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Chapter 1

Modeling Asymmetric Cell Division

in Caulobacter crescentus Using a Boolean

Logic Approach

Ismael Sánchez-Osorio, Carlos A. Hernández-Martı́nez,

and Agustino Martı́nez-Antonio

Abstract Caulobacter crescentus is a model organism for the study of asymmetric

division and cell type differentiation, as its cell division cycle generates a pair of

daughter cells that differ from one another in their morphology and behavior. One

of these cells (called stalked) develops a structure that allows it to attach to solid

surfaces and is the only one capable of dividing, while the other (called swarmer)

develops a flagellum that allows it to move in liquid media and divides only after

differentiating into a stalked cell type. Although many genes, proteins, and other

molecules involved in the asymmetric division exhibited by C. crescentus have

been discovered and characterized for several decades, it remains as a challenging

task to understand how cell properties arise from the high number of interactions

between these molecular components. This chapter describes a modeling approach

based on the Boolean logic framework that provides a means for the integration of

knowledge and study of the emergence of asymmetric division. The text illustrates

how the simulation of simple logic models gives valuable insight into the dynamic

behavior of the regulatory and signaling networks driving the emergence of the

phenotypes exhibited by C. crescentus. These models provide useful tools for the

characterization and analysis of other complex biological networks.

Abbreviation

TF Transcription Factor
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1.1 Introduction

Caulobacter crescentus is a Gram-negative bacterium that divides asymmetrically,

generating two daughter cells that develop different appendages at one of their poles

at particular times during their division cycle. One newborn cell, called swarmer,

develops a flagellum and a chemotactic apparatus, which enables it to move in liquid

media following gradients of nutrient concentrations (Jensen 2006). The other

daughter, in contrast, has a narrow extension of its cell body called stalk, which

allows the cell to attach to solid surfaces. This is the only cell type capable of dividing

(Wagner and Brun 2007). After acquiring enough biomass, stalked cells divide and

release motile swarmer cells that will remain in that state for a certain time period

(England et al. 2010). Eventually, the swarmer cells lose their flagella and acquire the

stalked phenotype, generating a cyclic pattern of growth and division.

In some sense, C. crescentus resembles the asymmetric cell division and cell

type differentiation exhibited by eukaryotes. Because of this, it is an organism that

can be used as a biological model for the study of these phenomena in more

complex organisms. As shown in Fig. 1.1, the cell cycle of C. crescentus can be

Fig. 1.1 Asymmetric division and cell cycle of C. crescentus. The formation of the swarmer and

stalked cell types is presented in the context of cell division. The cell cycle is divided in discrete

stages analogous to those of the cell division of eukaryotes
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seen in terms of three stages analogous to those occurring during mitosis, namely,

G1, S, and G2/M. During the G1 phase, swarmer cells eject the flagellum, synthe-

size the holdfast and the stalk structure, and initiate the replication of their DNA

(Jensen 2006). In the S phase, when the synthesis of DNA is occurring, the newly

formed DNA strands get spooled toward a pole of the cell and fold into compact

chromosomal microdomains (Jensen et al. 2001). From this pre-divisional com-

partmentalization, by mechanisms that are still unclear, a new cell fate will emerge

on each of the daughter cells (Judd et al. 2003). Finally, at the G2/M phase,

C. crescentus divides asymmetrically into swarmer and stalked cells, and the

DNA of each daughter becomes fully methylated (Reisenauer and Shapiro 2002).

From a molecular biology perspective, if we could determine the function of

each of the molecules involved in the behavior displayed by C. crescentus during its
division cycle, then we could in principle understand how this phenotype arises

from the molecular constituents of the cell. However, as more genes, gene products,

and other molecules were discovered, it would remain a very challenging task to

extract knowledge from that information and grasp the result of the sheer number of

their interactions. In consequence, it is necessary to have a way to unify that data

into a coherent picture, so that this kind of biological phenomenon can be studied

and understood in a more integrated manner. This integration would also require

accounting for the temporal variation in the expression of all genes involved in the

development of the observed phenotypes, as such dynamics may be decisive for the

emergence of cell cycle properties (Ryan and Shapiro 2003). Therefore, by no

longer focusing on single genes and molecules, but on global system properties

arising from dynamic interactions, it may be possible to achieve a better under-

standing of how the asymmetric cell division of C. crescentus arises from its

molecular cell components. This endeavor can be facilitated by the formal and

precise language of mathematics.

In this chapter, we address the reconstruction, modeling, and analysis of the

regulatory and signaling networks involved in the cell cycle and asymmetric

division of C. crescentus, which we have studied in a previous work (Qui~nones-
Valles et al. 2014). We introduce general modeling principles that provide a

foundation for the construction, simulation, and verification of simple discrete

models based on the Boolean modeling framework (Thomas 1978). We argue

throughout the text that, despite its limitations, this is a useful tool to explore and

study the emergence of asymmetric division, as it captures some essential details of

the dynamic interactions between regulatory components through the use of logical

rules. These kinds of models have been successfully applied in the study of other

biological phenomena, including the phenotypic transition between lysis and lysog-

eny in the lambda phage (Thieffry and Thomas 1995), cellular fate generation

during flower development in Arabidopsis thaliana (Espinosa-Soto et al. 2004), and
cell differentiation in lymphocytes (Mendoza 2006).

1 Modeling Asymmetric Cell Division in Caulobacter crescentus Using a. . . 3



1.2 Reconstruction of the Regulatory and Signaling

Network Involved in the Cell Division Cycle

of C. crescentus

Network reconstruction consists of obtaining a comprehensive list and

corresponding interconnection diagram (i.e., the topology) of all the genes, signal-

ing molecules, and other molecular components participating in the cell cycle of

C. crescentus. There are many methodologies to reconstruct a network (Wang and

Huang 2014; Thompson et al. 2015), but all of them unavoidably require the

verification of direct experimental evidence for each molecular interaction found.

This is why it is advisable to retrieve data from primary literature and reconstruct a

network relying as much as possible on this information. Such is the procedure we

have followed earlier (Qui~nones-Valles et al. 2014) and that we illustrate in

Fig. 1.2.

Overall, we gathered evidence for interactions including transcriptional regula-

tion by TFs, phosphorylation/dephosphorylation of proteins, methylation of DNA,

multi-protein complex assembly, and proteolysis. From the retrieved data, it is

possible to draw a graph, like the one shown in Fig. 1.3 that directly represents the

interactions (edges) between genes and proteins (nodes). In the diagram, when a

molecular effector promotes the transcription of a gene, it is customary to classify

Fig. 1.2 Literature-based network reconstruction process. The iterative network reconstruction

process starts from the gathering of peer-reviewed literature on the functionality of each molecular

network component and their interactions. The retrieved literature is then thoroughly examined to

find experimental evidence for interactions. Finally, the information is assembled into an inter-

connection diagram containing all components

4 I. Sánchez-Osorio et al.



the corresponding interaction as positive (green, sharp-headed arrow). On the

contrary, if it represses the transcription, the interaction is considered negative

(red, flat-headed arrow). In the particular case of some regulators that can activate

and repress the same target, the interactions are classified as dual (blue, sharp-

headed arrow). The reconstructed network, G1, has 153 nodes and 212 edges that

represents the totality of regulators that to date are known to be associated with the

control of the replication of DNA, cell division, polar morphogenesis, as well as

other functions linked to cell division.

At a glance, the whole network operates in the following way. There is a TF

called CtrA taking part in the regulation of approximately 100 genes that are

mostly involved in the formation of the flagellum, pili, and chemotactic apparatus

(Ryan and Shapiro 2003). This TF also binds to the oriC region of the chromo-

some, which is the site where the replication of DNA starts. By binding to this

region, it obstructs the access of the regulator DnaA involved in the recruitment

of the DNA replication machinery. Consequently, CtrA prevents the replication

of the chromosome, mainly in the swarmer cells (Quon et al. 1998). CtrA along

with DnaA regulates the expression of the TF known as GcrA. This regulator in

Fig. 1.3 Regulatory network G1 implicated in the control of the cell cycle in C. crescentus.
Reconstructed regulatory and signaling network containing all the genes (nodes) associated with

the control of the cell cycle of C. crescentus. Plot elaborated in cytoscape (Shannon et al. 2003)

and reproduced from Qui~nones-Valles et al. (2014). Depending on the nature of each interaction,

the edges were colored green (positive interactions), red (negative interactions), or blue (dual

interactions)
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turn activates the expression of a phosphorylase (PleC) involved in a signaling

cascade that leads to the degradation of CcrA. Together CtrA, DnaA, and GcrA

form an interconnected regulatory network that is coupled to the cell cycle,

following an oscillatory pattern (Ryan and Shapiro 2003). Other important pro-

teins, whose roles in the operation of the regulatory network will be explained in

more detail later, are the methyl-transferase, CcrM, and a small CtrA-inhibitory

protein known as SciP (McAdams and Shapiro 2009).

