogonally from a pre-existing
mature centriole (Mother). Likely centrosomes possess the unique orthogonal
machinery in Metazoa.

During development, step by step other reference (orthogonal) systems are
created and differently oriented: at the beginning of zygote development the general
reference system for the whole body is established. Later other reference systems are
generated for arms, legs, fingers, nails, each one possessing its own orientation,
strictly forecast, programmed and imposed: the agreement with the upstream (pre-
viously established) reference systems is attentively controlled. In flies, each
appendage (legs, wings, drumsticks/halteres, antennae) grows with its own axes
(its ‘private’ system of coordinates). Yet these ‘private’ reference systems are
correctly oriented in respect with the sagittal plane of the whole body: the proximal–
distal axis has a precise (mirror symmetric) 3D orientation with the body planes
(check, e.g. the bilateral symmetric 3D tilting of insect’s legs—coxa, trochanter and
femur—respectively to the sagittal plane). As known, in flies, legs derive from
groups of only 20–30 cells (initial imaginal discs). At pupariation, discs are already
composed of 50,000 cells disposed in concentric rings corresponding to the several
leg segments (the outermost ring corresponding to the more proximal segment, the
coxa, the innermost to the more distal part, the tarsus). During metamorphosis
appendages evert through their stalk showing an astonishing ripple effect of precise
angles and tilting, from flat 2D discs to 3D legs. The Drosophila mutants defective
for DSas-4, a key centriole protein, develop up to the adult stage. After using up
maternal provisions of DSas-4 are almost completely lacking in centrosomes (Basto
et al. 2006). The adult mutant fly shows an individual with monstrous deformities
(see on the Internet the comparative images of wild type vs. mutant in Basto’s free
article ‘Fly without Centrioles’): the shape, tilt and anomalous curvature of the wings
certainly impede flight and the abnormal angle between coxae and body cannot
allow walking movements. In conclusion: what is the link between morphogenesis
(literally ‘shape generation’) and centrosome?

Formation of limb’s ectodermal appendages (hairs, feathers, nails, teeth) can
better explicate this concept. Cells are capable of orienting themselves in accord
with: (1) ‘cardinal’ points of the whole organism (the organism’s general coordi-
nates: head–tail or superior–inferior, front–rear or anterior–posterior, sagittal plane
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or medial–lateral); (2) ‘local’ reference points, characteristic of each limb (proximal–
distal); (3) ‘private’ own reference points of the appendage itself: each finger, tooth,
tusk and hair (in animal furs, human eyebrows, moustaches and beards) shows a
characteristic orientation of its own local axes. Yet all these reference systems are
each other coordinated. For example, the diverse direction of the medial- and lateral-
most hairs in the same human eyebrow or the correct orientation of each tooth along
the dental arch. In the founder cells of each initial bud, the orientation of the
reference system changes in respect with the body’s planes, following genetic
species-specific programmed patterns. Birds’ legs and wings have their own proper
axes whose tilts are coordinated relative to the general body’s planes. The flight
feathers of the wings (remiges) and tail (rectrices) have a precisely fixed orientation
relative either to the general body planes and axes and to local limb axes. This
orientation is critical in controlling flight. Nonetheless each feather is shaped around
its own local (private) three axes: proximal–distal, from the large intradermic portion
of the rachis to its subtle apex; dorsal–ventral, from the dorsal outer convex to the
ventral inner concave face; anterior–posterior, between the two lateral sharp edges.
All its components—rachis, barbs, barbules, barbicels—are built in respect with
their ‘private’ local points of reference, the feather’s own axes and the body axes.
Note that each feather is not itself mirror symmetric: it does not have an own plane of
symmetry (it cannot be divided into two mirror corresponding halves). Nonetheless
it is bilaterally symmetric in respect with the feather which is its contralateral
counterpart.

This is an interesting issue: within the whole organism, its limbs and appendages,
we can see different (general and local) reference systems but only a unique plan of
symmetry, the sagittal plane of the entire body: local planes of mirror symmetry do
not exist (our fingers are not bilaterally symmetric).

11.5 A Cellular Reference System Organizer: An Overview

How do Metazoa organize their 3D geometry?
Many growing processes or developmental programs can hardly be modelled

without an intrinsic cellular compass. To coordinate 1014 cells it is necessary a
biological mechanism capable of recognizing and memorizing the general 3D
coordinates of the whole body besides its local points of reference. An example of
this assertion is the ‘polonaise’ movement during the formation of the primitive
streak in chicken embryos when cells from the posterior zone move towards the
midline, here they turn in the direction of the centre of the epiblast, and are replaced
by cells hailing from the lateral posterior marginal zone. During this process two
large, mirror-symmetric (clockwise/counterclockwise) rotational fluxes of flowing
cells appear: two opposite circular parades of all the cells of the epiblast occur, side
by side along the primitive streak, just resembling a ‘polonaise’ dance. How many
different (orderly disposed above all) morphogen fields must there exist for gener-
ating such complex directional symmetric migrations of cells continuously changing
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direction? Moreover: how and by what upstream process are these morphogen fields
positioned? Not only: while this single layer of cells moves and concentrates towards
the posterior zone of the monolayered epiblast, the single sheet streak is subject to a
multi-layered transformation (from 2D to 3D) becoming a clearly visible thick
structure.

‘How do PAR proteins become asymmetrically localized in response to the varied
cues that polarize cells? How does a conserved set of molecular interactions provide
the basis for cells with distinct structural and functional properties? The organization
of polarity mechanisms into positive- and negative-feedback loops raises the
chicken-and-egg question of how asymmetry is initially established. In some
cases, such as in the C. elegans zygote and blastomeres, symmetry-breaking cues
provided by the sperm-derived centrosome and Rho GTPase regulators are reason-
ably well understood’ (Nance and Zallen 2011). PAR proteins and PCP signalling
complexes are landmarks unable to self-locate in forecast locations: at the same time
cell cortex does not have the capability of self-compartmentalizing for attracting
specific landmarks in forecast locations. The reproducibility is indeed the funda-
mental property of living beings: how can polarity complexes be always correctly
positioned in the same locations in billions of cells? They need any upstream noise
resistant mechanism able to carry out patterned, DNA coded and reproducible
morphological geometric programmes.

Planarians (flatworms) lack centrosomes (Azimzadeh et al. 2012) but possess
centrioles: ‘The embryogenesis of freshwater planarians is equally intriguing: cleav-
age of the fertilized egg was described as ‘anarchic’ by early developmental biolo-
gists. No overt gastrulation or epiboly has been described in these embryos’
(Alvarado 2004). Without the centrosome, a real, actual three-dimensionality is
difficult to be reached.

The role of the centrosome and its aster in C. elegans zygote is similar to a cellular
reference system organizer. In the zygote it generates the body general axes,
mapping and wiring the cell cortex of the zygote; through the typical centrosome
duplication cycle. During mitosis each new MC is firstly oriented as the older MC;
then a common polarity is transmitted (and shared) to zygote offspring
(blastomeres).

Inside the cell, a theoretical organizer of cell geometry must be really connected
to the cortex for mapping distinct compartments. Moreover, each wiring way to the
cortex must be distinguished from the others and identified by univocal signals. To
have an idea of a reference system organizer inside the cell, we can think to a router,
or rather a switch. This well-known (pre-wireless) electronic device is physically and
really connected (wired) to several computers. It recognizes and matches coded
address signals (input) driving them to their physical addressed destination (output):
so, coded packets or frames of data are received, processed and forwarded to the
forecast computer.

Mapping, wiring and matching are then the ‘core businesses’ of this kind of
interface. Like a router, the centrosome can realize a univocal, one to one, noise
resistant correspondence. The DNA-coded signals (molecular topogenic ‘labels’)
intended for a defined cortical compartment may match with microtubular pathway
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receptors (target) specifying the same compartment. What are the genetic geometric
codes? They consist of ‘topogenic’ DNA sequences, added to cargoes to correctly
drive and address them. The topogenic sequences of TIM/TOM mitochondrial
complexes operate this way, and so do SNARE and SNAP proteins. The mechanism
of matching and recognition is the same for antigens and antibodies, signals and
receptors, codons and anticodons, enzymes and their substrates. As already said,
γ-Turc heterogeneity has been ascertained in flies. Thus an idea arises: this could be
the proper, real, authentic primary task of the centrosome, driving cargoes that have
been targeted for a given compartment and equipped with the corresponding label
for that compartment (Regolini et al. 2018). The shape (tertiary structure) of the
topogenic sequence (label) permits it to match only and uniquely with the
corresponding cytoskeletal receptor (γ-Turc) of the forecast MT pathway (one to
one correspondence between cargo labels and cytoskeletal receptors). Centrosome
involvement in mitosis is a secondary task, that other organelles can perform. But, as
every hypothesis, this idea must be proven.

Let’s go on studying an ideal spherical reference system organizer.

Building a Spherical Reference System Organizer with Two Orthogonally
Arranged Protractors
A spherical reference system is clearly represented by a globe: it consists of an axis,
‘z’ (the earth’s axis) and an equatorial plane orthogonal to the ‘z’ axis; a second axis
(‘x’) may be traced in any position on the equatorial plane, but, once positioned, it is
unmovable and fixed. The measures of the angle ‘φ’ (longitude) are taken starting
from the ‘x’ axis in a counter-clockwise direction; a radial axis ‘r’, arising from the
intersection ‘O’ (origin) between the equatorial plane and the ‘z’ axis, reaches every
point ‘P’ of the space; ‘P’ coordinates then are: ‘φ’, the longitude, ‘θ’, the latitude
and ‘r’ length, the distance from the origin ‘O’.

Protractors/goniometers are more suitable and adequate instruments to use in
geometric drawings, while in our model we are not interested in measuring angle
amplitude: other similar tools must be taken into consideration. For example a wall
clock, a compass or a wind rose, more similar to a cross section of a centriole; after
being orientated (relative to geographical coordinates, to a Cartesian system, to a
side of a squared sheet or even randomly) these instruments maintain their fixed
oriented position. They divide the plane (2D) around themselves into several sectors
(nine in our model); each sector is permanently identified by and through the
corresponding tool’s figure (hours or cardinal points). Centrioles cross sections
clearly resemble protractors, clocks or compasses: they have nine triplets or blades
of MTs, arranged with the characteristic ninefold symmetry, equally separated and
distanced from each other. Several works on Protists (see ahead) have shown that the
triplets of centrioles are not equivalent, but diverse and orderly sequenced exactly
like clock’s figures are. From here on we will take into consideration only nine-
marked goniometers.

For understanding a spherical reference system, as said, the globe is a good
example: one protractor lies on the equatorial plane, the other is on a meridian
plane, orthogonal to the first. The first protractor, ‘horizontal’, is orthogonal to the
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‘z’ axis. Its knobs (or marks, nine in our case) subdivide the space around it into
several meridian sectors or 3D wedges (longitude). The other protractor manages the
latitude, the ‘θ’ coordinate, is vertical and perpendicular to the first. It is polarized and
oriented like a wall clock: its top–bottom axis (with the figure ‘12’ at the top) is the
vertical ‘z’ axis, the ‘globe pinwheel’. In the classic spherical reference system, the
‘θ’ coordinate goes from 0� to 180� (in a globe from 0� to +/� 90�, i.e. 0�–90� North/
0�–90� South): the second protractor is then composed of two halves, two mirror
hemi-goniometers facing each other (in fact a globe is usually equipped with only one
half-goniometer). In our ‘nine-marked goniometer’ one half shows on its border four
marks (+40�; +80�; +120�; +160�) ordered in a clockwise fashion starting from the
top. The second half shows the same four marks, but counter-clockwise ordered from
the top: �40�; �80�; �120�; �160�; both goniometers share the poles, i.e. 0� and
180�. These eight marks are symmetrically positioned: they divide the space into five
parallel ‘horizontal’ segments or discs: two polar caps and three segments. It is not
necessary the centres of the two goniometers, equatorial and meridian, coincide, as it
occurs in a globe, because of the cylindrical shape of centrioles.

Let’s now combine in 3D the spatial subdivision obtained by these two goniom-
eters. Like on the globe, the surface of a sphere is subdivided in a grid of many
irregular quadrilaterals; each one defined by the intersections of two consecutive
meridians and parallels. In our ‘nine-marked’ spherical reference system, each one of
these nine meridian ‘vertical’ wedges is sectioned into five ‘horizontal’ parts. Thus,
the space is subdivided into 45 spherical sectors or pyramids with the apex at the
centre. Each base faces and subtends a vertex solid angle of 4π/45 steradians. In a
cell with a diameter of 10 μm (radius: 5 μm; surface: approximately 314 μm2) the
base of a pyramid (4 πr2/45), corresponds to about 7 μm2 (a circle with a radius of
1.5 μm, or a square with a side of 2.6 μm). This ordered subdivision of the cell cortex
into 45 compartments gives an idea of the order of magnitude and precision of the
cell’s finely tuned polarity and high noise-resistance, much better than chemical
gradients. An ultimate cortical subdivision of each compartment is obtained through
other markers like SNARE proteins. It is worth noting that astral MTs radiate from
the centrosome surface with a centrifugal direction like that of the local radius. Their
nucleating units (γ-TuRCs) are then necessarily perpendicular to the local radius;
their declivity must be the sum of two inclinations, longitudinal and latitudinal.
Within the centrosome, centrioles are not 2D flat discs as goniometers, but barrel-
shaped 3D cylinders, and this is a great advantage. One centriole is ‘vertical’,
contains the ‘z’ axis and can easily create nine 3D wedges in the PCM much better
than a 2D disc. Mennella (2014) showed that pericentrin/PLP (a PCM protein)
‘forms elongated fibers in the PCM and support the notion that centriole symmetry
is not confined to its perimeter but acts as an organizing principle that extends into
the PM. The coiled-coil [centrosomal] protein Cep152/Asl has similar orientation
and distribution to pericentrin/PLP’. Similarly, the other ‘horizontal’ centriole can
organize the PCM in five parallel horizontal segments. This is likely the meaning of
two orthogonal centrioles, their geometric capability of erecting scaffoldings within
the cell (MT aster) organizing 3D architecture in Metazoa. Through such a mecha-
nism, development can really operate at the physical limit reachable by a biological
system (Abouchar et al. 2014).
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11.6 Centriole Informational Architecture

Are centrioles real goniometers?
Non-equivalence of triplets, that is, an individual structural and molecular diverse

shape capable of distinguishing each from the other, is the most important issue to
discuss. Only if the nine triplets are non-equivalent, different as are the numbers of a
goniometer, the figures of a clock or the marks of a compass, can a centriole work as
an ‘informational’ or ‘communicative’ device.

Protists possess a centriole/basal body whose distal appendages are connected to
the cytoskeleton: centrioles organize the cytoskeleton and anomalies in centriolar
components cause anomalies in the cytoskeleton (Feldman 2007). Centrioles operate
also as basal bodies at the base of the flagellum: they organize the complex
trafficking in its axoneme, composed of 9 MT doublets, not triplets. The cross
section of cilia shows the typical 9 + 2 schematic pattern: 9 MT doublets
circumferentially arranged with the usual ninefold symmetry besides two extra MT
doublets at the centre.

Does rotational polarity (ordered non-equivalence of centriolar MT blades) exist
in Protist? Many researchers have ascertained that centriolar distal appendages are
biochemically and morphologically distinct: these findings have been recently
confirmed by Tassin et al. (2016) in Paramecium: ‘The basal body circumferential
polarity is marked by the asymmetrical organization of its associated appendages’. In
Ciliates, centrioles show structural and functional polarities transmitted and con-
ferred upon that of the cell (Beisson and Jerka-Dziadosz (1999), Geimer and
Melkonian (2004). Several studies on Protists have demonstrated the nine triplets
of their centrioles/basal bodies are not only different (non-equivalent), but also
ordered in a given pattern of sequence (not randomly arranged). The circumferential
polarity in the arrangement of basal-body triplets is accordant with the disposition of
the cytoskeleton. Protists contain only centrioles/basal bodies, each at the base of a
cilium or flagellum and do not have centrosomes with two orthogonal centrioles. The
centriole orthogonality, however, appears during the assembly of a new centriole,
which arises and grows perpendicularly to a pre-existing one. Centriole formation
not de novo but from a pre-existing mature centriole used as a platform is an ancient
and conserved mechanism. This unique mechanism may correctly orientate the
ordered sequence of triplets in the new arising centriole corresponding to those of
the pre-existing one. The cilia and flagella of the same organism (Chlamydomonas
has two flagella, Paramecium 4000) must vibrate coordinately, then centrioles/basal
bodies must share the same orientation: so the new centriole is patterned upon its
mother’s oriented architecture to correctly according to its arrangement in the
cytoskeleton and with the other centriole/s. Deficiency of centrin (a centriolar
protein) in Paramecium affects the geometry of basal-body duplication and causes
their mislocalization within the cell (Ruiz et al. 2006). This scheme of replication is
conserved also in high Metazoa: the cytoskeleton of a new arising cell is patterned
upon that of its mother to transmit a shared polarity. The biflagellate unicellular
green alga Chlamydomonas reinhardtii has an ordered location of its organelles,
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cilia, oral apparatus, nucleus, chloroplasts, pyrenoid, eyespot, excretory vacuoles. Its
‘anatomy’ depends on the disposition of distinct cytoskeletal fibres (four cruciform
rootlets, two thick ones, made up of four MTs, and two thin ones, made up of
two MTs). The cell appears clearly polarized: an apical–basal axis from the cilia to
the pyrenoid and a dorsal–ventral axis, orthogonal to the first, from the nucleus to the
oral apparatus. Also a transverse axis of asymmetry (orthogonal to the other two
axes) is established because of the asymmetric position of the eyespot. In Protists,
the cytoskeleton is not self-assembled or randomly located in the cytoplasm: cyto-
skeletal fibres disposition is organized by centrioles.

Structural anomalies in centrioles cause disorders in the cytoskeleton (cruciform
fibres lose their normal composition and orthogonal disposition). Chlamydomonas
has two apical flagella, whose movements are coordinated during planar 2D strokes,
and during conical–helical 3D rotations. The axoneme of its motile flagella is
composed of the canonical 9 + 2 MT doublets. These blades are not equivalent.
Electron microscopy has allowed each one of the nine doublets to be distinguished:
each one shows its own morphology that characterizes itself, being different from the
shape of the others. Moreover, each blade has its own fixed location relative to the
others. Electron microscopy (Hoops and Witman 1983) has highlighted circumfer-
ential asymmetry of the axoneme, which corresponds with an even more marked
circumferential asymmetry of the basal body/centriole: it is possible to distinguish
each one of its nine orderly sequenced triplets. In the unicellular green alga
Chlamydomonas its two centrioles/basal bodies are rotated of 180� between them-
selves to coordinate and emphasize flagellar propulsion. We can observe the con-
nection between each triplet and the fibres of the cytoskeleton: the striated fibres of
the ‘distal connector, tie and fasten triplets 9-1-2 of both basal bodies. The thick
cruciform fibres are attached to triplets 3 and 4, the thin ones are linked to triplet
8. The shape of any structure, in addition, is necessarily the consequence of its
molecular composition. In C. reinhardtii the polypeptide VFL1 coded by the gene
vfl1 binds only to triplet 1 (Silflow 2001) confirming the molecular nature of
circumferential asymmetry.

Feldman (2007) studied the unicellular green alga Chlamydomonas to screen for
mutants that could not swim towards light. They found ‘a set of mutants in which the
centrioles and flagella are displaced from their normal location within the cell. . .
suggesting centrioles play a role in positioning other structures within the cell, such
as the nucleus’; they also observed that ‘in these cells, which contain two centrioles
differing in age, the older centriole plays a role in positioning the newer centriole’.
The authors conclude that ‘cells may have a way to propagate spatial patterns from
one generation to the next’. This is the essential, vital, indispensable capability of
centrioles of transmitting shared and common geometry through generation of cells
in multicellular Metazoa.

Inside the basal body of C. reinhardtii Geimer and Melkonian (2004) described a
ring-like structure as an early marker of radial polarity. They called this filament ‘an
“acorn-like” asymmetric structure, positioned in the inner distal part of the basal-
body, adhering in highly inter-individual reproducible and invariable manner to
triplets 2-1-9-8-7’. Using electron microscopy, these authors showed another
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structure, shaped like the uppercase letter ‘V’ in contact with triplets 9, 5 and 4. They
proposed that the cartwheel (Sas-6 protein: Kitagawa 2011) is the biochemical
structural basis of the ninefold radial symmetry of the triplets and that the acorn-
like belt, together with the ‘V’ structure, might play an equally important role. These
structures impose constant and reproducible molecular differences (rotational polar-
ity) on the microtubular triplets. They lead to the ordered circumferential assembly
of basal body-associated fibres and hence to the general planned polarity of the
whole cell.

The process through which centrioles are built occurs in two separate steps.
Firstly, the structural base (the cartwheel) for the molecular architecture of ninefold
symmetry is established. Eventually triplets are assembled: the order of appearance of
the nine ‘A’MTs (‘A’ is the name of the innermost microtubule of the triplet, the first
of the three MTs of the triplet to be built) in the nascent procentriole occurs in a
random manner, not orderly sequenced (Guichard 2010). Only in a second step
rotational polarity is imposed (the acorn-like ring of Geimer and Melkonian 2004).
It is worth underlining that the newly formed procentriole is immediately oriented and
connected to the cytoskeleton through its triplets. Thus, the rotational polarity of the
arising centriole is patterned upon that of the preexisting one. The Protist Parame-
cium tetraurelia (Beisson and Jerka-Dziadosz 1999) ‘has a very high number of
basal-bodies and cilia, about 4000, accompanied by their ability to organize them-
selves together (Feldman 2007): each one connects to the others in about 70 regular
rows, always with the same orientation (in order to move with coordination and
synchronism) just using their triplet’s mark. Each new basal body arises at right angle
to an old one, then straightens up and rotates to acquire a precise and coordinated
orientation with the complex cytoskeleton. The triplet 9 links to the “postciliary ribs”,
triplet 4 is attached to the “transverse ribbon”, and the triplets 5-6-7 are connected to
the “kinetodesmal fibres”’.

Cilia (often hundreds in cells of ciliated epithelia) are formed by their own
centriole. These centrioles/basal bodies are assembled de novo; while the centro-
some and its centrioles are not duplicated de novo. This de novo formation happens
only in ciliated epithelia and parthenogenetic oocytes. During mitosis each daughter
cell inherits only one centrosome whose duplication cycle is too complicated to be
without reason. Firstly, Mother and Daughter centrioles disengage; Daughter cen-
triole matures to become itself a Mother centriole, acquiring distal and subdistal
appendages: now the dividing cell possesses twoMC and no DC. immediately later a
new centriole (a new Daughter) is assembled orthogonally to each MC (used as a
platform that helps the assembly of the new DC. Thus, the high complex process of
centriole duplication is part of a mechanism capable of transmitting information. The
cytoskeleton of a new arising cell is patterned and oriented upon that of its mother.
This is the mechanism that can sustain the shared orientation of the centrosomes in
neighbouring cells. Through this mechanism (step by step, from the zygote to the
adult organism) shared coordinated general and local points of reference (general
and local coordinates) can be transmitted. Shared and coordinated orientation of cells
is indispensable to build reproducible multicellular structures, made of cells that
move and change position without losing their orientation: from the movements of
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‘polonaise’, gastrulation and neurulation to arrangements like two symmetric set of
three semi-circular canals correctly oriented in three orthogonal planes.

‘In Mammals the circumferential, morphological, structural and molecular asym-
metry of centrioles can only be inferred from ciliated epithelia. Although the circum-
ferential anisotropy of centrioles is difficult to ascertain within the centrosome, its
existence can be inferred from the properties they express during ciliogenesis, be it
the formation of a primary cilium or of bona fide 9 + 2 cilia in ciliated epithelia, some
of which at least derive directly from the centrioles. As in Ciliates and flagellates,
these basal-bodies nucleate appendages of various molecular compositions (basal
foot, striated rootlets, alarm sheets etc., which anchor the basal-body to the membrane
and to the cytoskeleton) and these nucleations arise at specific sites of the basal-body
cylinder; in particular the basal foot is located on triplets 5 and 6 corresponding to the
side of the effective stroke of the cilium.What is remarkable is that basal feet develop
before the basal-bodies reach their membrane site and before they acquire their
functional orientation’ (Beisson and Jerka-Dziadosz 1999).

Centriole enantiomerism, shown in mammals (mice) and fishes, together with
γ-Turc heterogeneity, shown in flies, are impressively consistent with the hypothesis
that centriolar triplets are not-equivalent in all Metazoa.

11.7 Modelling the Centrosome

In Ciliates, as previously said, triplets are clearly different (not equivalent) because
of their distinct ultrastructure and diverse connections to the cytoskeleton. In each
species centrioles/basal bodies show standard, sequential and ordered set-up of
triplets, each distinguishable from the other. What biological process can sort and
put nine different structures in single file, always following the same sequence in
constant invariable order? Unidimensionality is the key of life: primary structure of
DNA, RNA and proteins, made up of different units, is capable of realizing very
complex 3D structures. A patterned sequential order of nine different structures can
be realized by a linear polymer (a polynucleotide or a polypeptide). It can be easily
memorized and coded in the genome and eventually arranged in a ring or any
circular structure capable of decorating the nine radial spokes of the centriole. The
‘acorn-like’ ring was identified by Geimer and Melkonian (2004) in the ultrastruc-
ture of centriole/basal body of Chlamydomonas and RNAs were found in centrioles
of Spisula solidissima (an Atlantic surf clam) by Alliegro and co-workers (2006).
Taken together, these two findings allow to hypothesize that the ordered sequence of
marks is sustained by an informational ring complex, be it an RNA, a ribonucleo-
protein or a polypeptide. This hypothesis raises a consequent problem. A ring is 2D
while the centrosome is spherical, rather polyhedral, indeed 3D. This implies that a
building mechanism exists, which, starting from the orthogonal arrangement of MC
and DC within the centrosome, is able to organize the local 3D declivity of the
molecular platforms (γ-TuRCs) from which astral MTs arise radially. The γ-TuRCs
declivity is the cause of the radial orientation of aster MTs, The radial orientation of
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astral MTs requires that the γ-TuRCs, which they start from, be positioned on
precisely tilted platforms on the centrosome PCM. The fact that Sas-6 dimers
possess the remarkable capability of building angles of 140� (and the supplemental
of 40�) is not a small thing (see also Mennella 2014).

11.8 Bilateral Symmetry

General Considerations
Bilateral symmetry is an evolutionarily very successful trait shared by almost all
Metazoa: a fundamental, basic property of their locomotive system and sensorineu-
ral apparatus that drives locomotion movements. The bilateral symmetry is the
simplest and the most efficient way for controlling the direction of motion and
localizing perceived signals (balance of differential stimulation of two bilateral
receptors). Eventually, during development, in some internal organs not in charge
of motion, symmetry is broken: the process of symmetry breaking is quite complex
because difficult architectural anatomical problems must be solved such as the heart
and great vessels. To show another example, in some Echinoderms (starfish),
bilaterally symmetric larvae acquire a strange, singular pseudo-radial symmetry
through a unique developmental process. Many species of this phylum have adopted
an unusual circular pentamerism, very different from the straight metamerism of
segments in flies or somites in vertebrates: starfish amplify enormously left-right
asymmetry, during development the left side of the body grows much more than the
right one (Morris 2007).

Mirror symmetry of two objects (in 2D as in 3D) is much more simple than one
can imagine, because it involves the marking of only one coordinate. If two objects
are mirror image with respect to a plane (let’s say the plane ‘yz’) each point P (+x;
+y; +z) of the first object, is symmetric to a point P’ with coordinates �x; +y; +z:
only their ‘x’ coordinates are opposite, i.e. the marking of the ‘x’ coordinate changes
from ‘+’ to ‘�’; in a spherical reference system, only the marking of the ‘φ’
coordinate changes.

A role in mirror symmetry for centrioles and centrosomes has often come into
play and they have been accredited many times with this task. Several authors
summoned them suspecting they are the actors of a special chiral mechanism for
consistently specifying the difference between left and right sides. ‘What
sub-cellular component is responsible for the crucial orientation event that defines
leftward?’ (Brown and Wolpert 1990). Vandenberg and Levin (2009) suggested ‘the
coordination of the three axes is performed by a cytoskeletal organizing center such
as the centriole or basal-body: a sharp midline separation is evident already after the
first cell cleavage in Xenopus laevis and left and right blastomeres inherit immedi-
ately differential chiral information, then transmitted to the progeny’. In the Xenopus
zygote Danilchik et al. (2006) filmed in vivo ‘a circumferential asymmetry
consisting of rotational equatorial cortical movements (pharmacologically induced)
oriented in a single fixed direction in the zygote and in parthenogenetically activated
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oocytes’. After the first mitosis, the two blastomeres show similar equatorial cortical
movements but with opposite direction (clockwise/counter-clockwise). In the same
way the intriguing clockwise/counter-clockwise ‘polonaise’movements of hundreds
of cells are evident in chick, mouse and human epiblast: their behaviour resembles
very closely that of persons divided in two groups, one equipped with normal
compasses, the other with opposite polarized compasses. Both groups follow the
same driving instructions based on cardinal points, but cover two symmetric path-
ways, depending on the type of compass they have. Xu et al. (2007) and colleagues
proposed ‘an intrinsically chiral structure “perhaps the centrosome” serving as a
template for managing polarity in the absence of spatial cues: such a template could
help to determine left–right asymmetry and mirror planar polarity in development’.

However, a credible biologic mechanism capable of explaining and realizing
bilateral symmetry has never been proposed. Errors in symmetry breaking cause
‘heterotaxia’ confirming the left or right determination of somatic cells. In the rare
cases of ‘right’ cardiac isomerism, two ‘right’ atria develop while in ‘left’ cardiac
isomerism two ‘left’ atria are formed. Surprisingly, in both cases, the two atria are
mirror images of each other (bilateral symmetry) (Hildreth et al. 2009).

In amphioxus, manipulating the Nodal cascade, Li et al. (2017) obtained ‘2-left’ or
‘2-right’ phenotypes. The ‘2-left’ mutants duplicate the wild type left-sided organs
and lose the right-sided ones. Instead of their typical mouth only on the left side, the
‘2-left’ mutants have two, mirror symmetric, ‘paired bilateral mouths’ as authors
observed. Amphioxus larvae are bilaterally symmetric and show ‘bilaterally
programmed differences [asymmetries] between their left and right sides’: which
authors? authors demonstrated ‘a system in which asymmetric expression of the
signal gene Nodal is controlled by positive and negative feedback loops with its
own inhibitors’. When this system is disrupted, embryos develop mirror-image
symmetry with two ‘left’ sides or two ‘right’ sides; in larvae the mouth is positioned
on the left half of the body. ManipulatingNodal gene expression, ‘embryos develop a
consistent ‘two-left-side’ phenotype with a mouth opening on each side’; mouths,
however, are mirror images of each other. A mechanism must exist that builds left-
handed structures in the left half and right-handed in the right side. The same gene
cascade, invariably, expressed in the left side, produces only and always left-handed
organs and so in the right half.

The inverse, opposite rotational polarity of the MC may be the key for bilateral
symmetry in Metazoa. This assertion appears attractive and tempting. As seen, mice
perinodal cells prove to be adept at distinguishing flow directionality; in Kupffer’s
vesicle, primary cilia in left and right half, are mirror oriented relative to the midline;
Kupffer’s vesicle histology and perinodal cell mirror behaviour suggest primary cilia
are enantiomeric geometric organelles. Likely the easiest possibility of producing
animals formed by two mirror symmetric halves consists in the inverse polarization
of the Mother centriole (chirality of the MC). Through an opposite rotational
sequence, a circumferentially chiral organelle is assembled. During organogenesis,
centrioles transmit their intrinsic enantiomorphism to each symmetrical organ,
carrying on symmetrically each developmental program (cell division, migration,
adhesion).
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The first two blastomeres are likely already patterned one left and one right (and
then their progeny will be left or right). This is true for normal embryos, while in
experimental surgical separation of the first blastomeres the subsequent early devel-
opment depends on the contact between cells in that the neighbouring cell can be
absent or present, although killed. Roux, in the early 1900s, in his famous experi-
ments, destroyed without removing one cell of a 2-cell frog embryo, and only
one-half embryo, left or right, developed. In contrast, a complete splitting, like in
twins, or surgically operated embryos, results in the development of two complete
organisms, although sometimes smaller than normal.

Many experiments on regenerating limbs have shown that left and right cells have
a circumferential asymmetric polarity. The adjacent cells ‘sense’ neighbouring
signals. If developing left and right tissues normally not adjacent are juxtaposed,
duplications arise. Bryant et al. (1981) polar coordinate model forecasts the orien-
tation of duplicated limbs. The graft of a ‘left’ limb bud (or a left regeneration
blastema) on the contralateral right stump, causes three areas of re-growth that
produce three limbs; a central ‘left’ limb, composed of the transplanted ‘left’ cells,
maintains its circumferential value and the characteristic ‘left-handed’ tilt and
orientation of the three axes. In addition two abnormal external right limbs grow,
composed of stump right cells: these two supernumerary limbs conserve the
Anterior–Posterior and Dorsal–Ventral axes proper of the right limb. However,
their Proximal–Distal axes are rotated by +/� 90� relatively to the sagittal plane. It
seems that cells try to normalize circumferential cell–cell contacts inducing the
arising of correctly polarized cells interpolated between graft and stump cells.

Drosophila is manifestly mirror-symmetric: however, in embryos, first divisions
are syncytial; this could appear in disagreement with the previous hypotheses about
left-right patterning already in the first divisions. However, all syncytial mitotic
divisions are absolutely non-random or anarchic: they are strictly spatially controlled
by the centrosomes that remain joined to their own nuclei. As a consequence, if
centrosomes are artificially damaged, development immediately stops. The first four
divisions generate 16 nuclei that remain radially equidistant from the centre to form a
sphere. Subsequently, during cycles 4–6, nuclei distance themselves along the
Anterior–Posterior axis. Their spherical disposition becomes elliptic and marginal
nuclei are symmetrically equidistant from the cortex. During stages 7–10 a symmetric
migration towards the cortex occurs. Themovements of nuclei in relation to the embryo
cortex are mediated by forces acting on the centrosomes rather than on the nuclei
themselves. Beisson and Jerka-Dziadosz (1999) observed that the asters are presum-
ably the main target of such forces. The ordered separation of nuclei, the controlled
asymmetry of their arrangement in anterior–posterior direction, and their division into
two halves (right and left) have been highlighted in a study based on the diverse
beginning and speed of mitosis 14 (Foe 1989), The domains have been defined
whose cells, with common developmental fate, start to divide at the same time:
25 left and 25 right domainswith different form and extent are evident. All the domains,
as described by the author, also occur in pairs. ‘Whether paired or not, every domain is
bilaterally symmetric. A clear midline is evident both dorsally and ventrally’ (Figs. 1A,
1B, 1C, 3A, 3B, 3C in Foe 1989: http://dev.biologists.org/content/107/1/1.long).
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Surprisingly this compartmentalization of the embryo cortex reflects and corresponds
with that which the centrosome arranges on the cell cortex surface.

Strachan and Read (2010) observed that ‘Drosophila Ultrabithorax mutants
instead of drumsticks/halteres develop an additional pair of wings that are built
with the same correct bilateral symmetry; a mutation in the apterous gene causes a
phenotype lacking wings: by inserting in the mutant fly embryo the human ortholog
gene LHX2, the normal wild-type phenotype is rescued, with two bilaterally sym-
metric wings and two halters’. The words ‘bilaterally symmetric’ are extremely
important: they confirm that when a genetic developmental program is started, it is
always carried out mirror symmetrically. It is realized left- or right-handed,
depending on the side where it is implemented and performed. In mutants, be they
wild-types or rescued individuals, appendages are built always symmetric. Are
genetic instructions symmetrically translated by left and right MC? Indeed, right
and left wings reproduce, mirror-like, the same shape, edge curvature, compartments
and arrangement of veins (tracheae) and their anastomoses with the astonishing
precision of one cell level: as already said, Abouchar et al. (2014) have shown that
‘developmental processes in multicellular organisms occur in fluctuating environ-
ments (variable temperature and thermal fluctuations) and are prone to noise, yet
they produce complex patterns with astonishing reproducibility’. The authors mea-
sured ‘the left/right precision of bilaterally symmetric fly wings across the natural
range of genetic and environmental conditions (14 �C–30 �C)’ and found that ‘wing
vein patterns were specified with identical spatial precision and were reproducible to
within a single-cell width in right and left wings; the spatial precision of morpho-
genesis in Drosophila performs at the single-cell level’.

11.9 Centrioles and Gametogenesis

Rodents are often taken in consideration to contradict the precedent hypotheses: do
they constitute an exception? Their first blastomeres undoubtedly lack centrioles and
centrosomes, but fundamental (rudimental) parts of them are conferred by the sper-
matozoon (Goto 2010; Jin 2012; Coelho 2013), so that they are not completely devoid
of ‘sub-procentriolar-structures’. Azimzadeh (2014) exploring the evolutionary history
of centrosomes, proposes that likely during evolution distinct separate tasks of
centrosomal components (separation of chromosomes in mitosis, construction of the
cytoskeleton, assemblage of cilia) have been united in one organelle, the centrosome
itself (convergent evolution). A similar process (evo-devo) of addition of roles occurs
in zygotes after germ cells have arranged for centrioles and centrosomes to be reduced.
The subsets of centrosome and centriole components, called ‘immature’ or ‘rudimen-
tary’ procentriole-like structures or ‘atypical centrioles’, are supplied by sperms to the
zygote, and eventually, they are assembled in mature centrosomes (in the zygote itself
or in blastomeres after 3–4 mitoses).

Indeed, centrosome behaviour in mitosis, as seen, is unique and quite compli-
cated, but in meiosis it is a real mystery. As is known, each gamete provides the
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zygote with its chromatids (pronuclei): immediately after fertilization, they fuse,
and, before the first division of the zygote, are duplicated during the usual mitotic S
phase. So one would expect each gamete to supply its Mother centriole: during the S
phase of the first division, it could assemble its own Daughter to prepare one of the
two centrosomes of the zygote necessary to enter the first M phase. However, this is
not the case, this process does not occur; only one gamete (usually the male, apart
parthenogenesis) provides two centrioles: one is a quasi-mature centriole, the other
one is more rudimental, unrefined and rough (‘work in progress’, frequently named
‘procentriole’).

Is this strange process correlated with left/right patterning?
The reason for this process is not clear: prevention of unwanted or unchecked

parthenogenesis (Washitani-Nemoto 1994;Manandhar 2000) is realized by extrusion
of centrosomes and centrioles during oogenesis. Then, why are centrioles and
centrosomes reduced also during male spermiogenesis. As seen, Kupffer’s vesicle
histology and mirror behaviour of mice perinodal cells suggest that primary cilia are
enantiomeric geometric organelles: what is the meaning of centriole enantiomerism?
Does it imply a role in left/right patterning? Thinking of the centrosome as the 3D
geometry organizer, this process could have an interesting interpretation. Before the
first zygotic division, a unique, fundamental, one and for all process must occur, two
different MCs, one left and one right, are assembled and (this process no longer can
take place in descendant cells) from the left cells will originate only left cells equipped
with the left MCs and the same will happen in the right cells (first blastomeres
splitting, twins, and surgical manipulations, already discussed, are not considered
here). Thus the process of centrosome and centriole reduction may be amechanism to
‘undress’ centrioles. The ‘naked’ Mother centrioles can be tailored as left or right,
avoiding the confusion of left or right centriole supply. Thus, sin left and right halves
of Bilateria, left (‘levo’, ‘+’) and right (‘dextro’, ‘�’) enantiomeric mother centrioles
(and then basal bodies, primary cilia, centrosomes) are orderly imposed.

Apparently, this process may occur in the very first zygotic division or immedi-
ately after as in some mammals and rodents where centrosomes appear at the 32/64
cells stage. Yet, in 2- and 4-cell mouse embryos, already after the initial zygote
division inter-blastomere gene expression differences have been described (Biase
et al. 2014). Mouse unfertilized oocytes, although clearly polarized, after fertilization
appear to lose their polarity. However, recently, Ajduk and Zernicka-Goetz (2016),
reviewing polarity and division orientation in Metazoa cleavage, observed that in
mouse ‘is likely that some, unknown yet, components, localized in a polarized way
along the animal-vegetal axis, still affect cell divisions and developmental potential
of the blastomeres’.

Avidor-Reiss (2015) suggested that mice spermatozoa may contribute a
degenerated centriole that, after maturation to a complete centriole, functions in
the zygote to assemble Daughter centrioles. They observe: ‘There is a general belief
that mice spermatozoa do not contribute actual centrioles to the zygote, but several
recent studies suggest a paternal centriolar structure is contributed to the zygote.
Injection of mouse spermatozoa into a cat ovum results in the formation of asters, at
the base of the sperm nucleus, immediately after fertilization, suggesting the mouse
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sperm does provide an MT organizing center. Such fertilization of cat ovum by mice
sperm results in the formation of bipolar spindles and successful zygote division.
This study shows that the mice ovum is different from that of cat or other mammalian
ova in that it forms astral MTs, not in the presence of an evident centriolar structure
but through any paternal centriolar material (set of centriolar components) contrib-
uted to the zygote by the sperm’ (see also Jin 2012). Another study on the protein
Speriolin, a sperm centriole protein, also suggests that a centriolar structure may be
present in mouse spermatozoa (Goto 2010). Spindle formation in the mouse zygote
requires Plk4 (Coelho 2013): ‘since Plk4 is the master regulator of centriole forma-
tion, this observation confirms that a centriolar structure is present in mice sperm.
Furthermore, failure to eliminate maternal centrioles has been reported to result in
multipolar mitotic spindles in C. elegans zygotes; therefore, maternal centriole loss
or inactivation is essential for normal embryo development’.

11.10 Conclusions

Here I have tried to propose credible hypotheses, biochemically well-founded and
compatible with evolutionary mechanisms, to explain how the centrosome can drive
1014 cells, putting them together. Hypotheses that show how the centrosome can
play its geometric role for realizing reproducible and species-specific anisotropic
directions of growth, reachable only by geometric instructions, DNA coded and
shared by all cells. Through the centrosome, cells are able to orient themselves
coordinately in different organs, decode and translate genomic geometric instruc-
tions in real forecast 3D locations. Now these hypotheses must be experimentally
tested, undoubtedly a difficult task, given that in a cell there is only one centrosome.
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Chapter 12
Coordination of Embryogenesis by
the Centrosome in Drosophila melanogaster

Caitlyn Blake-Hedges and Timothy L. Megraw

Abstract The first 3 h of Drosophila melanogaster embryo development are
exemplified by rapid nuclear divisions within a large syncytium, transforming the
zygote to the cellular blastoderm after 13 successive cleavage divisions. As the
syncytial embryo develops, it relies on centrosomes and cytoskeletal dynamics to
transport nuclei, maintain uniform nuclear distribution throughout cleavage cycles,
ensure generation of germ cells, and coordinate cellularization. For the sake of this
review, we classify six early embryo stages that rely on processes coordinated by the
centrosome and its regulation of the cytoskeleton. The first stage features migration
of one of the female pronuclei toward the male pronucleus following maturation of
the first embryonic centrosomes. Two subsequent stages distribute the nuclei first
axially and then radially in the embryo. The remaining three stages involve
centrosome-actin dynamics that control cortical plasma membrane morphogenesis.
In this review, we highlight the dynamics of the centrosome and its role in control-
ling the six stages that culminate in the cellularization of the blastoderm embryo.

12.1 The Development of the Syncytial Embryo: Six Key
Steps

Drosophila early embryo development occurs in a large syncytium in 13 rapid and
synchronous nuclear cleavage cycles with 10–13 min separating each mitosis. These
divisions occur over approximately 2 h, culminating in roughly 6000 nuclei that
cellularize in interphase of cycle 14 to form the cellular blastoderm (Foe et al. 1993;
Foe and Alberts 1983). During these early cleavage divisions, the centrosome
coordinates cytoskeletal dynamics that are essential for proper development.

The centrosome is the major microtubule organizing center (MTOC) in most
animal cells and is composed of two centrioles surrounded by the pericentriolar
material (PCM) where microtubule assembly occurs. This coordination of
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microtubule production results in a polar microtubule array with the minus ends of
the microtubules anchored at the centrosomes and plus ends that can rapidly grow
and shrink. In the syncytial embryo, the centrosome is the only known MTOC. The
centrosome has only recently been identified as an actin filament organizing center
(Farina et al. 2016) but whether this is the case in the early embryo remains to be
determined.

Here we describe the six key cell biological and developmental stages that rely on
the centrosome and cytoskeletal dynamics during early embryo development. The
first stage involves the maturation of the two centrioles contributed by the sperm,
migration of one female pronucleus toward the male pronucleus, and the first zygotic
division (Fig. 12.1a). The second stage consists of nuclear migrations that distribute
the nuclei axially (Fig. 12.1b). The third stage is a perpendicular nuclear migration
toward the cortex that generates the syncytial blastoderm (Fig 12.1c). The fourth,
fifth, and sixth stages involve cortical membrane reorganization around each nucleus
to generate cells (Fig. 12.1d–e). Each stage utilizes the centrosome in very different
modes to organize the nuclei, assist in mitotic divisions, and/or form the first
embryonic cells.

The first stage occurs during the initiation of embryogenesis, triggered by sperm
entry through the anterior micropyle during fertilization in the uterus. Two paternally
supplied centrioles mature and replicate utilizing maternally supplied PCM and
centriolar proteins to form the first two embryonic centrosomes (Blachon et al.
2014). These centrosomes nucleate microtubules, termed the sperm aster, that assist
in the migration of one female pronucleus toward the male pronucleus (Fig. 12.1a)
(Callaini and Riparbelli 1996; Riparbelli et al. 2000). The first zygotic division is
orchestrated by the newly formed centrosome pair, and four subsequent cleavage
cycles precede the remaining centrosome-dependent stages.

During the second stage, axial nuclear migration, the early nuclei distribute
evenly along the anterior-posterior (A-P) axis during cleavage cycles 4–7
(Fig. 12.1b). Localized actomyosin cortical contractions produce cytoplasmic
streaming that assists in this nuclear migration (Royou et al. 2002; von Dassow
and Schubiger 1994; Wheatley et al. 1995).

The third stage, cortical nuclear migration, positions the majority of the nuclei
evenly along the cortex during cleavage cycles 7–9 (Fig 12.1c). Asymmetric micro-
tubules nucleate preferentially toward the interior of the embryo to facilitate in this
nuclear migration (Baker et al. 1993). A subset of nuclei, known as the yolk nuclei,
remain in the interior of the embryo, complete error-prone replications that result in
polyploid nuclei, and eventually lose their centrosomes (Fig. 12.1d) (Foe et al. 1993;
Foe and Alberts 1983). Little is known of the molecular regulators of these nuclear
migrations, but their function in positioning the nuclei is necessary for subsequent
developmental stages (Niki and Okada 1981; Niki 1984; Okada 1982; Hatanaka and
Okada 1991).

In the fourth stage, the nuclei that arrive in the posterior pole plasm during cortical
migration are the first to cellularize, doing so during cleavage cycles 9–10. These
nuclei cellularize before the remainder of the embryo to form the pole cells (primor-
dial germ cells), the future gametic cells of the adult fly (Fig. 12.1d) (Foe and Alberts
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Fig. 12.1 The six stages of the Drosophila syncytial embryo that rely on centrosome-cytoskeletal
dynamics. Each stage is viewed as a cross section through the anterior-posterior axis (red ring). (a)
One female pronucleus (blue) migrates toward the male pronucleus (purple) to form the first zygotic
nucleus. The pole plasm (pink), which is localized to the posterior of the oocyte during oogenesis, is
present at the posterior pole of the embryo. (b) During cleavage cycles 4–7, the nuclei migrate along
the anterior-posterior axis. (c) During cleavage cycles 7–9, a majority of the nuclei migrate to the
cortex. (d) During cleavage cycles 9–10, a subset of nuclei at the posterior pole cellularize to form
the pole cells (pink circles). The yolk nuclei (orange) remain in the interior of the embryo. (e) The
final four cleavage divisions (10–13) occur at the cortex where membrane invaginations surround
each dividing nucleus. (f) After the 13th cleavage cycle, the cortical nuclei form distinct cellular
membranes during interphase of cycle 14
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1983). The pole plasm contains germ cell-specific proteins and mRNAs that are
localized to the posterior of the oocyte in a microtubule-dependent manner during
oogenesis (Lantz et al. 1999; Mahowald 2001). The pole plasm, which is necessary
and sufficient to drive pole cell cellularization, is contained in polar granules that
transport to the nuclei dependent on centrosomes and microtubules (Illmensee and
Mahowald 1974; Lerit and Gavis 2011; Shamanski and Orr-Weaver 1991). The
centrosomes coordinate reorganization of the plasma membrane to surround each
nucleus as it divides, until the membrane is pinched off to form separate cells
(Fig. 12.1d) (Raff and Glover 1989).

During the fifth stage, the remaining cortical nuclei complete four final divisions
that utilize centrosome-dependent actin-microtubule dynamics to reorganize the
cortical plasma membrane (Fig. 12.1e). The membrane dynamics resemble the
organization of the posterior membrane during the fourth stage, but the membrane
does not seal or close to form new cells. These membrane arrangements are termed
pseudo-cleavage furrows, or Rappaport furrows (Raff and Glover 1988; Ede and
Counce 1956; Turner and Mahowald 1976; Foe and Alberts 1983). These final
divisions are important for increasing nuclear numbers and priming the embryo for
cellularization.

The final stage succeeds the 13th division and occurs in the 70-min-long inter-
phase of cleavage cycle 14 (Foe and Alberts 1983). The cortical nuclei are
surrounded by long membrane invaginations rich in actin and cytokinetic compo-
nents that cleave at the base to form cells (Fullilove and Jacobson 1971; Warn and
Robert-Nicoud 1990; Young et al. 1991) (Fig. 12.1f). The centrosomes and micro-
tubules assist in the membrane invaginations and eventual cell formation. This last
step transitions the syncytial embryo to the cellular blastoderm (Zalokar and Erk
1976; Foe and Alberts 1983).

12.2 The Structure of the Embryonic Centrosome
and Regulation of Microtubule Assembly

The embryonic centrosome is organized into a pair of centrioles surrounded by the
PCM from which microtubules are nucleated and regulated. The embryonic centri-
oles have a canonical structure similar to differentiated tissue and mammalian
centrioles with slight variation in length and the number of radial microtubules.
Drosophila centrioles do not contain distal and subdistal appendages, structural
features found on vertebrate mother centrioles (Callaini et al. 1997). The structure
of the syncytial embryo centrioles remains constant throughout all of embryogenesis
and into the larval stages, indicating that the structure is not unique to the specific-
ities of the syncytial embryo (Callaini et al. 1997; González et al. 1998).

The embryonic centrioles are ~0.2 μm wide and long, composed of nine doublet
microtubules that are all equal in length (Fig. 12.2) (Debec et al. 1999; Moritz et al.
1995; Lattao et al. 2017). The centrioles contain a “cartwheel” structure with a
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central hub linked to each peripheral doublet through radial spokes along the entire
length (Fig. 12.2) (Debec et al. 1999; Callaini et al. 1997). Differentiated tissues,
such as wing epidermal cells (Tucker et al. 1986) and ommatidia sensory bristles
(Mogensen et al. 1993), contain microtubule triplets absent of the cartwheel struc-
ture, while midgut epithelial cells and rhabdomeric cells contain microtubule dou-
blets with the cartwheel structure (Gottardo et al. 2015). Therefore, over
development, some specified cells have different centriolar microtubule composi-
tions. The reasons for these differences and any differential functions they might
impart are not known.

The embryo is primed to construct centrioles thanks to the maternal supply of
centriolar components, but centriole formation is blocked without the sperm centri-
oles. This block in activation of centriole biogenesis can be bypassed in unfertilized
embryos through overexpression of centriole assembly/replication proteins such as
Spindle assembly abnormal 6 (Sas-6) (Peel et al. 2007; Rodrigues-Martins et al.
2007a), Anastral spindle 2 (Ana2), Asterless (Asl) (Stevens et al. 2010), or Polo like
kinase 4 (Plk4) (Peel et al. 2007; Rodrigues-Martins et al. 2007b), which drives de
novo formation of centrioles.

While embryos are permissive for de novo centriole assembly, ovaries are not.
Overexpression of either Spindle assembly abnormal 4 (Sas-4), Sas-6, or Plk4 during
oogenesis still allows for the destruction of centrioles in the oocyte, resulting in
unfertilized embryos initially absent of centrioles (Peel et al. 2007). De novo
centriole formation is never seen in wildtype unfertilized embryos, indicating inhib-
itory mechanisms that limit centriole formation until fertilization. Dynein plays a
negative regulatory role in centriole formation, as a dominant negative form of
Dynein Heavy Chain 64C (Dhc64C) in unfertilized embryos causes de novo centri-
ole formation (Belecz et al. 2001).

Most de novo centrioles maintain the typical embryonic architecture, such as
during Plk4 overexpression (Rodrigues-Martins et al. 2008), but in some cases the

Fig. 12.2 The centrioles of the syncytial Drosophila embryo. (a) Top view of a centriole
containing nine peripheral microtubule doublets (gray) connected through radial spokes to the
central hub (brown). (b) The centrosome contains two pairs of centrioles that are each as long as
they are wide, about 0.2 μm. The centrioles are orthogonal to one another, and the daughter centriole
is located at the proximal end of the mother
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centrioles have abnormal structures, such as during Sas-6 overexpression or in
dominant negative Dynein heavy chain Dhc64C embryos. Tube-like structures
rather than bona fide centrioles are produced, suggesting a precursory role in
centriole biogenesis for Sas-6 and Dynein (Rodrigues-Martins et al. 2007a; Belecz
et al. 2001). Although most of these embryos contain a large number of de novo
centrioles, it is unclear whether the centrioles can replicate on their own. Rodrigues-
Martins et al. showed that de novo centrioles from Plk4 overexpression can form
procentrioles (Rodrigues-Martins et al. 2007b), but Peel et al. concluded no repli-
cation of de novo centrioles through live imaging of fluorescently tagged and
overexpressed Plk4, Sas-4, or Sas-6 embryos (Peel et al. 2007). However, de novo
centrioles can recruit PCM and nucleate microtubules (Peel et al. 2007; Rodrigues-
Martins et al. 2007a, b, 2008; Stevens et al. 2010; Belecz et al. 2001).

One of the principle components of the PCM, γ-Tubulin, is the main microtubule
nucleator at the centrosome. γ-Tubulin is expressed as two isoforms. γTUB37C, a
maternal isoform, is expressed only in the ovaries and embryos. γTUB23C is the
ubiquitous isoform, but the two isoforms are functionally redundant (Wilson et al.
1997). γ-Tubulin assembles into at least two different complexes that are important
for microtubule nucleation and anchoring of the microtubule minus ends to MTOCs.
The γ-Tubulin small complex (γ-TuSC) and the γ-Tubulin ring complex (γ-TuRC)
are composed of γ-Tubulin complex proteins (GCPs) that contain grip domains
which associate with γ-Tubulin and with other GCPs (Gunawardane et al. 2000;
Oakley 2000; Farache et al. 2018; Lin et al. 2015; Kollman et al. 2015; Oakley et al.
2015).

γ-Tubulin is essential for syncytial embryo development (Tavosanis et al. 1997).
γTUB37C mutants cannot nucleate astral microtubules and PCM recruitment is
disrupted although spindles can still form (Wilson and Borisy 1998; Llamazares
et al. 1999). γ-Tubulin complexes are recruited to the centrosome by the PCM
component Centrosomin (Cnn) by the Centrosomin Motif 1 (CM1) domain of Cnn
(Zhang and Megraw 2007; Chen et al. 2017).

In somatic tissues, Cnn is required for γ-Tubulin accumulation at the centrosome
as well as astral microtubule production and PCM recruitment (Megraw et al. 1999;
2001; Mahoney et al. 2006). In the embryonic cleavage divisions of cnn maternal-
effect mutants, PCM components such as γ-Tubulin are severely depleted at the
centrosomes, but the centrioles can support a reduced amount of microtubule
assembly, evident by small astral microtubules (Zhang and Megraw 2007). How-
ever, once the centrioles are lost, particularly in the later cleavage cycles, the
centrioles cannot be properly maintained at the spindle poles, resulting in no
detectable microtubule asters (Lucas and Raff 2007). Other PCM components are
absent from the centrosome or are transiently recruited in cnn mutants, consistent
with its primary role in recruiting PCM components (Zhang and Megraw 2007;
Lucas and Raff 2007; Megraw et al. 1999; Vaizel-Ohayon and Schejter 1999).

The microtubules nucleated from γ-Tubulin are stabilized by Transforming acidic
coiled-coil protein (Tacc) and Minispindles (Msps), which form a complex that is
required for microtubule assembly and regulates astral microtubule length. Tacc-
Msps localize at the centrosomes, and Tacc appears to recruit Msps. tacc mutants
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display a reduction in Msps localization at the centrosomes and a reduction in astral
microtubules. Overexpression of Tacc causes a greater density of astral microtubules
and more Msps recruitment to the centrosome than wildtype (Gergely et al. 2000a;
Lee et al. 2001).

Tacc-Msps localization at the centrosomes is dependent on Aurora A (AurA) and
the CM1 domain of Cnn (Gergely et al. 2000b; Barros et al. 2005; Cullen and
Ohkura 2001; Lee et al. 2001; Giet et al. 2002; Zhang and Megraw 2007). aurA
mutants display less localization of Tacc-Msps and shorter astral microtubules (Giet
et al. 2002), while null cnn or CM1 domain mutants (cnnΔ1) still partially recruit
Tacc-Msps (Zhang and Megraw 2007). The CM1 of Cnn domain also recruits
γ-Tubulin, and recent work has revealed that Msps orthologs (Stu2 and Alp14)
directly binds to γ-Tubulin complex proteins to assist in microtubule nucleation
through their tumor overexpressed gene (TOG) domains (Gunzelmann et al. 2018;
Flor-Parra et al. 2018; Nithianantham et al. 2018). Therefore, reduced Tacc-Msps in
cnn mutants may be due to reduced γ-Tubulin localization at the centrosomes.

For broader coverage of the centrosome and MTOCs, see Centrosomal and
Non-centrosomal Microtubule-Organizing Centers (MTOCs) in Drosophila
melanogaster (Tillery et al. 2018).