1.3 Reduction of the Network to Its Core Regulators

To work with a smaller number of network elements, while preserving the behavior

and key dynamic properties of the reconstructed regulatory network, it seems

convenient to simplify the topology and the number of interactions by ignoring

non-regulatory nodes in the network. This is because such elements do not appear to

affect the dynamic behavior of the studied network (Naldi et al. 2009). The core

network, G2, resulting from this reduction represents the smallest set of nodes that

we found to be involved in the control of cell differentiation in C. crescentus.
As can be noted in Fig. 1.4, G2 contains several feedback and feedforward

loops exerting positive, negative, and even dual regulation on the nodes of the

network. These loops underlie dynamic properties of the network that may lead to

nontrivial phenotypes, as has been established in classic works (Thomas and

D’Ari 1990). Hence, studying this reduced network considering all its regulatory

interactions is a well-founded approach; however, we can resort to intuition and

Fig. 1.4 Subnetwork G2.

This diagram contains the

nodes remaining after

omitting all non-regulatory

nodes in the network G1

6 I. Sánchez-Osorio et al.



take advantage of the available biological information to achieve further simpli-

fication. This is not strictly necessary, but it is always advisable to work with

simple systems as much as possible.

In line with the above remark, the network G2 can be divided into two simpler

subsystems that differ from one another in two key aspects: first, the type of

molecular interactions taking place within them, and second, the timescales on

which these interactions occur. More specifically, inside the first subnetwork,

named G2a (Fig. 1.5a), regulatory processes mediated by transcriptional regulation

and DNA methylation operate approximately on a timescale of 1–3 min (Alon

2006). In contrast, in the second subnetwork, G2b (Fig. 1.5b), there is a phospho-

proteolytic pathway whose reactions take place in the order of 1–100 ms. In

addition to allowing for the distinction of two subnetworks within G2, this infor-

mation makes it possible to apply an approximation known as the “steady-state”

assumption and omit some regulatory interactions between nodes that operate at

different timescales. This strategy for system reduction is widely used in the study

of biochemical reactions and enzyme kinetics (Schnell 2017).

In brief, the steady-state approximation asserts that for a dynamic system

containing processes operating on well-separated timescales (e.g., enzymatic

reactions, transcription, etc.), the processes with relatively fast dynamics can be

assumed to have reached their equilibrium states from the perspective of the

slower processes, which can be considered effectively constant for the timescales

in which the faster processes operate. For the network G2, this implies that the net

effect of regulatory interactions going from the transcriptional network, G2a, to

the phospho-proteolytic network, G2b, can be ignored for the purpose of studying

the dynamics of G2b. In other words, because of their relative constant behavior,

regulatory interactions may be assumed to no longer influence the time variation

of nodes in the phospho-proteolytic network. However, being CtrA a node shared

by the two subnetworks, G2a and G2b, we consider it independently on each

subnetwork and assign it two variable names, CtrAa for G2a and CtrAb for G2b.

Fig. 1.5 Subnetworks G2a and G2b. Reduced subnetworks representing the essential elements

involved in the control of cell division in C. crescentus. (a) Transcriptional subnetwork G2a and (b)

phospho-proteolytic pathway G2b. The colors of arrows are interpreted as in Fig. 1.3.

Figure modified from Qui~nones-Valles et al. (2014)

1 Modeling Asymmetric Cell Division in Caulobacter crescentus Using a. . . 7



Figure 1.5 shows the subnetworks G2a and G2b that result after applying the above

simplification and approximation strategies.

1.4 Qualitative Functional Description

of the Transcriptional Subnetwork G2a

In the subnetwork G2a, CtrAa has positive autoregulation (Fig. 1.5a), and it seems it

also has a negative autoregulatory loop, but its functional operation is not currently

understood (Domian et al. 1999). This TF can only be transcribed when the DNA is

hemimethylated, which happens immediately after the replication process is com-

pleted. CtrAa subsequently promotes the expression of the methyl-transferase CcrM

(Reisenauer and Shapiro 2002). This enzyme methylates the second strand of DNA,

hence repressing the expression of CtrAa (Reisenauer et al. 1999a, b). The activity

of CtrAa is regulated at a posttranslational level by the repressor SciP that seques-

ters the former TF, preventing it from interacting with its DNA targets (Gora et al.

2010). The transcription of SciP is promoted by CtrAa and inhibited by DnaA (Tan

et al. 2010). The protein DnaA implicated in the initiation of DNA replication is

subjected to several kinds of regulation; for example, its expression is positively

regulated by CcrM through DNA methylation, which causes CtrAa to bind to the

promoter of DnaA and initiate its transcription (Winzeler and Shapiro 1996). As the

concentration of DnaA increases, it binds to its own promoter, repressing its

expression via a negative feedback loop (Collier et al. 2006). Finally, the expression

of the TF GcrA is repressed by CtrAa (Holtzendorff et al. 2004) and positively

regulated by DnaA (Winzeler and Shapiro 1996).

1.5 Qualitative Functional Description of the Phospho-

Proteolytic Signaling Subnetwork G2b

In the subnetwork G2b, CtrAb promotes the transcription of the sensory response

regulator DivK (Laub et al. 2002). This regulator is synthesized in an inactive

non-phosphorylated state that can subsequently be phosphorylated by the kinase

DivJ or the phosphatase-kinase PleC (Matroule et al. 2004). The phosphorylated

form of DivK can bind to the protein DivL, inhibiting its activity. When DivL is not

sequestered by DivK, it binds to the phosphorylase CckA and promotes its

autophosphorylation. In its phosphorylated state, CckA phosphorylates the kinase

ChpT (Ryan and Shapiro 2003); however, when it is unphosphorylated, it has

phosphatase activity on ChpT (Chen et al. 2009). If ChpT is phosphorylated, it

activates CtrAb and CpdR by the transference of a phosphate group. Alternatively,

if ChpT is unphosphorylated, it behaves as a phosphatase on CpdR (Iniesta et al.

2006). When CpdR is unphosphorylated, it facilitates the formation of the

8 I. Sánchez-Osorio et al.



proteolytic complex ClpXP, composed of the proteases ClpX and ClpP. Together

ClpXp and RcdA form a complex that degrades CtrAb (Jenal and Fuchs 1998;

Chien et al. 2007; Domian et al. 1997).

1.6 General Modeling Principles

The reconstruction of the regulatory and signaling networks described above was

driven by the need for integrating our current knowledge of the molecular compo-

nents and the interactions involved in the asymmetric cell division of C. crescentus.
However, a considerable difference exists between having the crude topology of

such networks and the understanding of the causal and functional relationships that

give rise to the two cell phenotypes exhibited by C. crescentus. To advance such

understanding, we believe it is necessary to have appropriate conceptual frame-

works that describe, in a coherent manner, the essential aspects of the multiple

experimental observations on the dynamic behavior of the nodes that participate in

these networks. In describing them, of course it is possible to use ordinary language,

depicting their behavior in qualitative terms, as we have done in the previous

section. Nevertheless, this kind of language becomes ambiguous, prone to mis-

interpretations, and overwhelming when describing large numbers of nodes with

multiple connections. Instead, we can use the more precise language and sophisti-

cated mode of thought of mathematical modeling, which can guide the understand-

ing of known empirical observations and enable the exploration of diverse

hypothetical conditions, leading to the generation of experimentally testable

predictions.

In the context of the network we are studying, the construction of a mathematical

model involves three general stages: (1) translating the topology and time variations

of the nodes in the network into appropriate mathematical descriptions using

assumptions and approximations based on previous knowledge; (2) studying the

system in the abstract domain looking for patterns, relationships, and numerical

quantities that theoretically correspond to those observed experimentally; and

(3) interpreting and validating the theoretical results in terms of the biological

context. To make this modeling process accessible, mathematical and models

generally focus on specific aspects of the studied networks (e.g., network intercon-

nection) while abstracting from details at other levels of resolution (e.g., TF

concentrations). Figure 1.6 outlines the main components and methodological

relationships involved in the model construction process.

When modeling one begins with the biological system being investigated and

follows the next sequence of steps.

I!II: Description of biological components, interactions, and states in mathemat-

ical terms.

1 Modeling Asymmetric Cell Division in Caulobacter crescentus Using a. . . 9



II!I: Interpretation of mathematical abstractions in terms of the biological system

or phenomenon being studied. This constitutes the basic interpretation step in the

modeling process.

II!III: Interpretation of mathematical notions and results in terms of visual

representations (state diagrams, tables, etc.). This step constitutes a second-

level interpretation in the modeling process.

III!II: Use of particular visual resources to facilitate the interpretation of the

results and notions of the mathematical model that may be otherwise hard to

grasp.

I$III: Analysis of the biological system by means of graphical representations. The

correlation of empirical observations with concrete visualizations helps in the

translation of biological phenomena into particular scenarios in the model and

facilitates the interpretation of abstract results.

In the next sections, the general modeling principles that have been introduced

here will be further illustrated continuing with our study of the reconstructed

network of C. crescentus. In particular, we will address the translation of the

Fig. 1.6 Schematic representation showing the theoretical components of biological network

modeling. In the diagram, the biological system (I) is composed of the actual asymmetric division

phenomena that are affected by the regulatory and signaling networks described previously. The

abstract world of the mathematical model (II) involves symbolic notational schemes that allow the

time-varying interactions and dependence of the nodes in the networks to be stated with precision

and economy. The auxiliary model (III) that consists of various graphical representations (sche-

matics, diagrams, tables, plots, and other tools) helps to think about the abstract mathematical

model more lucidly. Double arrows indicate the important transitions that are usually repeated in

the construction of models

10 I. Sánchez-Osorio et al.



dynamics of the network into an appropriate mathematical description, the theo-

retical study of the system via simulation, and the validation of theoretical results in

terms of the biological evidence.

1.7 Model Construction Using a Discrete Logical Approach

One possible way to model a biological system would be to incorporate all available

biochemical details about its molecular interactions. The resulting quantitative

model may reveal phenotypes that reflect in detail the dynamics of the regulatory

and signaling networks of C. crescentus at a physicochemical level. This is a

legitimate approach that has led to useful insights about the mechanisms producing

the phenotypes involved in the control of the cell division cycle (Subramanian et al.

2013); unfortunately, when trying to extend this level of description to consider a

larger number of genes and gene products in a network, solving the resulting model

via analytical methods becomes infeasible and a numerical approach turns out

computationally very demanding. From a theoretical perspective, a recurrent prob-

lem is that the number of parameters and equations grows exponentially with the

number of state variables, making the analysis of the model less intuitive and its

solutions hardly intelligible. From an experimental perspective, it is challenging to

obtain data of molecular interactions and kinetic parameters with the spatiotempo-

ral resolution required to build and validate these kinds of models. In consequence,

this level of description becomes inaccessible for large-scale networks. This is why

simpler, yet expressive, modeling approaches are required to study the behavior of

complex biological systems, even at the cost of losing numerical resolution.

Perhaps the simplest way of describing the expression of a gene is to view it as a

variable, σi(t), with only two possible states, 0 and 1, which can be made to

correspond to “low expression or inactive” and “high expression or active,” respec-

tively. These kinds of binary variables are named Boolean, after George Boole, who

developed the mathematics to work with these kinds of quantities (Boole 1848).

Using this conceptual framework, the dynamics of gene expression can be

represented by discrete transitions between logic states throughout time, as depicted

in Fig. 1.7a, b. Although at first sight these models may seem very restrictive, in the

end models are only a representation of a limited range of observed facts, which fit

the observed behavior of biological systems to a certain degree of approximation.

From this viewpoint, it is possible to preserve a model for its usefulness, even if it

never reflects exactly the observed data.

For a whole regulatory network, a handy representation for encoding the states

of all its N genes, at a particular time t, is the vector notation σ(t)¼ [σ1(t), σ2(t),. . .,
σN(t)], in which the expression state of a gene i is denoted by σi(t) (see Fig. 1.7c).
Each gene i is affected by the expression of the k genes that directly regulate

it. Hence, its dynamics can be specified as a function of the states of these genes,

namely σi1(t), . . ., σik (t). More precisely, the time evolution of the value σi can be

written as σi(t + 1)¼ fi(σi1(t), σi2(t), . . . , σik(t)), where fi is a Boolean function that

1 Modeling Asymmetric Cell Division in Caulobacter crescentus Using a. . . 11



represents a regulation rule for gene i, as shown in Fig. 1.8. This rule originates

from previous biological knowledge and determines the state of i at the next time

step from the current states of the other genes. When considering the totality of gene

states and their corresponding Boolean functions in a network, it is possible to

compute global network states at uniformly spaced time steps. This synchronous

updating scheme to simulate the dynamics of network states is the most common in

practice, and it is the one used in this work.

The logical rule for a gene can be formulated using logic functions, such as

AND, OR, and NOT. Consider, for example, the gene gcrA that belongs to the

network G2a. This gene expresses at time t + 1 (i.e., GcrAt+1 equals 1) when DnaA is

present and CtraAa is absent, at time t. In contrast, it is repressed (i.e., GcrAt+1

equals 0) if DnaA is absent or CtrAa is present. This relationship can be encoded

using the AND operator, as stated in Eq. 1.1.

GcrAtþ1 ¼ 1 if DnaAt ¼ 1ð Þ AND CtrA t
a ¼ 0

� �

0 if DnaAt ¼ 0ð Þ OR CtrA t
a ¼ 1

� �
�

ð1:1Þ

We show in Table 1.1 the set of logic equations for the rest of the genes in G2a.

When formulating the equations for the nodes in the phospho-proteolytic net-

work G2b, it should be noticed that, besides being expressed, some signaling

Fig. 1.7 Gene expression states modeled as logic values. (a) The state of a single gene is

represented as “1” or “0.” The active state of a gene is labeled with green and its repressed state

is labeled with red. (b) The dynamics of gene expression is depicted throughout time. (c) Network

state is represented as a vector
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molecules must be phosphorylated to be functional (e.g., PleC and DivK). As a

consequence, the use of binary variables would fall short when representing the

states of most of the nodes in G2b. To overcome this limitation, it is possible to use

the values 0, 1, and 2 to denote the state of regulators as “absent,” “present,” and

“phosphorylated,” respectively. However, as the modeling process favors simplic-

ity, it is better to reduce the set of states to “functional” or “nonfunctional or absent”

and accordingly use 1 or 0. This approach can be extended to represent functional

states of signaling molecules that assume mutually exclusive roles, depending on

whether they are phosphorylated or not. For example, we can assign the value 1 to

ChpT when it acts as a phosphorylase and 0 when it behaves as a phosphatase (see

Table 1.2). Given that ChpT is constitutively expressed (Chen et al. 2009), this is a

valid method for model simplification. Based on the above arguments, Table 1.2

displays the resulting equations for each signaling molecule.

An alternative way of representing the logic function for a node is the use of a

truth table. Such table contains the possible output states, given all the combina-

tions of inputs coming from other regulatory nodes, as illustrated in Table 1.3 for

GcrA.

Fig. 1.8 Dynamics of gene i as a function of the state of its regulating nodes. In this figure, fi
represents the regulatory logic function that maps the expression state of the k regulating genes at

time t to the expression of i at time t + 1

Table 1.1 Logic functions for the genes in G2a

Node value at t + 1 Logic function

CtrAa
t+1 1 if ((CtrAa

t¼1) OR (GcrAt¼1)) AND (CcrMt¼0) AND (SciPt¼0)

0 if (CtrAa
t¼0 AND GcrAt¼0) OR CcrMt¼1 OR SciPt¼1

GcrAt+1 1 if DnaAt¼1 AND CtrAa
t¼0

0 if DnaAt¼0 OR CtrAa
t¼1

DnaAt+1 1 if CtrAa
t¼1 AND CcrMt¼1 AND GcrAt¼0 AND DnaAt¼0

0 if CtrAa
t¼0 OR CcrMt¼0 OR GcrAt¼1 OR DnaAt¼1

CcrMt+1 1 if CtrAa
t¼1 AND CcrMt¼0 AND SciPt¼0

0 if CtrAa
t¼0 OR CcrMt¼1 OR SciPt¼1

SciPt+1 1 if CtrAa
t¼1 AND DnaAt¼0

0 if CtrAa
t¼1 OR DnaAt¼1

1 Modeling Asymmetric Cell Division in Caulobacter crescentus Using a. . . 13



1.8 Model Simulation

Having the topology of a subnetwork and the logical rules corresponding to each

node, global state transitions can be computed starting at a particular initial

condition. For instance, assume that at an initial time t0 the states of the nodes

CtrA, GcrA, DnaA, CcrM, and SciP in G2a are given by the vector σ(t0) ¼ [0, 0, 1,

0, 1]. Each position in the vector corresponds to the order in which the nodes were

enumerated. Figure 1.9a shows how each node in the subnetwork changes at

Table 1.2 Logic functions for G2b

Node value at

t + 1 Logic function

CtrAb
t+1 1 if ChpTt¼1 AND ClpXP-RcdAt¼0

0 if (ChpTt¼1 AND ClpXP-RcdAt¼0) OR (ChpTt¼1 OR ChpTt¼0) AND

ClpXP-RcdAt¼1

DivKt+1 1 if DivJt¼1 AND PleCt¼0

0 if DivJt¼0 OR PleCt¼1

PleCt+1 1 if DivKt¼0

0 if DivKt¼1

DivJt+1 1 if DivKt¼1 AND PleCt¼0

0 if DivKt¼0 OR PleCt¼1

DivLt+1 1 if DivKt¼0

0 if DivKt¼1

CckAt+1 1 if DivLt¼1

0 if DivLt¼0

ChpTt+1 1 if CckAt¼1

0 if CckAt¼0

CpdRt+1 1 if ChpTt¼1

0 if ChpTt¼0

ClpXP-RcdAt+1 1 if CpdRt¼0

0 if CpdRt¼1

Table 1.3 Truth table for the expression of GcrA at time t +; 1 as a function for CtrAa and DnaA at

time t.