12.3 Fertilization and the First Zygotic Division

Embryogenesis of the zygote begins with syngamy of the haploid female and male
pronuclei at fertilization. Sperm entry, pronuclear migration, and the first zygotic
division all occur within 15 min and rely on the complementary contributions of the
paternal centrioles and maternally supplied PCM components (Foe et al. 1993). The
sperm enters the egg in the uterus and female meiosis, arrested in metaphase I, is
activated by passage through the oviduct (Von Stetina and Orr-Weaver 2011).
Meiosis produces four pronuclei that are arranged in a row perpendicular to the
cortex (Fig. 12.3a–c). The sperm supplies two centrioles that immediately recruit
maternal PCM components and assemble astral microtubules that stretch toward the
cortex, termed the sperm aster (Fig. 12.3b–c) (Callaini and Riparbelli 1996;
Riparbelli et al. 2000). The female pronucleus farthest from the cortex (and closest
to the sperm aster) migrates toward the male pronucleus along the sperm aster until
the two pronuclei are in apposition (Fig. 12.3c–d). The first zygotic division pro-
ceeds utilizing the newly matured centrioles and their templated daughter centrioles
that form the first embryonic centrosomes (Loppin et al. 2015).

Two centrioles are supplied by the sperm: a larger “giant” centriole (GC), derived
from the basal body, and the smaller unconventional centriole, referred to as the PCL
(proximal centriole-like) (Fig. 12.3a) (Blachon et al. 2009; Blachon et al. 2014). The
PCL is unconventional in that it lacks centriolar microtubules (Khire et al. 2016).
During centriole maturation, maternal PCM components including Cnn, Asl,
γ-Tubulin, Spindle defective 2 (Spd2), Pericentrin-like protein (Plp), and
Centrosomal protein 190kD (CP190) localize at the GC and PCL upon sperm
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entry (Blachon et al. 2014; Callaini et al. 1999; Khire et al. 2016). PCM recruitment
to sperm centrioles is reliant on Spd, as spd2 mutants recruit Asl but fail to recruit
Cnn and have impaired sperm aster formation and pronuclear migration (Dix and
Raff 2007). This requirement of Spd2 for sperm centriole maturation differs from
somatic cells where loss of Spd2 only partially impedes PCM recruitment, allowing
for significant centrosome activity to remain (Dix and Raff 2007; Giansanti et al.
2008).

Following PCM recruitment/maturation of the sperm centrioles and the comple-
tion of female meiosis, the sperm aster facilitates in the migration of one female
pronucleus to the male pronucleus (Fig. 12.3c–d) (Loppin et al. 2015). The three

Fig. 12.3 Fertilization in the syncytial embryo utilizes paternally supplied centrioles for pronuclear
migration and the first zygotic division. (a) The sperm enters the egg from the anterior micropyle,
while the female chromosomes reactivate meiosis I. The sperm supplies two centrioles, the larger
GC and smaller PCL. (b) The GC and PCL nucleate microtubules, termed the sperm aster, while the
female chromosomes complete meiosis II. (c) The microtubules of the sperm aster reach the female
pronucleus furthest from the cortex to facilitate in its migration. (d) The female pronucleus migrates
toward the male pronucleus and the sperm aster diminishes. The GC and PCL separate to opposite
poles of the male pronucleus, divide, and nucleate astral microtubules to prepare for the division. (e)
The centrioles replicate to form two functioning centrosomes that aid in the gonomeric division of
the female and male pronuclei. The remaining female pronuclei condense into polar bodies and
utilize cytoskeletal elements to keep them separate and inactive. Figure based on Loppin et al.
(2015)
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remaining female pronuclei become polar bodies, which do not divide and remain
throughout the syncytial embryo stages (Fig. 12.3c–d) (Dävring and Sunner 1973).

MTOC function and sperm aster assembly are essential for pronucleus migration.
Loss of Asl or Spd2 disrupts sperm aster formation and pronuclear migration fails
(Blachon et al. 2014; Varmark et al. 2007; Dix and Raff 2007). Loss of the PCM
component, Asp, or the spindle microtubule regulators, Polo or Wispy (Wisp),
produces a weaker phenotype where the sperm aster forms but does not fully extend
toward the cortex, also preventing pronuclear migration (Riparbelli et al. 2002;
Riparbelli et al. 2000; Brent et al. 2000). Loss of Tacc, which regulates microtubule
stability, results in pronuclear migration failure. tacc mutants that survive to later
stages of embryogenesis display diminished aster and spindle microtubules,
suggesting failure of pronuclear migration may be due to a diminished sperm aster
(Gergely et al. 2000b).

The Linker of Nucleoskeleton and Cytoskeleton (LINC) complex helps maintain
centrosome-nucleus connections (Hieda 2017) and facilitates female pronuclear
migration in zebrafish and Caenorhabditis elegans embryos (Lindeman and Pelegri
2012; Malone et al. 2003). However, in Drosophila, Klarischt (Klar) and Muscle-
Specific Protein 300 kDa (Msp300), both LINC complex components, are not
necessary for pronuclear migration (Technau and Roth 2008). In C. elegans, the
LINC complex cooperates with microtubule motor proteins to assist in pronuclear
migration (Meyerzon et al. 2009), and while the LINC complex is not necessary in
Drosophila, motors are needed. What tethers nuclei to the cytoskeleton during
pronuclear migration and other nuclear movements in early Drosophila embryos
remains unknown.

The kinesins Non-claret disjunctional (Ncd), Subito (Sub), and Kinesin-like
protein at 3A (Klp3A) all play roles in pronuclear migration. The female pronucleus
migrates in a minus-end-directed manner, and Ncd, a microtubule minus-end-
directed motor, assists in this migration in conjunction with an isoform of
α-Tubulin, αTub67C (Komma and Endow 1997). αTub67C is a maternal-specific
isoform of α-Tubulin with the special property of conveying faster microtubule
assembly (Venkei et al. 2006). Sub is a kinesin involved in antiparallel microtubule
bundling and sub mutants display similar phenotypes to polo, wispy, and α-tub67C
mutants, where the mitotic spindles do not form properly and the embryos arrest
early without any zygotic divisions (Giunta et al. 2002; Cesario et al. 2006).
Therefore, Sub may play a role in attaching the female pronucleus to the sperm
aster through microtubule interactions. Loss of Klp3A prevents pronuclear migra-
tion, but Klp3A is a plus-end-directed motor, implicating an indirect role in pronu-
clear migration. Klp3A recruits Polo, suggesting that it may regulate the formation of
the sperm aster, which is necessary for pronuclear migration (Glover 2005; Williams
et al. 1997).

During migration the pronuclei swell until the nuclei are in apposition to one
another, resulting in a slightly larger female pronucleus (Fig. 12.3d) (Callaini and
Riparbelli 1996). The paternal centrioles separate to opposite poles once the
pronuclei are apposed and template daughter centrioles to form two functioning
centrosomes that aid in the first zygotic division (Fig. 12.3d–e) (Blachon et al. 2014).
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This division is gonomeric because the female and male chromosomes remain
separated on the metaphase plate until telophase when they join to form two diploid
zygotic nuclei (Fig. 12.3e) (Callaini and Riparbelli 1996).

In order to properly replicate and recruit PCM proteins, the PCL requires unique
components such as Proteome of centrioles 1 (Poc1). In poc1 mutant testis, the PCL
does not assemble and sperm contain only a GC. In poc1 paternal effect mutant
embryos, PCM proteins are recruited to the GC only (because no PCL is delivered
with the sperm), resulting in monopolar spindles that contain only the GC and its
replicated daughter centriole (Khire et al. 2016).

The ultrastructure of each centriole goes through multiple changes, and centriolar
components such as Anastral spindle 1 (Ana1), Ana2, Asl, Sas-4, and Sas-6 are
stripped away during spermatogenesis (Khire et al. 2016; Blachon et al. 2014).
These components are maternally supplied in the embryo, and at least Asl is
recruited to the sperm centrioles, while Sas-4 and Sas-6 remain absent from the
GC and PCL. However, when the centrioles replicate, Sas-4 and Sas-6 are present at
the newly formed daughter centrioles (Blachon et al. 2014).

For more on Drosophila fertilization, see a recent review (Loppin et al. 2015).

12.4 The Syncytial Embryo Employs an Adapted Cell Cycle

Due to the accelerated pace of nuclear divisions, the syncytial embryo involves a
modified cell cycle that does not utilize gap phases but only S and M phases until
cellularization (Glover et al. 1989). Because of the fast transitions from mitosis to
interphase, there is also a severe reduction in transcription until the maternal to
zygotic transition (MZT) during the tenth cleavage division (Lamb and Laird 1976;
McKnight et al. 1977; Zalokar 1976; Edgar and Schubiger 1986). Instead, the
embryo relies on the activities of maternally supplied proteins and mRNAs to
execute the syncytial nuclear divisions (O’Farrell 2015; Lasko 2012).

The major cell cycle regulators, Cyclin-dependent kinases (Cdks) and Cyclins,
are important in managing the timing of mitosis in the syncytial blastoderm. Cdks
and Cyclins cooperate to regulate the timing of protein activation during various
stages of the cell cycle. Typically, Cdk and Cyclin levels are regulated through
temporal expression, but the lack of transcription in the early embryo results in a
modified mechanism to support cleavage cycle regulation. In the embryo, Cdks
diffuse through the embryo in waves, causing subsequent waves of mitosis (Deneke
et al. 2016), whereas cyclins are locally degraded at the centrosomes to prevent
global destruction that would halt further mitotic cycles (Huang and Raff 1999; Raff
et al. 2002).

The syncytial nuclei divide in a synchronous wave regulated by Cdk1 that
propagates along the A-P axis. Cdk1 forms complexes with Cyclin A and B to
regulate entry into mitosis. Because diffusion would take too long for mitotic
activation in the embryo, Cdk1 propagates throughout the embryo as a wave that
signals the nuclei to enter mitosis. Particularly in the later cleavage cycle stages,
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Cdk1 waves spread throughout the embryo during S phase to trigger mitosis,
resulting in a subsequent wave of mitosis of the nuclei (Deneke et al. 2016).

Both Cyclin A and B are involved in regulating the syncytial embryo cell cycle.
Cyclin A is localized at the nucleus and regulates the duration of the entire cell cycle,
as decreased Cyclin A results in a longer cell cycle, while the mitotic index remains
the same (Edgar et al. 1994; Stiffler et al. 1999). Cyclin B plays a more complex role,
regulating not only specific mitotic stages but also microtubule length and nuclear
velocity in the migration stages. Cyclin B localizes to the spindle microtubules
during metaphase and astral microtubules in later mitotic stages (Huang and Raff
1999; Stiffler et al. 1999). Decreasing Cyclin B levels results in longer astral and
spindle microtubules, as well as centrosome detachment from their respective nuclei.
Increasing Cyclin B levels causes shorter astral and spindle microtubules, resulting
in nuclear spacing defects (Stiffler et al. 1999).

Cyclin B is destroyed during metaphase and this destruction is localized to the
spindle microtubules, starting at the centrosomes (Huang and Raff 1999) and
catalyzed by Cdc20 (Fizzy (Fzy))-dependent Anaphase-promoting complex (APC)
activation (Raff et al. 2002; Sigrist et al. 1995). Fzy is localized to the centrosomes,
spindle microtubules, and kinetochores during the start of mitosis and begins to
disappear during metaphase. The localization of Fzy to the centrosome is
microtubule-dependent as colcemid treatment (a microtubule depolymerizer) causes
Fzy to localize strictly to the kinetochores. It is hypothesized that the Fzy-APC
complexes are activated at the centrosomes and spread to the kinetochores due to the
localization of Fzy (Raff et al. 2002) and that centrosome and spindle attachment is
necessary for Cyclin B destruction (Wakefield et al. 2000).

When centrosomes detach from the spindle and Cyclin B is not destroyed,
spindles arrest in mitosis, which is also seen in sas-4 mutants (spindle arrest, absent
of centrioles), supporting a role for the centrosomes and Cyclin B destruction
(Stevens et al. 2007; Wakefield et al. 2000). Pan gu (png) forms a complex with
Giant nuclei (Gnu) and Plutonium (Plu) to regulate Cyclin B levels, specifically in
the early embryo. It is hypothesized that this complex works to stabilize Cyclin B, as
Cyclin B levels are decreased in either png, glu, or plu mutants (Fenger et al. 2000).
These mutants also display DNA replication without division resulting in polyploid
nuclei, as well as centrosome detachment from the spindles. (Freeman et al. 1986;
Freeman and Glover 1987; Elfring et al. 1997; Shamanski and Orr-Weaver 1991).
This phenotype is also seen in embryos lacking Cyclin B, supporting the idea of
localized Cyclin B destruction at the centrosome (Stiffler et al. 1999). The detached
centrosomes continue to replicate, uncoupled from the DNA replication cycle,
indicating a mechanism by which the centrosome and DNA replication cycles can
be uncoupled (Freeman et al. 1986; Freeman and Glover 1987; Elfring et al. 1997;
Shamanski and Orr-Weaver 1991).

In aphidicolin-injected embryos (DNA replication inhibitor) that have a
prolonged S phase, centrosomes separate from the nuclei, and over-replication of
centrosomes occurs (Raff and Glover 1988; Debec et al. 1996). Also in dhc64C
mutants, centrosomes separate from the nuclei and continue to replicate, leading to
excessive centrosome replication (Belecz et al. 2001). Similarly, in mcph1 mutants
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where S phase is prolonged causing an increase in the DNA replication cycle length,
the length of the centrosome replication cycle stays the same, resulting in excessive
centriole replication (Brunk et al. 2007).

Centriole replication throughout the syncytial embryo mitoses is regulated by the
same components involved in initial centriole formation during fertilization. The
centriole assembly proteins, Sas-4, Sas-6, and Plk4, are required for the formation of
the daughter centriole during centrosome replication. In sas-4, sas-6, or plk4 mater-
nal mutants, centrioles are not formed, and embryos arrest early with very few
divisions that have abnormally shaped anastral spindles. Additionally, PCM com-
ponents such as Cnn are not recruited to the spindle poles (Rodrigues-Martins et al.
2008; Stevens et al. 2007). Overexpression of either Sas-6 or Plk4 causes excessive
centrosome replication, due to their role in centriole biogenesis (Peel et al. 2007;
Rodrigues-Martins et al. 2007b). Excessive centrosome replication due to Sas-6
overexpression is exacerbated by the loss of Centriole Coiled Coil Protein 110 kDa
(CP110). cp110 mutants cause excessive centrosome replication when either Asl or
Ana2 was overexpressed, which do not display abnormal centrosome replication on
their own (Franz et al. 2013). Therefore, CP110 negatively regulates centrosome
duplication through Sas-6, Asl, and Ana2.

12.5 Centrosome-Nucleus Association

As in most cell types and organisms, centrosomes are closely linked to the nuclei of
the syncytial embryo through microtubule interactions, motor proteins, and
microtubule-associated proteins (MAPs). Close centrosome-nuclear localization
allows for rapid assembly of the mitotic spindle during the quick transitions of the
cleavage cycle, as well as aiding in force mechanisms for nuclear migration and
positioning. Due to the syncytial nature of the embryo, this association is important
to prevent centrosomes from drifting away from their respective nuclei, which is less
of a concern in the containment of a cell. Free centrosomes can disrupt nuclear
divisions as well as prevent proper nuclear positioning; therefore, the syncytial
embryo requires unique mechanisms to keep the centrosome-nuclear association
intact.

Nuclear envelope breakdown in the embryo deviates from the canonical cell
cycle, as the centrosomes remain extremely close to the nuclei. During prophase,
the nuclei become indented near the centrosomes; during prometaphase, portions of
the nuclear envelope breakdown at these indents, theoretically due to the astral
microtubules piercing the nucleus. Remnants of the nuclear envelope continue to
surround the spindle until telophase, when it fully breaks down and reforms at the
two newly separated nuclei (Stafstrom and Staehelin 1984; Paddy et al. 1996;
Rothwell and Sullivan 2000).

The LINC complex is an obvious candidate for nuclear attachment to the centro-
some; however, loss of the LINC complex components Klar, Msp300, or Klaroid
(Koi) does not display any obvious centrosome-nuclear attachment defects
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(Archambault and Pinson 2010; Technau and Roth 2008). Rather, the microtubule
motor protein dynein and PCM proteins are necessary for this attachment. dhc64c
mutants display detached centrosomes from interphase/prophase nuclei as well as
spindle poles, and centrosomes often fail to separate properly during prophase
(Robinson et al. 1999). Loss of Polo also causes interphase/prophase centrosome
detachment, particularly during the cortical migration stage. This may be due to the
recapturing of detached centrosomes during spindle formation when they are still
close by, but during the migration stage, the nuclei move too far for the centrosomes
to be recaptured, resulting in monopolar spindles. Centrosome detachment is not
highly penetrant in polo mutants, but this phenotype is exacerbated by the
overexpression of Microtubule-associated protein 205 (Map 205) or Greatwall
(Gwl) (Archambault et al. 2007; Archambault et al. 2008). Map 205 sequesters
Polo to microtubules during interphase, and Gwl antagonizes Polo via inhibition of
the regulatory subunit of Protein phosphatase 2A, Twins (Wang et al. 2011).

Mutations in the gene for another MAP, Mars (HURP homolog), shows centro-
some detachment from prophase nuclei when depleted, but more often centrosomes
detach from the mitotic spindle (Zhang et al. 2009). Centrosome detachment from
the spindle is also seen in asp mutants, evident by monopolar spindles (González
et al. 1990). A syncytial embryo specific MAP, Toucan (Toc), localizes to the
nuclear envelope and centrosomes during interphase and the spindle microtubules
during mitosis. Mutant toc embryos display detached centrosomes from spindles and
defective spindle formation. Astral microtubules remain intact and these embryos
typically arrest early on in a metaphase state, indicating a specialized role for Toc in
regulating syncytial mitotic spindles (Debec et al. 2001; Mirouse et al. 2005).

Microcephalin (MCPH1), which localizes to the centrosomes and spindle, is
necessary for centrosome-spindle pole attachment as mutant mcph1 embryos display
detached centrosomes and monopolar spindles. These mutants arrest early on in a
metaphase state but also have a delayed S phase, which results in uncoupling of the
centrosome and cell cycles. Desynchronization of these cycles can result in over-
replication of centrosomes, which may be the cause of the detached centrosomes
(Brunk et al. 2007).

For more on centrosome attachment in the syncytial embryo, see Free Centro-
somes: Where Do They Come From? (Archambault and Pinson 2010).

12.6 Axial Nuclear Migration Distributes Nuclei along
the A-P Axis

The first 3–4 cleavage cycles are skewed toward the anterior end of the embryo
where syngamy occurs (Karr 1991). Before the nuclei migrate toward the cortex and
form the blastoderm, they organize into a uniform distribution along the A-P axis
through axial nuclear migration (also known as axial expansion) (Fig. 12.1b)
(Hatanaka and Okada 1991). Axial nuclear migration occurs during cleavage cycles
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4–7 and relies on cytoskeletal dynamics that are regulated through the cell cycle and
the centrosome.

Actin and non-muscle myosin II (MyoII) localize at the anterior cortex in a cell
cycle-dependent manner, where they control physical contractions of the embryo
that assist in the axial nuclear migration (Fig. 12.4d) (Royou et al. 2002; von Dassow
and Schubiger 1994; Wheatley et al. 1995). It is hypothesized that this contraction
causes cytoplasmic streaming that forces the nuclei to migrate along the A-P axis,
which is further supported by the cytoplasmic movements during these stages
(Fig. 12.4b) (von Dassow and Schubiger 1994). A second hypothesis is that the
actin network causes the cytoplasm to become stiffer in the middle of the embryo
and looser toward the poles. Interacting microtubules from neighboring centrosomes
repel the nuclei away from one another, forcing the nuclei to expand laterally along
the A-P axis during these contractions. (Foe et al. 1993; von Dassow and Schubiger

Fig. 12.4 During axial nuclear migration the nuclei migrate along the A-P axis due to localized
contractions at the anterior cortex. (a) The nuclei (blue) slowly begin to migrate along the A-P axis
during interphase. During prophase/early metaphase, the nuclei migrate faster along the A-P axis.
The nuclei slightly retract along the A-P axis during anaphase/telophase. (b) Cross-sectional view
of an embryo along the A-P axis during interphase of axial nuclear migration. The deep cytoplasm
(purple arrows) moves toward the poles, while the peripheral cytoplasm (pink arrows) converges at
the constriction point, which is slightly anterior at the cortex. (c) Cross-sectional view of an embryo
along the A-P axis during anaphase/telophase of axial nuclear migration. The deep cytoplasm
retracts and moves inwards away from the poles. (d) Cross-sectional view of an embryo along the
A-P axis during metaphase of cleavage cycle 4. The centrosomes nucleate actin asters (red) that are
more intense at the nuclei toward the poles and less intense at the inward nuclei. (e) Cross-sectional
view of an embryo along the A-P axis during interphase of cleavage cycle 5. Actin and Myosin II
(orange) localize to the constriction point, while the nuclei make an overall migration toward the
anterior and posterior poles
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1994). There is support for both of these hypotheses, and both may contribute to the
nuclear movements during axial nuclear migration.

Three distinct phases of nuclear movements transpire during each cleavage cycle
4–7 at different stages of the cleavage cycle (Fig. 12.4a). First, the nuclei
slowly begin to migrate toward the poles along the A-P axis at the end of interphase.
In the second phase, this movement rapidly increases during prophase and early
metaphase. Finally, nuclear movement slows down and they regress slightly along
the A-P axis, away from the poles, during anaphase and telophase (Baker et al. 1993;
von Dassow and Schubiger 1994).

The specificity of cell cycle stages during these nuclear movements suggests a
role for cell cycle regulation in axial nuclear migration. In support of this, increasing
overall Cyclin B levels in the embryo decreases the velocity of nuclear movements,
and decreasing overall Cyclin B levels in the embryo increases the velocity of
nuclear movements (Stiffler et al. 1999). Therefore, Cyclin B regulates the nuclear
velocity during these three phases of nuclear migration.

The cytoplasm contained inside the entire embryo displays movements that
mimic nuclear migration. As the nuclei move toward the pole, the cytoplasm deep
in the middle of the embryo moves outward toward the poles as well (Fig. 12.4b).
The cytoplasm at the periphery of the cortex flows toward the middle of the embryo,
and the two distinct waves, from the posterior and anterior, converge slightly anterior
at the cortex, at what is termed the constriction point. Because of the opposing flows
of the deep cytoplasm and peripheral cytoplasm, this movement is referred to as
fountain streaming. During the final phase of each nuclear movement when the
nuclei slightly retract, the cytoplasm also retracts toward the middle of the embryo
(Fig. 12.4c) (von Dassow and Schubiger 1994).

Axial nuclear migration relies on actin filaments and not microtubules as colchi-
cine treatment (a microtubule depolymerizer) does not affect A-P nuclear distribu-
tion, but cytochalasin (prevents actin polymerization) does inhibit it (Zalokar and
Erk 1976; Hatanaka and Okada 1991). Filamentous actin (F-actin) appears to
nucleate from the centrosomes starting at metaphase, growing through telophase,
and dispersing in interphase. These actin asters are greatest at the outward nuclei,
closest to the poles, and weakest at the inward nuclei, furthest from the poles
(Fig. 12.4d). Because the outward nuclei move more than the inward nuclei, it is
suggested that these actin asters facilitate in axial nuclear migration (von Dassow
and Schubiger 1994).

Loss of Grandchildless N26 (Gs(1)N26), Grandchildless N41 (Gs(1)N41), or
Paralog (Par), all of which have not been mapped to a physical locus, cause actin
to appear as a uniform layer over the cortex with rough aggregates and defective
axial nuclear migration (Hatanaka and Okada 1991). This indicates they play a role
in regulating actin distribution during axial nuclear migration.

Actin, together with MyoII which is also necessary for axial nuclear migration,
shows a distinct localization progressing through cleavage cycles 4–7 (Kiehart et al.
1990; Wheatley et al. 1995; Royou et al. 2002). MyoII localizes at the cortex,
slightly anterior, during interphase of the axial nuclear cleavage divisions
(Fig. 12.4e). MyoII localizes to the anterior constriction site starting at interphase
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4 and increases in intensity during the following interphase cycles until interphase
7, where it starts to disperse along the cortex. By interphase 8, when the nuclei are
evenly distributed along the A-P axis, MyoII appears almost entirely disperse at the
cortex. Actin also cycles to the cortex in a similar manner (Royou et al. 2002).

The cell cycle-dependent localization of MyoII is regulated by Cdk1 and Cyclin
B. Localized degradation of Cyclin B during late anaphase inactivates Cdk1
(Su et al. 1998), and increasing Cyclin B levels prevents MyoII cortical localization,
while inhibiting Cdk1 results in abnormal localization of cortical MyoII (Royou
et al. 2002). However, cortical MyoII localization is not reliant on actin, as cyto-
chalasin or latrunculin (prevents actin polymerization) injection does not disrupt
MyoII localization (Chodagam et al. 2005). Additionally, in mutants for the regula-
tory light chain of MyoII, Spaghetti squash (Sqh), cortical actin localization is not
disrupted, indicating it is independent of MyoII (Royou et al. 2002).

Antimyosin antibody injection or sqh mutants display defective axial nuclear
migration (Kiehart et al. 1990; Wheatley et al. 1995), specifically, the primary
activating phosphorylation site of Sqh, Serine 21 (Karess et al. 1991), is necessary
for this migration. Phosphorylation site mutants that either mimic phosphorylation or
prevent phosphorylation of Serine 21 both hinder axial nuclear expansion, indicating
proper regulation of Sqh phosphorylation is necessary for axial nuclear migration
(Jordan and Karess 1997). This site is phosphorylated by Rho kinase (Rok), and
inhibition of Rok with Y-27632 also hinders axial nuclear expansion as well as
MyoII distribution (Royou et al. 2002).

The centrosome, apparently acting through the centrosomal protein CP190, also
plays a role in regulating axial nuclear migration. cp190 mutants display defective
axial nuclear migration and MyoII localization, but actin organization remains intact.
The constitutively active Sqh phosphomimetic mutant can partially rescue this
phenotype, implicating the centrosome in MyoII regulation. Although originally
identified as a centrosomal protein, CP190 is best known as a chromatin insulator
(Kellogg et al. 1989; Pai et al. 2004). CP190 localization is regulated during the cell
cycle as it localizes to the centrosomes during mitosis and is nuclear during inter-
phase (Chodagam et al. 2005). These localization dynamics may regulate the
localization of MyoII during axial nuclear migration. Two unmapped genes regulate
axial nuclear migration and affect centrosome localization: shackleton (shkl) and out
of sync (oosy) mutants display defective axial nuclear migration, and centrosome
loss from the spindles. oosy mutants also display asynchronous cleavage divisions
(Yohn et al. 2003). Therefore, the timing of axial nuclear migration relies on cell
cycle regulators that may involve the centrosome in an unknown way.

Overall, axial nuclear migration is a poorly understood process that is regulated
by Rho1-dependent actin-MyoII dynamics and has an unclear connection to centro-
somes. It is critical for the timely delivery of nuclei to the germ plasm during the
cycle 10 window of pole cell formation. It also spreads the nuclei along the A-P axis
to establish an even migration to the cortex.
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12.7 Cortical Nuclear Migration Positions the Nuclei at
the Cortex

During cleavage cycles 7–9, the majority of nuclei migrate from the interior of the
embryo to the cortex (Fig. 12.1c) (Foe and Alberts 1983). A subset of nuclei, the
yolk nuclei, fall back into the interior of the embryo between cleavage cycles 8 and
9 (Foe et al. 1993). Little is known about the function of these nuclei, but they are
involved in yolk digestion (Bownes 1982) as well as the future development of the
midgut (Walker et al. 2000).

The yolk nuclei asynchronously divide twice, then complete two rounds of DNA
replication without divisions to become polyploid (Zalokar and Erk 1976; Foe and
Alberts 1983). During these divisions, the centrosomes display defects in mitotic
spindle organization that ultimately leads to centrosome loss at the yolk nuclei.
During the first asynchronous division, a majority of the nuclei display defective
centrosome separation, resulting in “V”-shaped spindles that resemble monopolar
spindles. These aberrant spindles result in defective DNA segregation, yet the
centrosomes continue to replicate, and a second round of abnormal divisions occurs.
The replicated centrosomes also do not separate, as mother and daughter centro-
somes remain close to one another (Callaini and Dallai 1991; Riparbelli and Callaini
2003). By the second yolk nuclei division, most of the centrosomes have detached
from the spindles. The centrosomes appear normal, as CP190, Asp, Pavarotti, and
γ-Tubulin all remain localized there. However, Cyclin B localization is disrupted as
it does not associate with the aberrant spindles but weakly localizes to the centro-
somes during anaphase and telophase. It does not localize to the entire spindle pole
but rather the inner core of the centrosomes (Callaini and Dallai 1991; Riparbelli and
Callaini 2003).

In contrast with axial nuclear migration, cortical nuclear migration relies on
microtubules as colchicine treatment inhibits cortical nuclear migration, and does
not rely on actin, as cytochalasin treatment does not inhibit cortical nuclear migra-
tion (Zalokar and Erk 1976). Centrosomes appear to carry nuclei during this
migration, as centrosomes dissociated from their respective nuclei continue to
migrate to the cortex (Raff and Glover 1989).

It was initially hypothesized that the centrosomes nucleate microtubules that
connect to the cortex to pull the nuclei by forces produced by the microtubules
(Wolf 1980). However, analysis of the microtubule arrays during cortical nuclear
migration has disputed this theory. The majority of microtubules project inwards,
rather than to the cortex, and interact with the microtubules of the yolk nuclei
(Fig. 12.5). Shorter microtubules project toward the cortex, but do not reach the
membrane (Fig. 12.5). Microtubules of neighboring nuclei, as well as nuclei at the
opposite side of the embryo, also interact with one another (Fig. 12.5) (Baker et al.
1993).

The density of astral microtubules is far greater in the cortical nuclear migration
stages compared to those during the axial nuclear migration stages (Baker et al.
1993). In tacc mutants, the astral microtubules are reduced or absent, and the nuclei
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do not migrate to the cortex (Gergely et al. 2000b). The current hypothesis is that
antiparallel microtubule interactions provide a pushing force that directs the centro-
somes, with their nuclei as passengers, toward the cortex (Fig. 12.5) (Baker et al.
1993; Raff and Glover 1989).

Very little is known about the molecular regulators of cortical nuclear migration,
but it is coordinated with the cleavage cycle. The nuclear velocity is greatest during
telophase when astral microtubules are most abundant, further supporting their
necessity during this migration (Foe and Alberts 1983; Baker et al. 1993). As
mentioned earlier, higher levels of cyclin B reduce the speed of nuclear migration,
but this could be due to the decrease in microtubule length caused by the increased
levels (Stiffler et al. 1999). In oosy mutants, the cleavage divisions are not synchro-
nous and cortical migration is defective, suggesting that this synchrony is also
important for proper migration (Yohn et al. 2003).

Overall, while little is understood about how cortical nuclear migration is regu-
lated, it appears to be driven by astral microtubules assembled at centrosomes that
grow toward the center of the embryo and which push the nuclei outward toward the
cortex as they grow.

12.8 Pole Cells Cellularize Before the Other Nuclei

During cortical nuclear migration, a subset of nuclei reaches the posterior cortex and
pole plasm during cleavage cycle 9. These nuclei will cellularize at cycle 10, becom-
ing pole cells, while the majority of nuclei at the cortex continue to divide
(Fig. 12.1d) (Foe and Alberts 1983). Pole cells will develop into the germ cells of
the fly and contain germ cell-specific components. The germ plasm is localized to the
posterior end of the oocyte during oogenesis and is contained in polar granules in the
early embryo that are anchored by the actin cytoskeleton (Fig. 12.6a) (Lantz et al.
1999; Mahowald 2001).

Fig. 12.5 Cortical nuclear migration relies on microtubules for proper migration. Cross-sectional
view of a stage 7 embryo where the nuclei (blue) are migrating toward the cortex. The centrosomes
(gray) emanate small astral microtubules (green) that stretch toward the cortex and long microtu-
bules that stretch toward the yolk nuclei (orange). The yolk nuclei emanate microtubules (dark
green) that interact with the migrating nuclei
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The pole plasm is sufficient to initiate pole cell formation, as transplantation of
the pole plasm to the anterior cortex stimulates abnormal pole cell formation at the
anterior pole (Illmensee and Mahowald 1974). Oskar (Osk), a germ cell-specific
protein required to localize other germ cell-specific components, is also sufficient to
cause abnormal pole cell formation when transplanted to the anterior pole (Ephrussi
and Lehmann 1992). Germ-cell less (Gcl) is necessary for pole cell formation, but is
not sufficient for the formation of pole cells when transplanted to the anterior pole
(Jongens et al. 1992). However, when transplanted together with Anillin (encoded
by scraps), which regulates actomyosin contractile rings and is also necessary for
pole cell formation, they can stimulate abnormal pole cell formation at the anterior
pole (Cinalli and Lehmann 2013; Field et al. 2005).

Gcl also plays a role in limiting pole cell formation to the posterior pole. Gcl
promotes actomyosin organization downstream of the Rho1 pathway to constrict the
plasma membrane and form the pole cells at the posterior pole (Cinalli and Lehmann
2013). The Arf-GEF Stepkke (Step) inhibits the Rho1-actomyosin pathway, and
during pole cell formation stages, it is equally distributed around the cortical
membrane of the embryo, preventing any cellular formation. Loss of Step activity
results in abnormal pole cell formation at the anterior cortex due to loss of Rho1
inhibition. However, the posterior pole is distinct from the remainder of the embry-
onic membrane due to the presence of Gcl, which locally inhibits Step activity to

Fig. 12.6 Formation for the pole cells at the posterior cortex relies on membrane invaginations to
cleave the cells as the nuclei divide. (a) The pole plasm is contained in polar granules (pink) that
transport along the astral microtubules (green) toward the nuclei (blue) located at the cortex. (b)
During prophase, the nuclei reach the posterior cortex and the centrosomes (gray) impinge on the
plasma membrane to form the pole bud. (c) During metaphase, the BF (red) constricts beneath the
furrow. (d) During anaphase, the BF remains and the AF (purple) forms above the chromosomes.
(e) The two newly formed nuclei are cleaved from the plasma membrane at the bud furrow and
anaphase furrow. (f) Two pole cells are formed after cleavage and remain localized at the posterior
cortex
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allow for Rho1-mediated actomyosin membrane constriction. Loss of Step in a gcl
mutant background allows for proper pole cell formation (Lee et al. 2015).

Another determinant of pole cell formation is proper axial nuclear migration.
During interphase of cleavage cycle 9, the first nuclei reach the posterior pole in the
proper time window for pole cell formation to begin. If axial nuclear migration is
defective and the nuclei do not reach the posterior pole until a time point after
cleavage cycle 10, pole cell formation is inhibited (Niki and Okada 1981; Niki 1984;
Okada 1982; Hatanaka and Okada 1991). This is likely due to the degradation of
germ plasm components before the nuclei can reach the posterior pole. When pole
cell formation fails in gs(1)N26 or gs(1)N441 mutants, which display defective axial
nuclear migration, the localized pole plasm components either degrade or delocalize
from the posterior pole (Iida and Kobayashi 2000). In shkl or oosy mutant embryos,
which also display defective axial expansion, pole cell numbers are lower than
wildtype, further supporting the necessity of axial nuclear migration and timely
arrival of nuclei at the posterior pole plasm for pole cell formation (Yohn et al.
2003).

When the nuclei reach the posterior membrane during cleavage cycle 9, they enter
prophase and plasma membrane protrusions, called pole buds, form above each
nuclei (Fig. 12.6b) (Foe et al. 2000; Warn et al. 1985; Cinalli and Lehmann 2013).
As the nuclei begin to divide, the pole buds protrude farther from the membrane to
surround the metaphase spindles (Fig. 12.6b). Membrane furrows, termed the bud
furrows (BFs), form at the edge of the pole buds and constrict beneath the chromo-
somes at the basal membrane (Fig. 12.6b). Once the nuclei progress into anaphase, a
second furrow, the anaphase furrow (AF), forms above the spindle opposite to the
BF. Similar to the cytokinetic furrow, it forms in between the dividing nuclei
(Fig. 12.6b). Once mitosis is complete, the AF constricts to separate the two nuclei
into separate cells, while the BF constricts, liberating the nascent pole cells from the
embryo (Fig. 12.6b) (Cinalli and Lehmann 2013).

Known cytokinetic factors Anillin, MyoII, Peanut (Pnut), and Rho guanine
nucleotide exchange factor 2 (RhoGEF2) all localize to the actin-rich BFs in
preparation for cleavage of the plasma membrane (Padash Barmchi et al. 2005;
Warn et al. 1985; Field and Alberts 1995; Young et al. 1991). Anillin and MyoII also
localize to the actin-rich AFs, but further analysis is required to determine other
components of the AF. Rho1 functions upstream of cytokinetic components, and
inhibiting Rho1 or Rok prevents pole bud formation, specifically diminishing
Anillin localization at the BFs (Cinalli and Lehmann 2013). Anillin is necessary
for cleavage of the pole cells, as scraps mutants display BFs that retract and never
form pole cells (Field et al. 2005). diaphanous (dia) (a Formin downstream of Rho1)
or rhogef2 mutants display defective BF cleavage due to the disruption of the
actomyosin contractile ring, as actin and MyoII are absent at the BFs (Afshar et al.
2000; Padash Barmchi et al. 2005).

The rate of BF constriction is regulated by Gcl, as overexpressing Gcl causes
over-constriction of the BFs, resulting in the displacement of somatic nuclei and
increased pole cell numbers (Cinalli and Lehmann 2013; Jongens et al. 1994). gcl
mutants display under-constriction of the BFs, resulting in decreased pole cell
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numbers (Robertson et al. 1999; Cinalli and Lehmann 2013). In gcl mutants, the AF
constricts to separate the cells but the BF never constricts, even though Anillin is
present at both, preventing the formation of the pole cells. Therefore, Gcl is
necessary for BF cleavage, but not AF cleavage (Cinalli and Lehmann 2013).

Both actin and microtubules are necessary for proper pole cell formation as
injection of either Colcemid or cytochalasin inhibits pole cell formation (Raff and
Glover 1989; Cinalli and Lehmann 2013). Colcemid treatment prevents AF cleavage
but not BF cleavage and the nuclei arrest in metaphase, resulting in large pole cell-
like cells with inappropriate DNA content (Cinalli and Lehmann 2013). Cytochala-
sin injection after pole cell formation causes the cells to collapse, indicating actin is
necessary for pole cell stabilization (Raff and Glover 1989).

Centrosomes alone are sufficient to produce pole cells. Active centrosomes
dissociated from nuclei during aphidicolin injection still migrate to the posterior
pole and produce pole buds and reorganize actin. Pole cells form that are indistin-
guishable from normal pole cells except that they lack nuclei (Raff and Glover
1989). The centrosomal protein CP110 regulates pole cell formation. Neuralized E3
ubiquitin protein ligase 4 (Neurl4) localizes to the centrosome and downregulates
CP110 levels in mammalian cells (Al-Hakim et al. 2012; Li et al. 2012). In neurl4
mutant embryos, CP110 levels are elevated at centrosomes compared to wildtype as
well as enriched at foci distinct from centrosomes. neurl4 mutants display reduced
pole cell numbers with abnormal morphologies due to CP110 overexpression, as the
phenotype was partially rescued in neurl4 mutants with the addition of one mutant
copy of cp110, resulting in less abnormal pole cells (Jones and Macdonald 2015).
How CP110 impacts the centrosome and affects pole cell formation is unclear.

Centrosome separation during mitosis regulates the formation and size of the BFs.
gclmutants display disrupted centrosome separation specifically in the pole cells and
not somatic cells, which leads to shallow BFs (Lerit et al. 2017). These smaller BFs
often retract, preventing their cellularization which leads to lower numbers of pole
cells (Cinalli and Lehmann 2013). The percentage of pole buds with defective
centrosome separation in gcl mutants correlates with the number of gcl mutant
embryos that lack pole cells (Lerit et al. 2017; Robertson et al. 1999). Some nuclei
overcome this BF defect and form pole cells, but they contain an abnormal number
of centrosomes and multipolar spindles (Lerit et al. 2017). The CM1 domain of Cnn
and also the Kinesin-5 motor protein (Klp61F), a plus-end-directed motor, are
necessary for centrosome separation (Heck et al. 1993; Zhang and Megraw 2007),
and cnnΔ1 mutants or RNAi-mediated knockdown of Klp61F results in shallow,
abnormally shaped BFs and reduced pole cell numbers (Lerit et al. 2017).

Defective centrosome separation also disrupts astral microtubule organization,
which assists in the transportation of the polar granules that contain germ cell-specific
mRNAs and proteins toward the cortical nuclei (Fig. 12.6a) (Lerit and Gavis 2011;
Lerit et al. 2017). Polar granules migrate along the astral microtubules toward the
centrosomes during interphase and remain localized around the centrosomes during
mitosis until they segregate into separate cells duringmembrane cleavage (Fig. 12.6a)
(Lerit and Gavis 2011). In gcl or Klp61f mutants where centrosomes do not properly
separate and microtubules are not properly organized, polar granules still migrate
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from the posterior cortex, but their distribution around the nuclei is aberrant resulting
in a reduced number of granules in pole cells (Lerit et al. 2017).

Microtubules are necessary for polar granule transport, as colcemid treatment
prevents their movement, but actin is not as cytochalasin or latrunculin does not
disrupt their transport (Lerit and Gavis 2011). In png mutants, active centrosomes
travel to the posterior end without their respective nuclei (Shamanski andOrr-Weaver
1991), and polar granules are still trafficked along their astral microtubules, indicating
centrosomes and astral microtubules are sufficient for not only pole cell formation but
also transport of the polar granules. Cnn, Tacc, and AurA all regulate astral micro-
tubule length and stability (Gergely et al. 2000b; Giet et al. 2002; Megraw et al.
1999), and loss of any of these three proteins results in impaired polar granules
transport. Additionally, fewer pole cells are formed, and those that do form contain
either a reduced level of polar granules or none at all (Lerit and Gavis 2011).

Polar granules rely on Dynein for trafficking along the astral microtubules in a
minus-end-directed manner toward the centrosomes. In dhc64c mutants, astral
microtubules remain intact, but the directed movement of polar granules is inhibited,
resulting in a reduction of pole plasm in pole cells and reduced pole cell numbers
(Lerit and Gavis 2011). Overexpression of Dynactin 2, p150 subunit (DCTN2-p150)
inhibits dynein function (Burkhardt et al. 1997), resulting in cessation of polar
granule motility. Conversely, the plus-end-directed motor kinesin does not function
in trafficking polar granules, as kinesin heavy chain (khc) mutants display proper
polar granule movement (Lerit and Gavis 2011). Therefore, the transport of polar
granules relies on minus-end motors but not plus-end.

12.9 The Cortical Cleavage Cycles

After cortical nuclear migration, four final cleavage divisions (cycles 10–13) occur at
the cortex before cellularization in interphase of cycle 14. These divisions form actin-
rich furrows that resemble pole cell BFs, but the nuclei do not cleave off to form
separate cells (Fig. 12.7a) (Raff and Glover 1988; Ede and Counce 1956; Turner and
Mahowald 1976; Foe and Alberts 1983). Instead, these actin furrows are called
pseudo-cleavage furrows (also known as cortical cleavage or Rappaport furrows).
They are analogous to the furrows that form in-between adjacent nuclei from
overlapping astral microtubules discovered by Rappaport in sand dollar embryos
(Rappaport 1961). The centrosome regulates the formation of these furrows.

When nuclei reach the cortex during interphase of cleavage cycle 10, the centro-
somes organize the plasma membrane to form a cortical bud, similar to the pole bud
but not as protruding (Fig. 12.7a) (Raff and Glover 1988; Ede and Counce 1956;
Turner and Mahowald 1976; Foe and Alberts 1983). Filamentous actin is rearranged
from an evenly distributed layer along the cortical membrane to highly localized
pockets directly over the centrosomes, termed actin caps (Fig. 12.7b) (Karr and
Alberts 1986; Kellogg et al. 1988; Warn et al. 1984). Actin caps are necessary for
even nuclear distribution along the cortex as disrupted cap formation due to
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cytochalasin treatment or mutants that affect actin organization leads to abnormal
clustering of nuclei (Stevenson et al. 2001; Zalokar and Erk 1976; Callaini et al.
1992). As the nuclei enter mitosis and the centrosomes separate, the actin caps
expand and distribute into furrows of invaginated membrane (Fig. 12.7a–b). As
mitosis proceeds, the furrows surround the spindles and then begin to recede during
telophase to form actin caps over the centrosomes of the newly divided nuclei as they
proceed into the next cleavage cycle (Fig. 12.7a–b) (Karr and Alberts 1986; Kellogg
et al. 1988; Warn et al. 1984).

Actin cap expansion is necessary for furrow formation and relies on a number of
actin nucleators to organize actin at the furrows. The Arp2/3 complex aids in actin
nucleation to create branched actin filaments through the regulation of SCAR/
WAVE proteins (Pollitt and Insall 2009). Actin-related protein 3 (Arp3), a compo-
nent of the Arp2/3 complex, localizes to the furrows and between actin caps
dependent on the centrosomal protein Scrambled (Sced) (Stevenson et al. 2002).
Scrambled localizes to the same locations as Arp3, as well as the centrosomes,
independent of microtubules. In sced mutants, the actin caps do not expand
preventing furrow formation, which leads to spindle fusion and chromosome

Fig. 12.7 The cortical cleavage cycles (a) During the cortical cleavage cycles, actin (red) is
rearranged from an even distributed layer at the cortex, to pseudo-cleavage furrows that surround
the dividing nuclei (blue). The centrosomes (gray) nucleate microtubules (thinner green lines) that
assist in this actin redistribution. Astral actin filaments (thicker red lines) also surround the
centrosomes. (b) At the cortex, actin is rearranged to form a cap above the nuclei (dark red) during
interphase. As the nuclei divide, the actin cap expands (light red) into to surround the nuclei as they
divide. During telophase, the separated chromosomes begin to form new actin caps
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segregation errors (Stevenson et al. 2001). Loss of Actin-related protein 2/3 com-
plex, subunit 1 (Arpc1), another component of the Arp2/3 complex, displays the
same phenotype as sced mutants, suggesting Sced may recruit Arp2/3 to actin cap
margins to aid in actin polymerization at the furrows (Stevenson et al. 2002; Zallen
et al. 2002). It is unclear how Sced may recruit Arp2/3, but further studies have
revealed that SCAR also localizes to the furrows and is required for furrow assembly
(Zallen et al. 2002). Therefore, Sced may interact with SCAR to recruit Arp2/3 to the
furrows, implicating a role for the centrosome in actin polymerization at the furrows.

Rho1 inhibition also prevents actin cap expansion and is an upstream regulator of
the formin Dia that nucleates actin filaments (Cao et al. 2010; Watanabe et al. 1997).
Dia localizes between the actin caps and furrows, specifically the tips of the
advancing furrows (Afshar et al. 2000), and dia mutants do not form furrows due
to defective actin cap expansion (Cao et al. 2010; Afshar et al. 2000; Webb et al.
2009). Dia is also required for the localization of cytokinetic components such as
MyoII, Anillin, Pnut, and Adenomatous polyposis coli 2 (Apc2) to the invaginated
furrows, and between the actin caps, as they weakly localize between the caps, but
are absent from furrows (Afshar et al. 2000; Webb et al. 2009).

As the cleavage furrows form, new membrane and actin is supplied through
recycling endosome (RE)-derived vesicles that are localized at the centrosome and
transported along astral microtubules to the growing furrow (Swanson and Poodry
1981; Mermall et al. 1994; Mermall and Miller 1995; Rothwell et al. 1999; Riggs
et al. 2003). The recruitment of these vesicles relies on Nuclear fallout (Nuf), which
is an adaptor protein that links Rab11 to microtubule-based motors (dynein and
Kinesin-1) for trafficking on microtubules (Riggs et al. 2003). Loss of either Nuf or
Rab11 disrupts vesicle-based membrane recruitment and transport of furrow com-
ponents, leading to disrupted actin furrows (Riggs et al. 2003; Rothwell et al. 1999).
Nuf/Rab11 complexes localize Discontinuous actin hexagon (Dah), which is
required for furrow formation, to the furrows, as nuf or rab11 mutants display
abnormal localization of Dah (Riggs et al. 2003; Rothwell et al. 1999; Zhang et al.
2000). Both nuf and rab11 also display disruption in RhoGEF2 localization at the
furrow, and injection of active RhoA (the mammalian ortholog of Rho1) in nuf
mutants rescues the furrow phenotype. However, in nuf mutants, Rho1 and Dia
localization is normal, suggesting their localization does not rely on RE vesicle
transport, but RhoGEF2 localization does (Cao et al. 2008).

Endocytosis at the membrane occurs from interphase until metaphase, where it is
inhibited to distribute membrane from RE-derived vesicles to the furrows as they are
growing. Endocytosis once again occurs during telophase as the furrows are
regressing (Sokac and Wieschaus 2008a; Rikhy et al. 2015). Dynamin, encoded
by shibire (shi), and Clathrin are involved in endocytic vesicle formation and
localize to the cleavage furrows and between actin caps at times of invagination,
while localizing to the spindles during metaphase. In shi mutants, furrow formation
is disrupted, and vesicles cannot sever from the plasma membrane, while Dia,
Anillin, Pnut, involved in actin remodeling, are no longer localized to the furrows
(Rikhy et al. 2015).
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The cleavage furrows contain similar components to cytokinetic furrows (Miller
and Kiehart 1995), including the centralspindlin complex, and yet cytokinesis does
not occur (Crest et al. 2012; Minestrini et al. 2003). This is due to the absence of the
cytokinetic regulator of Rho1, RhoGEF Pebble (Pbl), at the furrows and central
spindle in the syncytial embryo. Instead, RhoGEF2 activates Rho1 locally at the
cleavage furrows. Introducing ectopic active RhoA into the embryo during the
cortical cleavage stages induces cytokinetic furrow formation over the central
spindle, indicating that the machinery is in place but that spatial Rho1 is determin-
istic of the site of furrow formation (Crest et al. 2012). Rho1 and another major actin
regulator Cdc42 play an antagonistic role in furrow formation. Constitutively active
Cdc42 or dominant negative Rho1 both disrupt actin furrows and MyoII localiza-
tion, but the microtubules remain intact (Crawford et al. 1998).

Centrosomes are sufficient for actin rearrangement and furrow ingression. In
aphidicolin-injected embryos where only the centrosomes reach the cortex, cortical
buds are formed, and actin is rearranged in a cell cycle-dependent manner (Raff and
Glover 1989; Yasuda et al. 1991). Microtubules are required for actin reorganization
in a specific time window. Colchicine injection during anaphase disrupts actin
rearrangement to the furrows, but injection during interphase or telophase does not
disrupt actin rearrangement. During telophase, robust astral microtubules of neigh-
boring centrosomes overlap, possibly defining the furrow position for the subsequent
cleavage cycle (Riggs et al. 2007). The polar bodies lack centrosomes but form
microtubule projections similar to the astral microtubules of the centrosome and
when the polar bodies lie close to the cortex, they rearrange the cortical actin (Foe
et al. 2000).

There is also an accumulation of actin at the centrosomes that form aster-like
filaments as the nuclei divide, appearing to emanate from the centrosome similar to
astral microtubules (Fig. 12.7a). These actin asters appear to be reliant on proper
centrosome activity and microtubules, as cnn mutants that disrupt the PCM and
astral microtubules, or colchicine treatment also disrupts actin aster formation
(Riparbelli et al. 2007). However, the role of actin asters in cortical cleavage
divisions remains unclear.

The furrows provide a physical barrier between the dividing nuclei that prevents
centrosomes from interacting with the spindles of neighboring nuclei (Kotadia et al.
2010; Sullivan et al. 1993b). When furrows are disrupted, mitotic spindles of
neighboring nuclei aberrantly interact, which causes centrosomes to dissociate
from their respective nuclei. The nuclei recede into the embryo leaving a patch
devoid of a nucleus at the cortex (Sullivan et al. 1993a; Sullivan et al. 1993b). This
process, which occurs in multiple mutant backgrounds when cleavage furrows are
disrupted, is known as nuclear fallout. cnn, arpc1, scar, and dia mutants all display
fused spindles and nuclear fallout due to the absence of furrow formation (Stevenson
et al. 2002; Zallen et al. 2002; Afshar et al. 2000; Megraw et al. 1999).

The mechanism of nuclear fallout is a protective checkpoint that prevents dam-
aged nuclei from multiplying and integrating into the future embryo by removing
them from the cortex (O’Farrell et al. 2004). Due to the absence of gap phases and
decrease in transcription, the syncytial embryo has an altered response to cell cycle
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checkpoint mechanisms. For example, DNA replication arrest due to aphidicolin
injection does not block nuclei from entering mitosis (Raff and Glover 1988; Foe
and Alberts 1983). This is especially important during the cortical cleavage cycles,
due to the increase in cell cycle length and the MZT.

During cleavage cycles 10–13, the cell cycle increases in length from roughly 8 to
21 min (Foe and Alberts 1983). The increase in transcription that starts during
cleavage cycle 10 requires a longer cell cycle, especially in S phase (Lamb and
Laird 1976; McKnight et al. 1977; Zalokar 1976; Edgar and Schubiger 1986;
Shermoen et al. 2010). The increase in length during these cycles is reliant on grapes
(grp, Chk1 homolog) and meiotic 41 (mei-41, ATR homolog) as grp or mei-41
mutants the lengthening of the cleavage cycles fails (Sibon et al. 1997; Sibon et al.
1999). As a result, grp or mei-41 mutants also arrest during the cleavage division
cycles with damaged nuclei and nuclear fallout (Fogarty et al. 1994; Fogarty et al.
1997). Centrosomes lose their function indicated by the loss of γ-Tubulin and
γTuRC components from the centrosomes and the inability to separate chromosomes
during mitosis (Sibon et al. 2000). Centrosome inactivation and nuclear fallout also
occur during aphidicolin injection as well as a treatment with a variety of
DNA-damaging agents (Raff and Glover 1988; Sibon et al. 2000; Takada et al.
2003).

This pathway of centrosome inactivation is regulated by loki (Lok, also known
mnk, a Chk2 homolog), which localizes to centrosomes and spindles. During DNA
damage, this localization increases, and Lok also accumulates at the nuclei (Takada
et al. 2003). Lok causes mRNA nuclear retention after DNA damage, including
mRNAs that encode for centrosomal proteins, such as γ-Tubulin ring protein
91 (Grip91); this mRNA nuclear retention causes nuclear fallout (Iampietro et al.
2014). In lok mutants, when DNA is damaged through either Bleomycin (induces
DNA damage) injection or in a grp mutant background, centrosomes do not inacti-
vate (Takada et al. 2003).

Multiple PCM proteins also play an important role in regulating cleavage furrow
formation, and their dysfunction can result in fused spindles, aneuploid nuclei, and
nuclear fallout. cnn mutants are maternal-effect lethal, arresting in the cleavage
furrow stages and displaying a failure in furrow ingression that leads to fused
metaphase spindles and colliding nuclei in telophase and inevitable nuclear fallout
(Megraw et al. 1999; Vaizel-Ohayon and Schejter 1999). In cnnΔ1 mutants where
astral microtubules can still form, some furrows still ingress (Zhang and Megraw
2007), but in CM2 domain cnn mutants (cnnb4), astral microtubules are present and
furrow ingression was severely impaired. The CM2 domain of Cnn interacts with
Centrocortin (Cen), and cen mutants display aberrant actin organization at the
furrows as well as spindle fusions, indicating it interacts with cnn to regulate actin
organization at the cleavage furrow (Kao and Megraw 2009).

sponge (spg, a Rho GEF family protein) mutants have defective actin caps and
furrows leading to aberrant spindle interactions (Postner et al. 1992; Riparbelli et al.
2007). Loss of Eb1, which binds the plus ends of microtubules, does not result in
defective actin localization at the furrows. Instead, furrows are partially invaginated,
resulting in severe spindle defects and loss of nuclei due to nuclear fallout (Rogers
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et al. 2002; Webb et al. 2009). Nuf, which supplies membrane and other components
to the invaginating furrows, localizes to the centrosome during prophase dependent
on microtubules (Rothwell et al. 1998; Riggs et al. 2003). Because REs display a
pericentriolar accumulation, this localization of Nuf is important for vesicle trans-
port. nuf mutants display incomplete actin furrows, which results in spindle fusions
(Rothwell et al. 1998).

12.10 Centrosome Separation During the Cortical Cleavage
Cycles

As nuclei enter mitosis, the centrosomes begin to separate at prophase to form
bipolar spindles. Centrosome separation is especially important in the cortical
cleavage cycles due to the membrane invagination and spreading of actin that is
orchestrated in conjunction with centrosome movement. It was hypothesized that
centrosome separation guides actin cap expansion and furrow invagination as
multiple centrosomal components are necessary for proper actin reorganization.
Free centrosomes are sufficient to reorganize actin at the membrane (Raff and Glover
1989; Yasuda et al. 1991), and the cycling of actin structures parallels centrosomes’
movements (Karr and Alberts 1986). However, in colchicine-treated embryos,
centrosome separation fails, but actin caps still expand (Stevenson et al. 2001; Cao
et al. 2010). Therefore, it appears that actin spreading may guide the centrosomes, as
either latrunculin, cytochalasin, or jasplakinolide (actin filament stabilizer) injection
both inhibit centrosome separation (Cao et al. 2010; Stevenson et al. 2001).
Jasplakinolide also shrinks the actin caps, indicating actin turnover is required for
centrosome separation (Cao et al. 2010).

It is hypothesized that the astral microtubules of centrosomes interact with actin
to allow for proper centrosome separation. In support of this, Apc2, which stabilizes
microtubules with Eb1 through Dia (Wen et al. 2004) and interacts with actin at
actin-microtubule interaction sites (McCartney and Peifer 2000), plays a role in
centrosome separation. Apc2 localizes to the actin caps and furrows where astral
microtubules are interacting with the actin furrows (McCartney et al. 2001; Webb
et al. 2009). apc2 mutants display centrosome separation defects as well as defective
furrow formation (Webb et al. 2009; Buttrick et al. 2008). Apc2 localization is reliant
on Akt1 and Shaggy (Sgg, a Zw3 homolog), which is upstream of Akt1 (Shaw et al.
1997). Akt1 mutants have normal actin and microtubule organization, yet they
display centrosome separation defects and nuclear fallout due to disruption in
Apc2 localization. Introduction of one copy of a sgg mutant allele into akt1 mutants
rescues this phenotype. Therefore, Apc2 regulates centrosome separation through
microtubule-actin interactions, dependent on Akt1 and Sgg (Buttrick et al. 2008).

αTub67C is enriched at the interpolar microtubules that embrace the nuclear
envelope, and αTub67C mutants display shorter microtubules. αTub67C mutants
arrest in mitosis due to defective centrosome separation. These interpolar
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microtubules must rapidly assemble, and αTub67C appears to be necessary for this
rapid growth as cells depleted of αTub67C will eventually grow long microtubules
from other isoforms of α-Tubulin. Therefore, αTub67C is hypothesized to quickly
nucleate these interpolar microtubules to push the centrosomes apart during centro-
some separation (Venkei et al. 2006).