CtrAa
t DnaAt

GcrA
t+1 Biological description

0 0 0 GcrA is absent when DnaA is absent, because DnaA promotes the

transcription of gcrA

0 1 1 GcrA is expressed when DnaA is active, because DnaA promotes the

transcription of gcrA

1 0 0 GcrA is inhibited when CtrA is active, because CtrA inhibits the

transcription of gcrA

1 1 0 GcrA is inhibited when CtrA is active, because CtrA inhibits the

transcription of gcrA
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discrete time steps according to rules about their current states and the states of their

regulating nodes (see Table 1.1).

For illustrative purposes, in Fig. 1.9a the dynamics of the subnetwork G2a is

portrayed using state-to-state transitions. This graphical representation, however

visual, gets cumbersome for large networks. Hence, to simplify the notation it is

convenient to introduce the notion of a state space network (also called state

transition diagram), which contains all possible combinations of network states

and the possible transitions between them. The time evolution of the subnetwork

can thus be viewed as trajectories in the state space network. Using this notion, a

transition from state I to II in Fig. 1.9a means that the state of the biological network

goes from σ(t)¼ [0, 0, 1, 0, 0] to σ(t + 1)¼ [0, 1, 0, 0, 0], and this corresponds to an
edge in the state transition diagram in Fig. 1.9b.

As might be expected, when the number of variables increases the manual

calculation of trajectories becomes an impractical task. In consequence, software

tools become imperative. In our case, we used GINsim (Chaouiya et al. 2012) to

calculate the whole state space trajectories for the subnetworks G2a and G2b. This is

a software tool explicitly designed for the automated modeling and simulation of

gene regulatory networks. With this software and an appropriate visualizer, such as

Cytoscape (Shannon et al. 2003), a user can compute and plot state space networks

like those shown in Fig. 1.10, corresponding to the dynamics of the signaling

network G2b associated with the control of asymmetric cell division in

C. crescentus. The logical models for G2a and G2b are available in the GINsim

repository (http://ginsim.org/models_repository), under the names g2a.zginml and
g2b.zginml.

Fig. 1.9 Translation of network state transitions to an abstract state transition diagram. (a) The

figure shows the dynamic changes in the states of the nodes corresponding to subnetwork G2a. (b)

Simplification of the dynamic state transitions displayed in (a)
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As the reader can figure out using the logical models for G2a and G2b, a series of

repeating network states appears after a certain simulation time. The sets of states,

to which the system eventually evolves, are known as attractors. The number of

states that an attractor contains determines its length (also called its period). An

attractor with length greater than 1 is called a cyclic (or periodic) attractor, such as

the one displayed in Fig. 1.10c. In contrast, an attractor with only one element (i.e.,

cycle of length one) is called a steady-state attractor or a fixed point, like the three

attractors in Fig. 1.10. The simulation of the model presented in this work results in

a cyclic attractor of length four and three steady-state attractors.

1.9 Interpretation and Validation of Results

The last stage of the modeling process consists of validating the model by

contrasting the results obtained from the dynamic simulations of the subnetworks

with experimental evidence. We mentioned in the previous section that the

Fig. 1.10 State space network corresponding to the G2a and G2b. (a) Fraction of the state space of

G2b containing the point attractor corresponding to the stalked cell type. (b) Part of the state space

of G2b having the point attractor corresponding to the swarmer cell type. Both a and b form the

state space of G2b. (c) Portion of the state space of the network G2a containing the cyclic attractor

associated to the cell cycle. (d) Region of the state space of G2a that converges to a point attractor

whose defining values, σ ¼ [0, 0, 0, 0, 0], are not attained by the real biological system. This

attractor will be ignored in the interpretation of results (see Sect. 1.9). Together, (c) and (d)

represent the state space of the network G2a. Figure adapted from Qui~nones-Valles et al. (2014)
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simulation of G2b produced two fixed point attractors (see Fig. 1.10a and b). From

the first point attractor shown in Fig. 1.10a, σ ¼ [1, 0, 1, 0, 1, 1, 1, 1, 0], it can be

inferred that the phosphorylation cascade activates CtrAb by the action of the

phosphorylated form of ChpT (ChpT¼1). In contrast, the state of the network in

the second point attractor displayed in Fig. 1.10b, σ ¼ [0, 1, 0, 1, 0, 0, 0, 0, 1],

suggests that the same phosphorylation pathway inhibits the activation of CtrAb,

through the complementary phosphatase activity of ChpT (ChpT¼0). Additionally,

this form of ChpT promotes the formation of the proteolytic complex that degrades

CtrAb. Since the phosphorylated form of CtrA is present in the microdomain

belonging to the swarmer cell type and absent in the microdomain corresponding

to the stalked one, the first point attractor (Fig. 1.10a) can be made to correspond to

the swarmer cell type and the second to the stalked cell type.

The simulations also show that the phosphorylation states of PleC and DivJ are

mutually exclusive (i.e., either PleC¼1, DivJ¼0 or PleC¼0, DivJ¼1) and that the

presence of one condition or the other determines which of the two point attractors

is reached by G2b. This result supports the current notion that the swarmer and

stalked phenotypes arise from the spatially separated microdomains formed during

the cell division of C. crescentus. For instance, they are consistent with the findings
of Subramanian et al. (2013), whose model based on differential equations predicts

a bistable behavior of PleC, acting as a phosphorylase at one pole of the cell and as a

phosphatase at the other. Our results are also in agreement with the experimental

observations of (Jacobs et al. 2001) who found evidence for the existence of a

spatial separation of PleC and DivJ, which causes mutually exclusive conditions on

their phosphorylation states at each cell pole. Furthermore, the results are coherent

with the observation of spatial heterogeneity in the location of the kinases and

phosphatases that mediate the asymmetric division of C. crescentus, more specif-

ically, with the anchoring of PleC to the pole that gives origin to the swarmer cell,

and the attachment of DivJ to the pole that corresponds to the stalked cell (Wheeler

and Shapiro 1999; Viollier et al. 2002).

Complementary information on the cell cycle for each cell type can be obtained

from the dynamic simulation of G2a. This simulation produces one cyclic attractor

of length four (see Fig. 1.11b) that resembles the gene expression pattern associated

with the cell cycle of the swarmer phenotype and, in agreement with experimental

evidence (Reisenauer et al. 1999a), exhibits the oscillatory behavior of the regula-

tors DnaA, CtrA, and GcrA. Because the presented model does not reproduce the

division cycle corresponding to the stalked cell type, our results account only

partially for the observed phenotypes in C. crescentus. Despite this, the model is

still useful to integrate known experimental observations within a theoretical

framework, helping to think of the system in an intuitive manner.

In line with the above remark, the descriptive language provided by the Boolean

formalism can be reasonably used to enumerate the empirically observed sequence

of expression states for the division cycle of the stalked cell type, even when not

predicted by the model. According to empirical evidence (Tan et al. 2010;

Holtzendorff et al. 2004), such sequence happens to be very similar to the expres-

sion pattern associated with the swarmer cell type, differing only in the expression

1 Modeling Asymmetric Cell Division in Caulobacter crescentus Using a. . . 17



of regulators SciP and DnaA at state I (see Fig. 1.11b and c). This biological feature

of the cell cycle may underlie the inability of the Boolean model presented here to

predict the second attractor, which we have proposed as a hypothetical construct

(Fig. 1.11c). More specifically, the deterministic and discrete nature of the model

does not allow for two attractors to be different in only one state.

The aforementioned situation points, first, to the need of more expressive

theoretical frameworks that address the limitations of the presented model, for

example, through the incorporation of stochasticity or spatial resolution in the

model (Shmulevich et al. 2002; Sanchez-Osorio et al. 2014), and second, to the

iterative character of model refinement in which a simple model is usually used as

an exploratory tool to gain some insight into the particular features of the studied

system, and once the limitations of the current model are reached, successive

rounds of model reformulation and experimental testing are applied to further

improve the understanding of the phenotype of interest.

Finally, the point attractor σ ¼ [0, 0, 0, 0, 0] for the network G2a (see Fig. 1.10d)

represent a combination of logic values that are not consistent with any observed

expression pattern of the regulators being analyzed. In other words, the appearance

of this attractor does not make biological sense because a situation in which all of

the involved regulators (i.e., CtrA, GcrA, DnaA, CcrM, and SciP) are not expressed

would correspond to a nonfunctional state of the biological system. Having no

associated phenotype, such attractor has been omitted in Fig. 1.11. In the same vein,

we should emphasize that models explore the whole space of states that are

attainable in the abstract domain, regardless its biological feasibility. Thus, it is

Fig. 1.11 Interpretation of network attractors in terms of cell phenotypes. (a) Point attractors

corresponding to the states of the phosphorylation cascade of CtrA at each daughter cell, during

asymmetric division, (b) cyclic attractor for the swarmer cell, (c) proposed, hypothetical cyclic

attractor for the stalked cell. Adapted from Qui~nones-Valles et al. (2014)
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important to verify the validity of each of the results produced by a model and

discard some of them when they are inconsistent with observed phenomena.