Centrosome separation also relies on multiple microtubule-based motor proteins
to provide the force that moves them apart. Dynein is required for proper centrosome
separation, as dhc64cmutant embryos display centrosomes that do not fully separate
(Robinson et al. 1999). Klp61f is required to keep the centrosomes separated during
metaphase but is not required for their initial separation. klp61f mutants display
normal centrosome separation in prometaphase, but the centrosomes slide back
together before the metaphase spindles can form. However, in ncd klp61f double
mutant embryos, the centrosomes separate and remain separated until telophase
indicating an opposing force on the minus- and plus-end-directed motors, respec-
tively, that keeps the metaphase centrosomes separated. However, in these double
mutant backgrounds, the distance between daughter nuclei is abnormally short,
indicating a role for these motors in internuclear spacing as well as centrosome
separation (Sharp et al. 1999).

During centrosome separation, Cnn fibers, hypothesized to be intercentrosomal
microtubules, connect the centrosomes and persist into late anaphase, while cnnΔ1

mutants display defects in centrosome separation (Zhang and Megraw 2007). In sced
or sponge mutants, where furrows do not form, centrosome separation is also
delayed (Stevenson et al. 2001; Postner et al. 1992). arpc1 or dia mutants as well
as Rho1 inhibition by C3 exotransferase, which display abnormal furrow formation,
all result in defective centrosome separation (Cao et al. 2010). Loss of Daughterless-
like (Dal), a protein of unknown function, also results in defective centrosome
separation resulting in spindle fusion and nuclear fallout, but only during the cortical
cleavage cycles (Sullivan et al. 1990).

In summary, centrosome separation in the early embryo is necessary for proper
cleavage furrow formation during the cortical cleavage cycles. Centrosome separa-
tion is reliant on actin, microtubules, microtubule motors, and a variety of proteins
involved in cleavage furrow formation. The mechanisms that force the centrosomes
apart during mitosis still remain unclear, but the variety of factors involved suggest it
is a complicated process that requires further investigation.

12.11 Cellularization Transitions the Syncytial Embryo
to the Cellular Blastoderm

After 13 successive cleavage divisions, the cortical nuclei remain in interphase for
roughly 70 min as cellular membranes surround each nucleus to form the
multicellular embryo. The process of cellularization begins identically to the cortical
cleavage cycles: the membrane protrudes forming a cortical bud and actin cap above
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each nucleus and its associated pair of centrosomes (Fig. 12.8a) (Foe and Alberts
1983). The actin cap is localized to microvillar projections that densely decorate the
cortical buds at the onset of cellularization (Fig. 12.8a) (Turner and Mahowald 1979;
Fullilove and Jacobson 1971). Furrows begin to form, and the hairpin-shaped tip of
each furrow, the furrow canal (FC), is enriched in components necessary for
cellularization (Fig. 12.8b) (Fullilove and Jacobson 1971; Warn and Robert-Nicoud
1990; Young et al. 1991). Immediately after furrow ingression, basal cell junctions
assemble below the FC composed of E-cadherin, α-catenin, and β-catenin in prep-
aration for cell formation (Hunter and Wieschaus 2000; Müller and Wieschaus
1996).

As the furrow ingresses, the nuclei elongate and extend into the embryo, resulting
in oblong nuclei (Lecuit and Wieschaus 2000; Knoblich 2000). This change in
nuclear shape is due to a basally extending microtubule basket formed by the astral
microtubules (Fig. 12.8b–e) (Callaini and Anselmi 1988; Kellogg et al. 1991).
Nocodazole treatment prevents nuclear shape change, supporting a role for these
microtubule baskets in nuclear elongation during furrow ingression (Brandt et al.
2006). These microtubule baskets also rely on actin, as cytochalasin treatment
disrupts microtubule basket organization (Edgar et al. 1987).

Unlike the cortical cleavage cycles, cellularization requires the nuclei to be
present as aphidicolin-injected embryos do not cellularize (Raff and Glover 1989).
This is most likely due to the requirement of zygotic transcription that starts during
the cortical cleavage cycles and decreases at the end of cellularization (Lamb and
Laird 1976; McKnight et al. 1977; Zalokar 1976; Edgar and Schubiger 1986) as
α-amanitin injection (a transcription inhibitor) blocks cellularization (Edgar et al.
1986). Most gene products required for cellularization are maternally supplied but
some necessary proteins are zygotically transcribed, indicating they have a specific
role in this process (Mazumdar and Mazumdar 2002).

The furrows slowly progress until they reach the basal end of the nuclei, where
progression then rapidly increases with furrows ultimately reaching a depth of
approximately 35 μm (Lecuit and Wieschaus 2000; Foe and Alberts 1983). An
actomyosin contractile ring forms at the FC as it invaginates and begins to contract
once the furrows have passed the nuclei. This results in a change from the hexagonal
array of actin that surrounds the nuclei to a ring shape localization in preparation for
cell closure (Fig. 12.8f–g) (Theurkauf 1994). The contractile rings then pinch off the
membranes at the end of cellularization to form single cells (Fig. 12.8e).

Because furrow invagination is so extensive and demanding of membrane
resources, the membrane present at the cortex does not provide a sufficient supply
needed for cellularization, and new sources of membrane are required (Figard et al.
2013). Two different deposits of membrane are supplied to the furrows during
different time points of cellularization.

The first deposit is derived from the microvillar actin projections on the surface of
the cortex above each nucleus (Fig. 12.8a–d). These microvillar projections assem-
ble before cellularization, and are depleted by its completion (Fabrowski et al. 2013;
Fullilove and Jacobson 1971). It is estimated that the microvilli contain about half of
the membrane necessary for furrow formation (Figard et al. 2013). New membrane is
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Fig. 12.8 Cellularization of the nuclei requires a deep invagination of the membrane which
eventually cleaves to form separate cells. (a) During prophase, the centrosomes impinge on the
plasma membrane to form a cortical bud over the nucleus. The REs remains apical to the nucleus
near the centrosomes and Golgi-derived vesicles localize at the basal end of the nucleus. Long
microvillar projections rich in actin form above each nucleus. (b) The furrow canal forms, slowly
invaginating away from the cortex. The microtubules begin to form around the nucleus as it
elongates. Golgi-derived vesicles localize to the furrow canal. The microvilli slowly regress into
the furrows. (c) The furrow continues to grow, and the microtubules surround the nucleus as it
continues to elongate. More Golgi-derived vesicles begin to localize at the furrow canal and the
microvilli continue to recede as the membrane invaginates. (d) The nucleus is fully elongated, and
the microtubules surround it in a basket shape. The Golgi-derived vesicles are all localized at the
furrow canal. The microvilli are almost depleted as the furrow canal reaches the basal end of the
nucleus. (e) The furrow canal spreads to form a ring at the bottom of the nucleus that pinches off the
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added at the apical end of the furrows and old membrane is pushed basally into the
furrows, rather than the addition of membrane to the FC, supporting the role for
microvillar membrane addition (Lecuit and Wieschaus 2000). Microvillar depletion
also mimics the kinetics of furrow ingression, starting slow as the furrows reach the
bottom of the nuclei and speeding up toward the end of cellularization. Therefore,
the microvilli are unfolded and pulled directly into the invaginating furrows (Figard
et al. 2013).

Abl tyrosine kinase (Abl) is involved in the regulation of microvillar density and
length as abl mutants display longer microvilli than wildtype at the onset of
cellularization which do not diminish over time as in wildtype. Actin also abnor-
mally accumulates at the apical end of the furrows due to enrichment of the actin
nucleators, Arp3 and Dia, resulting in excessive F-action nucleation and abnormal
furrow formation. These defects are due to abnormal localization of Enabled (Ena) at
the apical cortex and abnormal actin accumulation, which is normally disperse
during cellularization, as ena abl mutants have less cortical actin accumulation.
ablmutants also display disrupted microtubule baskets, a further indication that actin
regulation plays a role in their formation (Grevengoed et al. 2003).

The second source of membrane is supplied by Golgi-derived vesicles and REs.
Centrosomes assist in trafficking these vesicles which contain the proteins and
membrane needed for furrow invagination along the microtubules (Mazumdar and
Mazumdar 2002). Centrosomes are necessary for furrow invagination and loss of
astral microtubules disrupts furrow invagination (Zalokar and Erk 1976; Foe and
Alberts 1983). During early cleavage cycles, the Golgi is localized in disperse puncta
at the cortex of the embryo in close proximity to the ER (Ripoche et al. 1994; Stanley
et al. 1997). Once the nuclei reach the cortex and transcription increases, separate ER
and Golgi structures segregate to single nuclei, with each nucleus containing a single
ER/Golgi system. This segregation is dependent on microtubules, as nocodazole
treatment disrupts ER/Golgi compartmentalization, indicating a role for the centro-
some (Frescas et al. 2006). Golgi-derived vesicles either fuse to the apical membrane
and endocytose to be sorted by the RE for transport, or traffic directly to the
membrane (LaLonde et al. 2006; Lee and Harris 2014). Golgi-derived vesicle and
RE transport rely on separate trafficking pathways to transport different components
to the invaginating furrows.

Golgi-derived vesicles supply membrane and components that are required for
the rapid extension of the furrows. Brefeldin A, which inhibits Golgi vesicle
transport, inhibits furrow progression in the final, fast stage of cellularization (Sisson
et al. 2000; Frescas et al. 2006). Transport of these vesicles is dependent on
microtubules, as colcemid or colchicine treatment during the slow cellularization

⁄�

Fig. 12.8 (continued) membrane to form a cell. The Golgi-derived vesicles move away from the
furrow canal to the apical side of the nucleus. (f) Cortical view of cellularization during b–d. Actin
surrounds the nuclei forming a hexagonal pattern at neighboring junctions. (g) Cortical view of
cellularization during e. The actin surrounding each nucleus begins to constrict into rings
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stage stalls vesicle movements at the basal end of the nuclei, preventing furrow
invagination (Lecuit and Wieschaus 2000; Sisson et al. 2000; Foe and Alberts 1983;
Zalokar and Erk 1976). Golgi vesicle transport is not dependent on actin as cyto-
chalasin injection does not disrupt Golgi vesicle movement during cellularization
(Sisson et al. 2000).

The dynein-dynactin complex in association with Cytoplasmic linker protein
190 (CLIP190), which links vesicles to microtubules (Lantz and Miller 1998), assists
in transporting Golgi-derived vesicles along the microtubules. dhc64C mutants do
not form furrows and Golgi-derived vesicle movement is blocked, while the micro-
tubules remain intact (Papoulas et al. 2005). Dhc64C, DCTN2-p150, and CLIP190
all associate at the Golgi and specifically bind the Golgi-associated protein Lava
Lamp (Lva), which acts as an adaptor for Dynein-Dynactin vesicular trafficking
(Sisson et al. 2000; Papoulas et al. 2005). In support of this, lva mutants that cannot
bind Dhc64C, DCTN2-p150, or CLIP190 display impaired furrow progression and
inhibition of Golgi vesicle movement. Lva is necessary for CLIP190-dependent
microtubule-vesicle attachment, as lva mutants that cannot bind dynein inhibit
CLIP190 localization to the Golgi and FC, resulting in impaired furrow formation
(Papoulas et al. 2005).

The second class of vesicles, REs, are necessary for all stages of cellularization.
REs localize intermediately near the centrosomes as the vesicles are being sorted to
transport membrane and protein to the furrows (van Ijzendoorn 2006). Rab5 and
Dynamin are necessary for the initial endocytosis and budding of REs from the
apical membrane, as overexpressing a dominant negative variant of Rab5 or shi
mutant backgrounds display impaired furrow ingression (Pelissier et al. 2003). An
intermediate stage of the RE pathway displays tubular membrane projections from
the FC, but only at the onset of cellularization (Fig. 12.8a) (Sokac and Wieschaus
2008a). In shi mutants, these endocytic tubules are longer than normal, indicating
stalled trafficking of REs (Sokac andWieschaus 2008a; Su et al. 2013; Sherlekar and
Rikhy 2016).

The regulation of the REs follows similar dynamics to RE trafficking during the
cortical cleavage cycles. Rab11, Dynamin, and Nuf are required for vesicle traffick-
ing and dominant negative Rab11, shi, and nuf mutants all display impaired furrow
invagination, while shi mutants display Rab11 vesicles halted at the centrosome
(Pelissier et al. 2003; Rothwell et al. 1998). Rab11 and Nuf also localize RhoGEF2
to the furrows to drive furrow invagination through the same mechanisms outlined in
the cortical cleavage cycles section. (Riggs et al. 2003; Cao et al. 2008).

Rab11, Nuf, and Dynamin regulate the localization of Slow as molasses (Slam),
which is both maternally supplied and zygotically transcribed, to the FCs (Acharya
et al. 2014). Slam is necessary for Rho1, RhoGEF2, and MyoII localization to the
furrows and slam mutants display disrupted furrow invagination (Wenzl et al. 2010;
Acharya et al. 2014). Centrosomes are also necessary for Slam localization to the
furrows as nuclei-less centrosomes still localize Slam, and ablating centrosomes
disrupts Slam localization (Acharya et al. 2014). Therefore, Slam utilizes
centrosome-dependent RE vesicle transport for localization at the FCs.

308 C. Blake-Hedges and T. L. Megraw



Slam plays a redundant role with Nullo, another zygotically transcribed gene
product that is necessary for furrow invagination and stabilization, in Dia localiza-
tion (Sokac and Wieschaus 2008a, b; Hunter and Wieschaus 2000). slam nullo
double mutants, but not single mutants of either, display disruption of Dia localiza-
tion at the FCs (Acharya et al. 2014). Dia localization is also dependent on
RhoGEF2, both of which localize to the FCs before invagination, suggesting they
aid in FC formation. Mutants for rhogef2 and dia display areas absent of furrows and
misshapen FCs. When either rhogef2 or dia mutants are combined with nullo
mutants, the furrow defects are stronger, suggesting Nullo acts in a pathway separate
from RhoGEF2 and Dia (Großhans et al. 2005). Therefore, Nullo may coordinate
furrow invagination through F-actin regulation by Slam, RhoGEF2, and Dia.

Rho1, Rok, and RhoGEF2 are all required for the final stage of cellularization.
RhoGEF2 localizes Rho1 to the furrows for localized Rok activation (Padash
Barmchi et al. 2005). rhogef2 and rok mutants display similar defects in
cellularization, defective furrow invagination (Dawes-Hoang et al. 2005), and dom-
inant negative rho1 mutants do not cellularize (Crawford et al. 1998). The Rho1
pathway regulates MyoII activation, which is necessary for contractile ring constric-
tion (Xue and Sokac 2016). Anillin is known to link Rho1, actin, and MyoII during
cytokinesis (Piekny and Glotzer 2008) and is necessary for MyoII localization as
well as Pnut localization to the FCs. In anillin mutants, FC morphology is abnormal,
contractile rings fail to form, and cellularization does not occur, indicating it may
link Rho1, actin, and MyoII during cellularization (Field et al. 2005; Thomas and
Wieschaus 2004).

Bottleneck (Bnk), a zygotically transcribed gene product, regulates the constric-
tion of the contractile ring toward the end of cellularization. Bnk localizes to the FCs
during the slow phases of cellularization and disappears during the fast stage when
constriction begins. In bnk mutants, the hexagonal actin rings constrict before the
furrows are past the nuclei resulting in bottle-shaped nuclei (Schejter and Wieschaus
1993; Theurkauf 1994). Therefore, bnk is a negative regulator of actomyosin
constriction during cellularization.

For more on Drosophila cellularization, see How one becomes many: blastoderm
cellularization in Drosophila melanogaster (Mazumdar and Mazumdar 2002).

12.12 Summary

The centrosome plays an important role in regulating the dynamics of early devel-
opment in the Drosophila syncytial embryo at multiple stages. The centrosome
regulates the cytoskeletal elements, microtubules and actin, in varying contexts to
allow for each step of embryogenesis to properly occur. The first three centrosome-
dependent stages of embryogenesis are nuclear migrations that utilize cytoskeletal
components. The remaining three stages utilize centrosome-dependent actin regula-
tion to form furrows that separate the nuclei as they divide and eventually form
cellular membranes. Defective centrosomes can disrupt the cell cycle, mitotic

12 Coordination of Embryogenesis by the Centrosome in Drosophila melanogaster 309



cleavage divisions, and nuclear positioning, resulting in morphogenic defects and
embryonic lethality. The syncytial embryonic cell cycle is modified to address the
rapid nuclear divisions, resulting in changes to the regulation of the centrosome. The
central roles of the centrosome in the early embryo contrast with the ability of
zygotic development to be accomplished successfully without functional centro-
somes. All of the processes controlled by the centrosome in the early embryo are not
well understood, so much remains for investigators to discover.
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Chapter 13
Centrosomes in Branching Morphogenesis

Sofia J. Araújo

Abstract The centrosome, a major microtubule organizer, has important functions
in regulating the cytoskeleton as well as the position of cellular structures and
orientation of cells within tissues. The centrosome serves as the main cytoskeleton-
organizing centre in the cell and is the classical site of microtubule nucleation and
anchoring. For these reasons, centrosomes play a very important role in morphogen-
esis, not just in the early stages of cell divisions but also in the later stages of
organogenesis. Many organs such as lung, kidney and blood vessels develop from
epithelial tubes that branch into complex networks. Cells in the nervous system also
form highly branched structures in order to build complex neuronal networks. During
branching morphogenesis, cells have to rearrange within tissues though multicellular
branching or through subcellular branching, also known as single-cell branching. For
highly branched structures to be formed during embryonic development, the cyto-
skeleton needs to be extensively remodelled. The centrosome has been shown to play
an important role during these events.

13.1 Centrosomes in Branching Morphogenesis

The general role of centrosomes during embryonic development has mainly been
studied in regard to cell division. However, it is becoming clear that subcellular
events that rely on centrosome positioning, movement and activity are key to many
developmental processes (Tang and Marshall 2012). From cell migration to force
generation and both multicellular and subcellular branching, the role of the centro-
some at the subcellular level can influence many morphogenetic processes.
Branching morphogenesis has been extensively studied in many model organisms
and distinct organs and despite our knowledge on many of the molecular players
involved in branching, the centrosome’s role in branching morphogenesis has only
been reported clearly in a few of these systems.
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13.2 The Active Role of the Centrosome in Tubulogenesis

13.2.1 The Tracheal System

Tracheal system development has been broadly studied in the fruit fly Drosophila
melanogaster and is an important model for the analysis of branching morphogen-
esis the developmental process that gives rise to many vertebrate organs including
the lung, vascular system, kidney and pancreas (Affolter and Caussinus 2008;
Manning and Krasnow 1993; Ghabrial et al. 2003; Hayashi and Kondo 2018).

During Drosophila embryogenesis, the tracheal primordial cells appear as
10 pairs of tracheal placodes, of about 80 cells each, that invaginate into the body
cavity while maintaining epithelial integrity, and undergo stereotyped branching and
fusion processes to form a continuous network of tubular epithelium providing all
tissues with the necessary amount of oxygen (Fig. 13.1a) (reviewed in Hayashi and
Kondo 2018). Interestingly, embryonic tracheal development proceeds without the
need for cell division, which makes it an excellent system to study branching
morphogenesis in post-mitotic cells.

A key process in branching tubulogenesis is the invagination of the epithelial
placodes, which converts flat cellular sheets into three-dimensional structures and
positions some of the cells of these sheets below the surface on which they were
originally positioned. Tracheal invagination starts by the apical constriction in a
small group of cells at the centre of the placode. These cells begin the internalization
events which are then followed by distinct rearrangements of the adjacent cells in the
dorsal and ventral part of this placode. This process is regulated by the activity of the
Trachealess (Trh) transcription factor and epidermal growth factor receptor (EGFR)
signalling (Nishimura et al. 2007; Ogura et al. 2018). In invaginating placodes at
stage 11 of Drosophila embryogenesis, the nucleus is basally located, the apical
domain faces the future lumen, and centrosomes localize within a subapical domain
(Brodu et al. 2010). Here, an apical array of short microtubules (MTs), organized
into a meshwork, forms a cap-like structure at the apical domain whereas long MT
fibres are distributed along the basolateral cell domain. As microtubule organizing
centres (MTOCs), these centrosomes colocalize with gamma-tubulin at this stage.
However, this colocalization changes as invagination progresses and by embryonic
stage 13, MTOCs relocate, from the centrosome to the apical membrane, by a
two-step process controlled by the transcription factor Trh. The first step involves
a Spastin-mediated microtubule release from the centrosome, followed by Pio-pio
(Pio) facilitated anchoring of microtubules to the apical plasma membrane (Brodu
et al. 2010). This dynamic centrosomal, a two-step mechanism, controls
MT-network reorganization during in vivo development and these changes are
essential for tracheal branching morphogenesis (Brodu et al. 2010). However,
despite these studies of the centrosomal involvement during invagination and pre-
liminary lumen formation stages, centrosome localization and dynamics have not yet
been studied during cell migration stages that occur after placode invagination.
During these stages, the main chemoattractant responsible for cell migration is the
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FGF homologue Branchless (Bnl) (Sutherland et al. 1996). Bnl activates the FGF
receptor (FGFR) Breathless (Btl) on tracheal tip cells, which leads to the concerted
cell migration towards the Bnl source (Klämbt et al. 1992; Lee et al. 1996). These tip
cells actively migrate, extending filopodia towards the chemoattractant until they
reach their targets.

Fig. 13.1 Drosophila tracheal system. (a) The tracheal system of an embryonic stage 16 Drosoph-
ila embryo, with all tracheal cells labelled in green (UASGFP expression under the control of
btlGAL4) and tracheal lumen in red by wheat germ aglutinin (WGA). (b) Detail of the ganglionic
branch terminal cells (TCs) marked with an antibody against Drosophila Serum Response Factor
(DSRF) (blue), tracheal cells in green and lumen in red as in (a). (c) Schematic representation of the
involvement of centrosomes (green dots) in subcellular lumen (red) formation: two centrosomes
localize apically to the junction of the TC with the stalk cell. There, they are active MTOCs and
provide the cytoskeletal structure necessary to start forming the ingrowing subcellular lumen. The
MTs that emanate from this centrosome-pair grow towards the basolateral membrane (tip) of the
TC, forming two tracks through which membrane can be delivered and the new lumen built
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Centrosome position has been shown to be important for many cell migratory
events (Barker et al. 2016). In mammalian cell in vitro systems, the involvement of
the centrosome in cell movement has been analysed and in some cases it has been
shown that centrosome amplification is able to increase the activity of the Rho
GTPase Rac1 in the cell promoting migratory invasive events (Godinho et al.
2014). In other cases, excess centrosomes perturb the cytoskeleton resulting in
reduced migration (Kushner et al. 2016). Thus, it will be interesting to know if
centrosomes are also involved in the tracheal migratory steps that lead to both
multicellular and single-cell branching events.

In Drosophila, after most of the tracheal migration is accomplished, specific cells
at strategic positions within the tracheal network differentiate into different cell types
(Fig. 13.1b). Of these, two very special cell types in the Drosophila tracheal system
are able to form lumina within the cytoplasm of one cell. These are the tip or terminal
cells (TCs) that form a luminal space inside their cytoplasm as they elongate
(Fig. 13.1b); and the fusion cells (FCs) that mediate the fusion between anastomosing
branches of this complex system in order to assure network continuity
(Sigurbjörnsdóttir et al. 2014). These two cell types form a type of lumen called
subcellular due to its ‘intracellular’ characteristics, which arises by de novo growth of
an apical membrane towards the inside of the cell (Sigurbjörnsdóttir et al. 2014).
Tracheal TC lumen formation depends on cytoplasmic extension, asymmetric actin
accumulation and vesicle trafficking guided by the cytoskeleton (Gervais and
Casanova 2010; Schottenfeld-Roames and Ghabrial 2012; Schottenfeld-Roames
et al. 2014). The beginning of TC subcellular lumen formation relies on centrosomes
that localize to the apical junction between the terminal and the stalk cell. From this
centrosome pair, microtubules are organized in the direction of cell elongation and
form two tracks that are thought to facilitate membrane delivery and concomitant
lumen formation (Fig. 13.1c) (Ricolo et al. 2016). Subsequent lumen extension
requires microtubule polymerization and asymmetric actin accumulation at the
basolateral tip of the terminal cell (Gervais and Casanova 2010). An increase in
centrosome number is able to induce the growth of additional lumina inside the
terminal cell and centrosome loss impairs terminal tubulogenesis (Ricolo et al. 2016).
So, at embryonic stages, the centrosome plays an active role in TC subcellular lumen
formation, the first branching step of the TC. In fusion cell anastomosis and subcel-
lular lumen formation, the participation of the centrosome has not yet been analysed.

At larval stages, tracheal TCs ramify extensively to form many new terminal
branches, long cytoplasmic extensions that grow towards oxygen-starved cells and
then form a cytoplasmic, membrane-bound lumen, creating tiny tubes inside one cell
in an intricate single-cell branching process. The localization of cytoskeletal markers
in larval TCs suggests that the overall principles of growth that start at embryonic
stages are maintained at larval stages (Sigurbjörnsdóttir et al. 2014). Acetylated MTs
line the gas-filled tube and extend beyond it or branch off it into filopodia
(Jayanandanan et al. 2014). The gamma-tubulin remains restricted to the apical
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membrane after lumen formation, suggesting that MT orientation remains the same
as during lumen elongation (Gervais and Casanova 2010). And End-binding protein
1 (EB1), a marker for polymerizing MT tips, shows growth of MTs throughout
branches (Schottenfeld-Roames and Ghabrial 2012). However, the debate is still
open in regard to both the positioning and possible participation of centrosomes at
this stage.

13.2.2 Vertebrate Vasculature

Like the fruit fly tracheal system, the vertebrate vasculature is a highly ramified
branched organ (Fig. 13.2) (Kotini et al. 2018). The vasculature ensures the proper
transport and distribution of relevant molecules to every organ. The initial vessels are
generated during embryonic development by a process called ‘vasculogenesis’ and
these serve as the substrate for the formation of most of the fine, branched vascular
networks that are formed later. Like the tracheal system, growth of new vessels requires
directional migration, cell rearrangements and cell shape changes, and it is mostly
stereotyped in the early developing embryo. Unlike the tracheal system, vascular
system branching requires endothelial cell (EC) division. After vasculogenesis, new
branches arise through a process called ‘angiogenesis’. Angiogenesis is responsible for
the addition of new vessels to the already formed vascular system in response to the
physiological needs of growing tissues and organs. There are two modes of angiogen-
esis called ‘sprouting angiogenesis’ (SA) and ‘intussusceptive angiogenesis’
(IA) (Makanya et al. 2009). SA involves the formation of tip cells that form numerous
filopodial extensions and explore the environment to react to several positive and
negative guidance cues; IA implicates the insertion of new branching points within
the tubular branches of the network or the splitting of existing branches into finer ones.
Both processes require considerable changes in cell shape and fast cytoskeletal reor-
ganization (Ochoa-Espinosa and Affolter 2012).

There are many differences and as many similarities between cells of the verte-
brate vascular system and the invertebrate tracheal system. Animal blood circulation
does not contain tree-like blunt-ended branches such as those present in insect
tracheal systems, because branching capillaries need to anastomose with each

Fig. 13.2 Vertebrate vasculature. The vascular system of a 4-day-old zebrafish embryo vascular
system expressing EGFP under the control of the endothelial specific promoter of the flk1 gene (TG:
flk1:EGFP)
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other in order to ensure full blood circulation. However, parallels can be drawn
regarding branching mechanisms due to equal needs for extensive cytoskeletal
remodelling during branching events.

As in tracheal cells, endothelial branching requires cell movement. In many cases,
centrosomes orient and sustain migratory polarity via nucleation of MTs and cen-
trosome reorientation relative to the nucleus is believed to be required for proper
migration (Tang and Marshall 2012). In cell culture, ECs establish a centrosome-
forward orientation, with the centrosome in front of the nucleus relative to migration
direction (Luxton and Gundersen 2011).

Furthermore, in ECs, centrosomes reorient within cells as they begin sprouting
angiogenesis during tube formation and centrosome number regulation is necessary
for appropriate blood vessel sprouting (Gierke and Wittmann 2012; Kushner et al.
2014). However, non-centrosomal MTs have also been reported during sprouting
angiogenesis (Martin et al. 2018).

Another vascular branching mechanism where centrosomes have been reported to
play an active role is in oriented cell divisions (Tang and Marshall 2012). As such,
orientation of spindles along the long axis of developing tubes is seen in blood vessel
development (Zeng et al. 2007) and EC cell divisions occur in coordination with
tubular architecture avoiding disruptions in the tubular network (Aydogan et al.
2015). Hence, centrosome positioning during cell division is important for vascular
architecture.

Notably, as in the tracheal system, the centrosome is important for EC lumen
formation as shown by the localization of centrosomes adjacent to the vacuoles
needed to build the lumen (Davis et al. 2007) and by the centrosomal localization at
junctional membranes and lumen initiation between adjacent cells (Rodríguez-
Fraticelli et al. 2012). However, it is as yet unclear what happens to the EC lumen
in conditions where supernumerary centrosomes are present in the EC cytoplasm as
may happen during cancer progression.

13.3 Centrosomes in Axonal Growth Specification

The extraordinary morphological transformations neurons undergo as they migrate,
extend axons and dendrites and establish synaptic connections, imply a precisely
regulated process of structural reorganization and dynamic remodelling of the
cytoskeleton (Fig. 13.3a). Mutations in genes encoding centrosomal proteins cause
severe neurodevelopmental disorders (NDDs) (Bonini et al. 2017) leading to several
diseases, such as lissencephaly, microcephaly and schizophrenia and centrosomal
proteins have been shown to be involved in neurodegeneration (Diaz-Corrales et al.
2005; Madero-Perez et al. 2018). For this reason, unravelling the importance of
centrosomal participation in axonal growth and branching is of foremost importance.

Many studies on the neuronal centrosome have focused on neuronal migration, a
developmental phase many neurons undertake prior to axonal and dendritic devel-
opment (Kuijpers and Hoogenraad 2011). In migrating neurons, most microtubules
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are attached to the centrosome, an interaction necessary for pulling along the cell
body and nucleus as the neuron moves to its final destination (Higginbotham and
Gleeson 2007). But what happens to this centrosome during branching, once the
neuron finishes migration and starts growing an axon and dendrites?

Neurons are highly polarized cells that generally extend a single thin, long axon,
which transmits signals, and multiple shorter dendrites, which are specialized in
receiving signals. Both axon and dendrites are rich in microtubules (Baas et al.
2016). The microtubule arrays within these processes are essential for providing
architectural support, for enabling axons and dendrites to take on different shapes
and branching patterns, and allowing for organelle distribution within the whole
differentiated cell (Conde and Cáceres 2009). They are indispensable for the com-
plex neuronal architecture. However, most of the highly organized microtubules in
axons and dendrites are not attached to the centrosome or any recognizable orga-
nizing structure. Instead, the microtubules are free at both ends, and take on various
lengths within the axon and dendrites (Baas et al. 2016). In both vertebrate and
invertebrate neurons, axons have a uniform arrangement of microtubules with plus
ends distal to the cell body (plus-end-out), and dendrites have equal numbers of plus-
and minus-end-out microtubules (Conde and Cáceres 2009; Kapitein and
Hoogenraad 2015).

Initial research on centrosomes and their role as MTOCs in neurons resulted in
the proposal that the neuronal centrosome acts as the initiator of microtubules for
both the axon and dendrites (Ahmad and Baas 1995; Ahmad et al. 1998). After this

Fig. 13.3 Neuronal branching. (a) Drosophila third instar larval c4da neuron with long, branched
dendrites; in some of these neurons, branching has not been shown to depend on centrosomes. (b)
Schematic representation of a zebrafish Rohon-Beard (RB) sensory neuron, showing centrosome
localization during axonal extension (adapted from Andersen and Halloran 2012)
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pioneer role of the centrosome, a consequence of earlier developmental stages, MTs
are released and transported into the axon and dendrites by molecular motor proteins.
Several observations have, since then, associated the centrosome with the primary
site of axonal extension.

Cultured cerebellar granule neurons, after they stop migrating, grow a single
axon, followed by a second axon to attain a bipolar morphology. Afterwards, they
extend several short dendrites from the cell body. In these neurons, the centrosome is
first positioned near where the initial axon develops and then moves to where the
secondary axon develops, suggesting that the position of the centrosome is related to
the development of each of the two axonal extensions (Zmuda and Rivas 1998).

It was reported that in cultured hippocampal neurons, the axon consistently arose
from the first immature neurite forming after the final mitotic division of the
neuroblast, and that the Golgi and endosomes (which generally cluster together
with the centrosome) clustered in the location where the first neurite formed
(De Anda et al. 2005). These observations are consistent with a previous report on
cerebellar granule neurons described by Zmuda and Rivas (1998). Interestingly,
these authors also found that light inactivation of the centrosome prevented normal
polarization of Drosophila neurons (De Anda et al. 2005). Moreover, they observed
that a small number of hippocampal neurons had two centrosomes and such neurons
consistently formed two axons. It is interesting that most neurons normally have a
single centrosome and according to the ‘one-neurite-only’ growth signal, the cen-
trosome may be the originator of this signal (Craig and Banker 1994; De Anda et al.
2005). Thus, it has been proposed that the singularity of the axon and the singularity
of the centrosome are somehow related, with cells with one centrosome extending
one axon and cells with two centrosomes extending two. Nonetheless, in neurons
such as cerebellar granule neurons, one centrosome is also capable of inducing the
sprouting of two axons by changing its position (Zmuda and Rivas 1998).
Centrosomal movement was also shown to be important for neurite formation
in vivo. Using live imaging of zebrafish Rohon-Beard (RB) sensory neurons, a
spatiotemporal relationship between centrosome position and the formation of RB
axons was established (Fig. 13.3b) (Andersen and Halloran 2012).

Conflicting evidence correlates the role of the centrosome as an active MTOC
with inhibition of neurite outgrowth. Centlein, a protein required for centrosome
cohesion, is also a microtubule-associated protein (MAP) exerting its function by
stabilizing microtubules. It was found that overexpression of centlein inhibited
neurite outgrowth, associating centlein and the centrosome as negative regulators
of neurite formation (Jing et al. 2016). Furthermore, many non-centrosomal MT
networks have been associated with axonal extension (Stiess et al. 2010; Conde and
Cáceres 2009; Sanchez-Huertas et al. 2016; Nguyen et al. 2011).

Taken together, these many observations indicate that there is no ‘one-size-fits-
all’ scenario for the location of the neuronal centrosome or its function as the main
MTOC during axonal specification. Even so, it would certainly appear that the
centrosome is an important structure in the neuron, for axonal formation, at least
during the early stages of development.
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13.4 Centrosomes and Dendritic Arborization

Many of the most fundamental differences between axons and dendrites directly or
indirectly result from distinct patterns of microtubule orientation in each type of
process. In the axon, nearly all of the microtubules are oriented with their plus ends
distal to the cell body, whereas in the dendrite, the microtubules have a mixed pattern
of orientation (Delandre et al. 2016). In addition, unlike the case with the axon,
dendrites are almost always multiple in numbers (Fig. 13.3a), and it would be hard to
visualize a centrosome that could be so mobile in the cell body as to move from
dendrite to dendrite and then back to the axon to serve each neurite one at a time.
Interestingly, it was reported several years ago what appears to be streams of
microtubules flowing from the centrosome into developing dendrites of cultured
hippocampal neurons, with a location roughly centralized among the dendrites
(Sharp et al. 1995). So, one could envisage that the centrosome may act as the
main MTOC and then MT fragmentation could lead to the varied pattern of MT
polarity within dendrites. Microtubule fragmentation occurs during dendritic spec-
ification and growth as was shown from the genetic disruption of MT severing
enzymes such as spastin or katanin, all necessary for correct dendritic patterning
(Yu et al. 2008). Nonetheless, localization of gamma-tubulin to axons and dendrites,
as well as the close tie between microtubule polarity and gamma-tubulin activity,
argues that many microtubules in mature neurons are likely to be generated locally at
the dendrite rather than transported from the cell body (Nguyen et al. 2014).

The centrosome importance in dendritic arborization has also been shown as a
nucleator of other factors/complexes necessary for dendrite formation. One of them
is the cell division cycle 20-anaphase promoting complex/cyclosome (Cdc20-APC/
C) complex, whose subcellular location at the centrosome was shown to be critical
for its ability to drive dendrite development (Kim et al. 2009).

Other structures in addition to the centrosome can function as MTOCs. Membra-
nous organelles such as the nuclear envelope, endosomes, mitochondria and Golgi
can also act as nucleation sites as have been shown for many cell types (Petry and
Vale 2015). In addition, the Golgi apparatus tends to cluster at the centrosome,
because membranous elements that comprise the Golgi are transported by cytoplas-
mic dynein toward minus ends of microtubules (Corthesy-Theulaz et al. 1992). So,
many of the molecular components used by centrosomes to organize MT nucleation
can also be found at the Golgi.

In Drosophila sensory neurons, MT nucleation was observed at Golgi fragments
situated within dendrites and called Golgi outposts that also share composition with
centrosomes (Ori-Mckenney et al. 2012). In Drosophila, Centrosomin (Cnn) and
Pericentrin-like protein (Plp) link MT nucleation to dendritic Golgi outposts (Yalgin
et al. 2015; Ori-Mckenney et al. 2012), and both can also be found at the Golgi
(Sanders and Kaverina 2015). However, removing Golgi outposts from dendrites did
not prevent gamma-tubulin MT nucleation at these dendrites arguing that gamma-
tubulin in dendrites is associated with some other internal structure (Nguyen et al.
2014). Furthermore, MTs can nucleate from other MTs, an event mediated by the
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Augmin complex and this has been shown to control neuronal microtubule polarity
(Sanchez-Huertas and Luders 2015; Sanchez-Huertas et al. 2016).

Again, as it seems, a ‘one-model-fits-all’ appears not to exist regarding MT
nucleation in dendrites. Dendritic arbours are very diverse and this diversity may
be controlled by distinct ways of MT polymerization and branching.

13.5 Other Branching Organs

Centrosomes are also important for the development of branching structures in other
organs. In kidney tubules, similarly to the vascular system, cells primarily divide
along the proximal–distal (longitudinal) axis of the epithelium, leading to lengthen-
ing of the tubule, while maintaining a constant diameter. In mouse and rat models for
polycystic kidney disease, a ciliopathy, the orientation of tubule epithelial cell
divisions is randomized, leading to increased tubular diameter and subsequent
cysts showing that the control of the orientation of cell division is crucial (Fischer
et al. 2006). In mouse knockout models and in human renal tissue from polycystic
kidney disease patients in vivo, supernumerary centrosomes were found in cells
(Battini et al. 2008). The presence of supernumerary centrosomes was detected in
normal tubular cells in these mutant conditions, suggesting that centrosome ampli-
fication is an early event that precedes cyst formation (Battini et al. 2008). In
addition, centrosome amplification was sufficient to induce rapid cystogenesis
both during development and after ischemic renal injury (Dionne et al. 2018).
Thus, despite centrosome amplification not having been shown as the direct cause
of these renal pathologies, it is likely that changes in centrosome number affect the
orientation of tubular cell divisions and induce defects in cilia, leading to the
appearance of cysts.

Longitudinally oriented cell divisions also occur in the developing lung, and
using a mathematical model, it was recently demonstrated that a change in airway
shape can be explained entirely on the basis of the distribution of spindle angles,
without requiring oriented changes in other cellular processes, such as proliferation
or cell shape (Tang et al. 2011). There are, of course, other cases, such as in mouse
lung development, where centrosome dynamics directly affects branching by affect-
ing cell proliferation (Schnatwinkel and Niswander 2012).

13.6 Conclusions

It has been shown in various types of cells that centrosomal localization is important
for branching morphogenesis. The location of the centrosome may be functionally
important not just as a MTOC but also as a provider of factors necessary for
cytoskeletal rearrangements. Furthermore, the centrosome may be responsible for
the localization of Golgi outposts or the transport of Golgi-derived vesicles. Another
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possibility is that the centrosome is important to gather together various proteins that
form the pericentriolar material (PCM). For example, the PCM is rich in kinases
(Hames et al. 2005), and hence the centrosome could act as a processing centre to
phosphorylate functionally important proteins. Alternatively, the PCMmight act as a
sink for various proteins that would otherwise be widely distributed in the cytoplasm
or as a hub for different protein machinery such as the proteasome (Avidor-Reiss and
Gopalakrishnan 2013; Puram et al. 2013).

Thus, in branching morphogenesis, the centrosome is important developmentally,
and may also be required in more mature differentiated cells in which the centrosome
appears to have become vestigial. Perhaps under certain circumstances, the centro-
some is reactivated to enable the cell to meet a particular challenge, such as breaking
its symmetry or changing its branching pattern in response to disease or during
regeneration.
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Chapter 14
MTOC Organization and Competition
During Neuron Differentiation

Jason Y. Tann and Adrian W. Moore

Abstract Neurons are polarized cells with long branched axons and dendrites.
Microtubule generation and organization machineries are crucial to grow and pattern
these complex cellular extensions. Microtubule organizing centers (MTOCs) con-
centrate the molecular machinery for templating microtubules, stabilizing the
nascent polymer, and organizing the resultant microtubules into higher-order struc-
tures. MTOC formation and function are well described at the centrosome, in the
spindle, and at interphase Golgi; we review these studies and then describe recent
results about how the machineries acting at these classic MTOCs are repurposed in
the postmitotic neuron for axon and dendrite differentiation. We further discuss a
constant tug-of-war interplay between different MTOC activities in the cell and how
this process can be used as a substrate for transcription factor-mediated diversifica-
tion of neuron types.

14.1 Introduction

Neurons transmit electrical signals between functionally associated regions of the
nervous system. To do this, they use axons to send information, and dendrites to
receive it. These axons and dendrites commonly project over long distances, and
they develop complex branching patterns to wire circuits. During neuron differen-
tiation, the polymerization and organization of the microtubule cytoskeleton drive
the protrusive growth of axons and dendrites. Further regulation of this process
contributes to branch initiation and patterning (Delandre et al. 2016). The microtu-
bule network also supports cargo trafficking along these axons and dendrites in the
differentiating and mature neuron (Lewis et al. 2013), and local microtubule poly-
merization and re-modelling contributes to activity-dependent synaptic remodeling
for nervous system plasticity (Bodaleo and Gonzalez-Billault 2016). Progressive
loss of microtubule content, accompanied by axon and dendrite recession, is a
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hallmark of age-associated neurodegeneration, and is further accelerated in disorders
such as Alzheimer’s disease and Parkinson’s disease (Dubey et al. 2015).

De novo microtubule formation consists of microtubule templating followed by
nascent polymer extension. De novo microtubule formation is controlled at cellular
microtubule organizing centers (MTOCs). At present, the best understood MTOCs
are those in cycling cells; these are at the centrosome, in the mitotic spindle, and at
the Golgi. In this article, we overview mechanisms of MTOC function at these
structures. We then discuss how the machineries of centrosomal, spindle, and Golgi
MTOCs are repurposed to create and pattern microtubule networks in differentiating
axons and dendrites.

14.2 Microtubule Polarity Underlies Neuronal Polarity

Microtubules are comprised of 13 protofilaments assembled into a 25-nm-diameter
hollow tube. The number of protofilaments may be altered, e.g., in C. elegans touch
receptor sensory neurons (Chalfie and Thomson 1982). Protofilaments are
constructed by head-to-tail binding of heterodimers of α- and β-Tubulin, and then
weak lateral associations of these assembling protofilaments create the hollow
cylindrical structure (Aldaz et al. 2005). Assembly from heterodimers of Tubulin
leads to distinct plus- and minus-microtubule ends. The plus-end is the primary site
of microtubule polymerization. The minus-end can also grow, but it is usually
stabilized by anchoring at an MTOC or by capping with factors that prevent growth
or depolymerisation (Akhmanova and Hoogenraad Casper 2015) (Fig. 14.1).

The distribution of polar microtubules determines the geometry of the microtu-
bule network in a cell. Neuron polarization into axonal and dendritic compartments
is critical for information transmission. Setting up differential microtubule polarity
organization in axons and dendrites enables selective cargo targeting within the
neuron by the precise use of different molecular motors that track along microtubules
(Lewis et al. 2013). Through selective cargo targeting, axons and dendrites develop
their respective sending and receiving functionalities. In axons, almost all microtu-
bule plus-ends point in the anterograde direction (away from the soma). On the other
hand, dendrites have mixed polarity microtubule populations, the majority
possessing retrograde polarity (with plus-ends pointing towards from the soma)
(Delandre et al. 2016; Lewis et al. 2013) (Fig. 14.2).
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Fig. 14.1 Regulatory factors that control microtubule nucleation and stabilization at the centro-
some, Golgi, and pre-existing microtubules. The γ-Tubulin Ring Complex (γ-TuRC) comprises of
five Gcp subunits which bind to γ-Tubulin and organize this into a ring. This γ-Tubulin ring in turn
templates α-/β-Tubulin heterodimers to initiate microtubule polymerization. Stabilization of the
initial microtubule seed occurs through binding of TOG-domain-containing Xmap215 and laterally
associating Tpx2. Centrosome-mediated nucleation is through the large coiled-coil proteins Pcnt/
Plp and Cdk5rap2/Cnn, as well as Nedd1. This Nedd1 activity is regulated by phosphorylation. Pcnt
also recruits the stabilization factor Nin. Many of these factors are brought to the microtubule
minus-end through Dynein-mediated transport. Golgi-mediated nucleation is through Cdk5rap2/
Myomegalin, Nedd1, and Pcnt. These are recruited by the Golgi proteins Gm130 and Ift20. Augmin
and Nedd1 recruit a γ-TuRC complex that initiates microtubule nucleation on the side of existing
microtubules
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14.3 The Function of MTOCs in Microtubule Templating
and Polymerization

γ-Tubulin is key to the initiation of microtubule polymerization. To enable micro-
tubule nucleation, γ-Tubulin is organized into a ring template to act as a platform for
the initiation of α/β-Tubulin heterodimer binding (Llanos et al. 1999) (Fig. 14.1). In
Saccharomyces cerevisiae, two molecules of γ-Tubulin assemble with one
γ-Tubulin Complex Protein 2 (Gcp2) and one Gcp3 to form the γ-Tubulin Small
Complex (γ-TuSC); then, seven copies of γ-TuSC create a platform for de novo
nucleation. In cells of higher organisms, some of the Gcp2 and 3 subunits in the
platform are replaced by Gcp4, 5, or 6, to make a γ-Tubulin Ring Complex
(γ-TuRC). The γ-TuRC/γ-TuSC assembles into an inverted cone structure, in
which the base of the cone acts as a template to form γ-Tubulin subunits into a
ring (Kollman et al. 2008, 2011; Tovey and Conduit 2018; Guillet et al. 2011)
(Fig. 14.1 and Table 14.1).

The function of MTOCs is to localize and co-concentrate γ-Tubulin with a suite
of regulatory factors. γ-TuSC can only form the inverted cone structure capable of

Fig. 14.2 Microtubule regulation in postmitotic neurons occurs at acentrosomal MTOC sites that
participate in a tug-of-war-like mechanism. As nascent neurons enter the postmitotic stage,
centrosomal decommissioning and the redistribution of MTOC components into the neurites
occur. Axons and dendrites possess significantly different microtubule nucleation directionality.
In axons, only anterograde events occur; Augmin supports this. In dendrites, both anterograde and
retrograde events are present; the retrograde events predominate proximal to the soma. A tug-of-
war-like mechanism between (1) Augmin-mediated MTOCs, (2) Ran-GTP-mediated MTOCs,
(3) Golgi outpost as an MTOC, and (4) other possible unknown mechanisms may occur in the
neurons which allow it to control dendritic arbor patterning and branching
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templating a microtubule when at an MTOC. On the other hand, incorporation of
Gcp4–6 enables γ-TuRCs to assemble in the cytosol. These γ-TuRCs can be
subsequently recruited to different MTOCs through a suite of γ-TuRC interacting
partners (Tovey and Conduit 2018). γ-TuRC structure is regulated by phosphoryla-
tion (Lüders et al. 2005; Haren et al. 2006; Zhang et al. 2009) through kinases
including Polo-like kinase 1 (Human: PLK1; Drosophila: Polo). In addition, the
WD-40 containing Nedd1 (Neural precursor cell expressed developmentally down-
regulated protein 1; Drosophila: Grip71) is a key adaptor that is closely associated
with γ-TuRC and regulates its recruitment. Nedd1 is also phosphorylated by

Table 14.1 List of known homologs/orthologs/paralogs of MTOC factors

Human
Homo sapiens

Fruit fly
Drosophila melanogaster

Roundworm
Caenorhabditis elegans�

γ-TUBULIN 1
γ-TUBULIN 2

γ-Tubulin 23C
γ-Tubulin 37C

TBG-1
TBG-2

GCP2
GCP3
GCP4
GCP5
GCP6

Grip84
Grip91
Grip75
Grip128
Grip163

GRIP-1
GRIP-2
–

NEDD1 Grip71 –

CDK5RAP2
MYOMEGALIN

Cnn SPD-5

PCNT
AKAP450

Plp

XMAP215 Xmap215/Msps ZYG-9

TPX2 Mei-38 TPXL-1

PLK1
PLK4

Polo
SAK

PLK1
ZYG-1

AURORA A Aurora A AURORA A/AIR-1

CEP192 Spd-2 SPD-2

NINEIN Bsg25D NOCA-1

CLASP1
CLASP2

MAST/Orbit CLS-1
CLS-2
CLS-3

CAMSAP1
CAMSAP2
CAMSAP3

Patronin PTRN-1

HAUS1
HAUS2
HAUS3
HAUS4
HAUS5
HAUS6
HAUS7
HAUS8

Dgt2
Dgt3
Dgt4
Dgt5
Dgt6
Msd1
Msd5
Wac

–

GM130 Gm130 GOLGIN-107
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different kinases in a context-dependent manner as an additional level of control
(Meunier and Vernos 2016).

In addition to the γ-TuRC, MTOCs recruit regulators that promote nucleation
activity through stabilizing nascent polymer elongation and preventing catastrophe
(sudden rapid microtubule depolymerization). The Xmap215 (Xenopus
Microtubule-associated protein 215 kDa) microtubule polymerase, and the anti-
catastrophe factor Tpx2 (Targeting protein for Xklp2) are key to this stabilization
(Wieczorek et al. 2015; Zhang et al. 2017) (Fig. 14.1). Xmap215 works by binding
to the side of one γ-Tubulin molecule, then through a series of TOG domains (Tumor
Overexpressed Gene) it also binds along the first few α/β-Tubulin heterodimers of
the nascent protofilament (Thawani et al. 2018). The Clasp family (CLIP-associating
protein) also contain TOG domains and act as microtubule stabilization and rescue
factors (Lindeboom et al. 2019; Al-Bassam et al. 2010). Tpx2 acts in the perpendic-
ular direction to Xmap215; it stabilizes the nascent microtubule by binding laterally
across neighboring Tubulin dimers cross-bridging protofilaments to strengthen the
lateral associations that create the tubular structure (Zhang et al. 2017).

Changing the balance of Gcp subunits, combined with phosphorylation regula-
tion, is hypothesized to diversify the nucleation process (Tovey and Conduit 2018).
As discussed below, additional factors also specifically recruit γ-TuRC to different
sites in the cell. Together, these three levels of control can provide the spatiotem-
poral regulation of microtubule nucleation in cells (Teixido-Travesa et al. 2012;
Kollman et al. 2011; Petry and Vale 2015; Tovey and Conduit 2018).

Because MTOCs spatially organize γ-TuRC within a cell, there is potential for
tug-of-war-like regulatory interactions between different MTOCs, a process that we
will argue contributes to patterning the microtubule network in neurons.

14.4 Microtubule Minus-End Stabilization

Once generated, microtubule minus-ends need to be stabilized (Figs. 14.1 and 14.2).
At some sites, this occurs through the retention of the γ-TuRC. At other sites, the
CAMSAP family (Calmodulin-regulated Spectrin-associated proteins; Drosophila:
Patronin) are utilized. CAMSAP binds proximal to the minus-end of microtubules
(Hendershott and Vale 2014; Jiang et al. 2014). They prevent depolymerization both
by increasing the inherent stability of the microtubule itself and by blocking the
access of microtubule destabilizing factors such as Kinesin-13 (Atherton et al. 2017).

In postmitotic epithelial cells, CAMSAP and Ninein (human: NIN; Drosophila:
Bsg25D) are used to tether microtubule minus ends to acentrosomal MTOCs (Toya
et al. 2016; Tanaka et al. 2012). In neurons, CAMSAPs mark the minus-ends of
dendritic and axonal microtubules, and their depletion leads to disruption of micro-
tubule growth dynamics and an overall reduction in microtubule mass (Wang et al.
2019; Jiang et al. 2014). Loss of CAMSAP2 (or the single paralog Patronin in
Drosophila) reduces dendritic branching (Wang et al. 2019; Pongrakhananon et al.
2018; Yau Kah et al. 2014). Intriguingly, CAMSAP3 does not bind to stable
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acetylated microtubules, and its loss leads to an increase in this population
(Pongrakhananon et al. 2018). A slight increase in microtubule stability can lead a
neurite that is originally destined to be a dendrite to instead differentiate into an
axon; loss of CAMSAP3 leads to supernumerary axon formation (Pongrakhananon
et al. 2018).

14.5 The Centrosome MTOC Machinery

At the centrosome, the centrioles are surrounded by pericentriolar material (PCM).
This PCM is the site of MTOC activity; it contains molecular machinery to not only
recruit the γ-TuRC, but also to activate it, and then stabilize and attach the minus-
ends of the resultant microtubules. The core structural PCM components consist of
several large coiled-coil proteins: Pericentrin (Human: PCNT; Drosophila:
Pericentrin-like protein, Plp), Cep192 (Centrosomal protein of 192 kDa; Drosophila:
Spd-2), and the paralogs Cdk5rap2 (CDK5 regulatory subunit associated protein 2)
and Myomegalin (Drosophila: Centrosomin, Cnn). They bind to each other creating
a PCM scaffold that supports the recruitment of additional MTOC components. In
addition, each of these coiled-coil proteins can directly bind and recruit γ-Tubulin
(Conduit et al. 2015) (Fig. 14.1 and Table 14.1).

Pcnt/Plp plays a key role in recruiting and organizing other PCM factors. During
interphase, nine radial Pcnt/Plp spokes organize a series of concentric rings of the
other PCM factors (Lawo et al. 2012; Mennella et al. 2012). At mitosis, the PCM
increases in size primarily through addition of Cdk5rap2/Cnn; this leads to a three- to
fivefold increase in γ-Tubulin content to support the formation of the microtubule-
dense mitotic spindle (Palazzo et al. 2000). In addition to recruiting γ-Tubulin,
Cdk5rap2/Cnn contains a CM1 domain (centrosomin motif 1); this domain is also
found in mammalian Pericentrin and Myomegalin. The CM1 domain supports
binding to γ-TuRCs, which potentially further helps to activate the γ-TuRCs (Choi
et al. 2010; Muroyama et al. 2016).

Following nucleation, microtubule stabilization at the centrosome occurs primar-
ily through capping the minus ends by maintaining the association of the γ-TuRC.
Nedd1 binds γ-TuRC at the centrosome to switch γ-TuRC from a nucleation to a
minus-end anchoring role (Muroyama et al. 2016). Nin also binds at the centrosome
to stabilize the γ-TuRC-microtubule minus-end complex (Delgehyr et al. 2005;
Wang et al. 2015). The anchoring of the microtubule minus-ends to the centrosome
creates a track for Dynein, a microtubule minus-end directed motor protein (Burakov
et al. 2008) (Fig. 14.1). Both microtubule nucleating factors, such as Cdk5rap2 (Jia
et al. 2013), and microtubule anchoring factors, such as Nin, bind to Dynein for
transport (Redwine et al. 2017); this creates a feedback loop amplifying their
recruitment to the centrosome.
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14.6 Loss of Centrosomal MTOC Activity Leads
to Microcephaly

Mutation of at least 15 centrosome-related genes, including CDK5RAP2, PCNT, and
NIN, lead to primary microcephaly and Seckel syndrome. These patients have
reduced head and brain size due to reductions in neuron number (Gilmore and
Walsh 2013; Saade et al. 2018; O’Neill et al. 2018). In proliferating neural precursor
cells, the switch between self-renewal and differentiation is regulated by asymmetric
segregation of fate determinants at mitosis, and this segregation requires precise
orientation of the mitotic spindle relative to the apicobasal axis of the precursor
(Homem et al. 2015). The self-renewal switch is also influenced by whether the
mother or daughter centrosome is inherited after division (Wang et al. 2009). Mutant
CDK5RAP2 patient iPS-derived neural precursors, and the precursors in Cdk5rap2
or Pcnt mutant mice, show failed centriole duplication, disorganized PCM, and
mis-oriented spindles. These mitotic defects correlate with premature stem cell exit
from self-renewal and increased apoptosis (Buchman et al. 2010; Lizarraga et al.
2010; Lancaster et al. 2013; Yigit et al. 2015). Failure in neural precursor cell
centrosome MTOC activity is the general causative model of microcephaly (Thorn-
ton and Woods 2009; Lasser et al. 2018).

For each specific gene mutation, there may be additional contributions to brain
pathology that are due to other functions of each factor (Thornton and Woods 2009;
Lasser et al. 2018). For example, Nin is required to maintain a connection between
microtubules and the centrosome, and in interphase, this connection is required for
interkinetic nuclear migration, a process in which neural precursor nuclei migrate to
different positions along the apicobasal cell axis dependent on the cell cycle phase
(Shinohara et al. 2013). Disrupting interkinetic nuclear migration reduces neuron
output because it is required for proper signaling between precursors to promote cell
proliferation and self-renewal (Homem et al. 2015). In postmitotic nascent neurons,
this Nin-mediated connection between the centrosome and microtubules coordinates
the migration away from the precursor layer (Rao et al. 2016).

In an intriguing converse to microcephaly, expansion of brain size in hominids
and nonhuman primates is proposed to have been driven through the evolution of
some of these same microcephaly genes, in particular, CDK5RAP2 (Montgomery
et al. 2011; Evans et al. 2006).

14.7 Centrioles Are Repurposed as Dendritic MTOCs
in Ciliated Sensory Neurons

Specialized sensory neurons such as olfactory receptor neurons, photoreceptors,
chemosensory neurons, and proprioceptive neurons have a single dendrite, which
is tipped by a sensory cilium (Burton 1985; Reiter and Leroux 2017; Troutt et al.
1990; Li et al. 2017; Wang and Dynlacht 2018). The basal body, which is derived

344 J. Y. Tann and A. W. Moore



from a centriole, supports cilia formation across cell types (Wang and Dynlacht
2018). Transport of a centriole from the soma into the dendrite forms the basal body
(Li et al. 2017). In ciliated C. elegans neurons, the basal body has been shown to be
enriched for γ-Tubulin and acts as a distal MTOC (Harterink et al. 2018). Plp is also
targeted to the basal body and is required for ciliation and function in a range of
sensory neuron types (Jurczyk et al. 2004; Martinez-Campos et al. 2004; Muhlhans
et al. 2011; Falk et al. 2018).