1.10 Conclusion

Logical modeling is a simple, yet powerful, framework to study the dynamics of

regulatory networks. The emergence of complex phenotypes such as asymmetric

cell division is the outcome of many interactions between genes, gene products, and

small molecules that mutually affect each other or interconvert through physico-

chemical reactions. While acknowledging the enormous complexity of such sys-

tems, we illustrated in this chapter that even very simple models and their

simulations can provide useful insight into the mechanisms that determine the

functions of cells and ultimately the emergence of biological phenotypes. In the

same vein, this chapter highlighted a systematic method for model development

and analysis that combined knowledge from different disciplines. We showed that

well-established tools of the logic modeling approach could reduce the complexity

of model development, give valuable and rapid insight into the dynamic behavior of

regulatory and signaling networks, and provide practical tools for the characteriza-

tion of other complex biological networks. Furthermore, they represent the simplest

level of abstraction that can be used to capture gene network dynamics and explain

experimental observations in a highly intuitive way. Logical modeling may thus

serve as a first approximation toward the understanding of more complex mecha-

nisms driving cell differentiation in eukaryotes.
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Chapter 2

Spatiotemporal Models of the Asymmetric

Division Cycle of Caulobacter crescentus

Kartik Subramanian and John J. Tyson

Abstract The spatial localization of proteins within the cytoplasm of bacteria is an

underappreciated but critical aspect of cell cycle regulation for many prokaryotes.

In Caulobacter crescentus—a model organism for the study of asymmetric cell

reproduction in prokaryotes—heterogeneous localization of proteins has been iden-

tified as the underlying cause of asymmetry in cell morphology, DNA replication,

and cell division. However, significant questions remain. Firstly, the mechanisms

by which proteins localize in the organelle-free prokaryotic cytoplasm remain

obscure. Furthermore, how variations in the spatial and temporal dynamics of cell

fate determinants regulate signaling pathways and orchestrate the complex pro-

grams of asymmetric cell division and differentiation are subjects of ongoing

research. In this chapter, we review current efforts in investigating these two

questions. We describe how mathematical models of spatiotemporal protein

dynamics are being used to generate and test competing hypotheses and provide

complementary insight about the control mechanisms that regulate asymmetry in

protein localization and cell division.

2.1 Asymmetry in Protein Localization and Cell Division

in Prokaryotes

Unlike its eukaryotic counterpart, the bacterial cytoplasm has traditionally been

regarded as “well mixed,” with limited need for organizing cellular components

into spatial niches. However, this view of a homogeneously distributed bacterial

cytoplasm has always been suspect, given the commonly observed asymmetric

localization of the flagellum and virulence factors in chemotactic and pathogenic

bacteria, respectively (Goldberg et al. 1993; Steinhauer et al. 1999). Moreover, the
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prevalence of asymmetric division and differentiation in bacteria—of which Bacil-
lus subtilis (Wu and Errington 2003; dos Santos et al. 2012) is a well-known

example—has always alluded to the presence of regulatory mechanisms that rely

on spatial cues to orchestrate the cell cycle. Advances in microscopy over the past

two decades have provided an unprecedented view of a highly organized landscape

of proteins (Shapiro et al. 2009; Goley et al. 2007), RNA (Nevo-Dinur et al. 2012),

and chromosomes (Thanbichler and Shapiro 2006a) within the cytoplasm of bac-

teria. Furthermore, analogues of all three major cytoskeletal elements—actin fila-

ments, microtubules, and intermediate filaments—have all been observed to occupy

spatial niches in prokaryotes (Charbon et al. 2009). These observations have

spurred research into the mechanisms of cell division in prokaryotes that exhibit

some form of asymmetry, such as E. coli (Winkler et al. 2010), B. subtilis,
V. cholerae (Yamaichi et al. 2012), and S. flexneri (Goldberg et al. 1993; Steinhauer
et al. 1999). However, it is in the aquatic, nonpathogenic bacterium Caulobacter
crescentus that asymmetric protein localization and the resultant asymmetric divi-

sion cycle are most pronounced. In addition to division (Goley et al. 2011), protein

localization in Caulobacter also affects a range of physiological processes such as

growth (Aaron et al. 2007; Kühn et al. 2010), cell shape (Charbon et al. 2009; Jin

and Sun 2009), differentiation (Lam et al. 2003), motility (Briegel et al. 2008), and

stringent response (Boutte et al. 2012; Henry and Crosson 2013). These readily

observable physiological traits in an experimentally tractable organism have

established Caulobacter as the model organism for the study of asymmetric divi-

sion in prokaryotes.

Here, we will highlight some basic principles that have emerged from studies of

asymmetric cell division in Caulobacter. Firstly, we discuss the concept of self-

organization of cell fate determinants in generating asymmetry in the spatial

distribution of cell components. Next, we discuss how self-organization—which

is otherwise a spontaneous process dependent on cell length—is brought under cell

cycle control and coupled with differentiation events. Finally, we will discuss how

asymmetric localization of protein kinases, and the subsequent establishment of

phosphorylation gradients, is leveraged by the cell to drive morphogenesis, as well

as asymmetry in DNA replication, in cell division, and in the distribution of cell

appendages. In each case, we will describe dynamical mathematical models that we

have developed (Subramanian et al. 2013, 2014, 2015) to investigate hypotheses

about the molecular mechanisms driving asymmetric cell cycle events.

There is minimal overlap among molecular players that regulate cell fate

asymmetry in prokaryotes and eukaryotes; homologs of the Par family are a rare

example of proteins common to both domains. However, the basic principles of the

underlying molecular mechanisms of cell cycle asymmetry share many similarities.

For instance, Par proteins are required for asymmetric protein distributions in

developmental systems (Knoblich 2014) and in Caulobacter (Shebelut et al.

2010); reaction-diffusion systems for self-organization are thought to be responsi-

ble for localization patterns in C. elegans (Daniels et al. 2009, 2010) and in E. coli
(Hale et al. 2001; Howard and Kruse 2005); and spatial regulation of kinase activity

has been central to understanding asymmetric cell division and development in
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D. melanogaster and C. elegans (Knoblich 2014) and in Caulobacter (Chen et al.

2011). The tubulin homolog FtsZ dynamically organizes into a ringlike structure

close to mid-cell to initiate the process of cytokinesis (Aaron et al. 2007; Meinhardt

and de Boer 2001; Thanbichler and Shapiro 2006b). MreB, which is homologous to

actin filaments, regulates the process of cell elongation (Gitai et al. 2005; Takacs

et al. 2010), while the intermediate filament Crescentin that gives Caulobacter its
distinctive crescent shape shares many properties with eukaryotic intermediate

filament. These include features such as spontaneous self-assembly, lateral inter-

actions with its filamentous form, and interaction with actin filaments (Charbon

et al. 2009). Given the potential similarities in mechanisms, and the experimental

tractability of prokaryotes, it is conceivable that fundamental research in

Caulobacter may reveal molecular mechanisms that drive asymmetric division

and differentiation in stem cells and other developmental programs in eukaryotes.

2.2 Caulobacter crescentus Is a Model Organism

for the Study of Asymmetry

The natural niche of Caulobacter crescentus is an oligotrophic, aquatic environ-

ment. As a means to restrict competition for limited resources, the bacterium has

evolved an asymmetric cell division cycle. The sessile parent cell, which is attached

to substratum in the environment by a stalk and holdfast, divides asymmetrically to

give birth to a sessile daughter cell, as well as a motile daughter cell that is equipped

with a flagellum and pili for swimming away from its place of birth (Poindexter

1981). The sessile “stalked” cell is replication competent, whereas the motile

“swarmer” cell is reproductively quiescent. The holdfast, found at the tip of the

stalked cell, is a polysaccharide gel that enables the stalked Calulobacter cell to
adhere itself to almost all biotic and abiotic surfaces, such as Teflon, plastic, as well

as other bacterial cells. These properties result in the stalked cell being fixed

irreversibly to substratum and absorbing nutrients, despite the shear stress of

flowing currents encountered in its aquatic environment (Mitchell and Smit 1990;

Ausmees and Jacobs-Wagner 2003; Curtis and Brun 2010). The irreversible attach-

ment of stalked cells may explain the requirement for a dimorphic life cycle where

an obligate swarmer cell that is morphologically and functionally different is

necessary. When a swarmer cell finds itself in some other favorable location, it

can differentiate into a stalked cell and initiate its own rounds of cell division.

Asymmetric division of stalked cells and differentiation of swarmer cells into

stalked cells are the fundamental events of the life cycle of Caulobacter that enable
this organism to survive in nutrient-limiting conditions (Curtis and Brun 2010)

(Fig. 2.1).
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2.3 Role of Computational Models in Investigating the Cell

Cycle Regulatory Network

Technological advances in microscopy have provided unprecedented insight into

the localization of proteins in the bacterial cytoplasm (Sliusarenko et al. 2011).