14.8 Spindle Microtubule Nucleation Mechanisms Are
Reutilized in the Postmitotic Neuron

The centrosome stands out as the major site of MTOC activity during mitosis. Yet
two further microtubule nucleation pathways occur within the mitotic spindle itself
(Meunier and Vernos 2016); the central mechanisms of these pathways are reutilized
during postmitotic neuron differentiation.

During mitosis, a RanGTP (RAs-related nuclear protein) gradient triggers micro-
tubule nucleation free in the cytosol close to the chromosomes; this is through
promoting the local interaction of a Nedd1-γTuRC complex with Tpx2. Nedd1 is
phosphorylated by Aurora A to regulate this activity (Scrofani et al. 2015). In the
early stages of neuron differentiation in culture, Tpx2 is localized to the centrosome
and along the neurite shaft. TPX2 facilitates Aurora A activation, and following
decommissioning of the centrosome, a new functional MTOC can be generated
within the proximal neurite via local activation of Aurora A (Mori et al. 2009).
Notably, RanGTP is concentrated specifically at the base and at the tip of neurites;
loss of Tpx2 decreases the frequency of microtubule nucleation events within the
neuron, but only at these sites (Chen et al. 2017b) (Fig. 14.2).

Within the mitotic spindle, an eight-part multiprotein Augmin complex (human,
HAUS (homologous to Augmin subunits); Drosophila, Augmin) drives local ampli-
fication of microtubule numbers (Figs. 14.1, 14.2 and Table 14.1). Augmin targets
the Nedd1-γTuRC complex to the side of existing microtubules, where it is activated
and interacts with Tpx2 for nucleation (Lüders et al. 2005; Zhang et al. 2009).
Augmin-generated microtubules then branch from the side of these pre-existing
microtubules (Hsia et al. 2014; Petry et al. 2013; Zhu et al. 2008; Teixidó-Travesa
et al. 2010; Chen et al. 2017a); electron microscopy data suggest they are quickly
released and stabilized by maintaining γ-TuRC as a cap (Kamasaki et al. 2013).

Augmin complexes are localized together with γ-TuRC throughout differentiat-
ing axons and dendrites, where they locally amplify microtubule generation
(Goshima et al. 2008). Whilst Nedd1 is required for Augmin complex targeting in
the spindle, this is not the case in the postmitotic neuron. Nedd1 is lost from
differentiating neurons and knockdown of Nedd1 at this stage does not demonstrate
a phenotype (Sánchez-Huertas et al. 2016; Stiess et al. 2010).

Intriguingly, Augmin preferentially supports anterograde microtubule nucleation
in the axon. In axons, when individual Augmin components are lost, in addition to a

14 MTOC Organization and Competition During Neuron Differentiation 345



reduction of microtubule mass, unipolar anterograde microtubule polarity organiza-
tion is lost (Sánchez-Huertas et al. 2016; Cunha-Ferreira et al. 2018). Moreover, in
dendrites, loss of Augmin components alone does not affect polarity (Cunha-Ferreira
et al. 2018; Yalgin et al. 2015). Interestingly, however, loss of an Augmin component
(Wac; Wee Augmin) rescues an increase in anterograde polarity caused by loss of
Cnn in Drosophila sensory neurons; this suggests that these factors are competing to
shape a balance of microtubule polarities in dendrites (Yalgin et al. 2015; Delandre
et al. 2016).

14.9 Golgi and Dendritic Golgi Outpost MTOCs

The Golgi apparatus functions as an alternative MTOC (Fig. 14.1). Because Golgi
stacks are polar, they organize directional microtubule networks in the cell. This
network directionality regulates cell behavior; for example, it is required for con-
certed cell migration in a specific direction (Wu et al. 2016; Hurtado et al. 2011;
Vinogradova et al. 2009). The network also regulates cargo movement through the
cell, and like the dynein-centered feedback loop at the centrosome, Golgi-anchored
microtubules are used by dynein to organize the Golgi stacks (Zhu and Kaverina
2013).

During interphase in mammalian cultured cycling cells, the Golgi matrix protein
Gm130 recruits Akap450 (the Pcnt paralog) to the Golgi surface (Rivero et al. 2009).
Intraflagellar transport protein 20 (IFT20), best described in the organization of cilia,
stabilizes this Gm130-Akap450 complex (Nishita et al. 2017). With similarity to the
scaffolding role of Pcnt at the centrosome, Akap450 recruits γ-TuRC, Cdk5rap2, and
Myomegalin. Cdk5rap2 and Myomegalin also recruit γ-TuRC and activate it
(Roubin et al. 2013; Wang et al. 2010). Clasp activity then supports these nascent
microtubules (Roubin et al. 2013; Yang et al. 2017). In contrast to centrosome
mechanisms, γ-TuRC is not used to stabilize nascent microtubules at the Golgi
surface. Instead, the microtubules are coated with CAMSAP2 for release and
stabilization; then they are linked back onto the Golgi surface by Gm130 (Jiang
et al. 2018). Gm130 can also capture microtubules originating from other places in
the cell, including those released from the centrosome or formed in the cytoplasm.

In mitotic cells, the Golgi apparatus is disassembled into clusters of vesicles, and
these are linked by microtubule bridges to the spindle. They are required for
successful segregation of organelles at cell division. Local cytoplasmic microtubule
nucleation creates these bridges. Because the nuclear envelope breaks down in
mitosis, Tpx2 escapes into the cytoplasm. Gm130 then triggers Tpx2 activation of
Aurora A phosphorylation close to the Golgi surface leading to the local nucleation
of microtubules in the cytoplasm, probably involving Nedd1 (Wei et al. 2015).

Dendrites contain fragments of Golgi called Golgi outposts (Bartlett and Banker
1984; Craig and Banker 1994) (Fig. 14.2). In Drosophila sensory neurons, Golgi
outposts support a substantial minority of microtubule generation events in the arbor
(Ori-McKenney et al. 2012). The outposts move through the arbor, then stall, often
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at dendritic branchpoints; when stalled, they become active as MTOCs
(Ori-McKenney et al. 2012). Plp and Cnn couple microtubule generation events to
these dendrite Golgi outposts (Ori-McKenney et al. 2012); this is similar to the roles
of Pcnt, Cdk5rap2, and Myomegalin at somatic Golgi. On the other hand, in contrast
to the multi-compartment structure of somatic Golgi, many Golgi outposts exist in
trans or cis single-compartment states. Gm130 regulates the fusion of single com-
partment Golgi outposts into multi-compartment structures, and this fusion event
increases microtubule output (Zhou et al. 2014).

14.10 Tug-of-War Between MTOC Activities at Different
Sites Within the Cell

Manipulation of MTOC activities in the spindle, centrosome, and Golgi reveal a
constant tug-of-war interplay between these sites. As cells enter mitosis, microtubule
nucleation in the centrosome and Golgi are increased and reduced, respectively (Fry
et al. 2017; Maia et al. 2013). Even in interphase, γ-Tubulin is difficult to detect at
Golgi in normal cells, but it becomes clearly enriched when the centrosomes are
removed (Wu et al. 2016). In Drosophila syncytial embryos, loss of Augmin-
dependent microtubule nucleation in the spindle increases centrosome MTOC activ-
ity (Mahoney et al. 2006; Hayward et al. 2014). On the other hand, reducing
centrosome MTOC activity leads to a concomitant increase in microtubule nucle-
ation around chromatin, and some nucleation also occurs in the cytoplasm (Mahoney
et al. 2006; Hayward et al. 2014). In mammalian cells, simultaneously disrupting
both Golgi and centrosome MTOC activity leads Pcnt, Cdk5rap2, and γ-Tubulin to
colocalize at active ectopic foci of microtubule nucleation sites within the cytoplasm
(Gavilan et al. 2018).

Competition between sites for a limited pool of γ-Tubulin localization factors
may be one mechanism underlying these tug-of-war-like interactions. This is seen in
Schizosaccharomyces pombe where the CM1 domain containing proteins Mto1 and
2 recruit the γ-TuSC and activate it. Competition exists between the spindle pole
body, pre-existing microtubules, and the nuclear envelope for a limited Mto1 and
2 protein pool. The spindle pole body and microtubules typically capture this limited
pool; however, blocking the targeting to these sites enables Mto1 and Mto2 to move
to the nuclear envelope (Lynch et al. 2014). The second level of control may be
through differential Nedd1 phosphorylation events. The different MTOC assembly
pathways we describe require NEDD1 phosphorylation by different kinases on
different distinct residues (Meunier and Vernos 2016); notably, kinase activity
regulates interaction between MTOC sites, for example, disruption of both the
centrosome-associated kinases Plk4 and Aurora A shifts MTOC function from the
centrosome to the Golgi apparatus (Wong et al. 2015).
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Competition between different sites of MTOC activity shapes the neuron differ-
entiation process (Fig. 14.2). In nascent neurons, Nedd1 is slowly depleted from the
centrosome, the centrosome loses MTOC activity (Stiess et al. 2010). A process of
alternative splicing of Nin also couples this decommissioning of the centrosome to
the exit from neuronal precursor self-renewal. In neuronal precursors, a precursor-
enriched splice isoform of Nin interacts with other centrosome components to orient
the mitotic cleavage plane in favor of self-renewal. However, the Nin centrosome
targeting domain is spliced out when neuron differentiation is initiated; this new Nin
isoform has a dominant negative effect on the activity of the precursor-enriched Nin
splice isoform, and thus an expression of this new isoform blocks self-renewal.
Moreover, the new splice isoform is not maintained at the centrosome, leading to
loss of centrosome MTOC activity (Zhang et al. 2016). As neuron differentiation
proceeds further, Nin also localizes to the axon where it is required for proper axonal
microtubule dynamics and axonal growth (Srivatsa et al. 2015).

Concomitant with centrosome decommissioning in nascent neurons, Cdk5rap2,
Pcnt, and γ-Tubulin redistribute away from the centrosome (Zhang et al. 2016; Baird
et al. 2004; Ohama and Hayashi 2009; Yonezawa et al. 2015). However, the
differentiating neurons continue to use γ-Tubulin to nucleate microtubules
(Sánchez-Huertas et al. 2016; Yau Kah et al. 2014; Nguyen et al. 2014;
Ori-McKenney et al. 2012); the position of microtubule generation activity transfers
to the outgrowing neurites. Tug-of-war mechanisms between MTOC machinery also
control microtubule polarity in the dendrites. In Drosophila sensory neuron den-
drites, Cnn activity promotes the formation of microtubules that polymerize in the
retrograde direction. This retrograde Cnn activity counteracts an Augmin-based
activity that supports anterograde events at the growing dendrite tips (Yalgin et al.
2015; Delandre et al. 2016). Intriguingly, disrupting Patronin function (Wang et al.
2019) or γ-Tubulin activity (Nguyen et al. 2014) also regulates the relative levels of
anterograde versus retrograde polymerization in dendrites. The reasons remain
unclear; we suggest one possibility is that tug-of-war tension between different
microtubule generation pathways is exposed when γ-Tubulin activity levels change.

14.11 Transcription Factors Regulate a Tug-of-War
Between Neuronal Microtubule Nucleation
Mechanisms to Create Diversity in Neuron
Branching Patterns

Transcription factors regulate neuron diversification; this includes the branching
patterns of specific neuron types (Santiago and Bashaw 2014; Lefebvre et al.
2015). One way this diversification occurs is through changing the balance of
MTOC mechanisms; in turn, this shapes branch formation processes. For example,
the zinc-finger transcription factor Sip1 (Smad Interacting protein 1) regulates
neocortical upper-layer neuron morphology. Sip1 upregulates Nin levels in these
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postmitotic neurons. Sip1 or Nin loss disrupts axonal microtubule stability and
dynamics, reducing axon branching (Srivatsa et al. 2015).

One of the best studied systems of transcription factor-mediated dendritic pat-
terning is inDrosophila sensory neurons (Santiago and Bashaw 2014; Lefebvre et al.
2015). The Krüppel-like factor Dar1 (Dendrite arbor reduction 1) supports the
generation of complex sensory dendrite arbor shapes. Dar1 promotes the combina-
tion of single into multi-component Golgi outposts, upregulating microtubule nucle-
ation at these MTOCs (Zhou et al. 2014). In Class I Drosophila sensory neurons, the
BTB factor Abrupt suppresses branching to create a simple arbor morphology
(Li et al. 2004; Sugimura et al. 2004). Abrupt upregulates Cnn (Yalgin et al.
2015). Changing Cnn levels reduces the frequency of nucleation events at the
Golgi outposts and alters a tug-of-war interaction with concomitant Augmin-
mediated nucleation in the dendrites (Yalgin et al. 2015).

14.12 Conclusions

Our understanding of the components and organization of MTOC mechanisms in
differentiating neurons remains fragmentary. Yet, as we describe in this review,
recent studies have revealed how the MTOC activities of growing axons and
dendrites re-utilize γ-Tubulin- and γ-TuRC-recruitment and activation machinery
from the PCM, spindle, and Golgi surface of cycling cells. The newMTOC activities
of the growing axons and dendrites then shape the spatial distribution of microtu-
bules in neurons and organize the polarity of this microtubule network. These
features of the neuronal microtubule cytoskeleton are critical for neuronal branch
patterning and for regulating cargo trafficking throughout the cell.

While several components of the axon and dendrite microtubule nucleation
machinery have now been identified, where are they localized? Augmin-dependent
processes occur throughout the neuron (Sánchez-Huertas et al. 2016; Cunha-Ferreira
et al. 2018); for other machineries, however, it remains unclear what underlying
structures act as the foundations onto which γ-Tubulin and γ-TuRC are recruited. We
have described two in this review: the basal body and Golgi outposts. Yet, the basal
body is restricted to specialized ciliated dendrites. Similarly, examination of the
appearance of polymerizing microtubules at Golgi outposts indicates that most
events within the arbor are not associated with these structures (Delandre et al.
2016), and while dendrite branchpoints in Drosophila sensory neurons have
increased γ-Tubulin levels and are enriched for microtubule generation activity,
removing Golgi outposts from these branchpoints using a light-activated transgenic
motor did not alter the local concentration of γ-Tubulin (Nguyen et al. 2014).
Dendrites contain a variety of membranous organelles which could potentially act
as sites to concentrate γ-TuRC recruiting factors. Other membranous organelles,
e.g., mitochondria, have also been investigated as potential dendritic MTOCs, but so
far none were found to associate with nucleation events (Ori-McKenney et al. 2012).
Key sites remain to be discovered.
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A further issue is how are the amplitude and polarity of the neuronal microtubule
nucleation processes controlled? One mechanism that may play a role in this we have
highlighted in this article—MTOCs in cycling cells show tug-of-war like interac-
tions, in which they compete for activity as sites of nucleation. Importantly, in
differentiating neurons different MTOC mechanisms are also running simulta-
neously. For example, Augmin- and Cnn-mediated pathways run concurrently in
dendrites, and they interact to control the polarity of microtubule polymerization
events (Yalgin et al. 2015; Delandre et al. 2016). It is likely that both positive
feedback and tug-of-war antagonistic interactions between different MTOC mech-
anisms regulate this. We also predict that this interaction network provides a rich
substrate for the generation of neuron type branching diversity. Transcription factors
that alter the balance of the nucleation machinery activities in a differentiating
neuron will alter the balance of alternative MTOC output and amplitude, thus
changing axons and dendrite branching and outgrowth dynamics (Yalgin et al.
2015; Delandre et al. 2016; Srivatsa et al. 2015).

Beyond the differentiation mechanisms discussed in this review, how neuronal
MTOC networks function has significant implications for the pathophysiology of
neuron injury and neurodegenerative disease. Axon injury induces a rapid
upregulation in microtubule nucleation dynamics throughout the neuron (Stone
et al. 2010; Chen et al. 2012). A similar response occurs upon the induction of a
neurodegenerative disease-causing mechanism, such as the expression of a polyQ
repeat or a mutated form of SOD1 (Chen et al. 2012; Kleele et al. 2014). The
upregulation in microtubule nucleation activity that occurs following injury provides
increased stabilization of the neuron against further damage (Chen et al. 2012).
Similarly, Regeneration after axonal injury requires the regrowth of the proximal
axon for injuries distal from the cell soma, or the repurposing of a dendrite into an
axon for injuries that are proximal. Notably, repurposing a dendrite to an axon
necessitates a change of microtubule polarity from retrograde to anterograde (Song
et al. 2012); we speculate this may involve shifting the tug-of-war between compet-
ing MTOC mechanisms in the cell. Overall, further examination of the MTOC
mechanisms in differentiating neurons can lead us towards ways to manipulate or
reactivate MTOC activity in order to treat neuronal injury and degeneration.
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Chapter 15
The Golgi Apparatus in Polarized
Neuroepithelial Stem Cells and Their
Progeny: Canonical and Noncanonical
Features

Elena Taverna and Wieland B. Huttner

Abstract Neurons forming the central nervous system are generated by neural stem
and progenitor cells, via a process called neurogenesis (Götz and Huttner, Nat Rev
Mol Cell Biol, 6:777–788, 2005). In this book chapter, we focus on neurogenesis in
the dorsolateral telencephalon, the rostral-most region of the neural tube, which
contains the part of the central nervous system that is most expanded in mammals
(Borrell and Reillo, Dev Neurobiol, 72:955–971, 2012; Wilsch-Bräuninger et al.,
Curr Opin Neurobiol 39:122–132, 2016). We will discuss recent advances in the
dissection of the cell biological mechanisms of neurogenesis, with particular atten-
tion to the organization and function of the Golgi apparatus and its relationship to the
centrosome.

15.1 Introduction

15.1.1 The Developing Mammalian Neocortex:
Nomenclature and General Organization

The neocortex, which is the evolutionary younger part of the cortex involved in
higher-oder cognitive functions, develops around a central cavity, called the ventri-
cle (Borrell and Reillo 2012; Götz and Huttner 2005; Noctor et al. 2007b) (see also
Fig. 15.1). The portion of the developing neocortex that occupies the apical-most
region of the tissue and is in contact with the ventricle is called ventricular zone
(VZ). The VZ contains a class of neural stem and progenitor cells collectively called
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apical progenitors (APs). APs give rise, via mitosis, to the second class of progenitor
cells, called basal progenitors (BPs). BPs occupy a region basal to the VZ, called
subventricular zone (SVZ). Neurons generated in either the VZ (minor source) or
SVZ (major source) migrate through the intermediate zone (IZ) and settle in the
basal-most region of the developing neocortex called cortical plate (CP). The CP is
delimited on the basal side by a basal lamina (see Fig. 15.1 for a summary scheme).

15.1.2 Neural Stem Cell Types and Their Cell Biological
Features

Wewill here review the principal neural cell types found in the developing neocortex
(Borrell and Reillo 2012; Götz and Huttner 2005; Noctor et al. 2007b). For every cell
type, after a description of the cell’s general features (see Sect. 15.2.1 and Fig. 15.2),
we will report and discuss what is known about the centrosome and Golgi
organization.

VZ

SVZ

CPCP

APs BPs N

Ventricle

Basal 
lamina IZ

Neuron
(N)

Basal progenitor
(BP)

Apical progenitor
(AP)

Basal lamina

Ventricle

A B

Fig. 15.1 Nomenclature and general organization of the developing mammalian neocortex. (a)
Cartoon illustrating the general structure of the mammalian developing telencephalon. The neocor-
tex develops around a central cavity, called the ventricle. Opposite to the ventricle, the neocortex is
delimited by a basal lamina. (b) Schematic representation of the different zones (vertical axis) and
cell types (horizontal axis) forming the developing neocortex. From apical to basal: VZ ventricular
zone, SVZ subventricular zone, IZ intermediate zone, CP cortical plate
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15.2 Apical Progenitors (APs)

15.2.1 General Remarks

APs are highly polarized epithelial cells, exhibiting apicobasal polarity, and undergo
mitosis at the ventricular surface (Fig. 15.2). Their apical plasma membrane repre-
sents only a minor fraction (typically 1–2% (Kosodo et al. 2004)) of the total plasma
membrane, is delimited by the adherens junction belt, and lines the lumen of
ventricle. The basolateral plasma membrane of APs can span the VZ, SVZ, IZ,
and CP and reach the basal lamina (Fig. 15.2). Such APs represent an extreme case
of cell elongation along the apicobasal axis. This elongation is most prominent in
human and other primates, where the thickness of the cortical wall reaches several
millimeters (Smart et al. 2002). One characteristic feature of APs is their ability to
undergo interkinetic nuclear migration (INM), that is, APs move their nuclei in the
VZ in concert with the cell cycle (Norden et al. 2009; Taverna et al. 2014; Taverna
and Huttner 2010) (Fig. 15.2). After completing mitosis at the ventricular surface,
APs nuclei undergo apical-to-basal migration during G1. After S-phase in the basal
part of the VZ, the nuclei undergo basal-to-apical migration. Interestingly, INM is
confined to the VZ, and the AP nucleus never moves into the part of the cell
spanning the SVZ, IZ, and CP. A key aspect of INM is that AP mitosis typically
occurs at the ventricular surface, thereby maximizing the number of AP divisions per
apical surface area. An underlying reason why APs mitosis typically occurs at the
ventricular surface is that the AP apical plasma membrane bears a primary cilium
throughout interphase, as is explained below. AP mitoses can give rise directly to
APs, BPs, and/or (rarely) neurons (Figs. 15.1 and 15.2).

Fig. 15.2 A cell biological perspective on neural stem cell fate transition and neuron generation.
Crucial cell biological steps in lineage progression and cell fate transition during neurogenesis.
From left to right: apical progenitors (APs) undergo interkinetic nuclear migration, moving the
nucleus in concert with the different phases of the cell cycle. Apical progenitors viamitosis give rise
to basal progenitors (BPs). After being generated (birth), BPs initially maintain contact with the
ventricular surface. BPs then lose their contact with the apical surface via delamination, migrate to
the SVZ, and eventually undergo mitosis to give rise to neurons. The neurons in turn undergo
neuronal migration toward the basal lamina to reach their correct position in the cortical plate
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15.2.2 Centrosome and Golgi Apparatus in Interphase APs

15.2.2.1 The Centrosome

As for other epithelial cells (Bacallao et al. 1989), the centrosome of APs is
associated with the apical plasma membrane. This association has been dissected
with regard to centrosome structure. It is known that the centrosome’s older centriole
(the basal body) is nucleating the microtubules of the primary cilium that, as a
specialization of the apical plasma membrane, protrudes into the ventricle. This
implies that the cilium’s basal body-containing centrosome and the second centro-
some that in mitosis builds the mitotic spindle are confined to the apical cell cortex
during interphase. Hence, for entry into mitosis, the AP nucleus needs to approach
the apical centrosomes (rather than the other way round).

The importance of centrosome function in brain development is highlighted by
primary microcephaly, a group of disorders associated with a dramatic reduction in
brain size at birth (Bond et al. 2002; Bond and Woods 2005). The mutated genes
identified so far in these disorders are associated either with the cytokinesis machin-
ery or with centrosomal proteins.

Cytokinesis Machinery Citron kinase (CRIK) is a RhoA modulator whose ablation
results in massive reduction in brain size (Di Cunto et al. 2000; Gai and Di Cunto
2017; Sarkisian et al. 2002). CRIK is expressed by neural stem and progenitor cells
and localizes to the midbody bridge, where it is necessary for the final phase of cell
division, the abscission (Gai et al. 2011; Naim et al. 2004; Di Cunto et al. 1998).
Mutations in CRIK alter abscission, driving neural APs into apoptosis, thereby
leading to the observed reduction in brain size. The cytokinesis machinery is also
one of the targets of Zika virus infection, which is associated with neurological
alterations in both newborn and adult. The Zika protease NS2B-N3, required for
virus replication, cleaves Septin-2, a protein that is crucial for the assembly and
stability of the midbody bridge (Li et al. 2019). As a consequence, neural stem and
progenitor cells are unable to divide, and this drives them into apoptosis. This
mechanism might, at least in part, explain the severe reduction in brain size associ-
ated with Zika virus infection (Li et al. 2016a, b).

Centrosomal Proteins ASPM (abnormal spindle microcephaly associated) is a
centrosomal protein, the gene of which is frequently found to be mutated in micro-
cephaly patients. In mouse brain, ASPM mutations cause centrosome amplification,
aneuploidy, and tissue degeneration (Marthiens et al. 2013). Cdk5Rap2 represents an
additional case of a centrosomal protein implicated in primary microcephaly (Bond
et al. 2005). Cdk5Rap2 is recruited to the centrosome via its interaction with
pericentrin, and its depletion induces neuronal differentiation by promoting the
generation of BPs at the expense of APs. Both Aspm and Cdk5Rap2 have a very
well documented role in mitosis and in spindle positioning.
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15.2.2.2 The Golgi Apparatus. . .

Unlike what has been described for other epithelial cells, the Golgi apparatus in
interphase APs shows very specific and noncanonical features, related to (1) the
organization and orientation of the Golgi relative to the cell’s apicobasal axis, (2) the
dynamics during cell cycle progression, and (3) the lack of association with the
centrosome (Taverna et al. 2016).

. . .Is Confined to the Apical Process
In APs, the Golgi apparatus is organized in stacks distributed in the apical process,
between the apical plasma membrane and the nucleus. Interestingly, the stacks are
not forming a typical ribbonlike structure, but appear to be separated entities
(Fig. 15.3a, b). No membrane structures identifiable as Golgi cisternae have been
observed in the basal process.

Fig. 15.3 Noncanonical Golgi apparatus organization in apical progenitors. (a) Live imaging of the
Golgi apparatus. APs were electroporated with plasmids for a Golgi-resident red fluorescent protein
(red) and for cytosolic GFP (green) to visualize the cell boundaries (white dashed line). Yellow
arrowheads indicate the apical-most Golgi, while orange arrowheads indicate the basal-most Golgi.
Note the Golgi apparatus compression in G2-phase, Golgi fragmentation and partitioning during
mitosis (M), followed by Golgi extension and stretching in G1-S-phase. (b) Cartoon illustrating the
Golgi apparatus (magenta) and centrosome (green) organization throughout the cell cycle (Taverna
et al. 2016). Orange: apical plasma membrane with primary cilium. Inset on the right: Golgi
apparatus orientation in relation with the AP’s apicobasal axis (light blue arrow) (Taverna et al.
2016). (c) Molecular mechanisms responsible for the apical Golgi confinement (Xie et al. 2018)
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Unlike the Golgi apparatus which is confined to the apical process, the endoplas-
mic reticulum (ER) is evenly distributed in the apical and basal process. The uneven
distribution of the Golgi apparatus as a canonical intermediate station within the
secretory pathway was found to have consequences regarding the composition of the
lateral plasma membrane in the apical vs basal AP process. While proteins carrying
ER-derived glycans were found to be evenly distributed along the apicobasal axis of
APs, proteins carrying Golgi-modified glycans were found to be confined to the
apical process only (Taverna et al. 2016). These data suggest that the apical process
relies on the conventional ER-to-Golgi-to-plasma membrane traffic route for mem-
brane supply, while the basal process relies on the unconventional pathway, that is a
direct traffic route from the ER to the plasma membrane (Grieve and Rabouille 2011).

It is known that the apical and basal processes perform different functions. For
example, the apical process is permissive for INM, while the basal process is heavily
involved in cell-to-cell signaling and regulation of cell proliferation vs differentia-
tion. The question arises as to whether the distribution of the Golgi apparatus and the
sub-compartmentalization of the basolateral plasma membrane are related to the
functional diversity of the apical and basal process. We would like here to propose
some speculation that might be interesting to investigate. As to the apical process,
the presence of Golgi-derived glycans might render the plasma membrane more
fluid, so that it can better adapt to the migration of the nucleus during INM. As to the
basal process, work in Drosophila has established that integrins are sorted to the
basal-most part of epithelial plasma membrane via an unconventional secretory
pathway (Schotman et al. 2008). Interestingly, functional manipulations in mouse,
ferret, and human developing brain demonstrated that the integrin signaling that
regulates progenitor proliferative potential is initiated in the basal process (Fietz
et al. 2010; Stenzel et al. 2014). Another hypothesis worth testing is that the
ER-derived glycans in the basal process are involved in the radial migration of
neurons along the radial fiber. Although highly speculative, this hypothesis is very
attractive, considering that a large proportion of disorders of cortical migration are
associated with defects in glycosylation (Freeze et al. 2015).

. . .Is Parallel to the Apicobasal Axis of the Cell
It has been recently shown that in APs the Golgi stacks are oriented with their cis-to-
trans axis perpendicular to the apicobasal axis of the cell (Taverna et al. 2016; Xie
et al. 2018) (Fig. 15.3b). This organization is somewhat surprising, as in all epithelial
cells analyzed so far the cis-to-trans Golgi axis was reported to be parallel to the
cell’s polarity axis. One can speculate that this orientation minimizes the distance a
vesicle has to travel from the trans Golgi network (TGN) to the target plasma
membrane. This organization might be instrumental to optimize the membrane
supply in APs, as they represent a highly dynamic and fast-elongating cell type.

. . .Is Reorganized During INM
Since the Golgi apparatus in APs stretches between the nucleus and the apical
plasma membrane, what happens during INM, when the nucleus either moves
toward or away from the apical plasma membrane? Live imaging experiments
have revealed that in APs the Golgi apparatus is reorganized in concert with INM
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(Taverna et al. 2016) (Fig. 15.3a, b). In particular, the Golgi apparatus is compressed
during the G2-phase basal-to-apical nuclear migration, and then is stretched during
the G1-phase apical-to-basal phase of nuclear migration. These observations
prompted the authors to propose that the Golgi apparatus in APs is behaving like
an accordion, undergoing several phases of compression followed by stretching
depending on the cell cycle’s phase. The functional consequences of stretching
and compressing the Golgi apparatus have not been addressed yet. In this regard,
results in tissue culture cells show that mechanical forces applied to the Golgi
apparatus perturb the dynamics of Golgi-associated actin and potentially affect
membrane trafficking (Guet et al. 2014).

. . .Is Not Pericentrosomal
In mammalian cells, the Golgi apparatus has always been reported to be organized
around the centrosome. This organization is called “pericentrosomal” and is consid-
ered to be the canonical and well-conserved configuration of the Golgi apparatus in
interphase in all mammalian cells, including epithelial cells (Bacallao et al. 1989).
This rule does not apply to APs, however, in which the centrosome is strictly located
at the apical cell cortex where it nucleates the primary cilium, whereas the Golgi is
stretched in the apical process, with no sign of connection with the centrosome
(Taverna et al. 2016) (see scheme in Fig. 15.3b).

15.2.2.3 Mechanism of Golgi Apparatus Apical Localization

The confinement of the Golgi apparatus to the apical process of APs is actively
maintained via a lipid signaling pathway involving the Golgi-localized pool of
phosphatidylinositol-4-phosphate, in addition to GOLPH3 (Golgi phosphoprotein
3) and CERT (ceramide transfer protein) as downstream effectors (Xie et al. 2018)
(Fig. 15.3c). In particular, PITPNA and PITPNB, two phosphatidylinositol transfer
proteins (PITPs) stimulate the synthesis of phosphatidylinositol-4-phosphate on the
Golgi membrane. The phosphatidylinositol-4-phosphate pool in turn recruits
GOLPH3, which serves as an adaptor to link the Golgi cisternae to the actin
cytoskeleton (Fig. 15.3c). The pathway linking phosphatidylinositol-4-phosphate
to actin is necessary for the apical localization of the Golgi apparatus in APs.
PITPNA and PITPNB are essential for normal brain development, as their ablation
in the embryonic mouse neocortex causes severe developmental defects, character-
ized by the almost complete absence of the dorsal telencephalon (Xie et al. 2018).
The cellular basis for the detrimental effect of PITPNA and PITPNB ablation is the
disarrangement of AP structure and architecture, and the subcellular basis for that in
turn is the lack of apical confinement of the Golgi apparatus (Xie et al. 2018). Taken
together, these data strongly suggest that not only Golgi function is necessary for
brain development, but also the Golgi localization and apical confinement (Taverna
et al. 2016; Xie et al. 2018) are crucial aspects securing a correct brain development.
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15.2.2.4 Centrosome and Golgi Apparatus in Mitotic APs

In mammalian cells, the centrosomes are essential to build the mitotic spindle. In any
given cell, the two centrosomes are always asymmetric with respect to centriole age,
as one contains the so-called mother centriole and the other the so-called daughter
centriole, which were synthesized in different cell cycles (Paridaen and Huttner
2014). For APs undergoing asymmetric cell division, the question arises as to
whether the centrosome’s asymmetry correlates with the asymmetric fate of the
daughter cell. It has been shown (Wang et al. 2009) that the centrosome containing
the mother centriole is preferentially inherited by the daughter cell remaining an
apical radial glial cell, whereas the centrosome containing the daughter centriole is
preferentially inherited by the differentiating daughter cell (a BP, and less frequently
a neuron).

Interestingly, also the ciliary membrane is asymmetrically distributed during
mitosis, as it—being a single-copy organelle—is inherited by only one of the
daughter cells, which tends to be the proliferative daughter cell (Paridaen et al.
2013). Furthermore, the daughter cell inheriting the ciliary membrane tends to
re-establish the cilium earlier than the sibling cell (Paridaen et al. 2013). These
data suggest that in APs there are most likely two pathways contributing to the
biogenesis of the primary cilium: a pathway depending on inheritance of ciliary
membrane and a pathway depending on de novo biosynthesis of ciliary membrane
(Paridaen et al. 2013). The de novo biosynthesis pathway has been typically linked
to Golgi-derived traffic. It would be interesting to understand if and how Golgi traffic
contributes to the biogenesis of the primary cilium in newborn BPs.

It is known that in mammalian cells the Golgi undergoes fragmentation during
mitosis (Levine et al. 1995). This fragmentation step is necessary for the cell to enter
mitosis, and is the cellular basis of the so called “Golgi mitotic checkpoint” (Ayala
and Colanzi 2017; Persico et al. 2009, 2010). The distribution of the Golgi in mitotic
APs has been analyzed by immunofluorescence and electron microscopy (Taverna
et al. 2016). During prophase, the Golgi apparatus of APs appears to undergo
fragmentation, and the Golgi remnants are distributed at the cell periphery where
they only partially associate with the spindle poles. Interestingly, the Golgi remnants
do not form the so called “Golgi haze” (Axelsson and Warren 2004), but rather
consist of partially stacked cisternae (as revealed by electron microscopy). In
telophase, when the Golgi apparatus is known to re-assemble, the Golgi fragments
are still distributed at the cell periphery. Unlike the ciliary membrane, the Golgi
apparatus does not seem to be asymmetrically partitioned during mitosis (Taverna
et al. 2016).
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15.3 Basal Progenitors (BPs)

15.3.1 General Remarks

BPs are cells lacking ventricular contact and apical polarity cues. There are two
major subtypes of BPs, the intermediate progenitor cells (IPCs) and the basal radial
glial cells (bRGCs) (Fietz et al. 2010; Hansen et al. 2010; Martinez-Cerdeno et al.
2006; Noctor et al. 2004, 2007a; Reillo and Borrell 2012; Reillo et al. 2011; Wang
et al. 2011). IPCs are abundant in rodents and are considered to be non-polarized
cells, as they lack both apical and basal polarity cues. bRGCs lack apical polarity
cues but maintain basal polarity cues, often associated with their attachment to the
basal lamina. bRGCs are particularly abundant in gyrencephalic species like human
(Reillo et al. 2011). BPs are typically born from an asymmetric division of an AP, in
which one daughter cell maintains the AP-fate of the mother cell and the other
daughter cell becomes a BP. It has been shown that immediately after being
generated, the majority of BPs still retain ventricular contact and feature an apical
plasma membrane that is flanked by the apical adherens junction belt (see Fig. 15.2).
By the end of G1-phase, BPs have lost their apical attachment in a process called
delamination. At the cellular level, delamination is crucial for the basal migration of
BPs. At the tissue level, delamination is crucial for the generation of the SVZ, the
second germinal zone in the developing brain, the size of which underwent dramatic
expansion during human evolution. Reflecting the relevance of delamination for
brain development and evolution, considerable efforts have recently been made to
dissect the cellular and molecular mechanisms responsible for it. We will here
describe this crucial step focusing mainly on the centrosome and primary cilium
(see Fig. 15.2 for a general summary of the above-described steps).

15.3.2 Centrosome and Golgi Apparatus in Nascent BPs

Very much like an AP, a newborn BP retains ventricular contact and its apical plasma
membrane is delimited by the apical adherens junction belt (Wilsch-Bräuninger et al.
2012), as mentioned above. Which then are the cell biological features that set a
newborn BP apart from an AP, allowing a BP to eventually lose apical polarity cues?
The disengagement of the BP from the apical adherens junction belt is preceded by
the relocation of the centrosome-cilium (Wilsch-Bräuninger et al. 2012). Using
electron microscopy, researchers have shown that the first cell biological signature
in the generation of a BP is the relocation of the centrosome-cilium from an apical
location (which is typical for epithelial cells such as APs) to a basolateral location
(Wilsch-Bräuninger et al. 2012). Functional manipulations suggested that the relo-
cation of the centrosome-cilium to the basolateral plasma membrane is a necessary
step in delamination. Overexpression of Insm1 (insulinoma-associated 1), a tran-
scription factor known to promote the generation of BPs (Farkas et al. 2008; Tavano
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et al. 2018), increases the proportion of basolateral cilia (Wilsch-Bräuninger et al.
2012). Furthermore, microinjection of recombinant dominant-negative Cdc42 into
single APs in organotypic slice culture of developing mouse hindbrain leads to their
delamination (Taverna et al. 2012). Interestingly, themicroinjected cells that were not
yet delaminated featured a basolateral (rather than apical) centrosome (Taverna et al.
2012), strongly suggesting that the relocation of the centrosome (and most likely the
primary cilium) is a necessary step for the complete disengagement of a delaminating
cell from the apical adherens junction belt.

The organization of the Golgi apparatus in nascent BPs is very similar to the one
present in G1-phase APs (Taverna et al. 2016), that is, it exhibits multiple
non-interconnected stacks distributed between the apical plasma membrane and
the nucleus.

Taken together these data suggest that from a cell biological point of view, the
organelles orchestrating cell fate transition are most likely the centrosome-cilium
(Wilsch-Bräuninger et al. 2012, 2016).

15.3.3 Golgi and Centrosome in Delaminated BPs

In delaminated BPs, the Golgi appears to be localized around the centrosome
(Taverna et al. 2016). This aspect is interesting, as it means that during delamination,
concomitant with the loss of apical contact, the Golgi shifts from a noncanonical to a
canonical, pericentrosomal location. One canwonder how andwhy cell fate transition
and delamination are accompanied by a reorganization of these two organelles.
Although there is not a definitive answer, a tempting speculation is that the reorga-
nization at the centrosome-Golgi axis has to do with the different migration charac-
teristics of APs and BPs. As described above, APs undergo INM, which is a very
specific type of migration, as it consists of nucleokinesis (movement of the nucleus)
without a net translocation of the cell body. Indeed, the AP remains anchored to the
apical and basal side while the nucleus is moving. In contrast, upon delamination the
newborn BPs translocate both their nucleus and cell body from the VZ to the SVZ.
Seminal work performed on neurons in 2D tissue culture has shown that the prox-
imity of the centrosome and the Golgi apparatus is crucial for their directed cell
migration (Hurtado et al. 2011). One can therefore speculate that the reorganization of
the centrosome and Golgi apparatus helps the directed migration of BPs to the SVZ. It
follows that the reorganization at the Golgi-centrosome interface should be regarded
as a crucial cell biological step for the generation of the basal germinal zone, the SVZ.

15.3.4 Golgi and Centrosome in bRGCs

As mentioned, all BPs lack apical polarity cues and apical attachment (Fig. 15.1).
However, while iPCs lack also basal polarity cues, bRGCs maintain basal polarity
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cues. Two questions are of interest regarding the cell biology of bRGCs: (1) which
are the mechanisms responsible for the selective loss of apical contact, and (2) which
is the organization of their intracellular compartments? A recent study suggests that
PLEKHA7 acts downstream of INSM1 to promote the generation of bRGCs.
PLEKHA7 is an adherens junction belt-specific protein that, when down-regulated,
results in the selective loss of apical contact. Hence, the PLEKHA7-manipulated
cells maintain their basal attachment and are therefore bRGCs (Tavano et al. 2018).
This is the first reported case of a polarity protein selectively regulating apical
polarity cues, independently of the basal ones. As for the organization of the
intracellular compartments, electron microscopy studies have shown that in
bRGCs the centrosome is close to the nucleus (Fietz et al. 2010) and presumably
is associated with the Golgi apparatus.

15.3.5 Centrosome and Golgi Apparatus in Mitotic BP

While the Golgi apparatus in mitotic APs is found at the cell periphery, far away
from the centrosomes/spindle poles, the Golgi apparatus in mitotic BPs appears to be
close to the centrosomes (Taverna et al. 2016). In prophase and metaphase, the Golgi
apparatus is compact and mostly founds in close proximity to the centrosomes/
spindle poles. In telophase BPs, the Golgi structures were largely observed near the
midbody bridge, which harbors the remnants of the mitotic spindle. Taken together,
these data show that the two main classes of neural progenitor cells in the developing
mouse neocortex, APs and BPs, differ with regard to the Golgi apparatus–centro-
some relationship not only in interphase, but also during mitosis.

15.4 Neurons

15.4.1 General Remarks

Neurons are the final cell output of neurogenesis (Fig. 15.1). Their structural,
biochemical, and functional polarization secures the unique ability of neurons of
exchanging and storing information. As mentioned above, neurons are mainly pro-
duced via divisions of BPs in the SVZ. After being generated, a newborn neuron starts
the long journey that will allow it to settle in the forming CP (Fig. 15.2). The CP in
turn will give rise to the six-layered cortex, a hallmark of mammals. A newborn
neuron engages in two processes that underlie its function and connectivity: the
establishment of polarity and the migration to the correct cortical layer. Seminal
studies using primary neurons in 2D culture established that the centrosome and the
Golgi apparatus play crucial roles in both polarization and migration (Bradke and
Dotti 1998, 2000; de Anda et al. 2005; Huttner and Dotti 1991). We will here review
some of the main findings in the field. Given the breadth of the subject, we invite the
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reader to refer to other reviews for a more detailed description of the topic. We also
apologize to those colleagues the work of which could not be mentioned for space
issues.

15.4.2 Golgi and Centrosome Function in Neuronal
Migration

Neuronal migration consists of different phases (Hatten 1999; Marin et al. 2010;
Martinez-Martinez et al. 2018; Valiente and Marin 2010). After being generated, a
newborn neuron polarizes and starts migrating toward the basal lamina in a process
called radial migration (Figs. 15.1 and 15.2). During radial migration, neurons are
bipolar and move along the radial fibers (or basal processes) of APs and bRGCs
(Martinez-Martinez et al. 2018; Reillo and Borrell 2012; Reillo et al. 2011). While
migrating through the IZ, neurons change their morphology from bipolar to multi-
polar, forming multiple processes and reducing their migration speed (Cooper 2014).
During this phase, they can undergo tangential displacement, a crucial process
affecting the dispersion of neurons in the tangential dimension and possibly the
establishment of connectivity. Eventually neurons acquire a clear bipolar morphol-
ogy while migrating through the CP (Ayala et al. 2007). Studies from several labs
have clearly demonstrated that the centrosome and the Golgi apparatus (along with
the actin and microtubule cytoskeleton) work in concert to allow neuronal migration
(Bellion et al. 2005; Solecki et al. 2009; Tsai and Gleeson 2005). In particular, the
movement of centrosome and Golgi into the leading process precedes and allows
nucleokinesis. This is because the centrosome works as a microtubule organizing
center, nucleating microtubules that in turn are responsible for force generation on the
nucleus. Interestingly, genes associated with disorders of cortical development often
perturb neuronal migration by influencing either cytoskeletal elements, the centro-
some and/or the Golgi apparatus (Tanaka et al. 2004; Valiente and Marin 2010).

15.4.3 Golgi and Centrosome Function in Neuronal Polarity

15.4.3.1 Centrosome

The centrosome is essential not only for neuronal migration, but also for polarity
establishment and neurite outgrowth (Bradke and Dotti 1998, 2000), as demonstrated
by studies with 2D neuronal cultures in which the orientation of the centrosome was
found to provide spatial cues for axon emergence from the cell body (de Anda et al.
2005; Gärtner et al. 2012). Interestingly, a study suggests that after having set the
initial axonal polarity, the centrosome is dispensable for axon extension (Stiess et al.
2010).
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15.4.3.2 Golgi Apparatus

The Golgi apparatus plays a key role in establishing and maintaining the highly
polarized structure of neurons. A prime example are pyramidal neurons, which
feature a prominent dendrite (called the apical dendrite) extending hundreds of
microns in the direction of the basal lamina. Several studies have shown that the
Golgi apparatus extends into the apical dendrite (Huang et al. 2014; Matsuki et al.
2010; O’Dell et al. 2012). This extension (called dendritic Golgi deployment)
depends on the Reelin-Dab1-GM130 pathway (Huang et al. 2014; Matsuki et al.
2010) and is crucial for cell polarization, axon specification, and dendrite growth
(Huang et al. 2014; Matsuki et al. 2010). Of note, ubiquitin-protein ligase E3A
(Ube3a), a gene mutated in Angelman syndrome, was found to inhibit apical dendrite
outgrowth and polarity by disrupting the polarized distribution of the Golgi apparatus
(Miao et al. 2013). This finding is interesting, as it illustrates the relevance of the
localization of the Golgi apparatus in neurodevelopmental disorders.

Neurons rely not only on a perinuclear or cell body-localized Golgi apparatus but
also on the so-called Golgi outposts (Horton and Ehlers 2003; Horton et al. 2005; Ye
et al. 2007). These Golgi outposts are small Golgi cisternae often found in dendritic
spines, far away from the cell body, where they represent a way to secure the local
processing of newly synthesized proteins (Valenzuela and Perez 2015). Golgi out-
posts influence dendrite architecture by functioning as sites of acentrosomal micro-
tubule nucleation in neurons (Ori-McKenney et al. 2012). This independent traffic
route is important as it allows distal compartments such as dendritic spines to become
independent from the cell body with regard to protein processing (Quassollo et al.
2015). Furthermore, electrical activity of neurons has been shown to influence protein
translation (Evans et al. 2017) and may affect Golgi outpost function as well. This
possibility would tremendously increase the level of regulation and fine-tuning at
individual synapses, the subcellular structures responsible for neuron-to-neuron
communication in the brain.

15.5 Concluding Remarks

Regarding the study of cell fate transition in the developing mammalian brain,
classical studies in developmental neurobiology have concentrated on the identifi-
cation of the transcription factors involved. More recently, thanks to the availability
of more sophisticated techniques of manipulation and analysis, we have witnessed
an increasing interest in the dissection of the cell biological mechanisms responsible
for cell fate transition in brain development and evolution. We have here discussed
the main findings linking the centrosome and the Golgi apparatus to neural stem and
progenitor cells and brain development.
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Chapter 16
Communication of the Cell Periphery
with the Golgi Apparatus: A Hypothesis

Werner Jaross

Abstract The Golgi apparatus plays a central role in the numerous traffic tasks in
cells. Whereas the well-investigated chemical signaling is sufficient to explain the
information processes in the secretory output of cells, it is insufficient to do that for
the substitution of structural elements in the three-dimensional space of the cell. Here
we review recent work (Jaross, Front Biosci 23:940–946, 2018) suggesting that
molecular vibration patterns of those macromolecules which have to be exchanged
are recognized by molecules in the Golgi via resonance of the electromagnetic
fingerprints. That results in the activation of specific molecules and induction of
the whole substitution process. For bridging intracellular distances, the IR radiation
must be coherent. It is discussed that coherence is achieved by chemical reaction
during the changing process of the molecule along with the quasicrystalline structure
of the neighboring water molecules. Several aspects of the relevance of that signal-
ing to the direct interactions of molecules during various intracellular processes are
discussed.

16.1 Introduction

In the living cell, numerous traffic tasks have permanently to be performed.
From small to large objects, from simple molecules to complex structured

macromolecules up to cell organelles have to be moved from the location where
they were synthesized to the cell membrane for exocytosis or to the area of the cell
where they will substitute the existing components. The actively directed transport
and the Golgi apparatus are the principal regulators of this traffic (Alberts 2017).

The diversity of macromolecules, especially the proteins and the complex
lipoides, are synthesized in the endoplasmic reticulum (ER) and transported to the
Golgi. There the molecules are specifically modified (maturated), stored, and
wrapped with signal proteins and motor proteins and prepared for the active direct
transport in the form of particular vesicular containers.
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A great many cells are secretory cells. Proteins designed for secretion are packed
in those vesicles that are transported to the plasmamembrane, and after fusion with it,
the cargo is delivered into the extracellular space. These processes are excellently
investigated including the multiple signaling processes (Alberts 2017). A lot of signal
molecules which take part in these secretory processes are found. However, this
chemical signaling is insufficient to explain the maintenance of specific structure and
composition of the three-dimensional cell system. Throughout the whole life, many
structural components have to be substituted because they had been changed due to
specific synthetic processes (e.g., prostanoid formation) or demolished, e.g., by
oxidation, splitting, hydrolysis, or other chemical reactions. Specific signals from
that area should be sent out and transferred to the Golgi to start the substitution
process. That signal could only be of physical nature as such signals should report on
spatial aspects besides the chemical characteristics. Presently, the importance of
manifold electric and electromagnetic phenomena in cells and tissues are in discus-
sion (Barghouth et al. 2015; Chernet and Levin 2013; De Ninno and Pregnolato 2017;
Foletti et al. 2013; Funk 2015; Kobayashi et al. 1999; Lemeshko et al. 2013; Levin
2012; Nuccitelli 2003; Rouleau and Dotta 2014). It was hypothesized that electro-
magnetic radiation in the IR range created by the molecular vibration of the changed
macromolecules is a candidate for such signaling process. These signals should be
able to activate the particular enzymes in the Golgi responsible for maturation of the
molecules needed and to induce all steps up to forming the transport units and to
navigate them to the area where the molecules have to be substituted.

In the former articles (Jaross 2015, 2016, 2018), this vibrational hypothesis was
described, and in this contribution those articles are reviewed.

16.2 The Golgi Apparatus

Despite an enormous variety of the specific structure of the Golgi in the different cell
types, its basic structure is principally similar: The Golgi apparatus located near the
nucleus is made of endomembrane system connected by the microtubules. The Golgi
membranes located at the nucleus called the cis-Golgi are continuous with the
endoplasmic reticulum (ER), while the trans-Golgi membranes are connected to
the cytoskeletal filaments and microtubules (MT) for intracellular active transport.
The basic elements of the Golgi are membrane-enclosed disks known as cisternae.
Different numbers of cisternae form stacks. Similar to the ER, the Golgi cisternae
consist of different polar lipids and proteins. Different proteins and macromolecules
are synthesized in the ER and transported to the Golgi apparatus for further
processing and transport to various cellular destinations (Nebenfuhr and Staehelin
2001; Gyoeva 2014). Various molecules are posttranslationally modified in the Golgi
by phosphorylation, sulfatation, glycosylation, the addition of N-acetylglucosamine,
or removal of mannose molecules. Glycosaminoglycans are synthesized in the Golgi.
A cluster of enzymes are acting on the molecules while they translocate from the
cis-face to the trans-face of the Golgi. The fully formed and modified proteins and
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other compounds are sorted, covered with a coat, and transported out of the Golgi in
the vesicles. The vesicles contain signal sequences, which determine the final desti-
nation of the cargo. The coat proteins, such as COPII and COPI (Nebenfuhr and
Staehelin 2001), have a crucial role in posttranslational modification of proteins and
maturation of the vesicle cargo. The coat proteins also control the attachment, activity
of the motor proteins, and directionality of transport (Balabanian et al. 2016;
Hoeprich et al. 2015; Nebenfuhr and Staehelin 2001; Saito and Katada 2015; Zhao
and Zhan 2012). The movement of the cargo involves multiple motor proteins, which
often have opposite directionality. Because of this, the movement is a discontinuous
“tug of war.” Motor proteins move on the network of roads—the cytoskeleton. It
consists of microtubules (MT), actin filaments, and intermediate filaments, which are
highly dynamic and constantly polymerize and depolarize. The chemical energy for
moving the motors along with the cargos is provided by energy-rich phosphates.

16.3 The Vibrational Hypothesis

It is known that above the temperature of the absolute zero, all molecules vibrate
(Brown et al. 2014; Pelletier and Pelletier 2010). The intensity of these vibrations
(oscillations) depends on the temperature. The energy for the oscillations in living
systems derives from the metabolic enthalpy. The oscillations form various patterns
and involve all the atoms of the molecule. For nonlinear molecules with the
n number of atoms, the number of different vibrations is 3n-6. The frequency of
oscillations is determined by the type and polarity of molecular bonds. The main
oscillation pattern is determined by the functional groups in a macromolecule, while
the carbon-hydrogen bonds exhibit only uncharacteristic vibration. The details of the
molecular vibrations are thoroughly described in the articles and books of spectro-
scopic theory (Brown et al. 2014; Pelletier and Pelletier 2010). The molecular
vibrations are the source of electromagnetic radiation, which contains uncharacter-
istic heat radiation and the characteristic peaks resulting from the vibration of the
functional groups of the molecule. A specific macromolecule, in the specific condi-
tions, has a characteristic frequency pattern. The proteins such as collagen or elastin,
which have uncomplicated structure, have 4–6 strong bands and many weak bands
in the Raman or in the IR spectrum (Brown et al. 2014; Steiner and Zimmerer 2013).
The emitted energy is in the range of 1 meV–3 eV; the frequencies are between 4000
and 400 cm�1 (1013–1015 Hz). Majority of the functional groups have bounds in the
range of 2000–900 cm�1 (Brown et al. 2014; Movasaghi et al. 2008; Steiner and
Zimmerer 2013). Because the water absorbs radiation in the range of
1300–1900 cm�1, only the frequencies, which are not absorbed by the water, are
able to move a certain distance. The polar lipids and proteins have vibrational peaks
in the IR range of 1000–1200 cm�1, and therefore they are able to move over
nanoscale distances. The specific structure and charge of the cellular membrane
prevent the uncontrolled penetration of the electromagnetic signals. Because the
chemical structure and spatial distribution of the sources mirror their electromagnetic
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radiation patterns, they are very good candidates for the intracellular signaling. The
newly synthesized small molecules and the modified macromolecules might produce
the fingerprint vibrational electromagnetic signal (e.g., the synthesis of prostaglan-
dins from the phospholipids of the cell membrane).

16.4 Resonant Recognition by Proteins

For signaling to be successful, the receiver has to be able to process the signals
created by the changed structures of molecules such as enzymes, signaling, structural
and transport proteins, and components of the genetic machinery. Cosic and
co-workers (Cosic 1994; Cosic et al. 2006, 2015, 2016) have studied the protein-
protein and protein-DNA interactions. They showed that, depending on the number
of amino acids, the proteins resonate the frequencies in the range of 1013–1015 Hz.
Using the Fourier transformation, every amino acid can be assigned with a certain
value, which correlates with the energy of delocalized electrons of this amino acid.
The distance between the amino acids is about 3.8 Ä. The velocity of the electric
charge on the backbone of the protein chain is equal to 7.87 � 105 m/s. Using these
data, Cosic and their group developed the Resonant Recognition Model (Cosic et al.
2015; Movasaghi et al. 2008), which can be used to identify and calculate the
frequencies of proteins and other molecules.

The resonance frequencies of proteins agree with the molecular vibration fre-
quencies (depending on the electromagnetic radiation) of macromolecules present in
the complex lipids, proteins, glycoproteins, and various cellular structures. When the
electromagnetic signal reaches a protein target and the specific frequency pattern of
both molecules matches and is in opposite phase, there will be a transfer of photon
energy and the activation of the recipient. This will either result in the conforma-
tional change of the molecule followed by the activation for a specific chemical
reaction or a transfer of the signal to another molecule. In this hypothesis, which
mimics the lock and key theory of chemical reactions, the vibration patterns are
equivalent to the chemical structures with the exception that the frequency pattern of
a molecule depends not only on its reaction center but also on the frequencies of
various parts of the molecule. It has been shown experimentally that the certain
isolated frequencies are able to induce the function of the molecule (Cosic et al.
2006). This indicates that there are certain dominant frequencies rich in energy.
These authors showed that the proteins with the same or similar biological function
share a common dominant frequency, which activates the specific target proteins.
These findings indicate that the activation of the molecule does not require a
complete match in the frequency pattern. They also suggest that the different
biomolecule pairs may have different requirements for the degree of frequency
pattern consensus for the successful energy transfer.
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16.5 The Coherence of Emitted Photons: A Precondition
for the Bridging of Greater Intracellular Distances

It has been shown that single structure-forming molecules emit extremely low
electromagnetic energy (Havelka et al. 2014; May and Kühn 2011; Murugan et al.
2015). It has been also suggested that because of the low energy and high back-
ground noise, the frequencies generated by molecular vibrations can hardly be
perceived by other structural elements (Kucera and Cifra 2013) if the signal has to
travel a distance of several micrometers. In contrast, the short distances such as
molecular dimensions should not prevent the distribution of the signal between the
molecules. This is probably how the molecules of the DNA-repair-machinery or the
signal transduction networks interact (Jaross 2018; Kucera and Cifra 2013). If a
signal comes from the cell membrane and has to reach the Golgi apparatus, then it
has to bridge a distance of several μm. There, the signal has to be received for the
activation of at least one particular enzyme. It might be assumed that activation of an
enzyme is due to a change of the conformation of that molecule. This change might
be different in every molecule depending on the binding to neighboring molecules,
on the isomeric characteristics of some components of the macromolecule, and on
other factors. Some dipole-dipole (Van der Waals forces) and hydrogen bonds have
to be solved and rebounded; also some stereoisomeric transformations of molecule
groups have to be induced. The bond energy of a dipole-dipole bond is 6 � 10�19 J;
the bond energy of hydrogen bond amounts to its tenfold. The energy differences of
conformation isomers are very different in the great variety of eligible chemical
structures. The conformation energy of the simple stereoisomers of cyclohexane,
e.g., differs up to 3 kcal/mol or 5 � 10�19 J/mol. The energy of one photon in the IR
range is about 0.1–4 � 10�19 J. If we speculate on the energy needed, we could
estimate that a certain number of IR photons are necessary to activate an enzyme.
Such an amount can be delivered if the emitted photon stream is coherent. After the
activation of the primary molecule, the alteration of the vibration pattern of that
molecule induces a chain reaction with many steps until the transport unit is being
formed.