Using a combination of imaging and genetic manipulations, cell biologists are now

able to infer causal links between protein localization and cell behavior. However,

the mechanistic underpinnings remain elusive. How do proteins recognize cell

poles and consistently choose one pole over the other? What are the mechanisms

that govern temporally varying localizations of proteins? How is information about

protein locations integrated into signaling and cell fate determination? Based on

observations made on wild-type and mutant cells, molecular biologists have put

forward hypotheses of the underlying molecular mechanisms with the aid of

probable network models or schematics of the signaling system. Reasoning over

network models without the aid of computational tools can be quite insightful as

long as the number of distinct molecular players is limited, and the combinatorial

complexity of the control mechanisms is not too great. However, we are now aware

of dozens of genes and proteins taking part in cell cycle control of Caulobacter
(Werner et al. 2009), and the complexity of the signaling network is daunting. It is

improbable that one can predict—in the absence of computational tools—how

mechanisms of such complexity will respond under a variety of natural and artificial

conditions, in wild-type cells and mutant strains. An alternative approach is to

leverage the benefits of executable dynamical computational models that can be

rigorously tested in a transparent and reliable manner as compared to manual

reasoning with large static schematic networks. Competing hypotheses, suggested

by experimentalists and theoreticians, can be tested in an unbiased fashion.

S
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G2

Swarmer cell

Stalked cell

Early
predivisional 

cell

Late
predivisional 

cell

Caulobacter crescentus cell cycleFig. 2.1 Life cycle of

Caulobacter crescentus.
The motile swarmer cell

contains a flagellum and

pili, and it cannot undergo

DNA replication

(G1 phase). The stalked cell

remains attached to

substratum by its stalk and

undergoes active DNA

replication (S phase). The

predivisional cell is

equipped with a stalk at one

end and a flagellum/pili at

the other. It is preparing for

cell division (G2 phase)
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Furthermore, computational models can be decomposed into modules that can be

tested independently, to identify components critical to a certain physiological

outcome. Computational models that successfully reproduce many known cellular

behaviors can be used to predict outcomes under novel conditions. These

predictions can, in turn, be tested experimentally. The iterative process of modeling

and experimentation is of significant utility in the investigation of molecular

mechanisms.

2.4 Dynamic Self-organization of Proteins During

the Caulobacter Cell Cycle

The establishment of cell polarity is a critical step in the developmental programs of

many organisms. The underlying cause of polarity is the movement of proteins to

specific subcellular locations. The number of proteins that are known to localize

within cells is a steadily growing list (Shapiro et al. 2009; Goley et al. 2007; Werner

et al. 2009; Rudner and Losick 2010; Stekhoven et al. 2014). In most cases, the

explanation for a protein localizing at a specific site is because it binds to an

“upstream” protein that was previously localized at that site. An important question

therefore is how the protein at the top of the hierarchy—referred to henceforth as a

landmark protein—localizes in the absence of further-upstream factors. In

Caulobacter, TipN and PodJ are two examples of proteins that are required for

localization of other proteins (Lam et al. 2006; Huitema et al. 2006; Hinz et al.

2003; Curtis et al. 2012), yet the mechanism of their own localization remains

unclear. In the subsequent section, we focus on the landmark protein called PopZ

that is of significant interest not only because it shows dynamic self-assembly but

also because it shows a range of functions that are important for the asymmetric

division cycle (Ebersbach et al. 2008; Bowman et al. 2008, 2010). PopZ is a

scaffolding protein not only for other proteins but also for anchoring chromosomes

via interaction with the ParA–ParB replication origin complex. The polymeric

protein PopZ localizes at the old pole of swarmer cells and later assumes bipolar

localization shortly after the cell loses its flagellum and transitions to the stalked

phenotype. Subsequent to cell division, each daughter cell inherits one focus of

PopZ at their respective old poles (Fig. 2.2). PopZ polymers form scaffolds that

serve as a hub to bind proteins. In addition, PopZ also anchors the chromosome

(Ebersbach et al. 2008; Bowman et al. 2008). What are the factors responsible for

restricting PopZ only to the poles, and what drives a second focus of PopZ to

emerge at the new pole of stalked cells? There are competing but incomplete

answers to these questions, none of which provides a completely satisfactory

explanation for PopZ localization (Ebersbach et al. 2008; Bowman et al. 2010;

Laloux and Jacobs-Wagner 2013; Ptacin et al. 2014). Suggestions include

(a) localization of PopZ at the poles as a result of directed transport on MreB

filaments (Bowman et al. 2008); (b) a DNA occlusion mechanism, in which PopZ
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polymers aggregate in DNA-free regions (Ebersbach et al. 2008; Saberi and

Emberly 2010); and (c) a ParA-dependent mechanism, where ParA is suggested

to nucleate the formation of PopZ polymers (Laloux and Jacobs-Wagner 2013).

Based on the observed patterns of PopZ distribution during the course of the cell

cycle, we speculated that a Turing-type mechanism of protein self-assembly might

provide a coherent explanation for PopZ localization. In the next section, we review

the basic concept of Turing-type pattern formation and the adaptations to the

classical Turing mechanism that are required to explain cell cycle-dependent

localization of PopZ polymers in Caulobacter.

2.5 Concept of Turing Mechanism

Spatial pattern formation is evident at all levels of biological organization, from

single cells to whole organisms to population of interacting organisms. To achieve

such complex organization at the cellular level, macromolecules have to be dis-

tributed in a highly organized, dynamic, and reproducible fashion. A fundamental

question, therefore, is how molecules are able to “sense” their location and get

distributed in an ordered manner. This problem of spatial self-organization in living

systems was first approached by Alan Turing in his classical 1952 paper “On the

chemical basis of morphogenesis” (Turing 1952). Turing, with some clarifying help

from subsequent mathematical biologists (Segel and Jackson 1972), showed that a

system of reacting and diffusing chemicals could generate spontaneous, stable

Fig. 2.2 Schematic representation of the dynamic localization of PopZ polymer during the

Caulobacter crescentus cell cycle. PopZ polymers are present only at the “old” pole of swarmer

cells. After the swarmer-to-stalked transition, PopZ polymers appear at the “new” pole, resulting

in a bipolar distribution. When the cell divides, the site of cytokinesis is now designated as the

“new” pole for each daughter cell. Both swarmer and stalked daughter cells inherit the PopZ

polymers present at the old pole of the cell cytoplasm
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patterns if they satisfied the following conditions: one component must be self-

activating (autocatalytic) and slowly diffusing, and another rapidly diffusing

component must inhibit the self-activating process. Turing proposed that such

reaction-diffusion systems could account for the self-organizing patterns of

morphogen gradients observed in developing embryos.

By a reaction-diffusion system, we mean a system of coupled partial differential

equations such as (Eq. 2.1):

∂C1

∂t
¼ R1 C1;C2ð Þ þ D1

∂2
C1

∂x2
ð2:1aÞ

∂C2

∂t
¼ R2 C1;C2ð Þ þ D2

∂2
C2

∂x2
ð2:1bÞ

These equations describe the dynamics of two species, C1 and C2. For any

species Ci, the rate of change of its concentration Ci(x, t) is informed by the

reactions it participates in (Ri) and its diffusion constant Di. The reaction term is

an abstraction for multiple types of molecular interaction such as synthesis,

degradation, posttranslational modifications, and multimerization. Two basic

reaction-diffusion schemes generate Turing patterns (Gierer and Meinhardt

1972; Meinhardt 1982): the Activator-Inhibitor Production scheme (A-IP), in

which the slow-diffusing autocatalytic species (A) activates the rapidly diffusing

species (I), which in turn inhibits the production of the activator; and the

Activator-Substrate Depletion (A-SD) scheme, in which the slow-diffusing

autocatalytic species (A) accumulates by consuming the fast-diffusing species

(S), which may hence be regarded as a substrate for the activator (Fig. 2.3a). In

either scenario, the activator has to diffuse significantly more slowly than the

inhibitor/substrate (Di � Da, or Ds � Da). When the appropriate conditions are

met, the Turing instability will result in a pattern where the activator concentra-

tion is high within a spatial niche, surrounded by regions of lower activator

concentration, because the surrounding regions have either higher inhibitor

concentration or lower substrate concentration that cannot sustain growth of the

activator. An important distinction between the classical A-IP and A-SD schemes

is that the resultant patterns are phase shifted. In the case of A-IP, the activator

peak is at the boundaries of the spatial domain, while in the A-SD mechanism, the

activator tends to occupy the center of the spatial domain (Fig. 2.3b). In either

case, spatial patterns develop within confined domains, and the distance between

any two peaks or troughs of the distribution is a characteristic wavelength (λo)
that is a function of the reaction rate constants and the diffusion constants (Segel

and Jackson 1972).
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2.6 A Modified A-SD Can Generate Patterns

with an Activator Peak at the Center of the Cell

The A-IP model results in the generation of bipolar patterns, similar to those

observed in the case of PopZ. However, the underlying reaction mechanisms and

diffusion timescales that form the basis of the A-IP model differ from the inherent

biochemical mechanism of PopZ polymer formation. For instance, the activator in

the A-IP model is a slow-moving species that produces the rapidly diffusing

inhibitor. In the case of PopZ, the polymer is the slow-moving form while the

monomer is the faster diffusing species. The PopZ polymer does not “activate” the

monomer, neither does the monomer “inhibit” the growth of the polymer. Hence,

the A-IP model is not a valid model abstraction of the PopZ reaction-diffusion

system. Instead, we find that the biochemical properties of PopZ polymerization are

congruent with an A-SD type Turing pattern. PopZ monomers are rapidly diffusing

substrates, and PopZ polymers are the slow-moving activators that grow by

Fig. 2.3 Turing mechanisms can be broadly classified as Activator-Inhibitor Production (A-IP) or