What conditions are sufficient for the generation of a coherent photon stream?
Funk (2018) has reviewed some conditions resulting in coherent photon emission of
macromolecules in the cell. It seems to be the most important that the particular
molecule is transferred in an excited state. This could happen in the course of
chemical reactions of a molecule. During oxidation, hydrolysis, the substitution of
molecule groups, or other reactions, the molecule is transformed into an excited state
by activation energy and in the course of the reaction by its enthalpy. During this
process, a stream of photons is emitted. As the neighboring environment of the
reacting molecules consists of quasicrystalline-ordered water molecules, the coher-
ence of the photon stream should be strongly promoted by them (De Ninno 2017;
Funk 2018; Pollack and Clegg 2008; De Ninno et al. 2013) and should persist for
certain time (Funk 2018). The importance of quasicrystalline-structured water layers
has been shown in several recent contributions (Funk 2018; De Ninno 2017). These
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assumptions mean that the electromagnetic signal, which results in specific activa-
tion of certain molecules in the Golgi, is generated in the moment of chemical
reaction of that molecule in the cell periphery, which has to be exchanged later on. In
the course of the chemical reaction of this molecule, the vibration pattern is changing
until the end of the chemical reaction; however, this dynamic process has not been
well investigated. After finishing the chemical reaction, the final vibration pattern
might be used for navigation of the traffic unit to the destination area. For this
purpose, a signal receiver has to be available in the coat of the transport unit.

Whether the quasicrystalline water layers along the polar MTs and filaments play
a role for conducting the coherent photon stream from the periphery to the Golgi is a
further topic of discussion (Jaross 2018). The diameter of MTs is too small for the
wavelengths of the IR fingerprint signals to be directly used as wave guides;
however, they could be indirect wave guides because the multilayered crystalline
water structure around the microtubule skeleton structures could reach from the
cellular periphery to the Golgi without interruption (Fig. 16.1).

nucleus
ER

Golgi

Cytoskeleton

Quasicrystal water

Enzyme ac va on

Naviga on toward 
spa al posi on

Chemical reac on

Conduc on of coherent
IR fingerprint signal

Fig. 16.1 Hypothesis on the interaction of cell periphery with Golgi apparatus via IR-molecular
vibration pattern. The molecular vibration pattern of macromolecule changes during a chemical
reaction. The coherent photon stream emitted is conducted to the Golgi apparatus, supported by the
cytoskeleton microtubule system together with the quasicrystalline water structure. In the Golgi,
specific enzymes are activated, which via a chain reaction leading to the formation of the transport
unit with the required macromolecule and signal and motor proteins. That motor-driven vehicle is
navigated to the location of the request by means of the IR fingerprint signal coming from that
location
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16.6 Discussion

The basic idea of the hypothesis presented here is that molecules can interact with
each other based on electromagnetic radiation created by their molecular vibration.
Under specific conditions, the photon stream can be coherent, intracellular distances
can be bridged, and specific proteins can be changed by energy transfer, resulting in
the activation of enzymes and the induction of a specific chain reaction via emission
and recognition of the EM-frequency patterns.

There are many examples in daily life supporting the hypothesis of the interaction
of molecules via EM-radiation.

Life is based on photosynthesis. The well-known key process is the transforma-
tion of electromagnetic energy for the purpose of synthesis of chemical compounds
in plant cells. Or simply, chemical energy in the sun is transferred into electromag-
netic energy and again into chemical energy on earth. All the necessary reactions in
biochemical systems like activation of enzymes, the transformation of the reactants
into excited states, the formation of intermediate products, and the final reaction
steps are directly or indirectly promoted or implemented by EM-energy (also via the
energy-rich phosphate molecules). Many chemical reactions can be triggered or
performed by the direct radiation with specific EM-frequencies of the IR range
with sufficient energy in technical applications. They gain importance in green
chemistry (Córdova et al. 2011). Light as a specific kind of EM-radiation induces
a chain of chemical reactions in specific cells in the eye—the result is the visual
ability. Also, the effect of light on plant growth, cell divisions, and the active
orientation of plant leaves or flowers (e.g., sunflowers) toward the light supports
this mechanism.

The difference to our hypothesis is that the energy amount being transferred
forms the central aspect and not the fingerprint frequency pattern as the signaling
process in cells and in tissues. However, there are also other reports discussing this
aspect:

It has been shown that cells in culture interact, even if they are separated in such a
way that only the electromagnetic waves are exchanged (Kucera and Cifra 2013). It
has been also shown that the electromagnetic frequencies (calculated using the
Cosic’s Resonant Recognition Model) influence the differentiation of the tumor
and normal cells (Dotta 2016; Murugan et al. 2015). There are studies showing
that the specific molecular vibrational patterns are able to differentiate between
agonists and antagonists of adenosine receptor ligands, which are the important
pharmacotherapy targets (Chee and Oh 2013; Chee et al. 2015). The authors showed
features of molecular vibrations of the ligands and the receptor, which “are indis-
pensable for ligand recognition” (Chee and Oh 2013). The findings that “The
activation of proteins involves energies of the same order and nature as the electric
radiation of light” (Cosic et al. 2006) also support such a hypothesis. Cosic found
that certain proteins with the common function, such as the oncogenes, have the
same resonance frequency (Cosic et al. 2006).
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The biochemical mechanism of smell could also be regarded as the support of the
hypothesis that the vibration spectrum of a molecule can lead to an activation of the
sensor cells and their specific molecules (Lloyd 2011). Our nose could function as a
vibrational spectrometer and not act by chemical binding of odorant molecules to
olfactory sensor molecules according to the conventional mechanism of lock and
key model. The ability of Drosophila fly to differentiate between a certain molecule
and its deuterated form confirms the existence of such a mechanism. Both molecules
have the same chemical structure and the same chemical affinities to the receptor;
however, the deuterium-carbon bounds vibrate differently to hydrogen-carbon
bounds, and the fly can only smell the natural molecule showing that the frequency
pattern might be the base for realizing the right molecule (Lloyd 2011).

The presented here hypothesis is a generalization of the hypothesis on the
precondition of interacting molecules: in analogy to the lock and key theory, the
matching frequency pattern between two molecules determines their interaction and
energy transfer. The vibration and resonant recognition mechanism might be very
important for intracellular processes, such as genetic/nuclear functions, the signal
transduction between the nucleus and the cell membrane, the interaction between the
cells and the extracellular matrix, and the storage and retrieval of memory units in the
brain (Jaross 2015). The elementary living processes, mitosis and apoptosis, run
according to the fixed programs; however, all steps have to be strictly coordinated,
and intensive feedback is permanently needed. The discussed physical information
system might play a role in the multiple feedback signaling and the diverse intra-
cellular transportation tasks related to these programs (Funk 2018; Gu 1992). A
deeper understanding of these processes requires a comprehensive amount of
quantum-physical view, which might be done in the future.

The following aspects should be additionally noted in the discussion: the source
of the signal may be only one molecule or many identical molecules present in the
same location. Such a situation occurs during the enzymatic catalytic reactions,
which continue until terminated by the inhibitory mechanism, such as product
inhibition. The turnover frequencies of the enzyme, if they match the vibration
frequency of the changed molecule, could also be important for the coherence
(Funk 2018; Jaross 2018). In addition, the electromagnetic waves of low frequency
and high energy can be used as the carrier waves. Similar to the radio and TV
broadcasting, the frequency or amplitude of the carrier waves may be modulated by
the frequency of the signal emitted from the changed molecules (Haltiwanger 2010).
Such a system has to have a transmitter that sends out the carrier and the signal
waves and a receiver that is able to resonate at the carrier-specific frequency. It is
possible that the oscillating polarized structures such as microtubules or cell mem-
brane rafts (Cifra and Pospisil 2014; Havelka et al. 2014; Barzanjeh et al. 2017) may
produce the carrier-specific frequencies able to travel the intracellular distances. For
example, the frequency of microtubule oscillations ranges from THz to KHz
(De Ninno and Pregnolateo 2017; Foletti et al. 2015).
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16.7 Concluding Remarks

The many aspects of presented here hypothesis have to be experimentally proven.
This chapter deals with the specific question of how the substitution of specific
macromolecules in the three-dimensional structure of a cell is implemented. The
basic idea is that the chemical reaction which changes a particular molecule creates a
coherent photon stream with characteristic fingerprint-IR-frequency pattern that is
able to activate specific enzymes in the Golgi. The excited state of a molecule during
a chemical reaction and the quasicrystalline structure of water around the molecule
might play a role in creating the coherence of the photon stream as well as its
conduction to the Golgi. The generalization of the idea means that molecular
vibration has the potency of the interaction of molecules with one another even if
they are not in contact, and the intracellular distances have to be bridged. By means
of sensible spectrometer, it should be possible to analyze interesting frequency
pattern. The application of those in a coherent manner would open many new
possibilities to influence a lot of biological as well as technical processes.
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Part IV
Golgi- and Centriole-Related Diseases



Chapter 17
Breaking Bad: Uncoupling of Modularity
in Centriole Biogenesis and the Generation
of Excess Centrioles in Cancer

Harold A. Fisk, Jennifer L. Thomas, and Tan B. Nguyen

Abstract Centrosomes are tiny yet complex cytoplasmic structures that perform a
variety of roles related to their ability to act as microtubule-organizing centers. Like the
genome, centrosomes are single copy structures that undergo a precise semi-
conservative replication once each cell cycle. Precise replication of the centrosome
is essential for genome integrity, because the duplicated centrosomes will serve as the
poles of a bipolar mitotic spindle, and any number of centrosomes other than two will
lead to an aberrant spindle that mis-segregates chromosomes. Indeed, excess centro-
somes are observed in a variety of human tumors where they generate abnormal
spindles in situ that are thought to participate in tumorigenesis by driving genomic
instability. At the heart of the centrosome is a pair of centrioles, and at the heart of
centrosome duplication is the replication of this centriole pair. Centriole replication
proceeds through a complex macromolecular assembly process. However, while
centrosomes may contain as many as 500 proteins, only a handful of proteins have
been shown to be essential for centriole replication. Our observations suggest that
centriole replication is a modular, bottom-up process that we envision akin to building
a house; the proper site of assembly is identified, a foundation is assembled at that site,
and subsequent modules are added on top of the foundation. Here, we discuss the data
underlying our view of modularity in the centriole assembly process, and suggest that
non-essential centriole assembly factors take on greater importance in cancer cells due
to their function in coordination between centriole modules, using the Monopolar
spindles 1 protein kinase and its substrate Centrin 2 to illustrate our model.

17.1 Centriole Replication

Centrosomes consist of a pair of centrioles surrounded by a matrix containing
microtubule nucleation machinery. This microtubule nucleation capacity is respon-
sible for the best known function of centrosomes, namely their role in mitotic spindle
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assembly (Hinchcliffe and Sluder 2001; Rieder et al. 2001). However, centrosomes
also regulate cytokinesis (Piel et al. 2001; Pereira and Schiebel 2001) and the
assembly of cilia and flagella (Hinchcliffe et al. 2001; Khodjakov and Rieder
2001). In quiescent cells, the older of the two centrioles, which is referred to as the
mother centriole and is identified by specialized appendages found at its distal end
(Bornens 2002), is converted to a basal body that can dock with the plasma
membrane, and coordinate the targeting of incoming Golgi- and endosome-derived
vesicles that contain the machinery responsible for building a primary cilium
(Hoyer-Fender 2010; Dawe et al. 2007). However, in cells that re-enter the cell
cycle, the ciliary axoneme is disassembled (Pugacheva et al. 2007) so that the
centrosome can be utilized for centriole replication in preparation for mitotic spindle
assembly.

The centriole replication pathway was elucidated through pioneering studies in
worm and fly embryos that led to the identification of several of the major players:
the Asterless protein identified in the fruit fly Drosophila melanogaster and the
related Spindles Defective 2 (SPD-2) protein identified in the nematode
Caenorhabditis elegans, as well as the Caenorhabditis elegans proteins Zygote
Defective 1 (ZYG-1), and Spindle Assembly Abnormal proteins 4, 5, and
6 (SAS-4, SAS-5, and SAS-6) (Peel et al. 2007; Leidel and Gonczy 2005; Delattre
et al. 2006; Pelletier et al. 2006). The human counterparts of SPD-2 and Asterless,
ZYG-1, SAS-4, SAS-5, and SAS-6 are Centrosomal protein of 152 kDa (Cep152)
and Centrosomal protein of 192 kDa (Cep192), Polo-like Kinase 4 (Plk4),
Centrosomal P4.1-associated protein (CPAP), Stem Cell Leukemia/T-cell Acute
Lymphocytic Leukemia Protein 1 Interrupting Locus (STIL), and Spindle Assembly
Abnormal Protein 6 Homolog (which we will refer to herein simply as Sas6),
respectively (see Fig. 17.1). Because this pathway has been the subject of several
wonderful reviews (Avidor-Reiss and Fishman 2019; Banterle and Gonczy 2017;
Breslow and Holland 2019; Schatten and Sun 2018), we will only provide a sketch
of the pathway here. In human cells, Cep152 and Cep192 recruit Plk4 to centrioles
(Kim et al. 2013) where it phosphorylates STIL to promote binding of STIL and
Sas6 (Moyer et al. 2015; Ohta et al. 2014), and CPAP regulates centriole length
(Tang et al. 2009). The initiating event in centriole biogenesis is the binding of Plk4
to STIL. This binding both activates Plk4 and locally suppresses the auto-stimulated
degradation of Plk4 at one specific site on the surface of each centriole (Holland et al.
2010; Sillibourne et al. 2010). The resulting localized accumulation of Plk4 defines
the site at which a new centriole will be assembled, and promotes STIL-Sas6 binding
to initiate centriole assembly at that site (Moyer et al. 2015; Ohta et al. 2014).

Like DNA replication, centriole replication is a semi-conservative process (see
Fig. 17.2), but the Watson-Crick template analogy does not apply. Rather, a new
centriole is assembled around a precursor called the cartwheel (Figs. 17.1, 17.2),
which consists of nine radially arranged Sas6 dimers and will enforce the ninefold
symmetry of new centrioles (Hirono 2014). In woodworking terms, the cartwheel
can be seen as a jig that guides the assembly of a ninefold symmetrical centriole
around it. One exciting model for cartwheel assembly suggests that cartwheels may
form inside the lumen of an existing centriole, using the centriole’s ninefold
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symmetry as a template for the ninefold symmetrical cartwheel (Fong et al. 2014).
This model is consistent with the degradation of cartwheels that occurs during
mitosis, which would leave the centriole lumen open for cartwheel assembly in the
following cell cycle, and suggests that once formed the cartwheel must be released
from the centriole lumen and transferred to a site on the surface of each existing
centriole (predetermined by Cep152-Cep192/Plk4/STIL). Whether it is assembled in
the centriole lumen or on the centriole surface, once a cartwheel is present on the
surface of an existing centriole, it serves as the foundation onto which a new ninefold
symmetrical centriole is assembled (Hirono 2014).

17.1.1 Centrosomes and Cancer

Due to this semi-conservative replication process (Fig. 17.2), cells typically have
either one or two centrosomes, depending on their position in the cell cycle. Through
mitosis and cytokinesis, cells inherit a single centrosome that is replicated around the
G1/S transition, so that cells in G1 have one centrosome and cells in S, G2, or mitosis
have two centrosomes. This precise duplication is critical, because as microtubule-
organizing centers centrosomes organize the bipolar mitotic spindle apparatus
responsible for segregation of duplicated chromosomes into two identical genomes

Cep152/

Plk4
Sas6
STIL
Cep135
Cetn2
Mps1

Cep192

Cartwheel

Fig. 17.1 The major
players in centriole
biogenesis. Depicted are the
human orthologs of the
major players in the
canonical centriole
biogenesis pathway
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during mitosis. The presence of anything other than two centrosomes leads to the
assembly of aberrant spindles that cannot properly segregate chromosomes and lead
to the production of aneuploid daughter cells (Ganem et al. 2009). Because the
majority of human tumors are aneuploid, this makes centrosomes of potential
relevance to tumorigenesis, and indeed a variety of human tumors have excess
centrosomes that can generate aberrant mitotic spindles in situ. For example, as
many as 80% of invasive breast tumors have extra centrosomes (Lingle et al. 2002).
Because these extra centrosomes appear prior to aneuploidy (Lingle et al. 2002), it is
thought that they may drive the chromosomal instability that is critical in tumori-
genesis (Tsikitis and Chung 2006; Ellsworth et al. 2004a, b; Lengauer et al. 1998).
Indeed, excess centrosomes generate aberrant mitotic spindles within tumors in situ

d

d
c

cd'

d"

S-G2

c
c

M

d
c

c

M

d

ap

M

d
G1

G1/S

Fig. 17.2 Semi-conservative centriole replication is achieved by building a new centriole on top of
a cartwheel template. Panels on the right are diagrams of centrioles before replication in G1, at the
onset of replication at the G1/S transition, and after replication in S and G2. Shown are the mother
(M) centriole with its appendages (ap), its daughter centriole (d) that was assembled in the previous
cell cycle, the two cartwheels (c) that are assembled on the surface of the mother and daughter at the
G1/S transition, and the two new daughter centrioles (d0 and d00) that will be assembled on top of
each cartwheel. Panels on the left are indirect immunofluorescence of centrosomes from the
indicated cell cycle stage showing the centriole protein Cetn2 in green and the cartwheel protein
Sas6 in red, highlighting that centrosomes contain either zero Sas6 foci in G1 prior to the initiation
of centriole biogenesis, or two cartwheels in S and G2 after initiation of centriole biogenesis
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(Lingle and Salisbury 1999), and their presence strongly correlates with aneuploidy
in invasive breast tumors (Lingle et al. 1998, 2002).

17.2 Non-essential Centriole Factors

The centriole biogenesis factors identified in worms and flies are deeply conserved
(Carvalho-Santos et al. 2010), and orthologs of SPD-2/Asterless, ZYG-1, SAS-4,
SAS-5, and SAS-6 appear to be essential for centriole assembly in all eukaryotes that
retain centrioles and basal bodies (see Avidor-Reiss and Fishman 2019; Banterle and
Gonczy 2017; Breslow and Holland 2019; Schatten and Sun 2018). However, there
are several widely conserved centriole proteins found in humans that are missing in
worms. These include centrins, the Mps1 protein kinase, and the delta and epsilon
tubulins (Fisk et al. 2002; Pike and Fisk 2011), as well as Centrosomal protein of
135 kDa (Cep135) that is associated with microcephaly and bridges Sas6 and CPAP
(Lin et al. 2013). In addition, proteomic studies suggest that the number of proteins
at human centrioles could be on the order of several hundreds (Andersen et al. 2003;
Jakobsen et al. 2011). Clearly, not all of these human proteins have been shown to be
essential for building centrioles. As examples of human centriole biogenesis factors
that may be non-essential for building centrioles, we will discuss Mps1 and the
centrins.

17.2.1 The Mps1 Protein Kinase

Mps1 is a dual-specificity protein kinase discovered based on its requirement in
duplication of the budding yeast centrosome equivalent, called the spindle pole body
(Winey et al. 1991; Schutz and Winey 1998). Mps1 was subsequently shown to
regulate the spindle assembly checkpoint (SAC) (Weiss and Winey 1996; Hardwick
et al. 1996), and as such vertebrate Mps1 proteins can be found at both centrosomes
and kinetochores (Fisk and Winey 2001; Fisk et al. 2003). The SAC functions of
Mps1 will not be discussed here. It appears that centrosomes in human cells are very
sensitive to the dosage of Mps1. The total abundance of Mps1 is low in G1 and S
phases, and only roughly 10% is found at the centrosomes (Fisk et al. 2003; Kasbek
et al. 2007). Subtle increases in this small centrosomal pool of Mps1 cause centro-
some amplification (Srinivas et al. 2015; Sawant et al. 2015; Liu et al. 2013; Kasbek
et al. 2007, 2009, 2010), but because very little Mps1 is needed to support its
function at centrosomes, it requires highly efficient depletion of Mps1 to observe
effects on centrosome duplication (Fisk et al. 2003). Less efficient depletion of Mps1
causes SAC defects with no effect on centrosomes (Fisk et al. 2003; Stucke et al.
2002), which led one group to conclude that Mps1 had no centrosomal function
(Stucke et al. 2002). While that study remains in the psyche of the centrosome field,
several other groups have since validated a role for Mps1 in controlling centrosome
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number: wild-type Mps1 accelerates centrosome re-duplication in certain tumor-
derived cells (Kanai et al. 2007); the protein phosphatase Cell Division Cycle 25B
stabilizes a pool of Mps1 that leads to the production of excess centrin-containing
foci (Boutros et al. 2013); phosphorylation of Centrin 2 (Cetn2) at the Mps1
phosphorylation site Threonine 118 (T118) modulates incorporation of Cetn2 into
centrioles (Dantas et al. 2013); and the phosphatase and tumor suppressor Cyclin-
dependent Kinase Inhibitor 3 (CDKN3) restricts centrosome amplification by pro-
moting the degradation of Mps1 at centrosomes (Srinivas et al. 2015). Moreover,
BioID experiments show that Mps1 lies in close proximity to Plk4 at centrosomes
(Firat-Karalar et al. 2014), consistent with a role for Mps1 in the canonical centriole
biogenesis pathway, and our recent data conclusively tie the centrosomal phenotypes
associated with manipulation of Mps1 to the pool of Mps1 found at centrosomes
(Marquardt et al. 2016). In contrast, an analog-sensitive version of Mps1
(Maciejowski et al. 2010) and several recently developed Mps1 inhibitors (Hewitt
et al. 2010; Kwiatkowski et al. 2010; Santaguida et al. 2010; Tardif et al. 2011;
Tannous et al. 2013; D’Alise et al. 2008; Wengner et al. 2016) have no reported
effects on centrosome duplication, suggesting the possibility that centrioles can be
replicated in the absence of Mps1 activity. However, we have developed an Mps1
inhibitor that does perturb centrosome duplication (Sugimoto et al. 2017), and
inhibitor studies should be interpreted with caution due to possible off-target effects.
As an example, one commonly used Mps1 inhibitor, reversine, was originally
developed as an Aurora kinase inhibitor (D’Alise et al. 2008; Santaguida et al. 2010).

17.2.2 The Centrin Family

First identified in green algae, centrins are members of a superfamily of small
calcium-binding proteins defined by the presence of a helix-loop-helix calcium-
binding motif called an EF-hand. Humans express three centrins, Centrin
1 (Cetn1) that is expressed in male germ cells, neurons, and other ciliated cells
and Centrin 2 (Cetn2) and Centrin 3 (Cetn3) that are more ubiquitously expressed
(Gavet et al. 2003; Hart et al. 1999; Middendorp et al. 1997; Wolfrum and Salisbury
1998). Centrins fall into two main subfamilies, one represented by budding yeast
Cell Division Cycle 31 protein (Cdc31p) that contains human Cetn3 and the other
represented by Chlamydomonas centrin that contains human Cetn1 and Cetn2
(Hodges et al. 2010; Vonderfecht et al. 2012). Centrins can be found associated
with centriolar structures in organisms as diverse as fungi (Baum et al. 1986), ciliates
including Tetrahymena thermophila (Vonderfecht et al. 2012) and Paramecium
tetraurelia (Jerka-Dziadosz et al. 2013), and vertebrates (Errabolu et al. 1994;
Middendorp et al. 2000; Paoletti et al. 1996), but are also found in the cytoplasm
and the nucleus, and have a variety of functions including roles in DNA repair
(Dantas et al. 2012; Klein and Nigg 2009; Thompson et al. 2006). While the bulk of
centrin in human somatic cells is cytoplasmic, Cetn2 is found in the distal lumen of
the centriole (Errabolu et al. 1994; Paoletti et al. 1996) and Cetn3 is found both at
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centrioles (Middendorp et al. 2000) and in the pericentriolar matrix (Baron et al.
1992). The two centrin families appear to play non-redundant roles at centrioles. In
Tetrahymena, the Cetn2 ortholog fails to complement a null allele of the Cetn3
ortholog (Vonderfecht et al. 2012), and overexpression of human Cetn2 can generate
excess centrioles (Yang et al. 2010), while Cetn3 antagonizes centriole over pro-
duction (Sawant et al. 2015). However, while early RNA interference approaches
suggested that Cetn2 was essential for centriole assembly (Salisbury et al. 2002),
several subsequent studies have shown that Cetn2 is dispensable for cartwheel
assembly (Kleylein-Sohn et al. 2007; Yang et al. 2010).

Interestingly, both Cetn2 and Cetn3 bind to the Mps1 protein kinase, and both are
Mps1 substrates in vitro (Yang et al. 2010). Three sites of in vitro phosphorylation
were identified in Cetn2: Threonine 45 (T45) and Threonine 47 (T47) lying in the
first EF hand and Threonine 118 (T118) lying in the third EF hand (Yang et al.
2010). Consistent with non-overlapping functions for Cetn2 and Cetn3, phosphor-
ylation of centrins by Mps1 is highly context dependent; Mps1 cannot phosphorylate
the third EF hand of Cetn3 even if it is mutated to a sequence identical to the third EF
hand in Cetn2 (Yang et al. 2010). Overexpression of Cetn2 can drive the production
of excess centrioles in a cell type-specific fashion, and mutation of any of three Mps1
phosphorylation sites in Cetn2 modulates the centriole overproduction phenotype
(Yang et al. 2010). However, while Mps1 phosphorylation at T118 is required for
incorporation of Cetn2 into centrioles (Dantas et al. 2013; Yang et al. 2010), we
found that depletion of Cetn2 caused at most a delay in centriole biogenesis (Yang
et al. 2010), supporting the suggestion that Cetn2 is not required for centriole
assembly.

17.3 Mps1: The David Banner of Canonical Centriole
Biogenesis, or The Hulk of Centrosome Amplification?

As mentioned above, centrosome duplication is exquisitely sensitive to the dosage of
centrosomal Mps1. The dosage of centrosomal Mps1 is controlled by the opposing
activities of oncogenes and tumor suppressors on a centrosome-specific Mps1
Degradation Signal (MDS) (Kasbek et al. 2007, 2009, 2010). The MDS is a binding
site for Ornithine Decarboxylase Antizyme (OAZ) (Kasbek et al. 2010), a tumor
suppressor that targets the centrosomal pool of Mps1 to the proteasome for degra-
dation. Cyclin A is an oncogene that is frequently overexpressed in breast cancers
(Coletta et al. 2004), and the Cyclin-dependent Kinase 2 (Cdk2)–Cyclin A complex
phosphorylates Mps1 at Threonine 468 (T468) within the MDS (Kasbek et al. 2007).
T468 phosphorylation blocks binding of OAZ to the MDS to allow accumulation of
a centrosomal pool of Mps1 (Kasbek et al. 2010). The tumor suppressor CDKN3
reverses this phosphorylation (Srinivas et al. 2015) to restore OAZ binding and
degradation of Mps1 specifically at centrosomes, thus restricting the level and
duration of this pool. Mps1 also contains a D-box that controls its Anaphase
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Promoting Complex/Cyclosome (APC/C)-dependent degradation. Signaling
through the Mitogen-activated Protein Kinase (MAPK) pathway leads to phosphor-
ylation of Mps1 at Serine 281 (S281), a site adjacent to the Mps1 D-box, and S281
phosphorylation prevents APC/C-dependent degradation of Mps1 in G1, leading to
elevated centrosomal Mps1 (Liu et al. 2013).

Initial studies of mouse Mps1 found that overexpression of the wild-type Mps1
protein was sufficient to cause centrosome re-duplication in NIH 3T3 cells (Fisk and
Winey 2001), but this same perturbation leads to a different result in human cells:
simply overexpressing wild-type Mps1 in human cells is not sufficient to increase
the centrosomal pool of Mps1 or cause centrosome re-duplication (Kasbek et al.
2007, 2009, 2010; Fisk et al. 2003), perhaps reflecting a tighter regulation of Mps1
degradation at centrosomes in human cells. However, while there are data suggesting
centrioles can be built in the absence of the reclusive and mild mannered Mps1, there
are consequences for making Mps1 angry: mimicking phosphorylation of Mps1 at
T468 or removing the MDS generates excess centrioles at physiological expression
levels in all human cells tested (Kasbek et al. 2009). Similarly, mimicking phos-
phorylation at S281 prevents the D-box dependent-degradation of Mps1, leading to
elevated centrosomal Mps1 and also causes centrosome re-duplication (Liu et al.
2013). Accordingly, a modest increase in the levels of Mps1 at centrosomes is
sufficient to cause the production of excess centrosomes in human cells.

The consequences of preventing Mps1 degradation are not limited to cultured
cells manipulated to express mutant proteins, as defects in Mps1 degradation are also
found in both tumor-derived cells and tumors (Kasbek et al. 2009; Liu et al. 2013).
The U2OS osteosarcoma-derived cell line expresses Mps1Δ12/13, a version of Mps1
that lacks exons 12 and 13 that include the MDS (Kasbek et al. 2009). U2OS cells
retain both the expression of wild-type Mps1 and the ability to degrade endogenous
and exogenous wild-type Mps1. However, Mps1Δ12/13 cannot bind to OAZ (Kasbek
et al. 2010), accumulates at centrosomes even in the absence of Cdk2 activity
(Kasbek et al. 2007), and causes centrosome re-duplication when expressed at
physiological levels in other human cell lines (Kasbek et al. 2009). Mps1 degrada-
tion is also defective in the 21T series of breast cell lines (Kasbek et al. 2009), a
series of several cell lines derived from the normal and malignant breast tissue of the
same patient (Band et al. 1990; Band and Sager 1991). In contrast to U2OS cells,
exogenously expressed wild-type Mps1 cannot be appropriately degraded in the
absence of Cdk2 activity in the tumor-derived cells of the 21T series (Kasbek et al.
2009), suggesting that these cells harbor a defect in one of the proteins that control
Mps1 degradation (several of which are tumor suppressors, as discussed above).
Moreover, Mps1T468A (which cannot be phosphorylated by Cdk2 and is constitu-
tively degraded at centrosomes in other cell lines (Kasbek et al. 2007)) accumulates
at centrosomes and enhances centrosome re-duplication in the tumor-derived cells of
the 21T series (Kasbek et al. 2009). Because Mps1 is degraded appropriately in a
21T series cell line isolated from normal breast tissue, the defect in Mps1 degrada-
tion in the tumor-derived cells in this series correlates not only with their ability to
generate excess centrosomes, but also with tumorigenesis. While the observations
discussed above were made in tumor-derived cells, and not directly in tumors,
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expression of the B-RAFV600E oncogene removes Mps1 from its control by the
MAPK signaling pathway in tumors, as evidenced by increased S281 phosphoryla-
tion in melanoma tumor samples (Liu et al. 2013).

17.3.1 Does Dispensable Mean Unimportant?

Centrosomal Mps1 substrates include the centrins Cetn2 and Cetn3 (Yang et al.
2010; Sawant et al. 2015), and Mps1 promotes the incorporation of Cetn2 into
centrioles. Cetn3 inhibits Mps1 activity at centrosomes, preventing the recruitment
of Cetn2 to centrioles (Sawant et al. 2015), and this effect is bypassed by mimicking
phosphorylation of Cetn2 by Mps1 (Sawant et al. 2015). So far, so dispensable; a
kinase that is potentially dispensable for centriole biogenesis regulates two centrins
that are clearly dispensable for centriole biogenesis. However, while this Mps1–
centrin network may prove dispensable for building a centriole, it is nonetheless of
critical importance, because perturbing the network generates excess centrioles:
preventing Mps1 degradation generates excess centrioles, as does depletion of
Cetn3 (Sawant et al. 2015), overexpression of Cetn2, or expression of Cetn2T118D

(Yang et al. 2010), and in each case the centrin-dependent production of excess
centrioles requires Mps1. Moreover, the impact of Mps1 on centriole overproduction
is not limited to its influence on centrins. Mps1Δ12/13 can generate excess Sas6-
containing structures in Cetn2-depleted cells (Yang et al. 2010), suggesting that
Mps1 has a centrin-independent function at centrosomes. Consistent with this
suggestion, overexpression of the catalytically inactive Mps1 kinase dead
(Mps1KD) leads to a novel defect in Sas6 assembly wherein cells possess a single
Sas6 focus (Kasbek et al. 2010) (as opposed to the zero or two foci normally
observed). To us, when perturbing one player (Mps1) makes consequential impacts
on an essential factor (Sas6) and universally generates excess centrioles, and that
player is misregulated in both tumor-derived cells and tumors, it seems unproductive
to argue about whether that player is essential. Such a player must be doing
something interesting, and it seems more important to understand what it does
when all players are present and accounted for in order to understand how and
why it generates excess centrosomes in tumor cells. Why might Mps1 be dispensable
for making centrioles when its misregulation wreaks havoc with centrosomes? We
do not know—but we believe the centrosomal function of Mps1 is worthy of study,
whether that function is essential or not.
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17.4 Cell Signaling, Centrosomes, Dispensable Factors,
and Cancer

Regardless of the importance of Mps1 in the canonical centriole replication pathway,
defects in the control of centrosomal Mps1 unequivocally generate excess centrioles,
a phenotype that is associated with many tumors. The signaling pathways that
promote proliferation ultimately activate Cdk2. Cdk2 activation has been linked to
centrosome amplification (Godinho and Pellman 2014), and can result from loss of
inhibitory Cdk2 phosphorylation (Zhao et al. 2012), expression of a non-degradable
mutant of the Cdk activator Cdc25A (Shreeram et al. 2008), or loss of the Cyclin-
dependent Kinase Inhibitor (CKI) p21Cip1 (Mantel et al. 1999). Cdk2 activation can
also be achieved by misregulation of its partner cyclins. Overexpression of Cyclin E
leads to premature initiation of centriole replication and centrosome amplification
(Kawamura et al. 2004; Saavedra et al. 2003), at least in part through its ability to
direct Cdk2-dependent phosphorylation of the centrosome duplication inhibitor
Nucleophosmin/B23 (Tarapore et al. 2001, 2006). Cyclin A levels are often
increased in breast tumors (Coletta et al. 2004) where excess centrosomes are
prevalent (Lingle et al. 2002), and Cyclin A overexpression promotes Cdk2-
dependent phosphorylation of Mps1 that prevents the degradation of Mps1 at
centrosomes and causes centrosome re-duplication (Kasbek et al. 2007).

Because centrosomal Mps1 is controlled by Cdk2, Mps1 must also be responsive
to the signaling pathways that are defective in cancers, and signaling events that
promote passage through the restriction point should also lead to stabilization of the
centrosomal pool of Mps1. The following discussion is not meant to be inclusive of
the signaling events that can result in centrosome amplification, much less those that
are defective in cancer. Rather, our aim is to illustrate that a centrosomal factor can
profoundly impact centrosomes in cancer cells even if an essential role for that factor
has not been established.

17.4.1 Mps1 and MAPK Signaling

The MAPK signaling pathway controls various processes, notably including prolif-
eration, differentiation, growth, and apoptosis. Canonical MAPK signaling is initi-
ated by mitogens, which bind to and activate transmembrane receptors that stimulate
Rat Sarcoma Viral Oncogene Homolog (RAS), and activated RAS stimulates one of
several RAS Effector (RAF) proteins. In the MAPK pathway, a RAF protein kinase
activates a Mitogen-activated Protein Kinase Kinase (MAPK2, more commonly
known as MEK); MEK in turn activates the Mitogen-activated Protein Kinase
(MAPK1, more commonly known as ERK); and activated ERK can translocate to
the nucleus where it can stimulate transcription of cell cycle regulators. The MAPK
signaling cascade is subject to a high rate of mutation in many cancers, and is
perhaps most heavily mutated in melanomas. Mutations can be found in nearly all
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components of the pathway, but RAS and B-RAF mutations are the most common,
with RAS being mutated in 15–20% of melanomas, and B-RAF being mutated in
60–70% of melanomas (Davies et al. 2002). B-RAF mutations almost exclusively
occur in the kinase domain and increase the activity of the protein. One such
mutation, B-RAFV600E, renders B-RAF constitutively active in the absence of
RAS activity. Because B-RAFV600E is activated independently of RAS, it also
escapes feedback inhibition that normally occurs upon activation of ERK (Freeman
et al. 2013; Davies et al. 2002). Of the human melanomas that contain B-RAF
mutations, 90% harbor B-RAFV600E (Davies et al. 2002).

Several B-RAFV600E-responsive phosphorylation sites were identified within
Mps1, two of which (S281 and T436) regulate the centrosomal pool of Mps1 (Liu
et al. 2013). S281 lies next to the Mps1 D-box, and S281 phosphorylation prevents
the APC/C-dependent degradation of Mps1 (Liu et al. 2013). T436 lies within exons
12 and 13 that encode the MDS. A mutant Mps1 where both S281 and T436 have
been mutated to glutamic acid prevents the OAZ-dependent degradation of Mps1 at
centrosomes, increasing centrosomal Mps1 levels, and causing centrosome
re-duplication (Liu et al. 2013). Importantly, expression of B-RAFV600E leads to
increased phosphorylation of Mps1, increased centrosomal Mps1 levels, and Mps1-
dependent centrosome re-duplication. Moreover, S281 phosphorylation is increased
in B-RAFV600E-expressing human melanomas where it correlates with both excess
centrosomes and poor prognosis (Liu et al. 2013). Given that S281 and T436 were
identified as sites of Mps1 phosphorylation that were lost upon treatment with a
MEK inhibitor (Liu et al. 2013), an interesting open question is whether they are
phosphorylated by B-RAF or ERK. Their loss in response to inhibition of MEK, the
kinase immediately downstream of B-RAF, suggests that activated ERK may be
responsible for phosphorylating Mps1.

17.4.2 MAPK Signaling and Cdk2

The canonical view of MAPK signaling is that ERK activation promotes expression
of cell cycle genes, ultimately leading to Cdk2 activation. However, the MAPK
pathway makes several additional inputs into Cdk2 activation. B-RAFV600E also
contributes to activation of Cdk2 by negatively regulating Cyclin-dependent Kinase
Inhibitor 1A (CDKN1A) (Jalili et al. 2012) and Cyclin-dependent Kinase Inhibitor
1B (CDKN1B) (Bhatt et al. 2005, 2007). CDKN1A expression is decreased in many
melanomas, and levels of the CDKN1A protein (also know as p21Cip1) are reduced
in metastatic tumors compared to primary tumors (Maelandsmo et al. 1996; Gray-
Schopfer et al. 2006). B-RAFV600E also suppresses expression of CDKN1B (also
known as p27Kip1), which can be rescued by B-RAFV600E knockdown or MAPK
inhibitors (Bhatt et al. 2005, 2007), and Cdk2 activity is decreased upon treatment of
melanoma cells with a MEK inhibitor (Kortylewski et al. 2001). This suggests that
the MAPK signaling pathway makes several inputs into Mps1 stability; it has a
primary role in promoting phosphorylation of Mps1 at S281 and T436; it has a
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secondary role in stimulating transcription of genes that drive the cell through the
restriction point, leading to activation of Cdk2 that phosphorylates Mps1 at T468;
and it plays a tertiary role by removing activity of important CKIs to increase the
duration and extent of Cdk2 activation. Thus, while we may not fully understand the
role of Mps1 in the canonical centriole biogenesis pathway, Mps1 is a target of the
MAPK signaling pathway, and the defects in this signaling and Mps1 degradation
are likely to contribute to the production of excess centrosomes in tumor cells. This
centrosome amplification is thus likely to involve the Mps1 substrate Cetn2, whose
overexpression or mutation can also generate excess centrosomes. Accordingly,
while the Mps1–centrin network may be dispensable for the canonical centriole
biogenesis pathway, these data suggest proteins that seem unimportant in normal
cells may be the very proteins that can break the regulation of centrosome duplica-
tion to generate the extra centrosomes in a variety of cancers.

17.5 Modularity in the Centriole Biogenesis Pathway

Despite data suggesting that Mps1 and centrin may not be required to assemble
centrioles, perturbations of Mps1, Cetn2, or Cetn3 generate excess centrioles. The
precise details of Mps1- and centrin-dependent centriole overproduction previously
led us to hypothesize that centriole biogenesis is a modular process (Pike and Fisk
2011). Preventing the degradation of centrosomal Mps1 leads to excess Sas6-
containing centrioles, even in the absence of Cetn2, while Mps1KD produces a
novel phenotype wherein some cells have a single focus of Sas6 rather than the two
Sas6 foci indicative of proper cartwheel assembly. Expression of Cetn2T118D also
generates excess Sas6-containing centrioles, and their appearance requires both
Mps1 and Sas6. However, overexpression of wild-type Cetn2 can generate excess
centrioles whose appearance is dependent on Mps1 but does not require Sas6. These
observations suggest that Mps1 acts at multiple points in the assembly process,
performing a centrin-independent function that promotes cartwheel assembly and a
centrin-dependent function that promotes assembly of distal centriole elements even
in the absence of cartwheels.

The centriolar phenotype of cells overexpressing wild-type Cetn2 is key to our
suggestion of modularity in centriole biogenesis. Overexpressing wild-type Cetn2
results in the production of just one or two extra centrioles in roughly 50% of cells.
However, while this effect is somewhat modest, it is remarkable that it is unaffected
by depletion of the cartwheel protein Sas6 (Yang et al. 2010). Yet these centrioles
are functional in that they can recruit gamma-Tubulin and serve as mitotic spindle
poles, and contain many other centriole proteins—often including Sas6. Moreover,
EM analysis showed that many of the excess centrioles are structurally aberrant,
lacking the cylindrical organization and radial symmetry typical of centrioles,
consistent with having been assembled at sites other than cartwheels (Yang et al.
2010). This observation forms the basis of our hypothesis that centriole biogenesis is
a modular process (Fig. 17.3). In essence, we believe our results with Cetn2
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overexpression support the notion that centrioles are normally assembled by addition
of modules from the bottom up, but that perturbations at specific points in the
pathway can disrupt the coordination between modules, allowing modules normally
added late in the process to be assembled out of order and/or without assembly of
previous modules.

Our vision of the canonical centriole biogenesis pathway is that centrioles are
normally assembled from the bottom up in a modular fashion akin to assembly of a
prefabricated building. The construction site is prepared first, a foundation is built on
that site, walls are erected and affixed to the foundation, and a roof is affixed to the
walls. In centriole biogenesis, Cep152/Plk4/STIL prepare the site of assembly, the
cartwheel is the foundation onto which the rest of the centriole will be assembled,
centriolar microtubules represent the walls, and components in the distal lumen such
as Cetn2 represent the roof. This view is of course overly simplistic, and there are
clearly additional modules between each of these steps. However, the analogy seems
useful, particularly when considering dysfunction. Specifically, modularity suggests
that modules can be assembled independently. Failure to properly coordinate assem-
bly events for a prefabricated building might produce a building that maintains some
aspects of functionality, yet is assembled in the wrong place and is defective in form.
We suggest that overexpression of Cetn2 does just that by disrupting coordination
between modules. Given that Cetn2 is normally found in the distal lumen of a
centriole, we suggest that overexpression of Cetn2 could stabilize distal centriole
modules in the absence of proximal modules in a top-down assembly process. The

Sas6

Deregulated Mps1/Cent2:Mps1KD

Modular Assembly:

assembly at non-cartwheel sitescartwheel defect

Cep152,
Plk4, etc.

Fig. 17.3 Modularity in centriole biogenesis. The top panel illustrates hypothetical elements in the
proposed modular centriole biogenesis pathway, including definition of the assembly site by
Cep152-Cep192/Plk4/STIL (gray), assembly of cartwheels driven by Sas6 (red), formation of
centriolar microtubules, and incorporation of Cetn2 (green). The catalytically inactive Mps1KD
generates an interesting defect in cartwheel assembly where some cells have a single Sas6 focus
rather than two that are normally present after initiation of centriole biogenesis. We propose that
defective signaling in cancer cells over stimulates the Mps1–centrin network, which in turn
uncouples the events of centriole assembly so that downstream centriole modules are assembled in
the absence of cartwheels
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resulting centrioles retain some aspects of functionality but are defective in form
because they were not assembled using a cartwheel as a guide. While we have used
Mps1 and centrins to illustrate these ideas, it seems likely that there are many other
perturbations that could disrupt coordination between modules in centriole
biogenesis.

17.6 Non-essential Factors May Break the Canonical
Process in Interesting Ways

The semi-conservative replication of centrioles is critical, because the presence of
anything other than two centrosomes leads to the assembly of aberrant mitotic
spindles. However, how the various centriole biogenesis mechanisms contribute to
the production of excess centrosomes has not been established. Based on our
observations, we suggest that the assembly of excess centrosomes in tumors may
not be the result of simple over-execution or inappropriate re-execution of the
canonical centriole biogenesis pathway. Rather, we suggest that a breakdown in
the coordination of the events in a modular centriole assembly pathway might lead to
the aberrant assembly of downstream modules at inappropriate sites. Such a mech-
anism could result in centrioles that are structurally aberrant and/or incomplete, but
can nonetheless function in mitotic spindle organization—such as those seen in cells
overexpressing Cetn2. Because cartwheels may form in the centriole lumen (Fong
et al. 2014), these structurally aberrant centrioles may themselves further exacerbate
the uncoupling if they lack the characteristic cylindrical structure and/or radial
symmetry required to serve as templates for cartwheel assembly in subsequent cell
cycles.

Finally, we suggest that factors for which an essential role in the canonical
centriole biogenesis pathway is difficult to establish may take on a greater impor-
tance in cancer cells, specifically because they regulate coordination between cen-
triole modules. This may be particularly true for factors like Mps1 that are directly
responsive to upstream signaling events. Perhaps such factors are tied to signaling
events precisely to instill order and dependency in this critical process. However,
when it is the signaling events meant to enforce order and dependency that are
broken, events that are meant to be staged may occur at the wrong time and at the
wrong place, resulting in structures that are defective in some aspects of form, yet
retain some aspects of function. For example, constitutive MAPK signaling and/or
constitutive BRAF activity in cells expressing B-RAFV600E leads to continuous
suppression of Mps1 degradation by both the APC/C- and OAZ-dependent path-
ways. This could lead to a change in the timing of Mps1-dependent events relative to
other events in centriole biogenesis, which could in turn promote the iniation
of downstream centriole modules before earlier modules have been completed.

While we maintain that the impact of Mps1 on the essential cartwheel protein
Sas6 strongly suggests that Mps1 has some role in canonical centriole biogenesis,
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perhaps other factors are dispensable for building a centriole because they contribute
not to the structure of the new centriole but to the coordination of the events in its
assembly. In some cases the uncoupling of centriole modules may be a neomorphic
effect of a protein that normally has no role at centrosomes. However, it seems more
likely that factors that can uncouple the process are those that are normally involved
in its coordination. For example, Mps1 is found at centrosomes during canonical
centriole biogenesis (Fisk et al. 2003; Kasbek et al. 2007; Majumder et al. 2012;
Sawant et al. 2015; Marquardt et al. 2016), and non-degradable Mps1 mutants
generate excess centrioles at physiological expression levels (Kasbek et al. 2009).
This suggests that the effects observed in cancer cells reflect the function of Mps1 in
a normal cell cycle, even if centrioles can be assembled in the absence of Mps1.
Similarly, Cetn2 is targeted to the lumen of the distal end of the centriole (Errabolu
et al. 1994; Paoletti et al. 1996) in a late step in the canonical centriole biogenesis
pathway. Accordingly, it seems reasonable that the ability of Cetn2 to promote
assembly of centrioles at sites other than cartwheels is a reflection of its normal
structural contribution to centrioles, even if that contribution is not well understood
and is not required to build a centriole. Moreover, the interactions betweenMps1 and
centrins suggest that the broken signaling events in cancer cells may have synergistic
effects on the uncoupling of centriole modules. Defective MAPK signaling impacts
Mps1 directly through S281 phosphorylation and indirectly by activating Cdk2 that
promotes T468 phosphorylation. Thus, by stabilizing Mps1 signaling defects will
also indirectly impact Cetn2, which itself is capable of disrupting coordination of
centriole biogenesis. Accordingly, the effects of altered signaling may disrupt the
coordination at multiple points that synergize to produce robust overproduction of
centrioles that does not proceed by the normally staged bottom-up assembly process.

17.7 Conclusions

Centriole biogenesis is a tightly regulated process that is critical for the maintenance
of genomic integrity. We suggest that the canonical centriole biogenesis pathway is a
modular process akin to assembly of a building; the site of assembly is first identified
and prepared, a foundation is assembled on that site, and sequential modules (floors,
walls, ceilings, roof) are added in a specific order to yield a completed structure with
a specific form and function. In centriole biogenesis, the corresponding events are
definition of the site of assembly on the surface of an existing centriole by Cep152/
Plk4/STIL, assembly or tethering of a cartwheel at this site, construction and
elongation of centriolar microtubules, and addition of distal centriole elements
such as Cetn2 that reside in the centriole lumen. The data that led us to this notion
of a modular assembly process come from observations on perturbations of Mps1
and centrins that disrupt the process in interesting ways. Here, we extend our
thoughts on modular centriole biogenesis to suggest that the extra centrosomes
observed in cancer are the result of the failure to properly couple assembly of late
modules to completion of early modules. Walls can be attached to a roof hanging
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from a crane in a reversal of the normal building process. Without a foundation, such
a building will surely be defective in its overall structure, even though it will likely
keep its contents dry. Similarly, assembly and/or stabilization of later centriole
modules independently of earlier modules could generate centrioles that are struc-
turally aberrant yet retain their ability to function in microtubule nucleation and thus
disrupt spindle assembly, as is seen in cells overexpressing Cetn2. In addition, we
suggest that factors that appear to have non-essential roles in canonical centriole
biogenesis may become important in cancer cells because they can act to disrupt the
normal coordination between centriole modules. For example, Cetn2 is added to
centrioles late in the canonical pathway, yet its overexpression can promote the
assembly of structurally aberrant centrioles whose assembly does not require cart-
wheels. Finally, we suggest that factors like Mps1 that are responsive to cell
signaling events take on greater importance in cancer cells where those signaling
events are misregulated.
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Chapter 18
Centrosome Amplification
and Tumorigenesis: Cause or Effect?

Arunabha Bose and Sorab N. Dalal

Abstract Centrosome amplification is a feature of multiple tumour types and has
been postulated to contribute to both tumour initiation and tumour progression. This
chapter focuses on the mechanisms by which an increase in centrosome number
might lead to an increase or decrease in tumour progression and the role of proteins
that regulate centrosome number in driving tumorigenesis.
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AKAP450 A-kinase-anchoring protein 450
cdc25C Cell division cycle 25C
CDK Cyclin-dependent kinase
CDK5RAP2 CDK5 regulatory Subunit-associated protein 2
CENP-E CENtrosome-associated Protein E
Cep Centrosomal protein
CLIP-70 Cytoplasmic LInker Protein 170
C-NAP1 Centrosomal Nek2-associated Protein 1
CP110 Centriolar coiled-coil Protein of 110 kDa
CPAP Centrosomal P4.1-associated Protein
EGFR Epidermal growth factor receptor
FBF1 Fas-binding factor 1
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protein 1

A. Bose · S. N. Dalal (*)
KS215, Advanced Centre for Treatment Research and Education in Cancer (ACTREC), Tata
Memorial Centre, Navi Mumbai, Maharashtra, India

Homi Bhabha National Institute, Mumbai, Maharashtra, India
e-mail: sdalal@actrec.gov.in

© Springer Nature Switzerland AG 2019
M. Kloc (ed.), The Golgi Apparatus and Centriole, Results and Problems in Cell
Differentiation 67, https://doi.org/10.1007/978-3-030-23173-6_18

413

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-23173-6_18&domain=pdf
mailto:sdalal@actrec.gov.in


ODF2 Outer dense fiber protein 2
SAS-6 Spindle assembly abnormal protein 6
SCLT1 Sodium channel and clathrin linker 1
SMC3 Structural maintenance of chromosomes protein 3
STIL SCL interrupting locus protein
TACC2 Transforming acidic coiled-coil-containing protein 2
TRF1 Telomeric repeat-binding factor 1

18.1 Introduction

The cell cycle is a carefully orchestrated process that leads to the accurate segrega-
tion of chromosomes into two daughter cells (Malumbres and Barbacid 2007).
Accurate genome segregation is accomplished by aligning the paired sister chroma-
tids along the metaphase plate and attachment of the sister chromatids to the mitotic
spindle (Reber and Hyman 2015; Walczak and Heald 2008). Following attachment
to the spindle, the sister chromatids are ‘pulled’ apart by forces generated by spindle
microtubules that originate from the two poles. Nucleation of the microtubules at the
two poles, such that they are organized into a spindle, is mediated by a cellular
organelle, called the centrosome (Fu et al. 2016).

The centrosome is a membrane-less organelle, which is the primary microtubule
organizing centre (MTOC) in most eukaryotic cells. Its ability to organize microtu-
bules results in it being essential for multiple cellular functions including the
generation of the mitotic spindle, regulation of cell cycle progression, the biogenesis
of and signalling from cilia, the determination of cell fate, cellular trafficking and the
generation of an effective immune response (Arquint et al. 2014; Reina and
Gonzalez 2014; Rios 2014; Stinchcombe and Griffiths 2014). Each centrosome
consists of a pair of centrioles surrounded by an amorphous structure called the
pericentriolar matrix (Luders 2012) (Fig. 18.1). The two centrioles are arranged
orthogonally, and each centriole is organized in a typical 9+3 structure, which
alludes to the nine sets of triplet microtubules arranged around a central cartwheel
(Gonczy 2012). This cartwheel consists of a hub and radial spokes which are made
of nine homodimers of Sas-6 (Kitagawa et al. 2011). The spokes emanating from the
hub bind to the first microtubule of each triplet through an interaction between
Cep135 and the first microtubule of the triplet (Guichard et al. 2017).

In human cells, a mature centriole is a cylinder, ~450 nm in length, with inner and
outer diameters of ~130 nm and ~250 nm, respectively (Winey and O’Toole 2014).
The centriole is said to have a polarized structure, with a proximal end (the base), and
a distal end (the tip). The two centrioles in the centrosome are a mother centriole,
which is inherited from the previous cell cycle, and a daughter centriole, whose
synthesis is initiated in the current cell cycle during S phase (Fu et al. 2015). The
mother centriole can be distinguished from the daughter centriole, by the presence of
distal and sub-distal appendages (Fig. 18.1). The distal appendage proteins such as
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Cep164, Cep83 and SCLT1 are required to help dock the centrioles at the cell
membrane during the formation of cilia (Tanos et al. 2013). Sub-distal appendages
are made of proteins such as ninein, Cep170 and centriolin (Jana et al. 2014), and
these are associated with nucleating and anchoring microtubules, which contribute to
the organization of the mitotic spindle (Piel et al. 2000).

The microtubule organization function of the centrosome is dependent on the
presence of the pericentriolar matrix (PCM). The PCM is a multi-protein amorphous
structure and contains proteins such as γ-tubulin, Pericentrin, CDK5RAP2, CPAP,
AKAP450, TACC2, Cep192 and Cep152 (Dictenberg et al. 1998; Gergely et al.
2000; Gomez-Ferreria et al. 2007; Keryer et al. 2003; Woodruff et al. 2014). On the
basis of experiments in different model systems, the current consensus is that
initially, a scaffold of proteins such as Cep192, Cep152, Pericentrin and
CDK5RAP2 is formed around the paired centrioles (Hatch et al. 2010; Keryer
et al. 2003). The activity of kinases such as polo-like kinase-1 (Plk1) and Aurora
A stimulates the recruitment of γ-tubulin, TACC2 and other effector proteins to this
ring (Gergely et al. 2000; Hannak et al. 2001; Kong et al. 2014). γ-tubulin forms a
complex with GCP proteins to form γ-tubulin ring complexes (γ-TURCs), which are
required for nucleating microtubules.

PCM

Distal appendages

Sub-distal
appendages

Mother
centriole

Daughter
centriole

Fig. 18.1 The centrosome. A centrosome consists of a pair of centrioles (represented here in blue
and green). The two centrioles differ in age, with one being the mother centriole (in blue) and the
other, the daughter (in green). The mother centriole is identified by the presence of distal and
sub-distal appendages (red). This centriolar pair is surrounded by an ordered matrix of proteins
called the pericentriolar matrix (PCM) (in pink). The PCM contributes towards the nucleation of
microtubules and spindle assembly
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18.2 The Centrosome Cycle

The canonical centrosome duplication cycle is synchronized with the DNA replica-
tion cycle, thereby ensuring accurate segregation of the genetic material to the two
daughter cells. The centrosome duplication cycle consists of four different phases:
(1) Disengagement, (2) Duplication, (3) Maturation and (4) Separation (Fig. 18.2).
The four steps are discussed below.

Separation

Disengagement

Duplication

Elongation and maturation M

S

G1G2

Fig. 18.2 The centrosome cycle. Each daughter cell inherits one centrosome post-mitosis from the
mother cell, which consists of two orthogonally arranged centrioles, a mother and daughter
centriole. In cycling cells during G1, a new centrosome duplication cycle is initiated by the
disengagement of the two centrioles, during G1, which results in a loss of their orthogonal
conformation and triggers pro-centriole biogenesis. The two centrioles are now held together by a
proteinaceous linker, called the G1-G2 tether. During S phase, the newly formed pro-centrioles are
attached to their respective mother centriole, at their proximal end, by the S-M linker. As the cell
enters G2, the newly formed pro-centrioles elongate and the new mother centriole matures, so as to
be able to nucleate microtubules. As the cell enters mitosis, the G1-G2 tether is degraded and the
two centrosomes separate to organize each end of the mitotic spindle. If a cell withdraws from cycle
and enters G0, the disengaged centrioles can also participate in the formation of cilia, where the
mother centriole is attached to the plasma membrane via distal appendages
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18.2.1 Disengagement

From the beginning of the S phase to the onset of mitosis, each mother centriole and
its corresponding daughter centriole are orthogonally attached to each other via an
S-M linker (Nigg and Stearns 2011). This orthogonal arrangement of the two
centrioles is referred to as centriole engagement. The exact composition of the
S-M linker has not yet been elucidated; however, studies from Drosophila sper-
matocytes suggest that Sas proteins might be a part of this linker (Stevens et al.
2010). As a cell exits mitosis, the orthogonal arrangement of centrioles in each
mature centrosome in the daughter cells is disrupted by proteins such as Separase
and Plk1, resulting in the degradation of the S-M linker (Tsou et al. 2009). Loss of
the S-M linker and establishment of a G1-G2 tether between the two centrioles
serves as a licensing event for the initiation of centrosome duplication. Inhibition of
Plk1 activity using the small-molecule BI2536 inhibits centriole disengagement
during late G2 or early mitosis (Tsou et al. 2009). Knockdown experiments in
HeLa cells have demonstrated that cleavage of Pericentrin by Separase, during
anaphase onset, leads to its dissociation from the centrosome, and thus, disengage-
ment (Matsuo et al. 2012). Separase is active only during anaphase onset, and this
ensures that centriole duplication occurs only once during the cell cycle (Tsou et al.
2009). Once the centrioles are ‘disengaged’, they are licensed for the initiation of
centriole duplication.