Activator-Substrate Depletion (A-SD). (a) In the two-chemical systems of both the AIP and A-SD

type Turing mechanisms, the activator species is the one which has a slower diffusion rate, and

whose level increases in an autocatalytic manner. In the A-SD mechanism, the activator level

increases by the consumption of the substrate. Hence, as compared to the A-IP mechanism, the

activator is thought of as inhibiting the substrate, or the substrate facilitates the production of the

activator. (b) Spatial patterns obtained from Turing mechanisms have a characteristic wavelength

λo. For a domain of size L ¼ λo, A-IP mechanisms give rise to a pattern where two half-peaks of

activator are obtained at the boundaries of the domain. In comparison, classical A-SD mechanisms

give rise to patterns where the peak of activator level is at the center, and the troughs are at the

boundaries
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consuming PopZ monomers in an autocatalytic process. However, the peaks of a

typical A-SD Turing mechanism are at the center of the domain, whereas PopZ

shows polar localization in Caulobacter. Hence, the classical A-SD equations, as

developed by Gierer and Meinhardt (Gierer and Meinhardt 1972; Meinhardt and

Gierer 2000), cannot directly explain the observed localization pattern of PopZ at

the poles of the cell. We were motivated to modify the original A-SD mechanism in

order to account for peaks at the poles of the cell. The Gierer and Meinhardt

equations (Eq. 2.2) have only a single term for the generation of activators, namely

through the consumption of substrates in an autocatalytic fashion. Hence, the

activator peak is constantly moving toward the regions of higher substrate concen-

tration. When the activator peak reaches the center of the cell, the concentration of

substrate is equal on either side, resulting in the activator forming a stable focus

there.

∂a
∂t

¼ kaut � a2 � s� kdeg � aþ Da � ∂
2
a

∂x2
ð2:2aÞ

∂s
∂t

¼ ksyn � kdeg � s� kaut � a2 � sþ Ds � ∂
2
s

∂x2
ð2:2bÞ

We proposed that an additional source of de novo (non-autocatalytic) activator

production from substrate would allow for the appearance of activator at new sites

(Subramanian et al. 2014). The de novo term thus describes the production of

activator from an initial pool of substrates, while the autocatalytic term describes

the extension of activator by the addition of new monomeric subunits (Eq. 2.3):

∂a
∂t

¼ kaut � a2 � s� kdeg � aþ kdnv � s� kas � aþ Da � ∂
2
a

∂x2
ð2:3aÞ

∂s
∂t

¼ ksyn � kdeg � s� kaut � a2 � s� kdnv � sþ kas � aþ Ds � ∂
2
s

∂x2
ð2:3bÞ

To investigate the role of the de novo term, we first simulated a cell of length

Lffi λo, i.e., a length that can accommodate either a central peak or two half-peaks at

the poles. First, we simulated the scenario of the classical A-SD equations. (To do

this, we set the rate constants for de novo production kdnv and for depolymerization

kas to zero.) As expected, stable peaks were obtained at the center of the spatial

domain. Next, we studied the modified model with increasing values for de novo

production. For small values of the de novo rate constant kdnv, we found that central
peaks were obtained (Fig. 2.4; left panel). However, beyond a critical value of kdnv,
we found peaks that were either localized at the poles or the center, depending on

the initial location of the activator. If the activator was abundant at the center to

begin with, it stayed at the center. However, if the activator was most abundant at

one of the poles at beginning of the simulation, a bipolar distribution of peaks was

obtained (Subramanian et al. 2014). In the case of Caulobacter PopZ polymers, an

initial polar localization is inherited from the parental cell, thus excluding the
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possibility of mid-cell localization. Therefore, our modified A-SD model predicts

that PopZ will consistently show a bipolar pattern of localization.

2.7 A Modified A-SD Turing Mechanism Is Sufficient

to Explain Dynamic PopZ Localization

This pattern of activator localization is reminiscent of the spatiotemporal local-

ization of PopZ. In smaller swarmer cells, PopZ is present at one of the poles of

the cell; however, as the cell grows larger into a stalked cell, two foci are found at

each pole. Moreover, the biochemistry of PopZ polymer growth is consistent with

an A-SD-type Turing mechanism, where PopZ monomers are the substrate, and

the polymers are the activator species. PopZ forms branched polymers, which

have the potential to grow in an autocatalytic manner. It is reasonable to assume

that the polymers diffuse much slower than the monomers. Therefore, we applied

the modified A-SD-type reaction-diffusion equations to the scenario of growth of

PopZ polymers. We tuned the parameters of the model such that the critical

wavelength is approximately the size of the Caulobacter cell when bipolar

patterns arise, i.e., λo ffi 2 μm. Our model simulation faithfully reproduces the

temporal dynamics of polymer localization in a Caulobacter cell that doubles in
size roughly every 2 h. In swarmer cells of length 1.3 μm, only a single PopZ

focus is found at the old pole. As the in silico cell grows past the characteristic

wavelength λo, a second focus spontaneously appears at the opposite pole

(Fig. 2.4; right panel). Furthermore, if we allow the cell to grow well past the

size at which wild-type cells normally divide, additional foci appear, each

separated by a distance equal to the characteristic wavelength. This simulation

Fig. 2.4 Space–time plot of activator production in a growing cell. At L(t ¼ 0) ¼ 1.3 μm, the cell

in the simulation was initialized with a bias of activator at one pole. The color bars indicate the

concentration gradient of the activator (in dimensionless units) from low (white) to high (black). In
the left panel, the de novo synthesis rate (kdnv) was set to 2 min�1, while in the right panel,
kdnv ¼ 10 min�1
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result is consistent with observations in filamentous Caulobacter cells where

many PopZ foci appear at evenly distributed intervals (Ebersbach et al. 2008).

Further, the bipolar PopZ pattern with an optimal characteristic wavelength is

consistently observed for a wide range of biochemical rate constants.

2.8 Coupling Bipolar Localization with Cell Cycle Events

As observed in Fig. 2.4, spatial patterns that arise from Turing mechanisms are

dependent on cell length. Indeed, the hypothesis of a cell length-dependent pattern

of self-assembly is consistent with observed localization of PopZ not only in normal

and filamentous Caulobacter cells but also in smaller E. coli cells, where only a

single focus is observed when PopZ is expressed exogenously (Ebersbach et al.

2008). However, experiments have shown that cell length is not the only determin-

ing factor for establishing bipolar PopZ localization. When DNA replication is

blocked, PopZ fails to appear at the new pole even if the cell continues to grow

normally (Bowman et al. 2010), suggesting that the G1-to-S transition serves as a

checkpoint for new-pole PopZ localization. One study suggests a role for ParA as a

nucleating factor for PopZ localization. Localization of ParA at the new pole

requires the translocation of the newly replicated chromosome. The hypothesis

that emerged from these observations is that DNA replication and translocation are

required to localize ParA at the new pole, where it nucleates the aggregation of a

new focus of PopZ (Laloux and Jacobs-Wagner 2013). In contrast, a different study

shows that PopZ mutants that are unable to bind ParA retain their ability to form

bipolar foci, suggesting ParA is not essential for bipolar localization (Ptacin et al.

2014). Since DNA replication seems important for bipolar localization, and since

mRNA in Caulobacter seems to move slower than previously suggested (Montero

Llopis et al. 2010), we suggested that limited dispersal of mRNA from the location

of the popZ gene might restrict the spatial localization of PopZ polymers to sites

close to the gene itself. In light of these varying opinions, it seems fair to say that the

mechanism bringing PopZ accumulation under cell cycle control remains

ambiguous.

To investigate the relevance of ParA as a nucleating factor for PopZ localization,

we extended our equations to include a ParA-dependent polymerization term. In

addition, we also modeled replication and translocation of popZ genes and dispersal

of mRNA (Fig. 2.5). We used the extended Turing model of PopZ localization to

simulate alternate scenarios. Thus far, our simulation results suggest that although

not critical, the localization of ParA and that of the popZ gene in proximity to the

new pole play important roles in enhancing the robustness of PopZ bipolarity and

bringing it under cell cycle control. In the case that the popZ gene is normally

replicated and translocated in the absence of ParA, bipolar localization is retained

but delayed. Bipolarity is altogether lost if translocation of the PopZ gene is also

inhibited.
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Given the conflicting conclusion on the role of additional factors in PopZ

localization, additional experimental and modeling studies would be required to

obtain a complete understanding of how the otherwise spontaneous unipolar-to-

bipolar transitions in PopZ localization is brought under cell cycle control. It is

likely that control of the Turing pattern by cell cycle events is not reliant on just a

single factor, but a combination of cell length, ParA-dependent nucleation, and the

number and positions of popZ genes.