An additional event required for disengagement is the phosphorylation of
Nucleophosmin 1 (NPM1) by cyclin-dependent kinases. Phosphorylation of
NPM1 at a threonine residue at position 199 by CDK2 or CDK1 results in dissoci-
ation of NPM1 from the centrosome, thus licensing the centrosome for duplication
(Okuda et al. 2000; Peter et al. 1990). Expression of a phospho-deficient mutant of
NPM1 (T199A) has been demonstrated to inhibit centrosome duplication
(Tokuyama et al. 2001) while a phospho-mimetic mutant (T199D) promotes cen-
trosome amplification (Mukhopadhyay et al. 2016). Further, NPM1 has been dem-
onstrated to localize between the paired centrioles of unduplicated centrosomes
(Shinmura et al. 2005). Plk1 phosphorylates NPM1 at Ser-4, and inhibition of this
phosphorylation results in mitotic defects such as abnormal centrosome number and
the presence of fragmented nuclei in these cells (Zhang et al. 2004b).

Loss of the orthogonal configuration is not the only licensing event for centriolar
duplication (Engle et al. 2008; Gottardo et al. 2014; Shukla et al. 2015), and another
factor that governs competency for duplication is the distance between the mother
and the daughter centrioles. Plk1 can promote maturation and distancing of the
orthogonally arranged daughter centriole, leading to reduplication of the mother
centriole (Shukla et al. 2015). Further, another event that occurs during the disen-
gagement process is termed ‘centriole to centrosome conversion’. It is essential for
the newly formed daughter centriole to become duplication competent and for it to
able to function as an MTOC. In vertebrates, this begins with the initial loss of the
central cartwheel, which is mediated by CDK1 activity (Arquint and Nigg 2014). An
increase in Plk1 activity ‘modifies’ the daughter centriole inherited from the mother

18 Centrosome Amplification and Tumorigenesis: Cause or Effect? 417



cell and stabilization of the cartwheel-less centriole occurs via its recruitment of
Cep295 (Izquierdo et al. 2014). Cep152 and Cep192 are further acquired by the
daughter centriole, and the centriole is now competent for duplication and can
mature to form the new mother centriole (Hatch et al. 2010; Kim et al. 2013;
Wang et al. 2011).

18.2.2 Duplication

Following disengagement, in each cell, there is exactly one mother centriole linked
to a daughter centriole via a proteinaceous linker called the G1-G2 tether. The
disengaged centrioles are now licensed for duplication (Wang et al. 2011). When
cells enter S phase, exactly one pro-centriole must form adjacent to each of the
pre-existing centrioles. This process is regulated by proteins such as Plk4 (polo-like
kinase 4), Cep192, Cep152, STIL, SAS6 and CDK2. Initially, Cep152 and Cep192
act as scaffolding proteins that recruit Plk4 to the mother centriole (Kim et al. 2013).
This results in the ring-like organization of Plk4 around the mother centriole as
observed by super-resolution microscopy (Dzhindzhev et al. 2017; Ohta et al. 2018).
Plk4 initiates centriole duplication by first marking the site of daughter centriole
assembly which is dependent on the interaction between Plk4 and STIL (Ohta et al.
2018; Sonnen et al. 2012). STIL is recruited to the centriole by Cep85 (Liu et al.
2018) and upon recruitment to the mother centriole, STIL further activates and
stabilizes Plk4 (Ohta et al. 2018). After recruitment of Plk4 and STIL marks the
site of pro-centriole formation, SAS6 localizes to the same site and initiates
pro-centriole assembly by assembling into higher order oligomers (Nakazawa
et al. 2007). SAS6 oligomerization is the building block for the ninefold symmetrical
centriole. Gorab, a trans-golgi protein, interacts with Sas6 and contributes to the
establishment of the ninefold symmetry of the centriole and to centriole duplication
in Drosophila (Kovacs et al. 2018).

Plk4 is initially observed as a ring around the mother centriole, and this ring
coalesces into a single spot (Dzhindzhev et al. 2017; Ohta et al. 2018). Several
attempts have been made to understand how this transition might occur and how it
might regulate centrosome duplication. Currently, there are two proposed models for
how the transition occurs. According to a biophysical model proposed by Leda et al.
(2018), the activity of Plk4 is dynamic and transiently peaks at several points around
the mother centriole. It has been demonstrated previously that complex formation
between Plk4 and its substrate, STIL, stabilizes active Plk4 (Moyer et al. 2015). The
Plk4–STIL complex could be retained at the centriole due to the binding of STIL to
other components of the centriole. This model predicts that there could be multiple
points within the ring surrounding the mother centriole, at which this Plk4–STIL
complex is stabilized. An exchange of the Plk4–STIL complex occurs between the
mother centriole and the cytoplasm, which determines the concentration of the
complex at any point. Initially, there is a concentration-based competition between
all the Plk4–STIL complexes. The cluster with the highest concentration of Plk4–
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STIL is predicted to mark the site of new centriole formation (Leda et al. 2018). The
second model suggests that first, Plk4 self-assembles into a ring around the mother
centriole. Both inactive and active forms of Plk4 coexist at the centriole. Once it is
recruited to the centriole, due to the ability of Plk4 to both laterally inhibit
neighbouring molecules of Plk4 and undergo auto-activation, there is a localized
increase in Plk4 activity at some points in the ring around the mother centriole. This
localized activity is enhanced by complex formation of Plk4 with STIL and SAS6,
thus leading to the formation of a single pro-centriole (Takao et al. 2018; Yamamoto
and Kitagawa 2018). The formation of the new pro-centriole adjacent to each mother
centriole results in the re-establishment of the S-M linker (Nigg and Stearns 2011).

18.2.3 Elongation and Maturation

During late S to G2, once Plk4 has marked the site of pro-centriole biogenesis,
centriole elongation is stimulated by proteins such as CPAP, CP110 and SAS6, all of
whom play important roles in this process (Kleylein-Sohn et al. 2007). SAS6, the
ninefold symmetrical cartwheel protein, acts as a scaffold around which microtu-
bules are assembled (Nakazawa et al. 2007). CPAP is a tubulin dimer-binding
capping protein that, along with CP110, promotes microtubule assembly and con-
trols centriolar length (Tang et al. 2009). It has been postulated that Cep135 links
SAS6 with CPAP and the microtubule triplet (Lin et al. 2013). Centrin and hPOC5
localize to the distal lumen of centrioles and are essential for elongation at the distal
end (Azimzadeh et al. 2009).

Elongation of the pro-centrioles is accompanied by expansion of the PCM.
According to one model, Pericentrin recruits the Cep192-Plk1-Aurora A kinase
complex to the centrosome. Plk1 has been demonstrated to trigger the accumulation
of the scaffolding protein, Cep192 (Joukov et al. 2014). Plk1 phosphorylates
Cep192, which creates attachment sites for γ-TURCs (Joukov et al. 2014). Plk1
activity also recruits Cep215, a PCM protein, to the two centrosomes (Haren et al.
2009). It is postulated that Aurora A kinase, in conjunction with Plk1, phosphory-
lates components of the γ-TURCs, thus making them competent for the recruitment
of microtubules. Experiments in C. elegans and D. melanogaster have demonstrated
that loss of Aurora A leads to defects in centrosome maturation, with a reduction in
the accumulation of α-tubulin and γ-tubulin at the centrosome (Berdnik and
Knoblich 2002; Hannak et al. 2001). This step is essential to ensure that the four
centrioles are able to function as two competent MTOCs. Centriole maturation also
involves the acquisition of distal and sub-distal appendages by the newly formed
mother centriole. Centriole maturation begins with the recruitment of ODF2 as a
sub-distal appendage (Ishikawa et al. 2005). Ninein and Cep170 also function as
sub-distal appendages and bind microtubules (Mogensen et al. 2000). Distal append-
ages such as Cep164, Cep89, Cep83, FBF1 and SCLT1 are essential for membrane
docking and ciliogenesis (Tanos et al. 2013).
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18.2.4 Separation

Before entry into mitosis, the G1-G2 tether that connects the two centrosomes is
targeted for degradation. This tether is composed of proteins like C-NAP1 (Cep250),
rootletin, Cep68 and LRRC45 (Bahe et al. 2005; Faragher and Fry 2003; Fry et al.
1998a, b; Pagan et al. 2015). C-NAP1 is connected to the mother centriole via
Cep135 (Kim et al. 2008). C-NAP1 is present at the proximal end of the mother
centrioles and the two pools of C-NAP1 are connected by rootletin fibres (Bahe et al.
2005; Vlijm et al. 2018). Super-resolution microscopy experiments have demon-
strated that Cep68 binds to rootletin and increases the thickness of rootletin fibres
(Vlijm et al. 2018). LRRC45 might link the rootletin fibres with C-NAP1 (He et al.
2013). The degradation of the tether is initiated by the activity of the NIMA-related
kinase, Nek2 (Fry et al. 1998b). Nek2 phosphorylates C-NAP1 and rootletin, leading
to their displacement from the proximal end of the mother centrioles (Bahe et al.
2005; Fry et al. 1998a). Plk1-mediated degradation of Cep68 further displaces
Cep215, a PCM protein, from the centrosome, contributing to centrosome separation
(Pagan et al. 2015).

Once the G1-G2 tether has undergone dissolution, the two centrosomes have to
be separated so as to form the mitotic spindle. This occurs primarily via the
antiparallel sliding action of Eg5, a motor protein (Cole et al. 1994; Sawin et al.
1992). Additionally, proteins such as dynein, Lis1 and CLIP-70 contribute to spindle
formation by inducing microtubule sliding in the opposite direction to Eg5. The
combined action of these motor proteins and their binding partners promotes migra-
tion of the centrosomes to the two poles (Gonczy et al. 1999; Tanenbaum et al.
2008). Each centrosome migrates towards a different pole in mitotic cells, leading to
the formation of a mitotic spindle. The bipolar spindle further contributes towards
the accurate segregation of DNA into two daughter cells, thus maintaining ploidy.

18.3 Centrosome Defects and Tumour Progression

Two rules govern the centrosome duplication cycle: cell cycle control and copy
number control.

– Cell cycle control ensures that the centrosome replicates only once per cell cycle.
– Copy number control ascertains that only one pro-centriole forms adjacent to

each mother centriole.

Therefore, deregulation of any step of the centrosome cycle can give rise to
centrosome abnormalities. These can be classified into two types: (a) structural and
(b) numerical.

(a) Structural abnormalities. Structural abnormalities in centrosomes are errors in
the organization of the centrosome. This leads to aberrations in centrosome size
or shape and these structural alterations are present at high levels in tumour
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tissues and have been postulated to contribute to tumour progression (Lingle
et al. 1998; Lingle and Salisbury 1999). Recently, it has been demonstrated that
overexpression of Ninein-like protein (Nlp) in MCF10A-derived 3D acini leads
to the formation of centrosome-related bodies (CRB) harbouring large patches of
Nlp, resulting in excessive cell proliferation. The cells in the lumen, which are
normally cleared by apoptosis, are not cleared, microtubule organization is
altered and this phenotype is associated with cellular transformation and neo-
plastic progression (Schnerch and Nigg 2016). Further, it has been demonstrated
that overexpression of Nlp weakens E-cadherin-based adherens junctions in the
epithelium. The weakening of adherens junctions results in increased mechan-
ical stress when a cell in the epithelial tissue enters mitosis. The mitotic
programme results in ‘budding’ of the new daughter cell from the original site
and could contribute to metastatic progression in tumour cells (Ganier et al.
2018). In addition to the changes in invasiveness, alterations in centrosome
structure could lead to aneuploidy which often contributes to tumour progression
(Nigg 2006). However, further studies are needed to investigate the extent of
aneuploidy that is induced by structural centrosome aberrations. Moreover,
given that the centrosome is the hub of several cellular signalling events, it
would be interesting to study how signalling pathways are affected by defects in
centrosome structure.

(b) Numerical abnormalities. Errors in cell cycle control of centrosome duplica-
tion contribute to numerical centrosome abnormalities. They can occur due to
centrosome over-duplication, defects in cytokinesis and the de novo formation
of centrosomes. These result in the presence of more than two centrosomes in a
mitotic cell which is also referred to as centrosome amplification. They are the
more extensively studied of the two types of centrosome abnormalities, espe-
cially in the context of tumour progression. Given that centrosomes organize
microtubules and form the mitotic spindle leading to DNA segregation, any
numerical errors in centrosome organization are strongly correlated with chro-
mosomal instability and aneuploidy, which is a hallmark of most tumours. Most
tumour cells show an increase in the number of centrosomes, suggesting that the
change in centrosome number could drive aneuploidy and thus, tumour progres-
sion (Godinho and Pellman 2014).

Cells with multiple centrosomes form a multipolar spindle leading to a multipolar
mitosis resulting in aneuploidy (Ring et al. 1982). However, a multipolar mitosis in
most tumour cells leads to cell death, probably due to loss of genes that are
absolutely required for cell viability. Experiments in Zebrafish demonstrate that
neuroepithelial cells harbouring centrosome amplification undergo apoptosis (Dzafic
et al. 2015). Similarly, experiments in mice have shown that centrosome amplifica-
tion leads to microcephaly, due to increased apoptosis (Marthiens et al. 2013). These
data suggest that cells harbouring multiple centrosomes must avoid the massive
aneuploidy resulting from multipolar mitoses, which raises the interesting question
of how tumour cells manage to survive and thrive in the presence of multiple
centrosomes. In order to tolerate the burden of extra centrosomes, transformed
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cells have developed a mechanism called clustering (Ring et al. 1982). In
transformed cells with multiple centrosomes, at prophase, centrosomes are not
present at only two distinct poles in tumour cells, thus forming a multipolar spindle.
During prophase, the centrosomes migrate to and cluster at two different poles
leading to the formation of a pseudo-bipolar spindle during metaphase (Basto
et al. 2008; Ganem et al. 2009; Kwon et al. 2008; Quintyne et al. 2005). This
formation of pseudo-bipolar spindles leads to errors in kinetochore–microtubule
attachments, especially the formation of merotelic attachments, which contributes
to the presence of lagging chromosomes and an increase in chromosome instability
(CIN) (Cosenza et al. 2017; Ganem et al. 2009). The increase in CIN permits the
generation of clones with a growth advantage leading to tumour progression.

Multiple studies have attempted to identify gene products/molecular pathways
that are required for centrosome clustering. This could lead to the identification of
small molecules that inhibit clustering, which could lead to multipolar mitoses
resulting in killing of tumour cells. A screen developed by Kwon et al. attempted
to identify genes required for clustering in Drosophila S2 cells (Kwon et al. 2008).
Depletion of HSET, a motor protein, has been demonstrated to induce the formation
of multipolar spindles in human cancer cells harbouring multiple centrosomes
(Kwon et al. 2008). Depletion of components of the spindle assembly checkpoint
(SAC), Mad2, BubR1 (human Bub1) and CENP-E, also leads to the generation of
multipolar spindles in S2 cells (Kwon et al. 2008). Several actin-binding proteins
were also identified in these screens suggesting that disruption of actin dynamics
could inhibit centrosome clustering (Kwon et al. 2008; Leber et al. 2010). This is
consistent with recent data from the Godinho laboratory, which suggests that
adherens junction functions that are required for maintaining cortical actin organi-
zation and cell stiffness can inhibit centrosome clustering (Rhys et al. 2018).

A genome-wide RNAi screen in UPCI:SCC114, a human oral squamous cell
carcinoma (OSCC) cell line, has demonstrated that proteins that are a part of the
chromosomal passenger complex (CPC), proteins of the Ndc80 complex, Cep164
and Aurora B, which all contribute to spindle tension, are also required for centro-
some clustering (Leber et al. 2010). Depletion of Aurora A in a panel of acute
myeloid leukaemia (AML) cell lines also results in formation of a multipolar spindle
and non-proliferation (Navarro-Serer et al. 2019). Drugs such as Griseofulvin,
CP-673451 and Crenolanib that bind to cytoskeletal elements and inhibit clustering
demonstrate the contribution of the cytoskeleton towards clustering (Konotop et al.
2016; Rebacz et al. 2007).

Previous results have suggested that loss of 14-3-3γ leads to premature cdc25C,
and hence CDK1 activation, which leads to an increase in centrosome number. This
is accompanied by an increase in the number of cells with pseudo-bipolar spindles
with passage, an increase in aneuploidy and tumour formation (Mukhopadhyay et al.
2016). However, expression of a 14-3-3γ binding defective mutant of cdc25C in
14-3-3γ knockdown cells leads to a reversal of the clustering phenotype and a
decrease in tumour growth and cell viability, presumably due to prematurely high
levels of CDK1 activity in interphase and mitosis (Mukhopadhyay et al. 2016).
These results are consistent with the hypothesis outlined above which suggests that
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small molecules that might disrupt centrosome clustering in tumour cells could lead
to tumour cell killing and cell death. All of these results suggest that centrosome
clustering is a complex phenotype that requires multiple cellular pathways.

Given the strong correlation between centrosome amplification, CIN and cancer,
it has been a long-standing question of whether centrosome number dysregulation is
sufficient to promote tumorigenesis. One of the mechanisms leading to cells acquir-
ing extra centrosomes is a failure in cytokinesis. Therefore, it has been difficult to
assess the causal link between centrosome amplification and tumorigenesis. How-
ever, several recent studies have addressed this question and have offered multiple
solutions of how centrosome amplification might lead to tumour progression. In this
chapter, we aim to highlight several recent observations that shed some light on the
correlation between the presence of multiple centrosomes and transformation. We
have focused on proteins that are essential for different steps of the centrosome cycle
and how their aberrant expression has been demonstrated to contribute to centro-
some amplification and tumorigenesis.

18.3.1 Polo-Like Kinase 1

Polo-like kinase 1 (Plk1) is a member of the polo-like kinase family of proteins that
are serine/threonine kinases. It was initially identified in Drosophila embryos as a
kinase, active during the late anaphase–telophase transition (Llamazares et al. 1991).
Plk1 localization changes throughout the cell cycle, with it localizing at the centro-
some throughout interphase, and then moving to the kinetochore, the spindle and the
spindle mid-body during mitosis (Golsteyn et al. 1995; Kishi et al. 2009). Plk1
performs multiple functions that contribute to mitotic progression. Plk1 phosphor-
ylates multiple residues in the N-terminus of cdc25C resulting in an increase in
cdc25C activity and mitotic progression (Toyoshima-Morimoto et al. 2002). Plk1
phosphorylates BubR1 and INCENP, thus stimulating kinetochore assembly
(Arnaud et al. 1998; Elowe et al. 2007; Goto et al. 2006). Inhibition of Plk1 in
U-2OS cells decreases the robustness of the SAC, which decreases accurate chro-
mosome segregation and could, hence, contribute to CIN (O’Connor et al. 2015).
Plk1 contributes to centrosome maturation by phosphorylating NEDD1, which leads
to recruitment of γ-TURCs to centrosomes during centrosome maturation (Haren
et al. 2009; Zhang et al. 2009). Depletion of Plk1 using siRNA in HeLa cells leads to
a lack of phosphorylation of NPM1, which has been demonstrated to lead to defects
in nuclear size, cytokinesis and centrosome amplification (Zhang et al. 2004b). The
activity of Plk1 is required for centrosome disengagement, as inhibition of Plk1
using a small molecule prevents centrosome disengagement (Tsou et al. 2009).

Protein levels of Plk1 are elevated in a number of tumour types, including
gliomas, breast cancers, oesophageal squamous cell carcinomas, non-small cell
lung carcinomas, melanoma, renal cancer, prostate and colorectal cancer (Feng
et al. 2009; Liu et al. 2017; Ramani et al. 2015). Plk1 levels are high in
Tamoxifen-resistant MCF-7 cells, and inhibition of Plk1 leads to a decrease in cell
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proliferation (Jeong et al. 2018). A decrease in Plk1 levels confers sensitivity to
Gemcitabine in pancreatic cancer cell lines (Jimeno et al. 2010). Plk1 silencing can
also enhance the sensitivity of rectal cancer and medulloblastoma cell lines to
radiotherapy (Harris et al. 2012; Rodel et al. 2010). Interestingly, several missense
and truncation mutations in the C-terminus of Plk1 have been identified in tumour
cell lines such as HepG2, A431, MKN74 and A549 (Simizu and Osada 2000). Given
that levels of Plk1 are found to be both overexpressed and reduced in tumour cell
lines, it is difficult to actually assess the role of Plk1 in neoplastic progression or
cellular transformation.

Recent experiments performed in mouse models of Plk1 overexpression suggest
that Plk1 may have different effects on neoplastic transformation and tumour
progression depending on the presence of other genetic alterations or the tissue
type in which Plk1 expression is elevated. Mouse embryonic fibroblasts (MEFs)
isolated from mice carrying a doxycycline-inducible transgene for Plk1 exhibit a
variety of mitotic defects such as multiple centrosomes, monopolar and multipolar
spindles in pro-metaphase, as well as lagging chromosomes and anaphase bridges
resulting in an increased duration of mitosis (de Carcer et al. 2018). Despite the
defects in mitosis, when Plk1 overexpressing mice were crossed with mice
containing a constitutively active K-Ras allele, K-RasG12D, which is only expressed
in the mammary gland, a decrease in tumour progression was observed in the
presence of doxycycline (de Carcer et al. 2018). Another study by Li et al. also
found chromosomal instability, lagging and misaligned chromosomes and apoptosis
in MEFs isolated from mice conditionally overexpressing Plk1 (Li et al. 2017). No
malignant transformation was observed in these mice; however, hypersensitivity to
ionizing radiation was observed in the liver. Treatment with ionizing radiation led to
an increase in the number of liver tumours and the presence of lymphomas, which
was accompanied by inhibition in the expression of genes required for DNA repair
(Li et al. 2017). In both cases, despite defects in mitosis that lead to aneuploidy,
overexpression of Plk1 alone did not lead to tumorigenesis in mice, suggesting that
other mechanisms might contribute to tumour formation upon Plk1 overexpression.
It is possible that Plk1 overexpression affects other proteins that influence transfor-
mation, such as p53 (Smith et al. 2017).

In contrast to its expression levels in most transformed cell lines, loss of Plk1 has
been demonstrated to accelerate tumour formation in mice (Lu et al. 2008). Plk1 null
mice show embryonic lethality due to the inability of the embryonic cells to divide.
However, a significant proportion of Plk1 heterozygous mice develop tumours in
various organs suggesting that haploinsufficiency of Plk1 could drive tumour pro-
gression. Splenocytes isolated from these mice harboured a higher incidence of
aneuploidy, which could contribute to CIN (Lu et al. 2008). Given all of the data
on Plk1, it seems likely that Plk1 can act as either an oncogene or a tumour
suppressor in a context-dependent manner.
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18.3.2 Separase

Separase or Separin is a cysteine protease that promotes anaphase entry in mitotic
cells by cleaving Ssc1, which is part of the synaptonemal complex. This relaxes the
tension in the spindle and leads to anaphase progression (Uhlmann et al. 1999).
Inhibiting Separase expression using RNAi in HeLa cells leads to genomic instability
(Cucco et al. 2018). Separase forms a complex with the MCM2-7 helicase and loss of
Separase leads to an increase in replication fork speed, probably due to an increase in
the levels of acetylated SMC3 (Cucco et al. 2018). Antisense oligonuleotide-
mediated reduction of Separase gives rise to aberrant mitoses with lagging chromo-
somes (Chestukhin et al. 2003). Apart from its function in relieving sister chromatid
cohesion, Separase also plays a role in ensuring centrosome disengagement (Tsou
and Stearns 2006; Tsou et al. 2009). Knockout of Separase in HCT116 and HeLa cell
lines inhibits centriole disengagement and subsequent duplication (Tsou et al. 2009).
Pericentrin is a potential substrate for Separase and expression of a Pericentrin mutant
that cannot be cleaved by Separase suppresses centriole disengagement and duplica-
tion (Matsuo et al. 2012). Aki1 and cohesin have also been implicated as substrates of
Separase at the centrosome (Nakamura et al. 2009). Separase also functions in
double-strand break repair, where it cleaves cohesin (Hellmuth et al. 2018). Activa-
tion of Separase in interphase has been demonstrated to aid in DNA double-strand
break repair in HEK293 cells (Hellmuth et al. 2018). All of these results suggest that
Separase is required for maintaining genomic integrity either by regulating genome
organization and duplication or by regulating centrosome duplication.

Separase is significantly overexpressed in osteosarcoma, breast and prostate
tumour samples as per tissue immunofluorescence analysis (Meyer et al. 2009).
An increased nuclear localization of Separase was also observed in these tissue
samples (Meyer et al. 2009). This unusual localization of Separase shows a corre-
lation with tumour status, although the mechanism underlying the correlation
between Separase levels and tumour progression remains to be elucidated (Meyer
et al. 2009). Increased Separase activity with aberrant centrosome numbers has been
observed in bone marrow samples of patients with myelodysplastic syndrome
(MDS) (Ruppenthal et al. 2018). IHC staining of breast tumours samples from
patients has demonstrated a strong correlation between abnormal Separase expres-
sion and impaired survival (Gurvits et al. 2017). These results suggest that an
increase in Separase levels can drive tumour progression.

A mutation in the Zebrafish Separase gene results in embryos with abnormal
mitotic spindles, aneuploidy, polyploidy and multiple centrosomes (Shepard et al.
2007). Adult zebrafish heterozygous for Separase treated with the carcinogen N-
methyl-N-nitro-N-nitrosoguanidine (MNNG) were observed to be more susceptible
to developing tumours (Shepard et al. 2007). This implies that Separase could act as
a tumour suppressor. A knockout of Separase leads to embryonic lethality in mice
(Kumada et al. 2006). Experiments in mouse models suggest that Separase
haploinsufficiency can lead to tumorigenesis in a p53 mutant background. MEFs
isolated from mice heterozygous for Separase were found to exhibit a compromised
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response to damage induced DNA repair (Hellmuth et al. 2018). Mice with a
hypomorphic Separase allele display an increased rate of tumorigenesis with a
decrease in survival in a p53 mutant background (Mukherjee et al. 2011). Normal
splenocytes isolated from these mice exhibited aneuploidy which might contribute to
genomic instability (Mukherjee et al. 2011). In contrast to the results described
above, conditional overexpression of Separase in a mouse mammary epithelial cell
line leads to increased aneuploidy and tumorigenesis in a p53 mutant background
(Zhang et al. 2008). These data suggest that either an increase or a decrease in
Separase levels might not be enough to initiate tumour formation, though it might
lead to aneuploidy, followed by a second genetic event, which could drive tumor-
igenesis. It might be interesting to observe the effect of Separase knockout or
overexpression in tissue-specific, conditional mouse models.

18.3.3 Polo-Like Kinase 4

Polo-like kinase 4 (Plk4), a member of the polo family of kinases, is a master
regulator of centriole biogenesis (Swallow et al. 2005). Plk4 was initially identified
in mice, because of its sequence homology to polo in Drosophila (Fode et al. 1994).
Further experiments in NIH3T3 cells ascertained that Plk4 is associated with the
centrosome throughout the cell cycle (Hudson et al. 2001). Experiments in both
Drosophila and mammalian cell lines using siRNA demonstrated that decrease in
Plk4 levels leads to a loss of centrioles (Bettencourt-Dias et al. 2005; Habedanck
et al. 2005). Overexpression of Plk4 increases centriole numbers, with multiple
pro-centrioles forming from a single mother centriole (Habedanck et al. 2005;
Kleylein-Sohn et al. 2007). These results indicate the importance of Plk4 levels in
controlling centrosome numbers. Recent experiments in Drosophila have demon-
strated that Plk4 also plays a role in controlling centriolar length (Aydogan et al.
2018). Plk4 overexpression can also induce de novo centriole and MTOC formation
in Drosophila embryos and Xenopus egg extracts, respectively (Eckerdt et al. 2011;
Rodrigues-Martins et al. 2007). This occurs due to the ability of Plk4 condensates to
recruit STIL, α-, β-tubulin and γ-tubulin, leading to the formation of acentriolar
MTOCs (Gouveia et al. 2018).

Plk4 levels are elevated in several cancers, such as breast, acute lymphoblastic
leukaemia, prostate, pediatric medulloblastomas and embryonal brain tumours
(Korzeniewski et al. 2012; Li et al. 2016, 2018; Pezuk et al. 2017). An increase in
Plk4 levels has also been observed in human lung cancer and gastric cancer cell lines
(Shinmura et al. 2014). Inhibition of Plk4 expression in neuroblastoma cell lines has
been shown to suppress invasion and migration (Tian et al. 2018). Further, inhibition
of Plk4 using CFI-400945 induces aneuploidy in lung cancer cell lines (Kawakami
et al. 2018). In contrast to the results described above, Plk4 levels are decreased in
colorectal cancer cell lines and hepatocellular cancers suggesting that a decrease in
Plk4 levels might contribute to tumour progression (Kuriyama et al. 2009; Liu et al.
2012; Rosario et al. 2010). Mutations in Plk4, including loss of function mutations,
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cause microcephaly and growth failure with impaired centriole biogenesis (Martin
et al. 2014). These data suggest that changes in Plk4 expression lead to defects in
centrosome biogenesis leading to neoplastic progression.

As overexpression of Plk4 leads to an increase in centrosome number, it has been
the focus of multiple experiments to help understand the role of centrosome amplifi-
cation in tumour formation and progression. Basto et al. demonstrated for the first time
that centrosome amplification could drive tumorigenesis (Basto et al. 2008). Using an
assay wherein brain tissue from fruit flies overexpressing Sak (the Drosophila homo-
logue of Plk4) was transplanted into the abdomen ofWT hosts, they demonstrated that
a significant percentage of the hosts developed tumours with multiple centrosomes and
a number of the tumours formed metastatic colonies (Basto et al. 2008). Using the
same transplantation assay, Castellanos et al. screened for the ability of mutants of
different centrosomal proteins to affect tumour formation, in Drosophila (Castellanos
et al. 2008). They were able to demonstrate that 2% of the WT hosts with wing discs
from flies overexpressing Sak transplanted into their abdomen could develop tumours
(Castellanos et al. 2008). They were unable to assess the degree of CIN due to the
small size of the tumours.

Mice with a homozygous deletion of Plk4 displayed embryonic lethality at E7.5
(Hudson et al. 2001). Plk4+/– MEFs had increased centrosomal amplification,
multipolar spindle formation and aneuploidy when compared with WT cells
(Ko et al. 2005). Nestin-Cre-driven conditional overexpression of Plk4 in the
developing mouse brain led to centrosome amplification, aneuploidy and micro-
cephaly; however, no tumours were observed in the brains of these mice (Marthiens
et al. 2013). MEFs isolated from mice conditionally overexpressing Plk4, where a
lox stop cassette for Plk4 expression was driven by a chicken β-actin promoter, were
found to harbour multiple functional centrosomes which contribute to mitotic errors
such as lagging chromosomes and multipolar mitosis (Vitre et al. 2015). Skin
fibroblasts derived from mice overexpressing Plk4 had multiple centrosomes, a
reduced proliferation rate and poor long-term survival (Vitre et al. 2015). Even
when mice overexpressing Plk4 were crossed with p53–/– mice, an increase in the
rate of tumour development was not observed, suggesting that Plk4 overexpression
in p53–/– mice did not accelerate tumour progression (Vitre et al. 2015). Similar
results were obtained in a skin carcinogenesis model, in which mice overexpressing
Plk4 were treated with 7,12-dimethylbenz(a)anthracene (DMBA), followed by
application of the tumour promoter 12-O-tetradecanoyl-phorbol-13-acetate (TPA).
There was no significant difference in tumour burden between the control and treated
mice (Vitre et al. 2015). However, mice carrying a similar Plk4 overexpression
allele, where expression was epidermis specific, showed differentiation and barrier
defects in the epidermis leading to death in a number of mice at postnatal day one
(P1) (Sercin et al. 2016). Mice overexpressing Plk4 that survived past P1 showed a
decrease in Plk4 levels suggesting a strong selection pressure against Plk4
overexpression. When these mice were crossed with p53 null mice, the barrier
defects were abrogated; however, cells overexpressing Plk4 were not detected
post-P1, as in the wild-type mice. Surprisingly, the transient overexpression of
Plk4 in the p53–/– mice led to the development of spontaneous skin tumours in
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these mice with complete penetrance (Sercin et al. 2016). Thus, using essentially the
same overexpression model for Plk4 leads to different outcomes for tumorigenesis in
the same tissue. One possible difference is that in the first report (Vitre et al. 2015),
Plk4 expression is not turned off in the tissues, whereas in the second report (Sercin
et al. 2016), Plk4 overexpression is transient and is selected against in mice after P1.
This suggests that constant centrosome amplification might lead to cell death due to
the presence of multipolar mitoses, while a transient increase in Plk4 levels might
allow for the selection of cells that tolerate the initial aneuploidy and then the loss of
Plk4 leads to the stable inheritance of the aneuploid genome. This might also depend
on the strain of mice used in these experiments, as the first set of experiments were
done in C57/Bl6 mice while the second set were performed in a mixed background
as the three transgenes were all in different strains. In another set of experiments, a
doxycycline-inducible allele of Plk4 was introduced into the Rosa26 locus (Coelho
et al. 2015). When mice homozygous for the inducible Plk4 allele were crossed with
p53 null mice, hyperproliferation and defects in developmental programmes were
observed in tissues such as the pancreas and the epidermis, as compared to mice
which were p53 null alone (Coelho et al. 2015). The hyperproliferation could be a
precursor to tumour development. The results described herein suggest that the
experimental protocols used to generate mice with overexpression of Plk4 and the
strain of mice in which these experiments are performed could lead to differences in
tumour initiation and development.

In contrast to the results described above, overexpression of Plk4 can initiate
tumorigenesis in a mouse intestinal neoplasia model (Levine et al. 2017). These mice
harbour an APCmin mutation, which causes them to develop multiple adenomas
throughout the intestinal tract (Moser et al. 1990). These mice displayed an increase
in tumour initiation, with the tumours showing an increase in centrosome number,
suggesting that centrosome amplification led to an increase in tumour initiation.
MEFs isolated from mice overexpressing Plk4, in combination with an APCmin

allele, displayed increased centrosome numbers. In the absence of p53, these cells
could proliferate in spite of harbouring multiple centrosomes, even after 12 days of
doxycycline treatment. After long-term treatment with doxycycline (8 months), they
were able to observe severe aneuploidy in splenocytes isolated from mice
overexpressing Plk4, due to increased centrosome amplification. In addition to an
increase in the intestinal tumour burden, these mice also developed spontaneous
lymphomas, squamous cell carcinomas and sarcomas starting at 36 weeks of age.
When assayed for centrosome number, it was observed that these tumours exhibited
centrosome amplification. It was also observed that these tumours harboured varied
levels of p53 target genes, indicating that the p53 pathway might be at least partially
compromised in these tissues (Levine et al. 2017).

Driving genomic instability is not the only way centrosome amplification via Plk4
can drive tumorigenesis. Transient overexpression of Plk4 in a three-dimensional
organoid breast cancer model leads to centrosome amplification that promotes
invasion (Godinho et al. 2014). This was not due to an increase in aneuploidy, but
rather the increase in invasion was due to increased RacI activation which contrib-
utes to greater microtubule nucleation (Godinho et al. 2014). Plk4 has also been
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demonstrated to phosphorylate Arp2 in the Arp2/3 complex in tumour cell lines,
leading to activation of the complex and an increase in migration (Kazazian et al.
2017). Phosphorylation of Plk4 at S305 leads to an increase in migration and cell
spreading and increased co-localization with RhoA at cell protrusions, while a
decrease in Plk4 expression in MEFs or tumour cells leads to a decrease in migration
and invasion, respectively (Rosario et al. 2015). These data suggest that Plk4
expression might lead to tumour progression by regulating cell migration and
invasion, in addition to its ability to stimulate centrosome duplication and thus
genomic instability.

18.3.4 Aurora A kinase

The Aurora family of kinases consists of three members, A, B and C (Nigg 2001).
Aurora A localizes to the centrosome during G2 and the spindle during mitosis
(Kimura et al. 1997). Its functions include centrosome maturation, centrosome
separation, organization of spindle assembly, chromatin protein modification, chro-
matid separation and cytokinesis (Fu et al. 2007). Aurora A also localizes to the
mitochondria in several cancer cell lines, where it affects mitochondrial dynamics
and energy production (Bertolin et al. 2018). Aurora A is recruited to the centrosome
by Cep192, which results in its autophosphorylation and activation (Joukov et al.
2014). Aurora A has been demonstrated to contribute to the centrosomal accumula-
tion of γ-tubulin (Hannak et al. 2001). Its centrosomal substrates include γ-tubulin,
Centrin1 and D-TACC (Giet et al. 2002; Sardon et al. 2010). Aurora A regulates
microtubule growth by organizing the acentriolar spindle in mammalian oocytes
during meiosis I (Bury et al. 2017).

Experiments in HeLa cells have shown that increased Aurora A levels can induce
centrosome amplification by inhibiting cytokinesis, leading to the formation of
tetraploid cells (Meraldi et al. 2002). This effect is augmented in the absence of
p53, with 80% of p53–/– MEFs overexpressing Aurora A harbouring extra centro-
somes (Meraldi et al. 2002). Knockdown of Aurora A in HeLa cells gives rise to
cells with misaligned chromosomes, defective spindle organization, lagging chro-
mosomes, defects in centriole separation and delay in mitotic entry (Hirota et al.
2003; Marumoto et al. 2003). Aurora A also plays a role in the cell cycle; knock-
down of Aurora A in HeLa cells leads to arrest of the cells in G2-M and eventually,
apoptosis (Du and Hannon 2004).

Aurora A is overexpressed in several cancers, including breast (where it was first
identified), ovarian, human gliomas, colon, pancreatic and lung (Kollareddy et al.
2008). The expression of Aurora A results in an inhibition of apoptosis in lung
cancer cell lines treated with the EGFR inhibitor, thus ensuring their survival (Shah
et al. 2019). Further, a loss of Aurora A in gastrointestinal cell lines with activated
KRAS leads to increased cell death due to an increase in the levels of proteins
required for apoptosis (Wang-Bishop et al. 2018). Aurora A might also affect
epithelial to mesenchymal transition, as demonstrated in OSCC cell lines (Dawei
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et al. 2018). Silencing of Aurora A leads to an increase in the expression of
E-cadherin and a decrease in the levels of Vimentin in OSCC cells accompanied
by an increase in the levels of reactive oxygen species (ROS) (Dawei et al. 2018).

MEFs from Aurora A null mice display monopolar spindles, with a single
γ-tubulin focus (Cowley et al. 2009). A knockdown of Aurora A in OSCC cell
lines led to a decrease in tumour volume in xenograft assays in nude mice. The
decrease in tumour volume was accompanied by pronounced apoptosis in tumour
tissues (Dawei et al. 2018). However, Aurora A overexpression in primary MEFs is
not enough to induce transformation (Anand et al. 2003). Overexpression of Aurora
A in a rat mammary carcinogenesis model, where the mice are treated with
methylnitrosourea, results in centrosome amplification, but tumours developed at a
point much after centrosome amplification was first observed (Goepfert et al. 2002).
In contrast to some of the results described above, conditional overexpression of
Aurora A in the mammary gland led to increased apoptosis which was reversed upon
depletion of p53 (Zhang et al. 2004a). These results indicate that dysregulation of
Aurora A levels alone is insufficient to drive transformation. Given the many defects
associated with dysregulation of Aurora A kinase, several attempts have been made
to target it in cancers. These inhibitors are being used extensively to gain a better
understanding of Aurora A biology.

18.3.5 Nek2A

Nek2 kinase is the human homologue of the Aspergillus nidulans protein NIMA
(never in mitosis). Its expression varies through the cell cycle, with its levels being
the highest during the G2 and M phases (Fry et al. 1998b; Schultz et al. 1994). It is a
Serine/Threonine kinase that phosphorylates inter-centrosomal linker proteins such
as CNAP-1 and Rootletin (Bahe et al. 2005; Fry et al. 1998a, b). Phosphorylation of
these proteins leads to the dissolution of the inter-centrosomal linker and thus,
initiates centrosomal separation. The centrosomes can now migrate to the two ends
of the cell, form a spindle and participate in cell division (Bahe et al. 2005; Fry et al.
1998a, b). Overexpression of Nek2 leads to premature centrosome splitting and a
loss of focused microtubules, as demonstrated in U-2OS cells (Fry et al. 1998b).
However, these cells are able to enter mitosis despite the presence of unfocused
microtubules (Fry et al. 1998b). Nek2 overexpression in MDA-MB 231 and MCF-7
leads to centrosome amplification. However, CIN occurs only upon a concurrent
depletion of its interacting partner, TRF1 (Lee and Gollahon 2013).

Several reports suggest an increase in Nek2 levels in different cancers. These
include tumours of the breast, B-cell lymphoma, multiple myeloma, bladder cancer
and glioblastoma (Fang and Zhang 2016). This change in expression levels is
associated with a poor prognosis, drug resistance and tumour progression (Hayward
et al. 2004; Lee and Gollahon 2013; Zhou et al. 2013). However, it is not known
exactly what leads to the change in Nek2 levels in these multiple cancer types. Nek2
protein levels decrease when CDK4 expression is inhibited using RNA interference
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(Pitner et al. 2013). Knockdown of Nek2 in a Her2+ breast cancer model reduced
centrosome amplification (Pitner et al. 2013). There is no direct evidence that
demonstrates that the centrosome amplification observed upon Nek2 overexpression
alone actually contributes to tumorigenesis. Given the large number of cancers that
harbour high levels of Nek2, and the poor prognosis associated with it, several
attempts have been made to develop Nek2 as a potential therapeutic target in cancer.
These drugs include ATP-binding site blockers, siRNA-mediated approaches and
drugs that affect the binding of Nek2 to its substrates (Hayward et al. 2010; Suzuki
et al. 2010). Nek2 inhibition, in combination with chemotherapeutic drugs, might
provide a better treatment approach to target cancer (Meng et al. 2014; Suzuki et al.
2010).

18.4 Conclusion

Centrosome amplification is a major feature of most cancer cells. Recent evidence in
different model systems has finally established it to be one of the causes and a
potential initiator of tumorigenesis. However, centrosome amplification doesn’t
always lead to tumour formation and might inhibit or promote tumorigenesis
depending on the cell/tissue of origin or the presence of other genetic changes that
might contribute to tumour progression. A distinct possibility for why centrosome
amplification doesn’t always lead to tumorigenesis might be the requirement for the
activation or inhibition of pathways that promote or prevent centrosome clustering.
While most research has focused on the effects of numerical centrosomal abnormal-
ities on tumour progression, it will be interesting to study the contribution of
structural centrosomal defects to neoplastic progression.
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Chapter 19
Golgi Structure and Function in Health,
Stress, and Diseases

Jie Li, Erpan Ahat, and Yanzhuang Wang

Abstract The Golgi apparatus is a central intracellular membrane-bound organelle
with key functions in trafficking, processing, and sorting of newly synthesized
membrane and secretory proteins and lipids. To best perform these functions,
Golgi membranes form a unique stacked structure. The Golgi structure is dynamic
but tightly regulated; it undergoes rapid disassembly and reassembly during the cell
cycle of mammalian cells and is disrupted under certain stress and pathological
conditions. In the past decade, significant amount of effort has been made to reveal
the molecular mechanisms that regulate the Golgi membrane architecture and
function. Here we review the major discoveries in the mechanisms of Golgi structure
formation, regulation, and alteration in relation to its functions in physiological and
pathological conditions to further our understanding of Golgi structure and function
in health and diseases.

19.1 Golgi Architecture and Its Maintenance

The Golgi apparatus is a central intracellular membrane-bound organelle often
located adjacent to the nucleus in mammalian cells. Electron microscope
(EM) images revealed its unique feature as stacks of five to seven flattened cisternae
overlaying one another, with multiple stacks often lined up and interconnected by
tubular structures to form a ribbon (Shorter and Warren 2002; Rabouille and
Kondylis 2007; Wei and Seemann 2010). The Golgi stacks are polarized; they
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receive proteins and lipids from the endoplasmic reticulum (ER) by the cis cisternae
and export them from the trans cisternae and the trans-Golgi network (TGN) to other
intracellular membranes such as the endosomes, lysosomes, plasma membrane, and
outside of the cell (Tang and Wang 2013; Wang and Seemann 2011). While
traversing the Golgi stack, cargo molecules are modified and processed. The
sub-compartments of the Golgi stacks house a set of glycosidases and
glycosyltransferases responsible for the synthesis of glycoproteins and glycolipids.
In the TGN, many secretory proteins are proteolytically cleaved by lumenal pro-
teinases (Huang and Wang 2017; Zhang and Wang 2016; Huttner et al. 1995).

Many efforts have been made to understand the mechanism of Golgi structure
formation. The formation of the Golgi ribbon depends on Golgi matrix proteins and
an intact microtubule organization. Cytosolic dynein moves Golgi membranes along
centrosome-derived microtubules toward the (–) end of the microtubules (Matteis
et al. 2008; Rabouille and Kondylis 2007; Wei and Seemann 2010). Subsequently,
Golgi-oriented microtubules maintain Golgi stacks in the proximity and facilitate
tubular connections between them (Zhu and Kaverina 2013). While dynein and
microtubules are required for the concentration of Golgi stacks in the
pericentrosomal region and Golgi ribbon formation, they are not essential for the
generation and maintenance of the stacked structure, as depolymerization of micro-
tubules disrupts the Golgi ribbon but not the stacks (Thyberg and Moskalewski
1999). From the 1960s, morphological studies have shown connections in the space
between cisternae that might be involved in the adhesion of cisternae into stacks
(Franke et al. 1972; Mollenhauer 1965; Cluett and Brown 1992), which were later
identified as Golgi matrix proteins. These include Golgi stacking proteins and
membrane tethers, as discussed below.

19.1.1 Golgi Matrix Proteins and Golgi Structure Formation

In 1994, the concept of “Golgi matrix” proteins was first introduced (Slusarewicz
et al. 1994). Since then, several Golgi matrix proteins have been identified to be
responsible for maintaining the unique architecture and function of the Golgi
apparatus. Major components of the Golgi matrix are summarized in Table 19.1.
Key proteins involved in Golgi structure formation are discussed below.

19.1.1.1 Golgi ReAssembly Stacking Proteins (GRASPs)

Among all Golgi matrix proteins, the Golgi ReAssembly Stacking Proteins
GRASP65 and GRASP55 (GRASPs, also called GORASP1 and GORASP2, respec-
tively) are best characterized for their roles in Golgi structure formation, including
stacking (Wang et al. 2003, Shorter et al. 1999, Xiang and Wang 2010, Bekier et al.
2017, Shin et al. 2018, Barr et al. 1997), ribbon-linking (Puthenveedu et al. 2006;
Tang et al. 2016; Feinstein and Linstedt 2008), cargo transportation (Kuo et al. 2000;
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D’Angelo et al. 2009; Barr et al. 2001), unconventional secretion (Dupont et al.
2011; Rabouille and Linstedt 2016; Vinke et al. 2011; Gee et al. 2011; Piao et al.
2017), cell cycle regulation (Preisinger et al. 2005; Sutterlin et al. 2005; Yoshimura
et al. 2005; Duran et al. 2008; Tang et al. 2010b), apoptosis (Lane et al. 2002), and
autophagy (Zhang et al. 2018; Zhang and Wang 2018a, b), although the mechanisms
are less well understood.

Both GRASPs share a similar structure: a conserved N-terminal GRASP domain
consisting of two PDZ domains (PDZ1 and PDZ2) and an intrinsically disordered
C-terminal Serine/Proline-Rich (SPR) domain with multiple phosphorylation sites
(Zhang and Wang 2015b) (Fig. 19.1). Both GRASP65 and GRASP55 are peripheral
membrane proteins that are attached to the Golgi membranes via an N-terminal
myristic acid modification and the interaction with their membrane-bound partner
proteins (GM130 and Golgin-45, respectively) and therefore are concentrated at the
interface between the cisternae where stacking occurs (Short et al. 2001; Barr et al.
1998). GRASP65 is concentrated on the cis-Golgi cisternae, whereas GRASP55
localizes to the medial/trans-Golgi cisternae (Barr et al. 1997; Shorter et al. 1999).
Both play complementary roles in Golgi stack formation (Xiang and Wang 2010).

Mechanistically, GRASP proteins form homodimers via the N-terminal PDZ
domains, and dimers from adjacent Golgi cisternae further oligomerize in trans
and function as the “glue” that tethers the cisternae into a stack (Wang et al. 2003,
2005). An in vitro study using modified GRASP domain peptides indicated that
insertion of the myristic acid moiety is required for the oriented association to Golgi
membranes, which ensures the protein-protein interaction in trans. Furthermore, the
conformational change caused by myristoylation affects the tendency of GRASP
domain for self-interaction (Heinrich et al. 2014). Depletion of either GRASP65 or
GRASP55 reduces the number of cisternae per Golgi stack, whereas depletion of
both GRASPs leads to disassembly of the entire Golgi stack (Sutterlin et al. 2005,
Xiang and Wang 2010, Bekier et al. 2017). The GRASPs are tightly modulated by a
phosphorylation and dephosphorylation cycle during cell division, resulting in
mitotic disassembly and post-mitotic reassembly of the Golgi (Feinstein and Linstedt
2008; Cervigni et al. 2015; Lin et al. 2000; Wang et al. 2003; Preisinger et al. 2005;
Tang et al. 2012; Xiang and Wang 2010; Tang et al. 2008; Truschel et al. 2012).

Recent studies have identified novel GRASP-binding proteins involved in Golgi
biogenesis and morphology modulation. Recent research of the crystal structure of
GRASP55 bound to the Golgin-45 C-terminal peptide revealed that Golgin-45 pro-
motes the oligomerization of GRASP55 by forming a new interaction between two
neighboring PDZ2 molecules to play an important role in Golgi stacking (Zhao et al.
2017). Meanwhile, using an optimized in vitro system, mammalian enabled homo-
logue (Mena) and DnaJ homolog subfamily A member 1 (DjA1) were identified as
GRASP65 binding partners with potential functions on Golgi structure maintenance
(Tang et al. 2016; Li et al. 2019). Mena is an actin elongation factor recruited to the
Golgi membranes by GRASP65 to facilitate actin polymerization and GRASP65
oligomerization and thus functions with actin as bridging proteins of GRASP65 in
Golgi ribbon linking. DjA1 is a co-chaperone of Heat shock cognate 71 kDa protein
(Hsc70), but the activity of DjA1 in Golgi structure formation is independent of its
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co-chaperone activity or Hsc70, rather, through DjA1-GRASP65 interaction to
promote GRASP65 oligomerization. Thus, DjA1 facilitates Golgi structure forma-
tion through an unconventional Hsc70-independent pathway. These studies further
confirmed GRASP65 as a multifaceted protein in Golgi structure formation and
indicated that an array of GRASP binding proteins could play important roles in
Golgi morphology maintenance (Fig. 19.1). In addition, GRASP55 was reported to
be involved in glucose starvation-induced autophagy (Zhang et al. 2018), where it

GRASP55

GRASP domain: aa1-212 (1-208 in Linstedt structure)
SPR domain: aa213-454
PDZ1: aa1-106 (or 5-75)
PDZ2: aa106-212 (or 86-169)
Golgin 45 binding domain: PDZ1 and PDZ2
LC3 binding site:                F37
Myristoylation site: G2
O-GlcNAcylation sites: S389, S390, T403, T404, T413
Mitotic phospho-sites: S245, T249, and particularly T222 and T225 (ERK)

B

dimerization/oligomerization Phosphorylation/regulation
PDZ1 PDZ2

GRASP65

GRASP domain: aa1-201
SPR domain: aa202-446
PDZ1: aa1-112 (or 16-72)
PDZ2: aa113-201 (or 93-168)
GM130 binding site: aa189-201 (G194,G196, H199, I201)
Mena binding site: aa236-241 (P236/P237/P239/P241)
DjA1 binding site: aa202-320
Myristoylation site: G2
Mitotic phospho-sites: S216/S217 (cdk1), T220/T224 (cdk1), S277 (JNK2, cdk1), S367/S372 

(cdk1), S376 (cdk1), S400 (cdk1)
Interphase phospho-sites: S277 (ERK2)

A

dimerization/oligomerization Phosphorylation/regulation
201

GRASP domain SPR domain

PDZ1 PDZ2

Fig. 19.1 Structure, modification, and binding sites on GRASP65 (a) and GRASP55 (b). Rat
GRASP65 and GRASP55 sequences are used for illustration. Both GRASPs share a similar
structure: a conserved N-terminal GRASP domain consisting of two PDZ domains (PDZ1 and
PDZ2) and a C-terminal Serine/Proline-Rich (SPR) domain with multiple phosphorylation sites
(indicated by asterisks) that are involved in GRASP modulation during the cell cycle. Both
GRASP65 and GRASP55 are peripheral membrane proteins attached to the Golgi membranes via
N-terminal myristoylation and the interaction with their membrane-bound partner proteins (GM130
and Golgin-45, respectively). GRASP65-binding proteins Mena and DjA1 have been identified to
enhance Golgi ribbon linking and stacking, respectively. GRASP55 is regulated by
O-GlcNAcylation depending on the glucose level and interacts with LC3 and LAMP2 to facilitate
glucose starvation-induced autophagy
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interacts with LC3 on autophagosomes and LAMP2 on lysosomes to facilitate
autophagosome maturation, which will be discussed in later sections.

19.1.1.2 Golgins

Golgins are a family of Golgi-associated coiled-coil proteins that are necessary for
vesicle tethering at the Golgi and maintenance of Golgi integrity (Muschalik and
Munro 2018; Witkos and Lowe 2015; Gillingham and Munro 2016). Most golgins
are peripheral membrane proteins anchored on Golgi membranes via their
C-terminus and are associated with small GTPases of Rab, Arf, and Arl families
(Table 19.1) (Munro 2011; Sinka et al. 2008). These interactions mediate both
membrane attachment and selective localization of a specific golgin to a specific
sub-compartment of the Golgi (Witkos and Lowe 2015). Golgins lack significant
sequence homology between the family members and localize to different regions of
the Golgi to play distinct roles in tethering events, membrane traffic, and Golgi
organization. The coiled-coil regions provide the golgins with an extended structure
required for the tethering function, while the interactions with Rab GTPases control
these molecules in their open (extended) or closed (folded) confirmation (Cheung
et al. 2015). In addition, golgins often contain specific sequence and structural
features at the N- and C-terminal ends, which allow them to recognize vesicles
and Golgi cisternal membranes based on the curvature and lipid composition of the
membranes (Drin et al. 2008; Drin et al. 2007; Magdeleine et al. 2016). Detailed
information about golgins and their functions are summarized in Table 19.1.

GM130 was the first identified Golgi matrix protein and is predominantly found
in the central region of the cis-Golgi (Nakamura et al. 1995), where it forms a stable
complex with GRASP65 (Barr et al. 1998). Depletion of GM130 results in the
disruption of the Golgi ribbon and causes protein glycosylation defects
(Puthenveedu et al. 2006). There are two possible ways GM130 contributes to
Golgi ribbon formation. First, GM130 targets GRASP65 to the rim of the cisternae
where GRASP65 promotes lateral linking of cisternae via oligomerization
(Puthenveedu et al. 2006). Mena and actin cytoskeleton may facilitate GRASP65
in this action (Tang et al. 2016). Second, GM130 recruits A-kinase anchoring protein
450 (AKAP450) onto the cis-Golgi and allows Golgi-associated nucleation of
microtubules, which arranges Golgi stacks in close proximity to form a ribbon
(Rivero et al. 2009). Similarly, other golgins may also work with the microtubule
cytoskeleton in a similar way to facilitate Golgi structure organization. For example,
GMAP-210, another cis-Golgi-localized golgin, recruits the γ-tubulin-containing
complexes to the Golgi membranes and promotes the formation of tubulin oligomers
on Golgi membranes. Depletion of GMAP-210 results in extensive Golgi fragmen-
tation, suggesting a role in Golgi ribbon formation (Rios et al. 2004).

In addition to GRASP65, GM130 also interacts with p115 and giantin to form the
GM130-p115-giantin tethering complex (Sonnichsen et al. 1998). The Rab1 effector
p115, when recruited to coat protein complex (COP) II vesicles during the budding
from the ER, interacts with the soluble ATPases N-ethylmaleimide-sensitive factor
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(NSF) attachment protein receptors (SNAREs), a specialized set of COPII
v-SNAREs, to form a cis-SNARE complex that promotes vesicle targeting to the
Golgi apparatus (Allan et al. 2000). Meanwhile, p115 also binds giantin on COPI
vesicles and works with GM130 on Golgi membranes to provide a bridging role for
vesicle tethering (Sonnichsen et al. 1998). Thus, GM130 and p115 are two major
tethering factors in ER-to-Golgi trafficking (Munro 2011).

Other than the well-studied GRASP65-GM130 and GM130-p115-giantin com-
plexes, the GRIP domain containing golgins are another group of proteins associated
with the Golgi structure. Most GRIP domain-containing golgins localize to the TGN
via their GRIP domains and are involved in Golgi organization (Luke et al. 2005).
GCC185 is reported to localize independently of Arl1 on TGN and plays an essential
role in Golgi structure formation. Depletion of GCC185 results in fragmentation of
both cis- and trans-Golgi that are dispersed throughout the cytoplasm (Derby et al.
2007). On the other hand, another TGN golgin GCC88 is reported to play a role in
TGN organization and ribbon-linking. Overexpression of GCC88 causes a loss of
the compact Golgi ribbon and dispersal of mini-stacks throughout the cytoplasm,
while knockdown of GCC88 results in a longer ribbon structure (Gosavi et al. 2018).
A recent report suggests that GCC88-induces Golgi ribbon dispersal via actin and
non-muscle myosin IIA. In addition, a novel GCC88-binding partner, the long
isoform of intersectin-1 (ITSN-1), a guanine nucleotide exchange factor for
Cdc42, is identified to be involved in this process (Makhoul et al. 2019).

19.1.2 Other Golgi Structure-Related Proteins

Besides the Golgi matrix proteins and their cofactors described above, other proteins
including SNAREs, kinases, methyltransferases, and GTPases have also been
reported to be related to Golgi structural organization and function. A few examples
are discussed below.

Vesicle-associated membrane protein 4 (VAMP4), a v-SNARE protein located
on the TGN, was first shown to play a role in retrograde trafficking from early
endosomes to the TGN (Steegmaier et al. 1999). It was later reported that depletion
of VAMP4 led to fragmentation of the Golgi ribbon, although Golgi membranes
remained in the juxtanuclear area. EM studies revealed shortened Golgi stacks with a
normal arrangement. Depletion of the cognate SNAREs of VAMP4, syntaxin
6, syntaxin 16, and Vti1a also disrupted the Golgi ribbon. These findings suggest
that the maintenance of the Golgi ribbon structure requires normal retrograde
trafficking, which is likely mediated by the formation of VAMP4-containing
SNARE complexes (Shitara et al. 2013).

Serine/threonine-protein kinase H1 (PSKH1) was primarily characterized with
multiple intracellular localizations, including Brefeldin A-sensitive Golgi compart-
ment, centrosomes, nucleus, and cytoplasm (Brede et al. 2000). PSKH1 targeting to
Golgi depends on dual N-terminal acylation, myristoylation on glycine 2, and
palmitoylation on cysteine 3. Expression of palmitoylation site mutant PSKH1
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results in the disassembly of the Golgi apparatus to a diffused cytoplasmic pattern
without interrupting the microtubule cytoskeleton (Brede et al. 2003). The substrates
of this kinase on the Golgi are so far unidentified.

Protein arginine methyltransferase 5 (PRMT5) localizes to the Golgi apparatus
and forms complexes with several components, including GM130, which was later
identified as a substrate of PRMT5. N-terminal methylation of GM130 does not
affect its Golgi localization but is critical for Golgi ribbon formation. Depletion of
PRMT5 and expression of methylation-defective GM130 mutants result in fragmen-
tation and dispersal of the Golgi ribbon (Zhou et al. 2010).

In addition to the proteins mentioned above, Rab small GTPases are another
group of key regulators of mammalian Golgi organization. Many Rab proteins,
including but not limited to Rab1, Rab2 and Rab8 (Aizawa and Fukuda 2015),
Rab18 and Rab43 (Dejgaard et al. 2008), Rab6/41 (Goud et al. 1990; Martinez et al.
1997; Liu et al. 2013), and Rab30 (Kelly et al. 2012), have been shown to play a role
in Golgi structure organization and reviewed previously in detail (Goud et al. 2018).
Considering that Rab proteins switch between inactive GDP-bound and active
GTP-bound forms, it has been proposed that Golgi organization-related Rab proteins
are divided into two categories. With Class 1 Rabs, the Golgi ribbon is disrupted by
Rab inactivation but appears normal with overexpression, whereas with Class
2 Rabs, Rab inactivation has little effect on Golgi ribbon organization, while
overexpression leads to the redistribution of Golgi enzymes to the ER (Liu and
Storrie 2015). These results indicate that Rabs control the Golgi structure through
modulating membrane tethering and trafficking.

19.2 Golgi Dynamics in the Mammalian Cell Cycle

The Golgi undergoes a series of sophisticated cell cycle-dependent disassembly and
reassembly processes, including the deformation and reformation of Golgi ribbon,
stacks, and cisternae. At the onset of mitosis, the Golgi ribbon unlinks into
ministacks, which further undergo unstacking and vesiculation. These processes
ensure the equal distribution of Golgi compartments into the two daughter cells
(Wang 2008; Wei and Seemann 2010). In telophase, the Golgi vesicles fuse into
cisternae and form stacks. The new stacks then accumulate in the perinuclear region
and further link into a ribbon. The molecular factors that control these processes
include Golgi matrix proteins, kinases and phosphatases, ubiquitin ligases and
deubiquitinating enzymes, vesicle budding and fusion factors, and actin and micro-
tubule cytoskeleton. An in vitro system has been developed to replicate the Golgi
disassembly and reassembly process through sequential treatments of purified Golgi
membranes with mitotic (MC) and interphase (IC) cytosol, or with purified proteins
(Tang et al. 2008, 2010a). This system provides a powerful tool for testing key
proteins in Golgi structure formation, which makes it possible to identify the
minimal machinery and key components that control mitotic Golgi disassembly
and post-mitotic reassembly (Huang and Wang 2017).
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19.2.1 Mechanisms of Golgi Disassembly and Reassembly
in the Mammalian Cell Cycle

The first step of Golgi disassembly at the onset of mitosis is Golgi ribbon unlinking.
At this step, Golgi stacks in the ribbon are disconnected and dispersed. This step
involves disconnecting the tubules between the stacks by the membrane fission
protein CtBP/BARS, which is crucial for G2/M transition (Hidalgo Carcedo et al.
2004; Colanzi et al. 2007). Further, GRASPs undergo mitotic phosphorylation
which are also required for ribbon-unlinking. The extracellular-signal-regulated
kinase (ERK) directly phosphorylates GRASP55 and blocks its activity in both
Golgi ribbon formation and trans-oligomerization (Feinstein and Linstedt 2008),
while GRASP65 is phosphorylated by c-Jun N-terminal kinase (JNK) on Serine
277 (S277), which causes the separation of the Golgi stacks (Cervigni et al. 2015).

Sequential phosphorylation of GRASP65 on multiple sites by cyclin-dependent
kinase 1 (Cdk1) and polo-like kinase 1 (Plk1) results in its conformational changes
and subsequent de-oligomerization (Lin et al. 2000; Preisinger et al. 2005; Wang
et al. 2003; Tang et al. 2012; Vielemeyer et al. 2009). On the other hand, GRASP55
is phosphorylated by ERK and partially by Cdk1 (Xiang and Wang 2010). In
addition to the unique phosphorylation sites in the SPR domains of GRASPs,
S189 within the GRASP domain of GRASP65 is modified by Plk1, which causes
conformational change and impaired self-association (Sengupta and Linstedt 2010).
An in vivo membrane-tethering activity assay using a construct of full-length
GRASP55 fused to the C-terminal mitochondrial anchoring sequence shows that
the tethering activity is diminished by introducing a phosphomimic S189D mutant.
This result suggests that S189 might be a Plk1 target site on both GRASPs, although
direct evidence remains to be provided (Truschel et al. 2012). GRASP65 is
dephosphorylated by PP2A in late mitosis and the trans-oligomer reformation is
therefore rehabilitated to promote cisternae stacking (Tang et al. 2008).

The unstacked cisternae further disassemble into vesicles, which depends on
COPI vesicle formation and blockage of vesicle docking and membrane fusion. As
mentioned above, the GM130-p115-giantin complex promotes COPII vesicle
docking to the Golgi. Cdk1 phosphorylation of GM130 on S25 during mitosis
inhibits p115-interaction and therefore blocks vesicle docking (Lowe et al. 1998).
Inhibition of Cdk1 causes Golgi vesiculation failure, suggesting an essential role of
Cdk1 activity in mitotic Golgi vesiculation. However, expression of the GM130
S25A non-phosphorylatable mutant in GM130-depleted cells causes no apparent
defects in Golgi vesiculation and mitotic progression, indicating the existence of
GM130 S25 phosphorylation-independent pathways that ensure Golgi vesiculation
and mitotic progression in mammalian cells (Sundaramoorthy et al. 2010).

Recently, the recruitment and activation of Aurora kinase family member Aurora
A at the centrosomes in M phase was reported to depend on Golgi ribbon unlinking
in G2 phase (Barretta et al. 2016). Aurora A functions in centrosome maturation,
mitotic entry, and bipolar spindle formation during mitosis (Nikonova et al. 2013;
Carmena et al. 2009; Kimura et al. 2013). This finding indicates a potential link
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between Aurora A activity and cell cycle-associated Golgi structure modulation.
Indeed, it was later confirmed that knockdown or inhibition of Aurora A induces
Golgi dispersal without affecting the GM130 protein level in interphase. Further
investigation revealed that interference of Aurora A causes Golgi dispersal only after
mitosis via the dissociation of the Golgi and centrosome (Kimura et al. 2018). These
studies revealed a novel relationship between G2 phase Golgi unlinking, M phase
Aurora A activation, and interphase Golgi structure formation.

19.2.2 Post-mitotic Golgi Membrane Fusion and Its
Regulation

Two AAA ATPases, NSF and p97/VCP, are involved in membrane fusion during
post-mitotic Golgi reassembly, and their activities are regulated by phosphorylation
during mitosis (Rabouille et al. 1995). For NSF-catalyzed fusion, the p115-GM130
tethering complex is disrupted by GM130 phosphorylation during mitosis (Lowe
et al. 1998), while post-mitotic phosphorylation of p115 by a casein kinase II (CKII)-
like enzyme is required for cisterna reassembly (Dirac-Svejstrup et al. 2000).
Contemporarily, homotypic fusion of Golgi membranes mediated by p97 is also
blocked upon phosphorylation of p47 and p37. p97 uses these two distinct cofactors
for its membrane fusion function: p47 is essential for the regrowth of Golgi cisternae
from mitotic Golgi fragments (Kondo et al. 1997), while p37 is required for the
maintenance of the Golgi structure in interphase as well as for its reassembly in late
mitosis (Uchiyama et al. 2006). Both pathways are regulated by Cdk1-mediated
phosphorylation. Phosphorylation of p47 on S140 abolishes its binding to Golgi
membranes, resulting in mitotic inhibition of the p97/p47 pathway (Uchiyama et al.
2003). Phosphorylation on S56 and Threonine 59 (T59) disables p37 from binding to
Golgi membranes and consequently blocks p97/p37-mediated Golgi membrane
fusion at late mitosis (Kaneko et al. 2010).

In addition to phosphorylation, p97/p47-mediated Golgi membrane fusion is also
regulated by ubiquitination (Tang and Wang 2013). Tang et al. discovered that the
Homologous to the E6-AP Carboxyl Terminus (HECT) domain containing ubiquitin
ligase HACE1 is targeted to the Golgi membrane through the interaction with Rab1
and participates in post-mitotic Golgi biogenesis (Tang et al. 2011). Depletion of
HACE1 or expression of an inactive mutant impairs post-mitotic Golgi membrane
fusion. The identification of HACE1 as a Golgi-localized ubiquitin ligase provides
evidence that ubiquitin has a critical role in Golgi biogenesis during the cell cycle
(Tang et al. 2011). Later, the Golgi t-SNARE syntaxin 5 was identified as a
ubiquitination substrate (Huang et al. 2016). Syntaxin 5 is monoubiquitinated by
HACE1 in early mitosis and deubiquitinated by the de-ubiquitinase VCIP135 in late
mitosis (Wang et al. 2004). The monoubiquitination of syntaxin 5 at Lysine
270 (K270) in the SNARE domain impairs the interaction between syntaxin 5 and
the cognate v-SNARE Bet1 but increases its binding to the p97 adaptor p47 through
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the UBA domain of p47, which is required for post-mitotic Golgi membrane fusion
(Meyer et al. 2002). Expression of the syntaxin 5 K270R mutant in cells impairs
post-mitotic Golgi reassembly. Therefore, monoubiquitinated syntaxin 5 recruits
p97/p47 to the mitotic Golgi fragments and promotes post-mitotic Golgi reassembly
upon ubiquitin removal by VCIP135 (Huang et al. 2016). VCIP135 was originally
identified as a p97 interacting protein (Kano et al. 2005). It was later shown to be a
de-ubiquitinating (DUB) enzyme involved in p97/p47-mediated membrane fusion
(Wang et al. 2004). VCIP135 DUB activity, as well as its interaction with p97 and
association with Golgi membranes, is regulated by phosphorylation (Zhang and
Wang 2015a; Zhang et al. 2014). In mitosis, VCIP135 is phosphorylated at S130
by Cdk1 and thus is inactivated, allowing syntaxin 5 to be ubiquitinated by HACE1;
in telophase, VCIP135 is dephosphorylated and reactivated, removing ubiquitin
from syntaxin 5 to allow p97-mediated membrane fusion (Huang and Wang 2017;
Wang 2008). These studies revealed a novel mechanism that monoubiquitination
regulates Golgi membrane dynamics during the mammalian cell cycle.

19.3 Golgi Stress Response

As stated above, the Golgi apparatus in mammalian cells forms a unique stacked
structure under normal growth conditions, which undergoes a regulated disassembly
and reassembly process during the cell cycle. However, the Golgi structure and
function could be impaired under stress conditions, such as DNA damage, energy
and nutrient deprivation, and pro-apoptotic conditions. This could be attributed to
perturbation of microtubule organization or phosphorylation, degradation, or cleav-
age of Golgi structural proteins. Additionally, many signaling molecules have been
identified to be associated with the Golgi. Thus, it has been proposed that the Golgi
could sense and transduce stress signals and therefore serves as a hub in the cellular
signaling network (Farhan and Rabouille 2011; Mayinger 2011; Makhoul et al.
2019).

19.3.1 Apoptotic Stress and Golgi Fragmentation

Apoptosis, also known as programmed cell death, is a cell suicide mechanism
carried out by organelle-directed regulators such as the Bcl-2 proteins and ultimately
executed by the caspase family proteases (Nicholson and Thornberry 1997).
Organellar response to apoptotic initiation includes death receptor endocytosis,
mitochondrial and lysosomal permeabilization, ER calcium release, and Golgi
fragmentation. The Golgi is one of the first organelles to be affected during apoptosis
(Mukherjee et al. 2007; Aslan and Thomas 2009). During apoptosis, several Golgi
matrix proteins related to Golgi structure maintenance are cleaved by caspases,
leading to Golgi fragmentation (Hicks and Machamer 2005). Apoptotic Golgi
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fragmentation is one of the most extensively studied Golgi stress responses.
Reported caspases-cleaved Golgi proteins include GRASP65, golgin-160, GM130,
p115, syntaxin 5, and giantin (Lane et al. 2002; Mancini et al. 2000; Walker et al.
2004; Chiu et al. 2002; Lowe et al. 2004; Machamer 2015), as summarized in
Table 19.2 and discussed below.

19.3.1.1 Golgin-160

Golgin-160 is a golgin that plays a role in vesicle tethering and trafficking (Misumi
et al. 1997). It is cleaved by caspase-2, caspase-3, and caspase-7 during apoptosis.
Under pro-apoptotic conditions stimulated by staurosporine, the Golgi senses and
transduces apoptotic signals using a local caspase, caspase-2. Caspase-2 is special in
a way that it has both the property of initiator caspases and the substrate specificity of
executioner caspases (Mancini et al. 2000). Although it is unclear how caspase-2 is
activated by pro-apoptotic signals, in vitro and in vivo caspase cleavage assays
showed that caspase-2 cleavage of golgin-160 at aspartate 59 (D59) happens prior to
golgin-160 cleavage by caspase-3 and 7 at D139 and D311 (Mancini et al. 2000).
Expression of the D59A cleavage-defective mutant of golgin-160 delays Golgi
disintegration under staurosporine treatment (Machamer 2003; Hicks and Machamer
2005).

Table 19.2 Apoptotic cleavage of Golgi proteins

Names Apoptosis inducer Caspases
Cleavage
site Golgi structural change

Golgin-
160

STS; CH11 Caspase-
2, 3 and 7

D59,
D139,
D311

Golgi fragmentation (Mancini
et al. 2000; Mukherjee et al.
2007; Nozawa et al. 2002; Hicks
and Machamer 2002; Maag et al.
2005)

GRASP65 Anisomycin; STS Caspase-3 D320,
D375,
D393

Golgi fragmentation (Lane et al.
2002; Cheng et al. 2010)

p115 STS;
4-hydroxytamoxifen;
CH11; CA

Caspase-3
and 8

D757 Golgi fragmentation (Chiu et al.
2002; How and Shields 2011;
Mukherjee et al. 2007;
Mukherjee and Shields 2009;
Woldemichael et al. 2011)

GM130 CH11 Caspase-3 – Golgi fragmentation (Walker
et al. 2004; Lowe et al. 2004;
Mukherjee et al. 2007)

Syntaxin 5 STS; anisomycin Caspase-3 D1882,
D1083

Secretion inhibition (Lowe et al.
2004)

Giantin STS; anisomycin Caspase-3 D263 Secretion inhibition (Lowe et al.
2004; Nozawa et al. 2002)

CA carminomycin I, CH11 an anti-Fas monoclonal antibody, D aspartic acid, STS staurosporine
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Subsequently, it was shown that an N-terminal 85 amino acid fragment of golgin-
160 contains both a Golgi localization signal and a nuclear localization signal (Hicks
and Machamer 2002). Expression of a non-cleavable golgin-160 mutant inhibits ER
stress or ligation of death receptor-induced apoptosis (Maag et al. 2005). Latterly,
yeast two hybrid screening revealed that GCP60 preferentially binds to one of the
caspase cleavage products of golgin-160, aa 140-311, to inhibit its nuclear localiza-
tion (Sbodio et al. 2006). Overexpression of GCP60 sensitizes cells to staurosporine-
induced apoptosis, while nuclear localization of a golgin-160 apoptotic cleavage
fragment (aa 140-311) protects cells from apoptosis. However, another report
indicates that golgin-160 depletion does not affect the Golgi morphology nor
constitutive secretion (Williams et al. 2006). Therefore, the mechanism of how
golgin-160 transduces apoptotic signals and regulates the apoptotic response needs
to be further studied.

19.3.1.2 GRASP65

GRASP65 is cleaved in apoptosis induced by oxygen- and glucose-deprivation
(OGD) as in ischemia-induced cerebral vascular endothelial injury (Yin et al.
2010) and in staurosporine- or Fas ligand-induced apoptosis (Lane et al. 2002,
Cheng et al. 2010). In apoptosis, GRASP65 is cleaved by caspase-3 on D320,
D375, and D393. Expression of a cleavage-resistant form of GRASP65 delays
Golgi fragmentation in apoptosis and protects cells from Fas/CD95-mediated apo-
ptosis, whereas expression of an N-terminal caspase-cleaved fragment dramatically
sensitizes cells to Fas/CD95-mediated apoptosis (Lane et al. 2002, Cheng et al.
2010). Further results revealed that the C-terminal fragments of GRASP65 produced
by caspase cleavage promotes Fas/CD95-mediated apoptosis via being targeted to
mitochondria by binding to Bcl-XL (Cheng et al. 2010). However, the mechanism of
how the C-terminal cleavage fragment of GRASP65 regulates apoptosis at the
mitochondria and the role of Bcl-XL in this process are still unknown. The Golgi
fragmentation phenotype induced by apoptotic GRASP65 cleavage is similar to that
of GRASP65 phosphorylation in mitosis (Warren 1995). There is evidence that
several kinases involved in mitotic GRASP65 phosphorylation such as Cdk1 and
ERK are activated during apoptosis and regulate apoptosis by phosphorylating
caspase and Bcl-2 family proteins (Terrano et al. 2010; Yamaguchi et al. 2008; Lu
et al. 2011). Whether these kinases directly regulate apoptotic Golgi fragmentation
by phosphorylating GRASP65 or other Golgi proteins remains unclear (Ji et al.
2013).

19.3.1.3 p115

The ER-to-Golgi membrane tether, p115, is cleaved by caspase-3 and caspase-
8 during apoptosis. Expression of a caspase-resistant form of p115 delays Golgi
fragmentation in apoptosis. Exogenous expression of a p115 C-terminal apoptotic
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fragment leads to apoptosis and Golgi fragmentation (Chiu et al. 2002). The extreme
C-terminal fragment, generated by caspase cleavage during apoptosis, translocates
into the nucleus and further activates the apoptosis machinery. Interestingly, trans-
location of the p115 C-terminal fragment happens prior to major Golgi structural
changes, indicating it as an early event (Mukherjee and Shields 2009). The p115
C-terminus is SUMOylated, which regulates its nuclear translocation and amplifi-
cation of apoptosis signals in a p53-dependent manner (How and Shields 2011;
Mukherjee and Shields 2009). In a high-throughput screen, Carminomycin I
(CA) was discovered to inhibit cell proliferation of Von Hippel-Lindau (VHL)
defective Clear Cell Renal Cell Carcinoma (VHL�/� CCRCC) (Woldemichael
et al. 2011). CA activates caspase-2 and caspase-3 to cleave p115, which inhibits
CCRCC proliferation (Woldemichael et al. 2011).

19.3.1.4 Other Proteins

Several other Golgi structural proteins are also involved in apoptosis or cleaved by
caspases. The level of GM130 is reduced during Fas-mediated apoptosis but not in
staurosporine-induced apoptosis (Walker et al. 2004). However, it is not clear
whether the reduction is due to GM130 cleavage or degradation. Syntaxin 5 and
giantin are also cleaved by caspase-3 during apoptosis, which inhibits ER-to-Golgi
transport (Lowe et al. 2004). Golgin-95 and golgin-97 are cleaved during necrosis
but not apoptosis (Nozawa et al. 2002). Cleavage of golgin-95 and golgin-97 during
necrosis is also caspase-dependent, since pretreatment of the cells with pan-caspase
inhibitor, zVAD-fmk, abolished the cleavage of these two proteins (Nozawa et al.
2002).

Some of the Golgi proteins are also reported to regulate apoptosis. The Golgi
SNARE GS28 is involved in cisplatin-induced apoptosis in a p53-dependent manner
(Sun et al. 2012). Overexpression of GS28 sensitizes HEK293 cells to the apoptosis-
inducer cisplatin via the accumulation of p53 and Bax and the stimulation of p53
pro-apoptotic phosphorylation at S46. It was also shown that GS28 forms a complex
with the p53 ubiquitin E3 ligase Murine Double Minute 2 (MDM2) to inhibit its
function and consequential p53 ubiquitination and degradation (Sun et al. 2012).
Therefore, GS28 promotes cisplatin-induced apoptosis by stabilizing and regulating
pro-apoptotic phosphorylation of p53.

A well-studied mediator of intracellular vesicle fusion, NSF attachment protein α
(αSNAP), has been reported to have pro-survival functions (Naydenov et al. 2012).
Depletion of αSNAP triggers apoptosis in epithelial cells by reducing the anti-
apoptotic protein Bcl-2. Depletion of αSNAP in p53 null or Bax null cells still
results in apoptosis, indicating that the anti-apoptotic function is independent of p53
and Bax. Interestingly, αSNAP depletion induces apoptosis independent of the
cleavage of Golgi proteins such as GRASP65, golgin-160, and p115 but rather by
dysregulation of ER-Golgi vesicle cycling and possibly through ER stress
(Naydenov et al. 2012). Some other Golgi proteins, including human Golgi anti-
apoptotic protein (h-GAAP) (Gubser et al. 2007; Saraiva et al. 2013) and Golgi
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integral membrane protein 4 (GOLIM4) (Bai et al. 2018), are also reported to have
anti-apoptotic functions. GOLIM4 is overexpressed in some head and neck cancers,
and depletion of GOLIM4 reduces cell proliferation and cell viability by inducing
apoptosis (Bai et al. 2018).

Although microtubule and actin filaments play important roles in Golgi orienta-
tion and structure, Golgi fragmentation in apoptosis occurs prior to cytoskeleton
disorganization (Mukherjee et al. 2007; Yadav and Linstedt 2011). Furthermore, the
level of actin and tubulin did not change during apoptosis, while Golgi structural
proteins are cleaved as discussed above. Therefore, Golgi fragmentation in early
apoptosis is independent of microtubule and actin filament disorganization.

19.3.2 GOLPH3 and DNA Damage-Induced Golgi
Fragmentation

The Golgi phosphoprotein 3 (GOLPH3) is a peripheral membrane protein that
regulates vesicle budding and TGN-to-plasma membrane trafficking (Dippold
et al. 2009). GOLPH3 is localized to the TGN by binding to phosphatidylinositol
4-phosphate (PI4P). Depletion of PI4P leads to GOLPH3 dissociation from the
TGN. GOLPH3 also binds to the actin-based motor protein MYO18A to link
Golgi membranes with the actin cytoskeleton. This bridging effect creates a tension
required for vesicle budding, trafficking, and maintenance of the Golgi ribbon.
Depletion of GOLPH3 or MYO18A leads to the loss of the tensile force, resulting
in the shrinkage of the Golgi ribbon and a reduction of vesicles formed at the TGN
(Dippold et al. 2009; Bishe et al. 2012; Ng et al. 2013). GOLPH3 is an oncogene
known to be overexpressed in some solid tumors, including lung cancer and breast
cancer (Scott et al. 2009; Zeng et al. 2012). It is also reported that GOLPH3 increases
cell proliferation and cell size by regulating cell proliferation through the interaction
with the retromer complex and activation of the mammalian target of rapamycin
mTOR (Scott et al. 2009). GOLPH3 induces cell proliferation in breast cancer cells
by inhibiting the tumor suppressor transcription factor FOXO1 through activating
AKT (Zeng et al. 2012). These findings demonstrate that a trans-Golgi protein can
serve as an oncogene (Scott et al. 2009; Buschman et al. 2015; Kuna and Field
2018).

Interestingly, DNA damage causes Golgi dispersal in a GOLPH3-dependent
manner. DNA damage activates the DNA-PK kinase to phosphorylate GOLPH3
on T143/T148, which aberrantly increases the tensile force for the Golgi to fragment.
Golgi fragmentation in this scenario increases cell survival with an unknown
mechanism (Farber-Katz et al. 2014). Depletion of GOLPH3 or MYO18A increases
cancer cells’ sensitivity to DNA damage inducing agents, suggesting that GOLPH3
phosphorylation-induced Golgi fragmentation may serve as a protective mechanism
(Farber-Katz et al. 2014). Considering that GOLPH3 is overexpressed in many solid
tumors, it is reasonable to speculate that this may be a mechanism of how cancer
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cells escape DNA damage-induced apoptosis (Farber-Katz et al. 2014; Buschman
et al. 2015; Li et al. 2016b).

In addition to its high expression level in some cancer cells, GOLPH3
overexpression is also reported in mouse N2A cells under oxygen-glucose depriva-
tion and reoxygenation (OGD/R), a model mimicking severe oxidative injury
(Li et al. 2016a). In this OGD/R model, GOLPH3 is overexpressed and forms puncta
in the cytosol, which induces the formation of reactive oxygen species (ROS) and
lipidation of LC3. Opposed to its anti-apoptotic role in cancer cells, depletion of
GOLPH3 in OGD/R desensitizes the cells to apoptosis (Li et al. 2016a).

19.3.3 Golgi in Autophagy Regulation

Most recently, the Golgi stacking protein GRASP55 was reported to regulate
autophagy upon energy deprivation (Zhang et al. 2018; Zhang and Wang 2018a,
b). Under normal growth condition, GRASP55 is O-GlcNAcylated and localizes in
the medial- and trans-Golgi for stacking. However, under glucose starvation, a pool
of de-O-GlcNAcylated GRASP55 translocates to the interface between
autophagosomes and lysosomes to facilitate autophagosome-lysosome fusion.
After a short-term energy deprivation, the Golgi structure is only mildly affected,
possibly due to sufficient GRASP55 molecules remaining in the Golgi to maintain its
structure. Among over a dozen Golgi proteins tested, only GRASP55, but not
GRASP65, GM130, or golgin-45, is O-GlcNAcylated under growth conditions
and targets to autophagosomes upon energy deprivation, indicating that GRASP55
serves as an energy sensor on the Golgi to regulate both intracellular trafficking and
autophagy. Significantly, the same scenario may be seen in autophagy induced by
amino acid starvation and inhibition of mTOR (Zhang et al. 2018).

In addition to Golgi fragmentation, GCC88 overexpression also induces
autophagy via reducing the activity of mTOR. A considerable pool of mTOR is
localized and activated on the Golgi, which is dependent on the ribbon structure for
recruitment but independent of lysosomal mTOR activation (Gosavi et al. 2018).
These findings indicate the Golgi ribbon as an important location for the functional
regulation of mTOR activity.

Additionally, autophagosomes may directly form on Golgi membranes (Guo
et al. 2012) or obtain membranes from the Golgi (Geng et al. 2010; Geng and
Klionsky 2010). The only recognized transmembrane ATG protein, ATG9, localizes
at the trans-Golgi network and late endosomes and is essential for autophagosome
formation (Yamamoto et al. 2012), although the detailed mechanism awaits further
investigation (Orsi et al. 2012). Recently, the endoplasmic reticulum-Golgi interme-
diate compartment (ERGIC) is proposed to serve as a key membrane source for
autophagosome formation (Ge et al. 2013). Under normal condition, COPII vesicles
are generated from the ER-exit sites (ERES) for ER-Golgi membrane trafficking,
while upon starvation, the COPII assembly activator Prolactin Regulatory Element-
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Binding protein (PREB)/SEC12 relocates to the ERGIC and triggers ERGIC-COPII
vesicle formation as membrane templates for LC3 lipidation.

19.4 Alteration of Golgi Structure and Function in Diseases

Golgi structure defects and dysfunctions have been observed in many diseases,
including pathogen infection, neurodegenerative diseases, and cancer (Aridor and
Hannan 2000). Generally, the mechanisms of Golgi fragmentation include imbal-
anced membrane flux, altered microtubule dynamics, and posttranslational modifi-
cations or proteolytic cleavage of Golgi structural proteins (Wei and Seemann 2017).
In many cases, the correlation between Golgi defect and disease progression is
unclear. A few interesting cases reported recently are discussed below.

19.4.1 Alzheimer’s Disease (AD)

AD is an age-related neurodegenerative disease of the central nerve system charac-
terized by progressive loss of cognition and memory. Golgi fragmentation occurs in
neurons of patients with AD since the earliest stages of disease development
(Sundaramoorthy et al. 2015). Some cases of early-onset AD are related to mutations
in the Amyloid Precursor Protein (APP) or Presenilin 1 and 2 (PSN1 and 2). The
amyloid-beta (Aβ) peptide is a proteolytic product of APP, which is considered to be
the major inducer of AD (Selkoe and Hardy 2016). Aβ accumulation is likely the
direct cause of Golgi fragmentation, as Aβ-treatment causes reversible Golgi frag-
mentation in cultured neurons (Joshi et al. 2014).

Present research supports that activation of Cyclin-dependent kinase 5 (Cdk5) by
Aβ accumulation via the [Ca2+]-calpain-p25 pathway may be the major trigger of
Golgi fragmentation in AD (Lee and Linstedt 2000; Joshi et al. 2015; Joshi and
Wang 2015; Evin 2015; Ayala and Colanzi 2017). Cdk5 may function in two ways.
First, Cdk5 phosphorylates GM130 at S25 and inhibits its interaction with the Golgi
tethering protein p115 (Sun et al. 2008). Second, Cdk5 phosphorylates GRASP65 at
T220/T224, which inhibits GRASP65 function in Golgi stack formation and ribbon
linking (Joshi et al. 2014). Furthermore, inhibiting Cdk5 or expressing
non-phosphorylatable GRASP65 mutants both rescued the Golgi structure and
reduced Aβ secretion by elevating the α-cleavage of APP (Joshi and Wang 2015;
Joshi et al. 2014), indicating that GRASP65 phosphorylation may be the main reason
for AD-induced Golgi fragmentation. These studies not only provide molecular
mechanisms for Golgi fragmentation but also suggest Golgi as a potential drug
target for AD treatment (Joshi et al. 2015; Joshi and Wang 2015; Ayala and Colanzi
2017).
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19.4.2 Amyotrophic Lateral Sclerosis (ALS)

ALS is a fatal neurodegenerative disorder specifically targeted to motor neurons.
Fragmented Golgi has been observed in numerous models of superoxide dismutase 1
(SOD1), TDP-43, FUS, and optineurin-associated ALS (Fujita et al. 2008; Soo et al.
2015; Van Dis et al. 2014; Wallis et al. 2018). SOD1 inhibits ER-to-Golgi transport
and causes Golgi fragmentation (Atkin et al. 2014) by reducing the β-COP protein
level, accumulating the ER-Golgi v-SNAREs GS15 and GS28, and destabilizing
microtubules by the upregulation of Stathmins 1 and 2 (Bellouze et al. 2016; Atkin
et al. 2014). FUS and TDP-43 impair the incorporation of secretory cargo into COPII
vesicles (Soo et al. 2015). Furthermore, expression of ALS-related optineurin
mutants impairs myosin VI-mediated protein trafficking from Golgi to plasma
membrane, which also induces Golgi fragmentation (Sundaramoorthy et al. 2015).
Conclusively, impairment of distinct protein trafficking pathways by different
ALS-linked proteins are specific triggers for Golgi fragmentation in ALS.

19.4.3 Parkinson’s Disease (PD)

PD is pathologically characterized by the loss of dopamine-containing neurons and
by the formation of intracellular protein aggregates known as Lewy bodies in which
α-synuclein has been recognized as a major constituent (Forno 1996; Wakabayashi
et al. 1998). Golgi fragmentation can be detected in early-stage PD brains (Fujita
et al. 2006) and is strongly correlated to the presence of prefibrillar α-synuclein
(Gosavi et al. 2002). Since then, emerging studies have provided important insights
into the mechanisms of how α-synuclein causes pathological Golgi fragmentation
and neuronal degeneration. The primary effect of α-synuclein aggregation is the
inhibition of ER-to-Golgi transport (Lashuel and Hirling 2006), which can be
rescued by the overexpression of Rab1 and Rab8 and depletion of Rab2 and syntaxin
5 (Rendon et al. 2013; Coune et al. 2011). In a most recent report, mutations in the
leucine-rich repeat kinase 2 (LRRK2), a major genetic cause of autosomal-
dominantly inherited PD, markedly enhance Rab7L1 phosphorylation on S72,
resulting in TGN fragmentation (Fujimoto et al. 2018).

19.4.4 Cancer

Golgi disorganization may be related to cancer progression and metastasis in the
following aspects: aberrant glycosylation, abnormal expression of Ras GTPase,
dysregulation of kinases, and hyperactivation of myosin motor proteins (Petrosyan
2015). Perturbation of the Golgi morphology in cancers results in an increase of
sialylation which is associated with a metastatic cell phenotype (Schultz et al. 2012).
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Overexpression of sialylated antigens is significantly correlated with tumor progres-
sion and therapy resistance due to an anti-apoptotic effect (Lee et al. 2008; Park et al.
2012; Petrosyan et al. 2014). Over-activation of Rabs, which coordinate with golgins
in protein transportation and Golgi structure maintenance, has been reported in
different types of cancers (Goldenring 2013). Furthermore, Golgi disorganization-
related kinases, including Src, ERK9, and P21-activated protein kinase (Pak1), are
found elevated in tumor cells (Chia et al. 2014; Ching et al. 2007; Weller et al. 2010).
The ubiquitin ligase HACE1, which regulates p97-mediated Golgi membrane fusion
as discussed above, is reported as a tumor suppressor downregulated in multiple
tumors including Wilms’ tumor (Anglesio et al. 2004), resulting in Golgi fragmen-
tation (Tang et al. 2011; Cui and Wang 2012). Additionally, hyperactivation of
Golgi-associated myosins, including MYO18A that directly binds to GOLPH3 to
promote Golgi dispersal (Dippold et al. 2009; Allan et al. 2002), is detected in many
aggressive cancers. Golgi fragmentation is one of the essential and earliest events in
apoptosis, where several golgins and GRASP65 are cleaved by activated caspases,
as described in previous sections.

19.4.5 Viral Infection

Several membrane structures including the Golgi are used by viruses as viral
factories to replicate, concentrate, and assemble the viral genome and proteins into
viral particles (Miller and Krijnse-Locker 2008; Netherton et al. 2007; Salonen et al.
2005). As a highly dynamic organelle, Golgi serves as a membrane scaffold for
multiple viruses, including infectious hepatitis C virus, enteroviruses, poliovirus,
foot-and-mouth-disease virus, dengue virus, coronavirus, Kunjin virus, tick-borne
encephalitis virus, rubella virus, and bunyamwera virus (Miller and Krijnse-Locker
2008; Harak and Lohmann 2015; Risco et al. 2003; Salanueva et al. 2003; Delgui
et al. 2013; Westerbeck and Machamer 2015), and is frequently fragmented after
infection (Campadelli et al. 1993; Salanueva et al. 2003; Yadav et al. 2016; Avitabile
et al. 1995; Lavi et al. 1996; Hansen et al. 2017; Rebmann et al. 2016). Viruses use
Golgi membranes directly and/or hijack master controllers of Golgi biogenesis and
trafficking to generate vesicles that are used as the site of viral RNA replication
(Quiner and Jackson 2010; Hansen et al. 2017; Short et al. 2013), wrapping (Sivan
et al. 2016; Alzhanova and Hruby 2007; Alzhanova and Hruby 2006; Nanbo et al.
2018; Lundu et al. 2018; Procter et al. 2018), intracellular transduction
(Nonnenmacher et al. 2015), and secretion (Zhang et al. 2016b). Viral infection
triggers Golgi fragmentation via diverse mechanisms, ranging from phosphorylating
key Golgi structural proteins such as GRASP65 (Rebmann et al. 2016), activating
the Src kinase to phosphorylate the Dynamin 2 GTPase (Martin et al. 2017),
targeting the immunity-related GTPase M (IRGM) to the Golgi to induce GBF1
phosphorylation (Hansen et al. 2017), modulating vesicular trafficking (Yadav et al.
2016; Johns et al. 2014), to impeding the major histocompatibility complex (MHC)
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class I trafficking, antigen presentation, and/or cytokine secretion (Moffat et al.
2007; Rohde et al. 2012).

19.5 Conclusions and Perspectives

The Golgi is the central hub in the secretory pathway, where proteins and lipids are
processed, sorted, and dispatched to distinct destinations. As a well-organized
polarized membrane structure, Golgi function is tightly related to its structural
integrity. Thus, the first key question in Golgi biology concerns how the stacked
Golgi structure forms. During the past decades, proteins with a variety of functions
have been identified in the maintenance of Golgi structure and regulation of Golgi
function, including but not limited to GRASPs, golgins, kinases, phosphatases,
ubiquitin E3 ligases, and deubiquitinases, as summarized above. More detailed
investigations need to be done to investigate how Golgi structural proteins and
their interacting molecules cooperate together to form the stacked Golgi structure.

Golgi structural and functional defects have been increasingly reported in stress
and disease conditions. In addition to its central role in protein sorting and traffick-
ing, the Golgi has been more recently recognized as a hub of signaling pathways,
which facilitates Golgi reaction upon stresses and diseases. Thus, the second key
question in Golgi biology concerns how the Golgi structure becomes defective in
stress and disease conditions. In this regard, much effort and some progress have
been made, such as Golgi fragmentation in AD by Cdk5-mediated GRASP65
phosphorylation as discussed above. However, many questions remain. For exam-
ple, is there an unfolded protein response (UPR)-like mechanism at the Golgi to cope
with different stresses? Is there a common stress sensor on the Golgi? How do the
signaling pathways on the Golgi sense and transduce stress signals? Apparently, a
more systematic analysis of Golgi response to different stressors is necessary. Gene
expression profile and posttranslational modification analysis of Golgi structural
proteins, Golgi enzymes, and signaling molecules will fast forward the field and
shed light on new directions. Considering lipid organization and modification are
important for Golgi function and certain lipids can work as signaling molecules,
more attention may be put on lipids at the Golgi, in addition to proteins.

The third key question in Golgi biology concerns how Golgi structure alteration
affects its function in trafficking, glycosylation, and sorting. The consequence of
Golgi fragmentation in different diseases is likely different, but it has been reported
that Golgi cisternal unstacking by depleting GRASP proteins enhances protein
trafficking. This, however, impairs accurate glycosylation and causes missorting of
lysosomal enzymes to the extracellular space (Xiang et al. 2013; Zhang and Wang
2016; Bekier et al. 2017; Wang et al. 2008). Consistently, Golgi fragmentation in
AD enhances APP trafficking and Aβ production, while rescue of the Golgi causes
APP accumulation in the Golgi and reduces Aβ secretion (Joshi et al. 2014). Most
recently, we have obtained evidence that Golgi structure disassembly by GRASP
depletion reduces cell attachment and migration while accelerating cell growth and
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cell cycle progression (Ahat et al. 2019). It will be interesting to investigate how
Golgi fragmentation enhances cancer cell proliferation and metastasis in the future.
Future efforts may also aim at developing small chemicals or molecular tools to
rescue the Golgi structure in diseases, which may delay the disease development.
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Chapter 20
Selected Golgi-Localized Proteins
and Carcinogenesis: What Do We Know?

Piotr Donizy and Jakub Marczuk

Abstract The role of the Golgi apparatus in carcinogenesis still remains unclear. A
number of structural and functional cis-, medial-, and trans-Golgi proteins as well as a
complexity of metabolic pathways which they mediate may indicate a central role of
the Golgi apparatus in the development and progression of cancer. Pleiotropy of
cellular function of the Golgi apparatus makes it a “metabolic heart” or a relay station
of a cell, which combines multiple signaling pathways involved in carcinogenesis.
Therefore, any damage to or structural abnormality of the Golgi apparatus, causing its
fragmentation and/or biochemical dysregulation, results in an up- or downregulation
of signaling pathways and may in turn promote tumor progression, as well as local
nodal and distant metastases. Three alternative or parallel models of spatial and
functional Golgi organization within tumor cells were proposed: (1) compacted
Golgi structure, (2) normal Golgi structure with its increased activity, and (3) the
Golgi fragmentation with ministacks formation. Regardless of the assumed model,
the increased activity of oncogenesis initiators and promoters with inhibition of
suppressor proteins results in an increased cell motility and migration, increased
angiogenesis, significantly activated trafficking kinetics, proliferation, EMT induc-
tion, decreased susceptibility to apoptosis-inducing factors, and modulating immune
response to tumor cell antigens. Eventually, this will lead to the increased metastatic
potential of cancer cells and an increased risk of lymph node and distant metastases.
This chapter provided an overview of the current state of knowledge of selected Golgi
proteins, their role in cytophysiology as well as potential involvement in
tumorigenesis.
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20.1 Introduction

The Golgi apparatus (GA) is a strictly organized membrane organelle responsible for
trafficking of proteins and lipids in the cell as well as for their post-translational
modification (Witkos and Lowe 2016; Howley and Howe 2018). This cellular factory
has a form of stacks consisting of five to eight flattened cisternae, laid tightly parallel
to each other. It can be divided into three distinct parts: the cis-Golgi network (CGN;
close to the endoplasmic reticulum [ER] and receiving its output), themedial part, and
the trans-Golgi network (TGN; close to the plasma membrane and sending cargo
molecules to different destinations) (Witkos and Lowe 2016). Golgi stacks are able to
aggregate to form the so-called Golgi ribbon, comprising of multiple stacks linked
laterally by tubular structures. Other postulated cytophysiological functions of the
GA and its proteins involve, for instance, regulating apoptosis, cell mobility and
migration (Millarte and Farhan 2012).

Pleiotropy of cellular function of the GA makes it a “metabolic heart” of a cell,
which combines multiple signaling pathways involved in carcinogenesis. Therefore,
any damage to the GA, causing its fragmentation and/or biochemical disruption,
results in a dysregulation (up- or downregulation) of cellular metabolic pathways and
may in turn promote tumor progression, as well as local nodal and distant metastases.
This chapter provides an overview of the current state of knowledge of selected Golgi
proteins, their role in cytophysiology as well as potential involvement in tumorigen-
esis and progression.

20.2 Structural-Functional cis-Golgi Proteins and Their
Role in Carcinogenesis

20.2.1 GMAP-210 (Golgi-Microtubule-Associated Protein
of 210 kDa, Thyroid Receptor-Interacting Protein
11, TRIP11)

GMAP-210 is a protein involved in vesicle tethering and vesicular traffic located
within the CGN (Pranke et al. 2011; Sato et al. 2015) (Fig. 20.1). The important roles
of GMAP-210 in cell physiology involve being a membrane tether as well as linking
the GA to microtubules and centrosomes (Ríos et al. 2004; Infante et al. 1999). Loss-
of-function mutations in GMAP-210 lead to the achondrogenesis type 1A, which
may suggest a significant role of secretory trafficking impairment in chondrocytes
(Vanegas et al. 2018). Interestingly, GMAP-210 can localize in the nucleus, acting as
a transcription coactivator and interacting with thyroid hormone receptors (THR)
(Popławski et al. 2017; Chen et al. 1999). In the presence of triiodothyronine, GMAP-
210 (TRIP11) binds THRs and enhances THR-dependent transcription. Furthermore,
TRIP11 also functions as a coactivator of hypoxia-inducible factor (HIF) (Beischlag
et al. 2004). Until now, only one study has been published to discuss the expression of
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GMAP-210 (TRIP11) in renal cancer, without specifying its histological subtypes. A
significant correlation between its decreased expression and shorter overall survival
was demonstrated (Popławski et al. 2017). A potential role of GMAP-210 in human
tumors needs further in-depth research using clinical tissue specimens.

20.2.2 GM130 (Golgin Subfamily A Member 2, 130 kDa
cis-Golgi Matrix Protein; SY11 Protein, Golgin
Subfamily a2; Golgin-95, Golgin A2)

GM130 is another cis-Golgi protein of golgin subfamily (Fig. 20.1). It is a pleiotro-
pic intracellular protein, which plays a key role in the maintenance of ER-to-Golgi
transport vesicles through direct interaction with vesicle docking protein p115
(Nakamura et al. 1997). Furthermore, GM130 promotes microtubule nucleation
and microtubule growth at the cis-Golgi, recruiting the nucleation-promoting factor
AKAP450 there (Rivero et al. 2009). GM130 is also involved in GA fragmentation
during mitosis and, by regulating microtubular dynamics, it enables equal
partitioning into the two daughter cells (Wei and Seemann 2009; Wei and Seemann

Fig. 20.1 The structure of the Golgi apparatus with a division into the cis-, medial-, and trans-
Golgi compartments as well as their selected characteristic proteins (electron microphotograph;
�120,000 magnification)
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2017). At early stages of mitosis, GM130 interacts with importin-α causing its
sequestration, and, in turn, TPX2 (microtubule nucleation factor) activation within
Golgi membranes (Wei et al. 2015). The main effect involves the nucleation of
spindle microtubules at the Golgi and equal segregation of Golgi membranes during
mitosis.

Furthermore, GM130 directly affects active, polarized cell migration. Binding
and subsequent sequestration of Tuba protein (Ccd42-specific guanine nucleotide
exchange factor) in the GA plays the key role in this process. As a result of Tuba
protein translocation to GA, Cdc42 redistribution and activation take place
(Kodani et al. 2009; Baschieri et al. 2014). Baschieri et al. (2014) demonstrated
that interaction between GM130 and RasGRF (inhibitor of Cdc42) also leads to
Cdc42 activation in the GA. The second molecular mechanism associated with cell
migration is the recruitment of protein kinase Stk25 (serine/threonine kinase
25, YSK1) to the GA and its subsequent activation (Preisinger et al. 2004).
Interestingly, GM130 also inhibits autophagy by sequestrating its known inducer,
GABARAP (Joachim et al. 2015).

Another important issue is a post-translational regulation of GM130, which may
play a role in the maintenance of Golgi structure. Zhou et al. (2010) demonstrated
that protein arginine methyltransferase 5 (PRMT5) is essential for the maintenance
of the GA architecture through its arginine methylation of GM130. The prognostic
role of PRMT5 upregulation and downregulation in human cancers still remains an
open question, though.

Recent studies indicate the crucial role of GM130 in carcinogenesis. Zhao et al.
(2015) demonstrated that overexpression of GM130 in patients with gastric cancer
was associated with increased invasiveness of tumor cells. Kaplan-Meier survival
analysis demonstrated a significant correlation between overexpression of GM130
and shorter survival. Furthermore, an association was demonstrated between the
downregulation of E-cadherin and overexpression of GM130 as well as of Snail (the
epithelial-mesenchymal transition [EMT] regulator), which suggests a role of
GM130 as the EMT regulator (Zhao et al. 2015).

A downregulation of GM130 by short hairpin RNA (shRNA) constructs in lung
cancer model in vitro inhibits angiogenesis and decreases the invasiveness of lung
cancer cells. Furthermore, a downregulation of GM130 was shown to induce
autophagy in A549 lung cancer cell line (Chang et al. 2012). Intriguingly, though,
in breast cancer cell lines, depletion of GM130 increases cellular velocity and
increases the invasiveness of cancer cells (Baschieri et al. 2015).

Contradictory and equivocal conclusions regarding a potential involvement of
GM130 in carcinogenesis warrant further in-depth multicenter research in large
samples of patients with solid organ tumors.
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20.2.3 Giantin (GC; GCP372; GOLIM1; Golgin Subfamily B
Member 1; 372 kDa Golgi Complex-Associated
Protein; Golgi Autoantigen; Golgin Subfamily b,
Macrogolgin (with Transmembrane Signal), 1; Golgi
Integral Membrane Protein 1; Golgin B1, Golgi
Integral Membrane Protein; Macrogolgin; Golgin B1)

Giantin is the largest golgin subfamily member present in mammals (Koreishi et al.
2013). It participates in vesicle tethering, membrane fusion, and cargo transport
processes. Furthermore, it is responsible for spatial organization of the Golgi ribbons
(Koreishi et al. 2013).

Alongside GM130, p115, and GRASP65 (Golgi peripheral membrane protein
p65), it forms the “cis-golgin tether,” which plays a role in vesicle tethering and
anterograde cargo. To form cis-golgin tether, giantin is linked to GM130 via p115.
GM130 is in turn linked to GRASP65 anchored to the Golgi membrane (Fig. 20.1).
Furthermore, giantin is able to bind directly to Rab1 (small GTPase of the Rab
family), the role of which in forming cis-golgin tether still remains unclear (Koreishi
et al. 2013).

Little is known about the role of giantins in oncogenesis. A study using prostate
cancer cell lines demonstrated that the GA in androgen-sensitive prostate cancer
cells and normal prostate cells has a compact morphology whereas it is fragmented
in androgen-refractory cells and primary prostate tumors. At the same time,
mislocalization of C2GnT-L (core 2 N-acetylglucosaminyltransferase-L coded by
GCNT1 gene) is found in cells with fragmented GA (Petrosyan et al. 2014). It was
observed that giantin is essential for Golgi targeting of C2GnT-L (unlike
e.g. sialyl-T antigen produced by β-galactoside α-2,3-sialyltransferase-1
[ST3Gal1], which can also use GM130-GRASP65 for Golgi targeting if giantin
is defective) (Petrosyan et al. 2014). Targeting of C2GnT-L is only possible with
phosphorylated and dimerized form of giantin. Failure of giantin monomers to be
phosphorylated and dimerized prevents them from being used for Golgi targeting
and, in turn, prevents Golgi from forming compact morphology (Petrosyan et al.
2014). It was also demonstrated that inhibition or knockdown of non-muscle
myosin IIA (MYH9) motor protein enables Rab6a GTPase to promote phosphor-
ylation of giantin by polo-like kinase 3 (PLK3), thereby allowing dimerization of
giantin assisted by protein disulfide isomerase A3 (PDIA3), restoration of compact
Golgi morphology and targeting of C2GnT-L (Petrosyan et al. 2014). Interestingly,
Golgi relocation of C2GnT-L in androgen-refractory cells was shown to result in
their increased susceptibility to galectin-1-induced apoptosis by replacing sialyl-T
antigen with polylactosamine (Petrosyan et al. 2014). To sum up, giantin (along-
side the mediators of its phosphorylation and subsequent dimerization) and
C2GnT-L are the key players affecting the susceptibility of prostate cancer cells
to galectin-1-mediated apoptosis.
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Another study using prostate cancer cell lines demonstrated that by being a
mediator of glycosylation, giantin regulates cancer cell phenotype (Bhat et al.
2017). It was shown that defective giantin in androgen-independent prostate cancer
cells results in a shift of Golgi targeting of glycosyltransferases and α-mannosidase
IA from giantin to GM130-GRASP65. A consequence of shifted enzyme targeting is
an abnormal modification of trans-Golgi enzymes and cell surface glycoproteins,
which acquire high mannose N-glycans, absent in cells with functional giantin (Bhat
et al. 2017). The role of the discussed abnormalities in regulating the phenotype of
prostate cancer is the fact that in situ proximity ligation assays of co-localization of
α-mannosidase IAwith GM130 and GRASP65, and trans-Golgi glycosyltransferases
with high mannose N-glycans are negative in androgen-sensitive LNCaP C-33 cells,
but positive in androgen-independent LNCaP C-81 and DU145 cells, and giantin-
devoid LNCaP C-33 cells. It was, therefore, suggested that in situ proximity ligation
assay can be used to differentiate between indolent and invasive clinical subtypes of
prostate cancer (Bhat et al. 2017).

There is scant data on the role of giantin in eosinophilia-associated myeloprolifer-
ative neoplasms (MPN-eo). Naumann et al. reported a case of a 75-year-old male, in
whom a new PDGFRB (platelet-derived growth factor receptor beta) fusion gene,
GOLGB1-PDGFRB [karyotype 46,XYt(5;17)(q33;p11)], was identified (Naumann
et al. 2015). They proposed that fusion protein encoded by the gene is predicted to
contain the tyrosine kinase (TK) domain, whereas partner gene contains domains like
coiled-coil structures which putatively facilitate dimerization and constitutive activa-
tion of TK. The patient achieved rapid and durable complete remission on imatinib
(Naumann et al. 2015). Troadec et al. (2017) reported a case of a 71-year-old female
with an atypical mixed lymphoid/myeloid neoplasm—MPN-Eo characterized by the
coexistence of bone marrow myeloproliferation with circulating hypereosinophilia
and T-cell lymphoblastic lymphoma in lymph nodes. Karyotype of tumor cells from
lymph nodes and bone marrow revealed a single clonal t(3;13)(q13;q12) translocation
resulting in a FLT3 (fms-like tyrosine kinase 3) and GOLGB1 fusion transcript. The
GOLGB1-FLT3 protein fused together the three coiled-coil GOLGB1 domains with
the split kinase TK domain of FLT3, that could lead to a constitutively multimerized
active protein (Troadec et al. 2017). An alternative hypothesis assumes that constitu-
tive TK activation is due to the loss of the inhibitory juxtamembrane domain of FLT3.
Regardless of themechanism of persistent protein activation, the resultant resistance to
imatinib developed and the patient died within 3 months, despite conventional CHOP
chemotherapy (cyclophosphamide, hydroxydaunorubicin, oncovin, and predniso-
lone) (Troadec et al. 2017).
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20.2.4 USO1 (p115, USO1 Vesicle Transport Factor; USO1
Vesicle Docking Protein Homolog; TAP; VDP;
General Vesicular Transport Factor p115;
Transcytosis Associated Protein; Vesicle Docking
Protein p115)

USO1 is located predominantly in cis-Golgi (Fig. 20.1), where it plays an important
role in vesicle trafficking between ER and GA (Sui et al. 2015; Barroso et al. 1995).
It was demonstrated that by its domains, USO1 interacts with diverse proteins, such
as GM130, giantin, Rab1a, N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) family members, and GBF1 (ARF guanine nucleotide exchange
factor) (García-Mata and Sztul 2003). It was demonstrated that mice lacking USO1
exhibit disruption of Golgi structure and early embryonic lethality, indicating that
USO1 is a crucial protein for early embryonic development (Kim et al. 2012a).

The importance and actual role of USO1 in carcinogenesis is still unclear. In an
in vitro study using the colon cancer cells (HCT116 and HT-29), the expression of
USO1 was knockdown by using a special lentivirus shRNA approach. It was shown
that knockdown of USO1 inhibits the ability of cell proliferation and migration.
Furthermore, the dysregulation of USO1 induces early apoptosis and decreased cells
in G2-M phase (Sui et al. 2015). The USO1 expression analysis in multiple myeloma
using qRT-PCR and western blot assay demonstrated a significantly higher USO1
expression in cancer cells than in normal plasma cells (Jin and Dai 2016). Addition-
ally, knockdown of USO1 resulted in the inhibited ability of cell proliferation and
induced cell apoptosis with reduced expression of cyclin D1, Mcm2
(minichromosome maintenance protein 2), PCNA (proliferating cell nuclear anti-
gen), and p-Erk1/2 (extracellular signal-regulated kinase 1 and 2) (Jin and Dai 2016).

An experimental study using breast cancer cell lines demonstrated that
upregulation of ER-Golgi trafficking genes, manifesting as e.g. overexpression of
USO1, enhances trafficking kinetics and promotes cell adhesion, migration, and
invasion (Howley et al. 2018). Furthermore, high trafficking gene expression sig-
nificantly correlated with increased risk of distant metastasis as well as significantly
shorter overall survival and relapse-free survival in breast cancer patients, suggesting
that dysregulation of ER-Golgi trafficking plays an important role in breast cancer
progression (Howley et al. 2018).

Other than the studies discussed above, there are no reports to analyze the
expression of USO1 in cancer and to determine its potential prognostic role in cancer
patients.
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20.2.5 GOLIM4 (GIMPC; GOLPH4; P138; Golgi Integral
Membrane Protein 4; 130 kDa Golgi-Localized
Phosphoprotein; cis Golgi-Localized Calcium-Binding
Protein; Golgi Integral Membrane Protein, cis; Golgi
Phosphoprotein 4; Golgi Phosphoprotein of 130 kDa;
Golgi-Localized Phosphoprotein of 130 kDa; Type II
Golgi Membrane Protein)

GOLIM4 is a cis and medial Golgi-localized membrane protein (Fig. 20.1), which
actively migrates between the Golgi and endosomes. It is a target protein for the
calcium channel protein STIM1 (stromal interaction molecule 1) (Bai et al. 2018a).
STIM1 is the endoplasmic reticulum calcium sensor, which participates in calcium
ion influx via the store-operated calcium entry (SOCE) (Mo and Yang 2018). STIM1
overexpression and SOCE upregulation may promote metastases by affecting actin
cytoskeleton, extracellular matrix distribution and interfering with tumor microen-
vironment (Mo and Yang 2018).

The role of GOLIM4 in carcinogenesis and its association with STIM1 has been
poorly understood. What is known, though, is that GOLIM4 regulates cancer cell
cycle, apoptosis and proliferation as demonstrated in studies using head and neck
cancer cell lines. GOLIM4 overexpression was demonstrated in two cell lines of head
and neck cancer: FaDu (human pharyngeal squamous carcinoma cell) and Tca-8113
(human tongue squamous carcinoma cell) (Bai et al. 2018a). Interestingly, GOLIM4
knockdown leads to inhibited growth of cancer cells, slowing tumor progression by
inducing apoptosis, cell cycle arrest at the G1 phase, and preventing the cells from
entering the interphase (S phase) (Bai et al. 2018a). These findings suggest that
GOLIM4 promotes carcinogenesis. However, due to a low number of studies to
analyze it in clinical specimens, a full explanation of its role is yet to be provided and
warrants further research.

20.2.6 RNF121 (RING Finger Protein 121)

The RNF121 is a member of a large family of proteins of unclear cytophysiological
function, which share a common RING domain. The RNF121, an ER- and cis-
Golgi-resident E3-ubiquitin ligase (Zhao et al. 2014) (Fig. 20.1), facilitates the
degradation and membrane localization of voltage-gated sodium channels (Ogino
et al. 2015). Zhao et al. (2014) demonstrated that RNF121 knockdown inhibited cell
growth and induced apoptosis, which was accompanied by caspase-3 activation and
the cleavage of poly (adenosine diphosphate-ribose) polymerase (PARP1). Impor-
tantly, RNF121 knockdown enhanced etoposide-induced apoptosis, which has sig-
nificant clinical implications.
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By its RING catalytic domain, RNF121 as a Golgi-anchored E3 ubiquitin ligase
regulates intracellular signaling pathway leading to NF-κB (nuclear factor kappa-
light-chain-enhancer of activated B cells) activation (Zemirli et al. 2014). RNF121
overexpression was also shown to promote NF-κB activity (Zemirli et al. 2014). The
detailed role of this regulation requires further research and makes the RNF121 an
interesting putative target of molecular therapies, due to pleiotropy of NF-κB family
members (they are known to regulate cell proliferation and differentiation, inflam-
mation, immunity, and tumor progression).

Little is known about the role of RNF121 in oncogenesis. It was postulated that
RNF121 might be a tumor suppressor. It was demonstrated that RNF121 was less
expressed in tumor tissues than adjacent normal tissues of renal cell carcinoma
(RCC) patients (Xiang et al. 2018). Furthermore, RNF121 overexpression inhibited
the growth of human RCC cells (768-O cell line) and decreased the proliferation,
migration, and invasion of human RCC cells. The NF-κB signaling pathway acti-
vation, on the other hand, occurs by RNF121-mediated IκBα degradation in RCC
cells (Xiang et al. 2018).

Other studies indicate that RNF121 may promote carcinogenesis. The analysis
including the real-time quantitative polymerase chain reaction (PCR), tissue micro-
array assay, and western blot analysis demonstrated over 16-fold increase of
RNF121 expression in Barrett esophagus and esophageal adenocarcinoma as com-
pared to the normal esophagus. Furthermore, mRNA expression level of RNF121
was higher in esophageal adenocarcinoma than in Barrett esophagus, which indi-
cates a crucial role of RNF121 in the development and progression of esophageal
adenocarcinoma (Wang et al. 2014). Similar conclusions regarding oncogenic
potential of RNF121 can be found in a study by Wu et al. (2018), who demonstrated
that gene amplification of RNF121 may be associated with a higher risk of progres-
sion to invasive cancer in oral verrucous hyperplasia, and Kaplan-Meier survival
analysis showed that overexpression of RNF121 was associated with poorer prog-
nosis in patients with oral verrucous hyperplasia.

Interestingly, Choi et al. (2018) analyzed RNA sequencing data of colorectal
cancer patients and identified a new oncogenic fusion gene RNF121-FOLR2. They
demonstrated that colorectal cancer cells with RNF121-FOLR2 overexpression
exhibited increased cell proliferation. Better understanding of clinical and prognostic
role of this novel fusion gene requires further research in a larger sample.
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20.3 Structural-Functional Medial-Golgi Proteins
and Their Role in Carcinogenesis

20.3.1 CASP (CDP; CDP/Cut; CDP1; COY1; CUTL1; CUX;
Clox; Cux/CDP; GOLIM6; Nbla10317; p100; p110;
p200; p75; CCAAT Displacement Protein; Cut
Homolog; Golgi Integral Membrane Protein 6;
Homeobox Protein Cux-1; Cut like Homeobox 1)

CASP is a coiled-coil protein and alternatively spliced product of the gene encoding
the CCAAT-displacement protein transcription factor, which is described as a Golgi
membrane protein related to giantin (Gillingham et al. 2002). The Cutl1 protein (CDP,
a nuclear transcription factor), which undergoes numerous transcriptional and trans-
lational modifications, has an oncogenic potential, promoting migration and invasive-
ness of cancer cells (Liu et al. 2013). Little, though, is known about its modified form,
CASP. As shown in a pilot study, CASP lacks cut-repeat and homeo DNA-binding
domains, but instead it has a unique C-terminal region, which may be responsible for
its Golgi localization. CASP was also shown to be structurally similar to giantin and
golgin-84 (Gillingham et al. 2002). CASP is a structural protein, which participates in
forming protein complexes and lacks any enzymatic activity (MacNeil and Pohajdak
2009). CASP was proposed to mediate the intra-Golgi antero- and retrograde axo-
plasmic transport and potential interactions with giantin and golgin-84 (Oka et al.
2004; Sohda et al. 2010). Other studies demonstrated overexpression of CASP in
immune cells (T cells and NK cells) (MacNeil and Pohajdak 2009), which may
indicate its involvement as an immune response mediator. The CASP encoding gene
has several potential binding sites for several lymphoid-specific transcription factors
(e.g., AP-1 and NFAT), and all their interactions may play a role in T-cell activation
and proliferation (MacNeil and Pohajdak 2009). Tompkins et al. (2014a) demon-
strated that CASP has a direct role in NK-mediated immune response by promoting
NK cell motility and ability to kill tumor cells (Tompkins et al. 2014a). The formation
of the NK cell immunological synapse targeting tumor cells with their resultant death
is a complex process. The research has shown that CASP may be considered a
granzyme B substrate, as it contains a conserved granzyme B cleavage site, which
can modify its intracellular localization and interaction with sorting nexin 27 (Tomp-
kins et al. 2014b). Granzyme B-dependent biochemical modifications of CASP with
their resultant localization and structural changes as well as their role in regulating the
NK-mediated immune response require further research.

So far, several protein groups were discovered, which directly interact with CASP.
This ever-open list includes (1) cytohesin/ARNO family, mediating cell adhesion and
migration, apical endocytosis and plasma membrane signaling, as well as (2) sorting
nexin 27 (SNX27), which is implied in immune cell polarization, receptor sorting and
recycling (MacNeil and Pohajdak 2009).
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A detailed role of CASP in carcinogenesis has not been established yet. To date,
there has been no study to analyze its expression in clinical cancer specimens.

20.3.2 Golgin-84 (Golgin-84; GOLIM5; RFG5; ret-II;
Golgin Subfamily A Member 5; RET-Fused Gene
5 Protein; Cell Proliferation-Inducing Gene
31 Protein; Golgi Autoantigen, Golgin Subfamily a, 5;
Golgi Integral Membrane Protein 5; Golgin A5)

Golgin-84 is an integral membrane protein with a single transmembrane domain
close to its C terminus located in the GA (Bascom et al. 1999). Structural studies
showed that golgin-84 inserts post-translationally into microsomal membranes and
is similar in structure and sequence to giantin, a membrane protein which tethers
coatamer complex I vesicles to the Golgi. It was also demonstrated that golgin-84
can form dimers (Bascom et al. 1999; McGee et al. 2017).

The primary cytophysiological function of golgin-84 involves its role in intra-
Golgi traffic as a tethering factor for coat protein I (COPI) and for the conserved
oligomeric Golgi (COG) complex, through its subunit Cog7 (Sohda et al. 2010).
Furthermore, Sohda et al. (2010) demonstrated that depletion of golgin-84 manifests
morphologically as Golgi fragmentation and impaired localization of Golgi resident
proteins. Satoh et al. (2003) showed that by a direct interaction with Rab1 golgin-84
is involved in Golgi structure. Intriguingly, Diao et al. (2003) found that any change
to the expression of golgin-84 (overexpression or low immunoreactivity) leads to
Golgi ribbon fragmentation.

Interestingly, golgin-84 plays a role in infections with Chlamydia trachomatis
(Heuer et al. 2009; Rejman Lipinski et al. 2009). In epithelial cells, infection with
Chlamydia trachomatis induces Golgi fragmentation with subsequent Golgi
ministack formation surrounding the bacterial inclusion. It was demonstrated that
ministack formation and infection progression is triggered by the proteolytic cleav-
age of golgin-84. Golgin-84 knockdown inhibited Chlamydia trachomatis develop-
ment, restricting the spread of infection (Rejman Lipinski et al. 2009).

There are no reports to discuss the expression of golgin-84 in human cancer cells;
therefore understanding its prognostic value and role in carcinogenesis warrants
further research using clinical specimens.
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20.3.3 TMF (ARA160; TATA Element Modulatory Factor;
Androgen Receptor Coactivator 160 kDa Protein;
Androgen Receptor-Associated Protein of 160 kDa;
TATA Element Modulatory Factor 1)

TMF is a coiled-coil protein of golgins family, which was first described as a binding
protein to and coactivator for the androgen receptor, which due to its role localizes
predominantly in the nucleus. However, the study by Mori and Kato (2002) demon-
strated its presence in the GA, as well (Fig. 20.1). They demonstrated that TMF
specifically associated in vitro and in vivo with hbrm/hSNF2 alpha and BRG-1/hSNF2
beta, the ATPase subunits of the human SNF/SWI complexes. Furthermore, TMF was
shown to regulate chromatin remodeling and PDGFRβ translocation to the nucleus
(Papadopoulos et al. 2018). The exact biological role of these interactions has not been
fully understood yet.

Importantly, Fridmann-Sirkis et al. (2004) demonstrated that by binding Rab6
GTPase, TMF is involved in the maintenance of Golgi structural organization.
Depletion of the protein by RNA interference in rat NRK cells results in Golgi
membrane dispersal, suggesting a role for TMF in the movement or adherence of
Golgi stacks. By interacting with Rab6, TMF also regulates retrograde membrane
traffic from endosomes to the GA and from the Golgi to the ER (Yamane et al. 2007).

In an in vitro study using myogenic C2C12 cells, Perry et al. (2004) demonstrated
a direct role of TMF in proteasomal degradation of Stat3, which is the key cell
growth regulator. Interestingly, preliminary analyzes using tissue specimens of
selected brain tumors (meningioma, anaplastic meningioma, and glioblastoma)
demonstrated a significantly decreased level of TMF/ARA160 in malignant brain
tumors. It was proposed that low immunoreactivity of TMF in cancer cells prevents
Stat3 degradation, which contributes to increased Stat3-mediated cell proliferation
(Perry et al. 2004).

Studies using cancer cell lines demonstrated that TMF overexpression in PC3
prostate carcinoma cells significantly attenuated the development and growth of
xenograft tumors elicited by these cells in athymic mice. Interestingly, impaired
angiogenesis and accelerated onset of apoptosis in the TMF-expressing tumoral cells
were also shown. Finally, TMF was shown to mediate ubiquitination and
proteasomal degradation of p65/RelA (nuclear factor-kB component), because the
level of the p65/RelA in TMF-expressing xenografts was decreased (Abrham et al.
2009).

To date, little is known about the role of TMF expression in human cancer cells.
There is no published study to analyze its expression in clinical specimens.
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20.4 Structural-Functional trans-Golgi Proteins and Their
Potential Role in Carcinogenesis

20.4.1 GCC88 (GCC1P; GRIP and Coiled-Coil Domain-
Containing Protein 1; Golgi Coiled-Coil 1; Golgi
Coiled-Coil Protein 1; Peripheral Membrane Golgi
Protein; GRIP and Coiled-Coil Domain Containing 1)

GCC88 is a membrane tether of the TGN (Fig. 20.1). A GRIP domain present at its
C-terminus determines the trans-Golgi localization of GCC88 (Luke et al. 2003). In
an in vitro study, Luke et al. (2003) demonstrated that overexpression of GCC88
induces structural changes to the GA, mainly involving the enlargement of Golgi-
associated structures and forming cauliflower structures of trans-Golgi fragments
containing high levels of GCC88. GCC88 overexpression may trigger drawing TGN
membranes from a tightly packed compact ribbon structure of the GA into an open
structure as a result of enhanced interactions with the cytoskeleton (Luke et al.
2003). Gosavi et al. (2018) confirmed that GCC88 overexpression results in the loss
of the compact Golgi ribbon and dispersal of the organelle as ministacks throughout
the cytoplasm. Furthermore, they demonstrated that RNAi-mediated depletion of
GCC88 restored the Golgi ribbon and reduced autophagy. It is likely that this Golgi
fragmentation increases its effective volume whereas the overexpressed GCC88 may
function as a protein required for more efficient membrane sorting and transport.
Interestingly, in another study, Luke et al. (2005) demonstrated that GCC88 can
interact with themselves forming homodimers, whereas it did not form heterodimers
with other trans-Golgi proteins.

GCC88 also mediates retrograde transport pathways from early or recycling
endosomes to the TGN. In a study using cell lines, Lieu et al. (2007) found a
depletion of GCC88 in HeLa cells by interference RNA which resulted in a block
in plasma membrane-TGN recycling of two cargo proteins, TGN38 and a CD8
mannose-6-phosphate receptor cytoplasmic tail fusion protein. GCC88 regulates
intracellular transport processes and ensures they fuse only with their correct desti-
nation of the transport carriers (such as vesicles) (Wong et al. 2017).

To date, there are no reports to assess GCC88 expression in clinical specimens
originating from cancer patients.
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20.4.2 GCC185 (Golgi Coiled-Coil Protein 185, RANBP2L4,
REN53, GRIP and Coiled-Coil Domain-Containing
Protein 2; 185 kDa Golgi Coiled-Coil Protein;
CLL-Associated Antigen KW-11; CTCL Tumor
Antigen se1-1, 185-kD; Ran-Binding Protein 2-like 4;
Renal Carcinoma Antigen NY-REN-53; GRIP
and Coiled-Coil Domain Containing 2)

The precise mechanism of trans-Golgi localization of GCC185 still remains a subject
of extensive studies (Fig. 20.1). Hayes et al. (2009) and Burguete et al. (2008)
demonstrated that for its trans-Golgi localization, GCC185 requires an interaction
with Rab6 and Arl1 (ADP-ribosylation factor-like protein 1) GTPases. However,
Houghton et al. (2009) who demonstrated that Golgi recruitment of endogenous
GCC185 does not involve Rab6A/A’ and Arl1, did not confirm this finding.

Maintaining the organization of the GA is one of the known cytophysiological
functions of GCC185. It was shown, using both small interfering RNA (siRNA) and
microRNA (miRNA), that depletion of GCC185 in HeLa cells frequently resulted in
fragmentation of the GA (Derby et al. 2007). GCC185 overexpression resulted in the
appearance of small punctate structures dispersed in the cytoplasm, identified by
immunoelectron microscopy as membrane tubular structures (Derby et al. 2004).
Importantly, three other mammalian GRIP family members were not found in the
abovementioned GCC185-positive structures. It should also be noted that in that
study, GCC185 overexpression did not affect global Golgi morphology (Derby et al.
2004). Another study found GCC185 to be Rab9 effector required for mannose
6-phosphate receptor (MPR) recycling from endosomes to the TGN. Interestingly,
depletion of GCC185 slightly altered the Golgi ribbon but did not interfere with
Golgi function in that study (Reddy et al. 2006). GCC185 was shown to participate
in retrograde transport of Shiga toxin (Lieu and Gleeson 2010). It is also involved in
the formation of microtubules at the Golgi through recruiting CLASPs (cytoplasmic
linker-associated proteins), microtubule-binding proteins that selectively coat
noncentrosomal microtubule seeds (Efimov et al. 2007; Yu et al. 2016).

Furthermore, GCC185 acts as a direct effector for ARL4A (ADP-ribosylation
factor-like protein 4A) protein which maintains the Golgi structure (Lin et al. 2011).
Depletion of ARL4A leads to Golgi fragmentation and impairs endosome-to-Golgi
transport. Interestingly, depletion of ARL4A also impairs the interaction between
GCC185 and CLASP1 and CLASP2 proteins, which are of key importance for the
Golgi structure (Lin et al. 2011).

To date, there is no study to analyze immune reactivity of GCC185 in human
cancer cells. A potential prognostic value of altered expression of GCC185 still
remains poorly understood.
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20.4.3 Golgin-97 (Golgin Subfamily A Member 1; Gap
Junction Protein, Alpha 4, 37 kDa; Golgi Autoantigen,
Golgin Subfamily a, 1; Golgin A1)

Golgin-97 is another trans-Golgi protein putatively involved in carcinogenesis
(Fig. 20.1). Its detailed role in cell physiology has not been understood yet. It was
shown to act as a FIP1/RCP-binding protein, whereas FIP1/RCP is a Rab11a/b-
binding protein (Jing et al. 2010). The FIP1/RCP-golgin-97 protein complex is
required for tethering and fusion of recycling endosome-derived retrograde transport
vesicles to the TGN. Lu et al. (2004) demonstrated that anti-golgin-97 antibody
inhibited the transport of STxB (Shiga toxin B fragment) in vitro, thus confirming a
crucial role of golgin-97 in traffic from the endosome to the TGN.

Furthermore, golgin-97 is identified as a selective and crucial component of the
tubulovesicular carriers transporting E-cadherin out of the TGN (Lock et al. 2005). It
was demonstrated that golgin-97 was recruited to trans-Golgi by direct interaction of
its GRIP domain with Arl1 (Derby et al. 2004). Golgin-97 was confirmed to be a
Kir2.1 (inward rectifying potassium channel) binding partner, required for targeting
the channel to the TGN. RNA interference-mediated knockdown of golgin-97
prevented exit of Kir2.1 from the Golgi (Taneja et al. 2018).

There is just one study to discuss the involvement of golgin-97 in the develop-
ment of breast cancer. Hsu et al. (2018) demonstrated a correlation between low
expression of golgin-97 and poor overall survival of cancer patients, which was
associated with invasiveness of breast cancer cells. Furthermore, golgin-97 knock-
down promoted cell migration and invasion. Subsequent analyses demonstrated that
golgin-97 knockdown induced the expression of several invasion-promoting genes
that were transcriptionally regulated by NF-κB (Hsu et al. 2018).

The function of golgin-97 in cell physiology described above and a single report
regarding its expression in breast cancer cells may represent its important role in
carcinogenesis. However, to date, there have been no detailed analyzes to determine
the prognostic role of altered expression of golgin-97 in human cancer development
and progression.

20.4.4 Golgin-245 (p230, Golgin-245; CRPF46; GCP2;
GOLG; MU-RMS-40.18; Golgin Subfamily A Member
4; 256 kDa Golgin; 72.1 Protein; Centrosome-Related
Protein F46; Golgi Autoantigen, Golgin Subfamily a,
4; Golgin-240; Protein 72.1; trans-Golgi p230;
Golgin A4)

First reports describing a trans-Golgi protein referred to as golgin-245 were
published in 1995 (Fritzler et al. 1995). The trans-Golgi localization of golgin-245
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is mediated by an interaction of Arl1 with GRIP domain of golgin-245 in the
C-terminus (Derby et al. 2004; Lu et al. 2005; Wu et al. 2004; Lu and Hong 2003)
(Fig. 20.1).

Golgin-245 regulates vesicular transport of proteins from endosomes to the TGN
in cooperation with the adaptor protein-1 (AP-1 complex) and WDR11 protein
(Navarro Negredo et al. 2018). It was shown that golgin-245 binds directly to
TBC1D23, a member of a family of Rab GTPase-activating proteins (GAPs),
which is another membrane traffic mediator ensuring target localization during
endosome-to-Golgi trafficking (Shin et al. 2017).

The regulatory role golgin-245 in autophagy via an interaction with MACF1
(microtubule actin crosslinking protein 1) was also postulated. Golgin-245 or
MACF1 knockdown cells failed to increase the autophagic flow rate, so these results
indicate that golgin-245 and MACF1 cooperatively play an important role in
phagophore formation (Sohda et al. 2015). Interestingly, golgin-245 can also bind
to CD99 and it mediates HLA class I modulation. As shown by Brémond et al.
(2009), overexpression of p230 (GRIP) domain can lead to surface and intracellular
down-modulation of HLA class I molecules.

It was also demonstrated that golgin-245 is essential for intracellular trafficking
and cell surface delivery of tumor necrosis factor-alpha (TNF-α) in activated mac-
rophages. Using live-cell imaging, Lieu et al. (2008) observed that TNF-α transport
from the TGN is mediated selectively by carriers marked by golgin-245. This
suggests that golgin-245 may be a key regulator of TNF-α secretion in macrophages.

The precise role of reduced or enhanced expression of golgin-245 in carcinogen-
esis has not been studied extensively. The involvement of this protein in cell
physiology described to date may indicate its role initiation and/or progression of
human cancers, by e.g. mediating the immune response. In order to confirm it,
however, extensive research is required using tissue specimens originating from
cancer patients to determine the correlations between the expression of golgin-245
and individual clinical and histological parameters.

20.4.5 Clipr-59 (Cytoplasmic Linker Protein 170-Related
59 kDa Protein)

Clipr-59 is not only associated with TGN membranes (Fig. 20.1), but also with
plasma membrane (Perez et al. 2002) and lipid rafts (Lallemand-Breitenbach et al.
2004).Multiple roles of CLIPR-59 have been proposed, such as regulatingmembrane
trafficking, microtubule dynamics (Lallemand-Breitenbach et al. 2004) and
TNF-α-mediated apoptosis by controlling ubiquitination of RIP1 (receptor-
interacting protein 1) (Fujikura et al. 2012).

The role of CLIPR-59 in carcinogenesis has been widely studied. A
downregulation of CLIPR-59 was demonstrated in glioblastoma multiforme
(GBM) cells and high-grade glioma samples as compared to low-grade glioma
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and normal tissue samples (Ding et al. 2015). A decreased expression of CLIPR-
59 was demonstrated using both western blotting and immunohistochemistry
(IHC) staining. In IHC, CLIPR-59 immunoreactivity was predominantly located
in the cytoplasm. Importantly, there was a significant correlation between
decreased expression of CLIPR-59 and a decreased cancer-free survival (Ding
et al. 2015).

Regarding the tumorigenesis, CLIPR-59 interaction with Spy1 (human speedy
A1) was demonstrated in GBM cells, which decreased the association of CLIPR-59
with CYLD (de-ubiquitinating enzyme). On the other hand, inhibition of Spy1
reduced GBM cell viability and increased the binding ability of CLIPR-59 and
CYLD. As a result, the lysine-63-dependent de-ubiquitinating activity of RIP1
increased alongside upregulation of caspase-8 and caspase-3, which induced
TNF-α-mediated apoptosis (Ding et al. 2015). Thus, it can be concluded that an
interplay between Spy1 and CLIPR-59 is a key determinant of resistance of GBM
cells to TNF-α-induced programmed cell death.

In a study using lymphoblastoid T cells, a role of CLIPR-59 in apoptosis triggered
by CD95/Fas was demonstrated (Sorice et al. 2010). The interaction of CLIPR-59
with GD3 (a ganglioside present in abundance in small lipid domains on mitochon-
drial membrane and being a lipid raft component) occurs at early time points after
CD95/Fas ligation, which is followed by the GD3-tubulin association. It was also
shown that silencing CLIPR-59 by siRNA impaired the kinetics of GD3-tubulin
association, spreading of GD3 toward mitochondria and apoptosis execution (Sorice
et al. 2010). It was, therefore, concluded that CLIPR-59 may act as a typical
chaperone, which enables an interaction between tubulin and GD3 during CD95/
Fas-mediated cell apoptosis. In the same study, it was hypothesized that CLIPR-59
could delay apoptotic execution through its interaction with Akt (Sorice et al. 2010;
Ding and Du 2009). Further research is needed to verify this hypothesis.

20.4.6 GORAB (NTKLBP1; SCYL1BP1; RAB6-Interacting
Golgin; N-terminal Kinase-Like-Binding Protein 1;
NTKL-Binding Protein 1; SCY1-Like 1-Binding
Protein 1; SCYL1-BP1; SCYL1-Binding Protein 1;
hNTKL-BP1; Golgin, RAB6 Interacting)

GORAB is a coiled-coil membrane protein which localizes in trans-Golgi via a
specific, GTP-dependent interaction with the small GTPases ARF5 and RAB6
(Egerer et al. 2015) (Fig. 20.1). Mutations of the gene encoding for GORAB are
associated with gerodermia osteodysplastica (GO) characterized by skin laxity and
early-onset osteoporosis, which suggests the key role of GORAB in early stages of
osteoblast differentiation (Hennies et al. 2008; Chan et al. 2018). Furthermore,
GORAB inactivation reduces dermatan sulfate levels and proteoglycan glycanation
in skin and bone tissue. Interestingly, loss of GORAB in fibroblasts is associated
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with decorin retention and lower GAG levels in the GA (Chan et al. 2018). GORAB
was also implied in hair follicle morphogenesis via Hedgehog signaling pathway
(Liu et al. 2016). In their experimental study, Kovacs et al. (2018) demonstrated that
GORAB and Sas6 are the key players in centriole duplication.

To date, no study has been published to analyze GORAB expression in human
cancer cells. Its newly discovered functions, especially involvement in centriole
duplication, make GORAB a protein likely participating in oncogenesis. In order to
confirm it, however, immunohistochemistry analyzes using tissue specimens origi-
nating from cancer patients are required to determine correlations between the
expression of GORAB and individual clinical and histological parameters as well
as to verify its prognostic importance.

20.4.7 SPCA1 (SPCA1; ATP2C1A; BCPM; HHD; PMR1;
hSPCA1; Calcium-transporting ATPase Type 2C
Member 1; ATP-dependent Ca(2+) Pump PMR1;
ATPase 2C1; ATPase, Ca(2+)-Sequestering; ATPase,
Ca++ Transporting, Type 2C, Member 1; HUSSY-28;
Secretory Pathway Ca2+/Mn2+ ATPase 1; ATPase
Secretory Pathway Ca2+ Transporting 1)

SPCA1 is a trans-Golgi protein involved in membrane trafficking and intracellular
calcium level regulation (Pizzo et al. 2010; Pakdel and von Blume 2018) (Fig. 20.1).
Functional variants of ATP2C1 gene encoding for SPCA1 have been associated with
Hailey-Hailey disease, a rare familial benign chronic pemphigus (Micaroni et al.
2016; Missiaen et al. 2004). SPCA1 was shown to play a key role in viral maturation
and spread (Paramyxoviridae, Flaviviridae, and Togaviridae families, including
measles, dengue, West Nile, Zika, and chikungunya viruses) (Hoffmann et al.
2017). The research using genome-wide knockout screen in human haploid cells
demonstrated that SPCA1 regulates proteases within the TGN, which require cal-
cium for their activity and are critical for virus glycoprotein maturation. Interest-
ingly, SPCA1-deficient cells prevent viral spread, which makes the protein an
attractive antiviral host target (Hoffmann et al. 2017).

One of the newly discovered roles of SPCA1 is its involvement in the process that
links the cytoplasmic actin cytoskeleton to the membrane-anchored Ca2+ ATPase
SPCA1 and the lumenal Ca2+-binding protein Cab45. Cab45 mediates sorting of a
subset of secretory proteins at the TGN and in response to Ca2+ influx, it forms
oligomers, enabling it to bind a variety of specific cargo molecules (Blank and von
Blume 2017). Furthermore, it was shown that cofilin recruits F-actin to SPCA1 and
promotes Ca2+-mediated secretory cargo sorting (Kienzle et al. 2014).

A potential role of SPCA1 in carcinogenesis is yet to be understood. In their study
of gene expressions of intracellular calcium channels, pumps, and exchangers with
epidermal growth factor-induced EMT in a MDA-MB-468 breast cancer cell line,
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Davis et al. (2013) found no significant alterations in mRNA levels of the Golgi
calcium pump secretory pathway calcium ATPases SPCA1 and SPCA2. Further-
more, SPCA1 was shown to be a key regulator of insulin-like growth factor receptor
(IGF1R) processing in basal-like breast cancer cell line MDA-MB-231 (Grice et al.
2010).

Whereas there have been no studies to determine SPCA1 expression in clinical
specimens and its correlation with clinical and histological parameters, the published
research of SCPA1 interactions with cofilin and IGF1R may suggest its role in
carcinogenesis.

20.5 Golgi Scaffold Proteins and Their Role
in Carcinogenesis

Scaffold proteins are an umbrella term denoting a group of proteins, which (1) recruit
particular proteins to a specific location, (2) organize the proteins into a higher order
macromolecular complex, (3) facilitate the interaction of and fine-tune the activity
and crosstalk among the proteins within the entire assembly, and (4) coordinate the
functions of the different molecular assemblies in different cellular parts or
“microdomains.” Scaffold proteins specific for GA include Sef, PAQR3, PAQR10,
and PAQR11 (Peng et al. 2014).

20.5.1 Sef (Similar Expression to FGF Genes)

Sef is predominantly localized in the Golgi (Fig. 20.1); however, under some
conditions it can also translocate to the cell membrane. It has a pleiotropic effect,
participating in the development of different structures during embryogenesis as well
as acting as tumor suppressor (Peng et al. 2014; Philips 2004). The multiple functions
of Sef result from its mediating a number of signaling pathways.

Sef is a known inhibitor of FGF (fibroblast growth factor) signaling, via the
FGF1/Ras/MAPK (mitogen-activated protein kinase) pathway (Ren et al. 2006).
However, with EGF (epidermal growth factor) signaling, it exerts an opposite
effect—by interacting with EGF receptor (EGFR), Sef interferes with EGFR traf-
ficking and attenuates its degradation, thus potentiating EGF-mediated MAPK
signaling (Ren et al. 2008). Furthermore, Sef mediates IL-17 signaling (Rong et al.
2009) while inhibiting inflammation via sequestering nuclear factor-kappa B
(NF-κB) in the cytoplasm (Fuchs et al. 2012). Sef is also involved in processes
leading to apoptosis, interacting with transforming growth factor-β-associated kinase
(TAK1) and activating Jun N-terminal kinase (JNK) through the TAK1-MKK4
(mitogen-activated protein kinase kinase 4)-JNK pathway (Yang et al. 2004).
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Sef downregulation was demonstrated in selected epithelial tumors (e.g., breast,
thyroid, and ovarian cancer) (Zisman-Rozen et al. 2007). A decreased Sef expression
was also demonstrated in prostate cancer (Zisman-Rozen et al. 2007), where it was
additionally associated with enhanced FGF signaling, high-grade of primary tumor
and unfavorable clinical outcome (Darby et al. 2006, 2009; Murphy et al. 2010).
Furthermore, in endometrial cancer, an ability of Sef to inhibit growth and prolifer-
ation of cancer cells via the FGF2/MAPK/ERK pathway was shown (Zhang et al.
2011). In colorectal cancer, Sef downregulation was associated with Ras-induced
nuclear accumulation of activated MEK1/2 (mitogen-activated protein kinase kinase
1 and 2) and the re-expression of Sef was sufficient to restore normal MEK1/2
localization and a reversal of Ras-induced proliferation and tumorigenesis (Duhamel
et al. 2012). Interestingly, He et al. (2016) demonstrated that the knockdown of Sef
in breast cancer cell lines was directly associated with overexpression of EMT
regulatory genes and the resultant increased migration potential and invasiveness
of cancer cells. Furthermore, Sef upregulation inhibited EMT in breast cancer
cell line.

The above studies suggest the role of Sef as a significant suppressor of carcino-
genesis. However, further in-depth clinical and histological studies are warranted.

20.5.2 PAQR3 (RKTG; Progestin and adipoQ Receptor
Family Member 3; Raf Kinase Trapping to Golgi;
Progestin and adipoQ Receptor Family Member III)

PAQR3 is exclusively localized in the GA (Peng et al. 2014) (Fig. 20.1). One of its
functions involves regulating vesicle fission and transport via the Gβγ-PKD
(G-protein βγ subunit of protein kinase D) signaling pathway (Hewavitharana and
Wedegaertner 2015). It also acts as a tumor suppressor via inhibiting the Ras/Raf/
MEK/ERK pathway by binding Raf-1 which results in translocation of Raf-1 into the
GA, inhibiting Raf-1 activation and attenuating the association of Raf-1 with Ras
and MEK (Feng et al. 2007). It may adversely affect cell proliferation and survival
by inhibiting the phosphoinositide 3-kinase (PI3K)/Akt PAQR3 pathway via two
mechanisms, i.e., by inhibiting signaling of Gβγ (Jiang et al. 2010) and by inhibiting
PI3K via spatial regulation of p110a subunit (Wang et al. 2013). Furthermore,
PAQR3 is a negative regulator of angiogenesis by suppressing VEGF (vascular
endothelial growth factor) transcription (Zhang et al. 2010). The interplay of PAQR3
and p53 regulates tumorigenesis and EMT (Jiang et al. 2011). Another mechanism
associated with the antitumor effect of PAQR3, demonstrated in gastric cancer cells,
is its effect on the Twist-related protein 1 (Twist1) (Guo et al. 2016), which is a
transcription factor playing the key role in initiating EMT and promotion of tumor
metastasis. PAQR3 was shown to form a protein complex with Twist1 and BTRC
(beta-transducin repeat containing E3 ubiquitin protein ligase). As a result of this
interplay, PAQR3 overexpression results in increased Twist1 degradation, followed
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by EMT inhibition, which is how metastases develop (Guo et al. 2016). The above
findings make PAQR3 an attractive target for novel molecular therapies.

The decreased expression of PAQR3 was observed in different human cancer
cells. In colorectal cancer, downregulation of PAQR3 was associated with higher
histological tumor grade (Wang et al. 2012). Another study demonstrated the
association between decreased expression of PAQR3 mRNA and PAQR3 protein
in colorectal cancer tissues with the differentiation degree, lymphatic metastasis, and
tumor infiltration depth. Furthermore, the methylation rates of PAQR3 in cancer
tissues were significantly higher than in adjacent tissue (Li et al. 2016).

In clear-cell renal carcinoma, a decreased expression of PAQR3 mRNA and
PAQR3 protein was demonstrated (Zhang et al. 2010), which inversely correlated
with VEGF expression. The mechanism of VEGF inhibition occurs via negative
regulation of the Ras/Raf/MEK/ERK signaling cascade, which results in inhibiting
the formation of the HIF-1α/p300 complex and suppressing the activity of HIF-1α
(Zhang et al. 2010). This, in turn, leads to the suppression of hypoxia-stimulated
VEGF transcription and expression.

In patients with gastric cancer, PAQR3 downregulation was associated with
greater tumor size, more advanced clinical stage, presence of venous and lymphatic
invasion, presence of nodal and distant metastases, as well as with shorter patient
survival. Furthermore, reduced expression of PAQR3 was also highly correlated
with increased EMT features in gastric cancer (Ling et al. 2014). One of the
proposed PAQR3-dependent mechanisms in gastric carcinogenesis is its
dysregulation by damage-specific DNA-binding protein 2 (DDB2), involved in
DNA repair processes (Qiao et al. 2015). DDB2 is capable of ubiquitination and
degradation of PAQR3. Overexpression of DDB2 elevates the degradation and
ubiquitination of PAQR3, which is reflected by the progression of tumorigenesis
(Qiao et al. 2015). On the other hand, DDB2 knockdown inhibits cell proliferation
rate and migration of gastric cancer cells. Interestingly, simultaneous knockdown of
DDB2 and PAQR3 leads to tumor progression. This shows that PAQR3 is not
primarily responsible for carcinogenesis under any circumstances, and that changes
to its expression can be secondary to dysregulation mediated by other proteins (Qiao
et al. 2015).

Another example of changes secondarily affecting PAQR3 comes from the study
using gastric cancer cell lines, which analyzed the effect of miRNA on PAQR3
expression (Zhao et al. 2017). The upregulation of miR-15b-5p was demonstrated in
gastric cancer cell lines, which correlated with the presence of distant metastases. At
the same time, it was shown that elevated expression of miR-15b-5p contributed to
cell proliferation, migration, invasion, and EMT (Zhao et al. 2017). Importantly, a
direct effect of miR-15b-5p on PAQR3 was demonstrated, which resulted in the
decreased expression of the latter. Furthermore, re-expression of PAQR3 in
miR-15b-5p-overexpressing gastric cancer cells attenuated the effect of miR-15b-
5p on cell proliferation, migration, and invasion, which suggests that miR-15b-5p
may be a key regulator of PAQR3 expression (Zhao et al. 2017).

Additionally, a decreased expression of PAQR3 mRNA and PAQR3 protein was
demonstrated in esophageal squamous cell carcinoma (ESCC) as compared to
adjacent tissues (Zhou et al. 2017; Bai et al. 2018b). Overexpression of PAQR3
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was found to be associated with inhibition of cell proliferation, migration, invasion,
and colony formation in ESCC in vitro, as well as slowing tumor growth in a tumor
xenograft model (Zhou et al. 2017; Bai et al. 2017). Furthermore, there was a
correlation between PAQR3 and tumor stage, lymph node metastasis and local
recurrence (Bai et al. 2018b). Additionally, the Kaplan-Meier analysis revealed
that a low level of PAQR3 expression was associated with unfavorable clinical
outcome in patients with ESCC. Multivariate analysis indicated that PAQR3 expres-
sion was an independent prognostic factor in ESCC (Bai et al. 2018b).

PAQR3 as a tumor suppressor was demonstrated to inhibit EMT leading to an
increased expression of E-cadherin in cancer cells (Bai et al. 2018b). Furthermore,
PAQR3 attenuated the expression of RAF1, p-MEK1, and p-ERK1/2 in ESCC cells
(Zhou et al. 2017). Another study showed that overexpression of PAQR3 was
associated with inhibited ERK1/2 phosphorylation, which attenuated the ERK
signaling. It was also shown that overexpressed PAQR3 blocked cell cycle transition
from G1 to S phase (Bai et al. 2017).

A study assessing the expression of PAQR3 in non-small cell lung cancer
(NSCLC) demonstrated decreased expression of both PAQR3 mRNA and PAQR3
protein (Li et al. 2018a). PAQR3 was demonstrated to be a tumor suppressor in
NSCLC, since overexpression of PAQR3 led to the inhibition of cell proliferation,
induction of apoptosis, and promotion of cell cycle arrest at G0/G1 phase. Further-
more, knockdown of PAQR3 showed a reverse effect on NSCLC cells (Li et al.
2018a). The suppressant activity of PAQR3 demonstrated in NSCLC was shown to
occur via suppressing the PI3K/AKT signaling pathway (Li et al. 2018a).

The miR-137-mediated inhibition of PAQR3 expression was shown in bladder
cancer cells. Additionally, the upregulation of miR-137 was associated with the
presence of distant metastases and more advanced clinical stage as well as increased
cell proliferation, migration, and invasion (Xiu et al. 2014), which may indirectly
suggest the tumor suppressor role of PAQR3 in bladder cancer.

To date, two studies have been conducted to determine the role of PAQR3 in
prostate cancer. The first of them demonstrated that PAQR3 inhibited cell prolifer-
ation and migration in vitro, as well as tumor growth in vivo (Huang et al. 2016).
PAQR3 was shown to exert its suppressant effect in a dual mechanism of inhibiting
the Ras/Raf/MEK/ERK and PI3K/AKT pathways (Huang et al. 2016). Furthermore,
PAQR3 inhibited EMT, which was reflected in an upregulation of epithelial markers,
E-cadherin and zona occludens protein (ZO-1) as well as a downregulation of
vimentin (a mesenchymal phenotype marker) (Huang et al. 2016). The second
study demonstrated that PAQR3 deregulation may be associated with promoter
methylation of PAQR3 encoding gene (Lounglaithong et al. 2018). Unlike benign
prostate hyperplasia cells, the prostate cancer cells showed a hypermethylation of
PAQR3 gene promoter. Furthermore, PAQR3 hypermethylation was correlated with
perineural invasion, which is an indicator of tumor aggressiveness and poor prog-
nosis (Lounglaithong et al. 2018).

A decreased expression of PAQR3 mRNA and PAQR3 protein was also demon-
strated in glioma cells (Tang et al. 2017). PAQR3 was shown to act as a tumor
suppressor, as its overexpression inhibited the proliferation of glioma cells in vitro
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and attenuated tumor xenograft growth in vivo, as well as suppressed the migration
and invasion of glioma cells, as well as prevented the EMT process. On the other
hand, PAQR3 knockdown enhanced the proliferation and migration of glioma cells
(Tang et al. 2017). The mechanism of action of PAQR3 as a tumor suppressor
involves downregulation of phosphorylated PI3K and Akt (Tang et al. 2017).

In osteosarcoma, decreased levels of PAQR3 protein and mRNA were also
demonstrated (Ma et al. 2015). PAQR3 expression was tumor grade-dependent. Its
expression in metastatic osteosarcoma cells was even lower than in non-metastatic
ones, with a general attenuation demonstrated in osteosarcoma cells as compared to
normal cells (Ma et al. 2015).

Downregulation of PAQR3 secondary to promoter hypermethylation plays an
important role in breast cancer development by affecting the proliferation and
migration of breast cancer cells (Li et al. 2015; Chen et al. 2016). An inverse
association between the expression of PAQR3 mRNA and HER2 (human epidermal
growth factor receptor 2) was demonstrated. At the same time, trastuzumab-induced
inhibition of HER2 resulted in increased expression of PAQR3, which suggests that
HER2 may be a negative regulator of PAQR3 expression (Li et al. 2015). An inverse
correlation was also observed between the PAQR3 mRNA expression and disease-
free survival. PAQR3 overexpression was shown to inhibit cell proliferation, colony
formation and migration in breast cancer (Li et al. 2015).

In hepatocellular carcinoma (HCC), a decreased expression of PAQR3 mRNA
and PAQR3 protein was demonstrated (Li et al. 2015; Yu et al. 2014), correlating
with an elevated serum α-fetoprotein level, high mitotic index, tumor size, histolog-
ical grade, recurrence and poor prognosis (Li et al. 2015). A decreased PAQR3
expression was an independent prognostic factor for overall and disease-free sur-
vival in patients with HCC. On the other hand, the overexpression of PAQR3 was
associated with attenuated cell proliferation and colony formation, which indicates a
suppressor role of PAQR3 in HCC (Li et al. 2015). Furthermore, a silenced PAQR3
expression triggered cell growth (Li et al. 2015). The miRNA-dependent PAQR3
activation may play a role in carcinogenesis. A significant overexpression of
miR-543 associated with the increased proliferation and invasiveness of tumor
cells was demonstrated in clinical HCC tissues and cell lines (Yu et al. 2014). At
the same time, PAQR3 was shown to be a direct target gene for miR-543, whereas
PAQR3 mRNA levels were inversely correlated with the miR-543 expression level.
This, on one hand, suggests the role of miR-543 as a negative regulator of PAQR3
expression. On the other hand, though, it indicates that PAQR3 is a tumorigenesis
inhibitor in HCC (Yu et al. 2014).

In laryngeal squamous cell carcinoma (LSCC), a decreased expression of PAQR3
was demonstrated as compared to adjacent non-neoplastic tissues (Wu et al. 2016).
On the other hand, an opposite process of PAQR3 overexpression suppressed
proliferation and invasion of LSCC cells, which suggests the role of PAQR3 as a
tumor suppressor in LSCC (Wu et al. 2016). At the same time, it was shown that
PAQR3 overexpression-mediated inhibition of cell proliferation and invasion
occurred through inhibited ERK phosphorylation in Hep2 cell line (Wu et al. 2016).
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There has been a single report of the role of PAQR3 in the development of acute
myeloid leukemia (AML) (Xu et al. 2017). In a study using human leukemia cell line
U937, exogenous overexpression of PAQR3 was shown to inhibit cell proliferation
causing a cell cycle arrest. An increased proportion of AML cells undergoing
apoptosis was also demonstrated (Xu et al. 2017). Other effects of PAQR3
overexpression included increased level of cleaved caspase 3, B-cell lymphoma
2 (Bcl2)-associated X apoptosis regulator, reduced the level of Bcl-2, as well as
inhibition of ERK and PI3K/AKT serine/threonine kinase 1 signaling (Xu et al.
2017). Thus, it can be concluded that, just as it is the case with other human cancers,
PAQR3 is a tumor suppressor in AML.

The issue of PAQR3 immune reactivity in melanomagenesis still remains unclear.
To date, only one study using melanoma cell lines was published. In A375 human
melanoma cells harboring an oncogenic BRAF mutation V600E, the most common
mutation in melanoma, overexpression of PAQR3 was shown to inhibit proliferation
and tumorigenecity of malignant cells (Fan et al. 2008). It can be explained by the
likely interaction of PAQR3 with BRAF, causing its sequestration to the GA (Fan
et al. 2008).

20.5.3 PAQR10/11

PAQR10 and PAQR11, just as PAQR3, are exclusively localized in the GA (Peng
et al. 2014) (Fig. 20.1). In terms of their involvement in human carcinogenesis, these
are the least known scaffold proteins. It is currently known that PAQR10/11 may
interact with Ras (including Hras, Nras, and Kras4A), markedly elevating their Golgi
localization, and in turn enhancing ERK signaling (Jin et al. 2012). These proteins
are able to interact with RasGRP1 (a guanine nucleotide exchange protein of Ras),
elevating its Golgi levels, which eventually enhances Ras signaling (Jin et al. 2012).

Tan et al. (2017) demonstrated key involvement of PAQR11 overexpression in
pro-metastatic vesicular trafficking, which is closely linked to the EMT. It was shown
for the first time that increased metastatic potential does not only result from Golgi
phosphoprotein 3-dependent (GOLPH3-dependent) Golgi membrane dispersal (via
upregulated budding and transport of secretory vesicles), but a completely reverse
mechanism may also play a role, as the formation of compact Golgi organelles with
improved ribbon linking and cisternal stacking mediated by PAQR11 was associated
with overexpression of EMT-encoding genes and increased metastatic potential both
in vitro and in vivo. Thus, the above study suggests that EMT initiation results in
PAQR11-mediatedGolgi compaction process that drivesmetastasis. Further research
using clinical specimens will prove the key to understanding the prognostic role of
PAQR10 and PAQR11 expression in human cancer cells.
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20.6 Reassembly Stacking Proteins: Their Role
in Physiology and Carcinogenesis

The structure of the Golgi depends on the phase of the cell cycle, as it undergoes a
disassembly in early mitosis and reassembly in late mitosis and early interphase.
During the disassembly, Golgi ribbon links are severed, cisternae unstack and turn
into vesicles with tubular structures dispersed in the cytoplasm (Huang and Wang
2017). A reversal of this process, the reassembly, consists of forming new cisternae,
which re-stack and re-aggregate to form Golgi ribbons. Whereas the exact role of
those processes is so far unclear, they are believed to facilitate equal distribution of
Golgi membranes into the two daughter cells. They might also constitute a cell cycle
checkpoint before mitosis may progress and enable proper assembly of the mitotic
spindle (Huang and Wang 2017).

The two main proteins involved in disassembly, reassembly, and ribbon forming
are peripheral membrane molecules, GRASP65 and GRASP55 (Golgi reassembly
stacking protein of 55 kDa) (Zhang and Wang 2016) (Fig. 20.1).

20.6.1 GRASP65 (GORASP1, GOLPH5; P65; Golgi
Reassembly-Stacking Protein 1; Golgi Peripheral
Membrane Protein p65; Golgi Phosphoprotein 5;
Golgi Reassembly and Stacking Protein 1; Golgi
Reassembly Stacking Protein 1, 65 kDa; Golgi
Reassembly-Stacking Protein of 65 kDa; Golgi
Reassembly Stacking Protein 1)

GRASP65 can be found mainly in the cis-Golgi (Huang and Wang 2017). The
protein contains a C-terminal serine/proline-rich (SPR) domain comprising multiple
phosphorylation sites and is able to form dimers and oligomers (Zhang and Wang
2016). At the beginning of mitosis, SPR domains undergo phosphorylation by
mitotic kinases Cdk1 (cyclin-dependent kinase 1) and Plk1 (polo-like kinase 1).
As a result, GRASP65 molecules deoligomerize and the Golgi stack disassembles.
In the late mitotic phase, GRASP65 is dephosphorylated by phosphatase PP2A and
reforms oligomers, which results in restacking of Golgi cisternae (Wang et al. 2003;
Huang and Wang 2017). Moreover, Bekier et al. (2017) applied the CRISPR-Cas9
technology to knock out GRASP55 and GRASP65 in HeLa and HEK293 cells, and
they revealed that double knockout of GRASP proteins dispersed the Golgi stack
into single cisternae and tubulovesicular structures and enhanced protein trafficking.

To date, there is no report to discuss the role of GRASP65 in carcinogenesis.
There has been no study to analyze the expression of GRASP65 in tissue specimens
of patients with cancers and/or to analyze the prognostic value of its expression.
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20.6.2 GRASP55 (GORASP2, GOLPH6; GRASP55; GRS2;
p59; Golgi Reassembly-Stacking Protein 2; Golgi
Phosphoprotein 6; Golgi Reassembly Stacking Protein
2, 55 kDa; Golgi Reassembly Stacking Protein 2)

Unlike GRASP65, GRASP55 can be predominantly observed in the medial-trans-
cisternae (Huang and Wang 2017). Its structure, chemical properties, and functions
are similar to those of GRASP65—the protein also contains SPR domain with
multiple phosphorylation sites, is capable of oligomerization and contributes to
Golgi de- and reassembly as well as ribbon forming (Huang and Wang 2017;
Zhang and Wang 2016). The key difference is that GRASP65 is regulated by
different enzymes; during the early stages of mitosis, the protein is phosphorylated
by MEK1/ERK kinases, resulting in deoligomerization and Golgi stack disassembly.
The reverse process, dephosphorylation, is catalyzed by a still unknown phospha-
tase. Regarding Golgi ribbon forming, ERK-mediated phosphorylation prevents
Golgi from ribbon linking (Huang and Wang 2017).

There is no paper to discuss the expression of GRASP55 in human cancer and its
role in oncogenesis. There is, however, a case report of a 60-year-old male with
anaplastic lymphoma kinase-positive large B-cell lymphoma (ALK(+) LBCL) (Ise
et al. 2018), initially diagnosed with multiple extramedullary plasmocytomas
(EMPs), who underwent the standard of care treatment. Two years later, the diag-
nosis was changed to ALK(+) LBCL with a GORASP2-ALK rearrangement (Ise
et al. 2018). Despite the worst prognosis with his non-GCS pattern ALK (ALK was
not expressed as a granular cytoplasmic staining pattern), where the overall survival
is 20.3 months, and the 5-year survival rate is 25%, the discussed patient survived for
3 years following the initial diagnosis (Ise et al. 2018). It may indicate weak
tumorigenicity of GORASP2-ALK. It is the first reported case of malignancy
associated with GORASP2 rearrangement.

20.7 Other Golgi-Located Proteins: Cytophysiology
and Role in Carcinogenesis

Little academic research has sparingly discussed the role of some Golgi-located
proteins, the function of which does not identify them with any of the above-
mentioned families. This subsection discusses those Golgi proteins of poorly
understood role, which have not been formally classified as belonging to any of
the previously discussed groups. These are: TMEM165, LZTR-1, KBTBD8, and
STK16.

As there is a plethora of scientific evidence regarding GOLPH2 (Kim et al.
2012b; Ju et al. 2013; Liu et al. 2014; Donizy et al. 2016; Zhang et al. 2017; Duan
et al. 2018; Li et al. 2018b) and GOLPH3 (Bergeron et al. 2017; Makowski et al.
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2017; Rizzo et al. 2017; Jiang et al. 2015; Buschman et al. 2015a, b; Sechi et al.
2015) we have not covered their pleiotropic function in carcinogenesis in this
chapter.

20.7.1 TMEM165 (CDG2K; FT27; GDT1; TMPT27;
TPARL; Transmembrane Protein 165; TPA Regulated
Locus; Transmembrane Protein PT27;
Transmembrane Protein TPARL)

Transmembrane protein 165 (TMEM165) is a Golgi protein which plays a crucial
role in manganese homeostasis and vesicular trafficking in the GA (Potelle et al.
2017). Interestingly, TMEM165 deficiency causes a congenital disorder of glyco-
sylation (CDG), a recessive autosomal metabolic disease in which patients exhibit
cartilage and bone dysplasia and altered glycosylation of serum glycoproteins
(Foulquier et al. 2012; Bammens et al. 2015).

So far, little is known about a potential role of TMEM165 in carcinogenesis. The
only paper which focuses on its involvement in carcinogenesis discusses HCC (Lee
et al. 2018). Lee et al. demonstrated TMEM165 overexpression in HCC. Further-
more, its depletion reduced the invasive activity of cancer cells through suppression
of matrix metalloproteinase 2 (MMP-2) expression. The TMEM165 expression
analysis revealed an association between its overexpression and more frequent
macroscopic vascular invasion, microscopic serosal invasion and higher
α-fetoprotein levels. These findings suggest its important role in HCC progression.
However, its role in other cancer types is yet to be explained by further research.

20.7.2 LZTR-1 (BTBD29, NS10, SWNTS2, Leucine Zipper
like Transcription Regulator 1)

LZTR-1 is a member of the BTB-kelch superfamily, which play important roles
during crucial cellular processes, such as migration and regulation of cell morphol-
ogy (Stogios et al. 2005). LZTR-1 is deleted in the majority of patients with
DiGeorge syndrome (Kurahashi et al. 1995). The study using confocal analysis of
the subcellular distribution of LZTR-1 demonstrated that it localizes to the Golgi
complex (Nacak et al. 2006). Furthermore, treatment with brefeldin A (BFA) did not
lead to redistribution of LZTR-1 but caused its relocation to dispersed punctate
structures, also positive for GM130, which supports the role of LZTR-1 as a Golgi
structural protein. Finally, it was shown that LZTR-1 is degraded upon induction of
apoptosis (Nacak et al. 2006). Little is known about the biological function of
LZTR-1. There are no publications to discuss the potential role of its impaired
expression in oncogenesis.
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20.7.3 KBTBD8 (TA-KRP; TAKRP; Kelch Repeat and BTB
Domain-Containing Protein 8; T-Cell Activation
Kelch Repeat Protein; Kelch Repeat and BTB (POZ)
Domain Containing 8; Kelch Repeat and BTB Domain
Containing 8)

KBTBD8 is a second protein of the BTB-kelch superfamily, which localizes to the
Golgi complex (Lührig et al. 2013). Little is known about its role in cytophysiology.
However, available research indicates its putative role in the regulation of
pluripotency (Meyer et al. 2010). Lühring et al. (2013) demonstrated that KBTBD8
localizes within the GA in non-dividing cells and co-localizes with α-tubulin on the
spindle apparatus duringmitosis, which suggests its role in cell proliferation. Involve-
ment in mitosis may make KBTBD8 a useful prognostic marker. However, there are
no studies to analyze its prognostic value in the development and progression of
cancer.

20.7.4 STK16 (PKL12, KRCT; MPSK; PSK; TSF1; hPSK;
Serine/Threonine-Protein Kinase 16; TGF-beta-
Stimulated Factor 1; Myristoylated and Palmitoylated
Serine/Threonine-Protein Kinase; Protein Kinase
PKL12; Protein Kinase Expressed in Day 12 Fetal
Liver; Serine/Threonine Kinase 16)

STK16 is a myristoylated, and palmitoylated serine/threonine protein kinase with
underexplored cytophysiological functions which localizes to the Golgi complex
(Liu et al. 2017). It was demonstrated that STK16 is involved in cell division and
plays important roles in Golgi structure regulation. It also directly binds to actin and
regulates actin dynamics. STK16 knockdown or kinase inhibition disrupts actin
polymers and causes fragmented Golgi in cells. Furthermore, STK16 knockdown
delays mitotic entry and arrests cells at prometaphase and cytokinesis (Liu et al.
2017). Interestingly, the studies using NIH/3T3 and NRK cell lines showed that
treatment with BFA or nocodazole, drugs that promote Golgi disorganization,
resulted in STK16 translocation to the nuclear compartment. (Guinea et al. 2006).
The same study also showed that overexpression of STK16 enhances the capacity of
analyzed cell lines to produce and secrete VEGF, which suggests a potential
involvement of STK16 in regulating angiogenesis. A potential role in stimulating
neoangiogenesis may make STK16 a very promising target of future molecular
therapies.

There is no published paper to analyze STK16 expression in tissue specimens
collected from patients with cancer and to discuss its potential prognostic role in
oncology.
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20.8 Conclusions

The role of the Golgi apparatus in carcinogenesis still remains unclear. A number of
structural and functional cis-, medial- and trans-Golgi proteins as well as a complex-
ity of metabolic pathways which theymediate, may indicate a central role of the Golgi
apparatus in development and progression of cancer (Fig. 20.1). Pleiotropy of cellular
function of the Golgi apparatus makes it a “metabolic heart” or a relay station of a cell,
which combines multiple signaling pathways involved in carcinogenesis. Therefore,
any damage to or structural abnormality of the Golgi apparatus, causing its fragmen-
tation and/or biochemical dysregulation, results in an up- or downregulation of
signaling pathways and may in turn promote tumor progression, as well as local
nodal and distant metastases. Three alternative or parallel models of spatial and
functional Golgi organization within tumor cells were proposed. One of them
involves forming the compact Golgi structure, mediated by PARQ11 and GRASPs
(Fig. 20.2a). The second Golgi organization model in a tumor cell postulates that its
spatial structure is close to normal. However, it is the increased metabolic activity in
the Golgi which differs it from normal cells. A number of Golgi proteins (GM130,
GOLIM4, USO1, TMEM165, STK16, and GOLPH2) are overexpressed during
oncogenesis, whereas the expression of others (GMAP210, PAQR3, golgin-97,
Clipr-59, and Sef) is inhibited or significantly decreased (Fig. 20.2b). The third
proposed model involves Golgi fragmentation and ministacks formation. It was
postulated that cancer-specific Golgi fragmentation is associated with a significant
increase of trafficking kinetics and intensification of intracellular signal transduction
pathways, which increases the metastatic potential of a tumor cell. Overexpression of
GOLPH3 and GCC88 alongside a decreased immunoreactivty of TMF, GCC185,
and GRASPs are considered the key mediators of Golgi fragmentation (Fig. 20.2c).
The role of giantins and golgin-84 was also postulated. However, the reports on their
involvement in Golgi dispersion remain unclear. Regardless of the assumed model,
the increased activity of oncogenesis initiators and promoters with inhibition of
suppressor proteins results in an increased cell motility and migration, increased
angiogenesis, significantly activated trafficking kinetics, proliferation, EMT induc-
tion, decreased susceptibility to apoptosis-inducing factors, and modulating immune
response to tumor cell antigens. Eventually, this will lead to the increased metastatic
potential of cancer cells and an increased risk of lymph node and distant metastases
(Fig. 20.3).

This chapter provided an overview of the current state of knowledge of selected
Golgi proteins, their role in cytophysiology, as well as potential involvement in
tumorigenesis and progression. Many questions still remain unanswered; so further
in-depth research of Golgi role in oncogenesis is needed.
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Fig. 20.2 The mechanism of three postulated models of spatial and functional Golgi organization
in cancer. (a) Formation of compact Golgi apparatus with improved ribbon linking and cisternal
stacking mediated by PAQR11 may be associated with an increased metastatic potential of tumor
cells by e.g. EMT activation and enhanced trafficking kinetics. The potential involvement of
GRASPs in ensuring a compact Golgi structure has also been postulated. (b) The second Golgi
organization model in a tumor cell postulates that its spatial structure is close to normal. However, it
is the increased metabolic activity in the Golgi which differs it from normal cells. A number of
Golgi proteins (GM130, GOLIM4, USO1, TMEM165, STK16, and GOLPH2) are overexpressed
during oncogenesis, whereas the expression of others (GMAP210, PAQR3, golgin-97, Clipr-59,
and Sef) is inhibited or significantly decreased. (c) Golgi fragmentation with ministack forming is
the third type of its structural and functional organization in a tumor cell. It was postulated that
cancer-specific Golgi fragmentation is associated with a significant increase of trafficking kinetics
and intensification of intracellular signal transduction pathways, which increases the metastatic
potential of a tumor cell. Overexpression of GOLPH3 and GCC88 alongside a decreased
immunoreactivty of TMF, GCC185, and GRASPs are considered the key mediators of Golgi
fragmentation. The role of giantins and golgin-84 was also postulated. However, the reports on
their involvement in Golgi dispersion remain unclear
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Fig. 20.2 (continued)
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Fig. 20.2 (continued)
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