2.9 The Turing Mechanism of Protein Localization Is Not

Broadly Applicable

The Turing mechanism provides a theoretical framework to explain how periodic

patterns develop in space. Turing patterns have been shown to reproduce observed

spatial patterns across many scales of biology: the spatial distribution of Min

proteins in E. coli, the pattern of pigmentation in skin, and the population dynamics

of animals (Kondo and Miura 2010). However, experimental validation of Turing

patterns is challenging and still under active consideration. More recently, it has

been shown that the Turing mechanisms may not be responsible for patterns

observed in stem cell proliferation and morphogenesis (Kunche et al. 2016). Its

relevance in other systems remains debatable. In short, Turing mechanisms are not

a universal explanation for autonomous pattern formation, and further investiga-

tion, using a combination of experiments and simulation, is required to understand

the relevance of Turing-type mechanisms in self-organization of proteins in pro-

and eukaryotes alike.

Fig. 2.5 Space–time plot of the spatiotemporal distribution of the popZ gene, mRNA, and PopZ

polymer. L(t ¼ 0) ¼ 1.3 μm, only a single popZ gene is present at mid-cell. The initial bias in the

PopZ polymer is at one of the poles. At t ¼ 40 min, a second popZ gene is introduced to represent

DNA replication. The positions of the genes are updated during the simulation. For the popZ gene,

colors indicate the presence (black) or absence (white) of the gene. For the popZ mRNA and PopZ

polymer, colors represent concentration gradient (in dimensionless units) from low (white) to high
(black)
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2.10 Asymmetry in the Localization of Bifunctional Protein

Kinases Drive Differentiation and Asymmetric Cell

Division

A characteristic feature of many bacteria are two-component signaling systems,

comprised of histidine kinase and their response regulators (Stock et al. 2000). A

two-component system is an elegant stimulus–response mechanism, in which the

histidine kinase perceives signals from the extracellular environment and

undergoes activation by autophosphorylation. The activated kinase in turn phos-

phorylates and activates a downstream response regulator that effects an appropri-

ate physiological response (Stewart 2010). Bacterial two-component systems have

been studied extensively to understand how cells adapt to their environment. The

range of physiological responses includes differentiation, growth arrest, and

chemotaxis (Stewart 2010; Wylie et al. 1988; Lin et al. 2010). A less understood

aspect, however, is how bacteria encode and integrate spatial information in order

to regulate the activity of signaling pathways that govern cell fate.

In the preceding section, we described how landmark proteins, like PopZ poly-

mers, assemble at the cell pole in a semiautonomous, cell cycle-regulated manner.

PopZ is a scaffolding protein that serves as an anchor for many proteins, including

two-component histidine kinases such as DivJ and CckA (Ebersbach et al. 2008). In

the following sections, we will describe how differential localization of the kinases

and their binding partners affects kinase activities and, as a consequence, the state

of each signaling pathway.

2.11 The Swarmer-to-Stalked and G1-to-S Transitions Are

Coupled by Cross Talk Between Two-Signal

Transduction Modules

An important event in the cell cycle of Caulobacter is the transition of the motile

swarmer cell to a stalked cell. This transition is characterized by two changes; a

morphological change, where the flagellum and pili are replaced by a stalk, and a

biochemical change, where an impediment to DNA replication is lifted, allowing

the cell to transition from G1 to S phase. The DivJ-PleC-DivK-PleD signal trans-

duction module controls the morphological transition (Paul et al. 2008; Wheeler

and Shapiro 1999), while the DivL-CckA-ChpT-CtrA signal transduction module

controls the G1-to-S transition (Angelastro et al. 2010; Chen et al. 2009). The two

modules are coupled by phosphorylated DivK binding and inhibiting DivL (Tsokos

et al. 2011) (Fig. 2.6a). DivJ, PleC, and CckA are histidine kinases, while DivK and

CtrA are response regulators. DivL is an exception in that it is a pseudo-histidine

kinase (Childers et al. 2014), where the histidine residue is replaced by a tyrosine. It

is therefore referred to as a tyrosine kinase (Wu et al. 1999; Sciochetti et al. 2005;
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Pierce et al. 2006). Although its kinase function is nonessential, DivL plays an

important role in maintaining the activity of CckA as a kinase (Reisinger et al.

2007). At the molecular level, swarmer and stalked cells can be distinguished by

which response regulator—DivK or CtrA—is phosphorylated. In the swarmer cell,

DivK and PleD are unphosphorylated, while CtrA is phosphorylated. PleD is a

diguanylate cyclase that signals the formation of the stalk via cyclic-di-GMP

(Aldridge et al. 2003). However, it has to be phosphorylated in order to be active

(Paul et al. 2007); hence, the swarmer cell retains its flagellum and pili instead of a

stalk. CtrA is a master regulator, which, upon phosphorylation, binds the origin of

replication on DNA and inhibits replication (Wortinger et al. 2000). Thus, swarmer

cells—abundant in CtrA~P—are blocked in G1 phase. For the transition into a

stalked cell to occur, PleD has to be phosphorylated so that it can signal formation

of the stalk, while CtrA has to be dephosphorylated so that the cell can initiate DNA

replication.

PleC is thought to function primarily as a phosphatase acting on DivK~P

(Tsokos et al. 2011; Matroule et al. 2004), whereas CckA is thought to be primarily

a kinase acting on CtrA. However, both PleC and CckA are bifunctional histidine

kinases that can switch between phosphatase and kinase forms (Paul et al. 2008;

Fig. 2.6 Conundrum of simultaneous phosphorylation states of CtrA and DivK in predivisional

cells. (a) A schematic of the coupled two-component signal transduction systems. Lines with
arrows indicate activation, while lines with blunt ends represent inhibition. (b) Spatiotemporal

distribution of DivK~P and CtrA~P during the Caulobacter cell cycle
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Chen et al. 2009). The relevance of the dual functions of these enzymes in cell cycle

regulation is now coming to the fore. For instance, in predivisional cells, new-pole

CckA is a kinase, while old-pole CckA is a phosphatase. The opposing functions at

the two poles create a gradient of phosphorylated CtrA across the cell (Chen et al.

2011). As a result of this gradient in the predivisional cell, the swarmer daughter

cell inherits CtrA~P and enters G1 phase, while the stalked daughter cell inherits

inactive CtrA and continues DNA replication. PleC’s bifunctional nature has been
observed only in vitro, and its relevance to cell cycle regulation is debated. The

reason for this lack of clarity is that it is not currently possible to distinguish

between the functional states of histidine kinases in vivo, although efforts to

develop methods are under way. Typically, change in function of bifunctional

kinases is brought about by the binding of extracellular ligands. In the case of

PleC, however, its own response regulator DivK brings about the change from

phosphatase to kinase (Paul et al. 2008). Such interactions, where a response

regulator binds to and changes the function of the histidine kinase, have, to our

knowledge, been observed only in the case of the Caulobacter PleC-DivK

two-component system. Furthermore, in vitro experiments show that DivK,

irrespective of its phosphorylation status, can upregulate the kinase activity of

PleC. Given that the total level of DivK remains constant throughout the cell

cycle, it is interesting that PleC is believed to become a kinase only in the

stalked cell.

2.12 The PleC-DivJ-DivK Module Confers Bistability

to the Differentiation Program in Caulobacter

We formulated a mathematical model (Subramanian et al. 2013) to gain insight into

the potential mechanism by which a response regulator can upregulate the activity

of its histidine kinase and to understand the factors responsible for restricting the

DivK-dependent upregulation of PleC kinase to the stalked stage. The model is

composed of elementary chemical reactions that describe the binding of response

regulator DivK (unphosphorylated) and DivK~P to the histidine kinase PleC in its

phosphatase or kinase forms. As it must be, the model is consistent with the

principles of allostery, thermodynamics, and detailed balance. Since DivK is a

product with respect to the phosphatase form of PleC, it has lower binding affinity

than DivK~P does to the phosphatase form. In contrast, DivK~P is a substrate for

PleC phosphatase and therefore has a higher relative binding affinity. The relative

differences in binding affinities might prevent unphosphorylated DivK from

upregulating PleC kinase in the swarmer cell, unless DivK is overexpressed. If

the cellular level of total DivK is such that only phosphorylated DivK can

upregulate PleC kinase, then a positive feedback loop will prevail, whereby

DivK~P upregulates PleC kinase, and PleC kinase in turn phosphorylates more

DivK. Positive feedback loops are a common occurrence in eukaryotes and
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prokaryotes alike as a mechanism to regulate critical transitions in a robust and

switch-like manner. In the context of Caulobacter, the differentiation from a motile

but quiescent swarmer cell to an immotile replicative stalked cell is an outcome of

the cross talk between two-component signal transduction pathways, localization

dynamics, and the proteolytic machinery. Our simulations show how DivJ can act

as a cell fate determinant that causes a surge in PleC kinase activity, provided DivJ

concentration rises above a critical threshold (a “bifurcation point”). DivK~P and

PleD~P levels also increase, while CckA kinase and CtrA~P levels drop (Fig. 2.7).

The positive feedback loop can generate a bistable response to DivJ activity,

suggesting robust transitions that are insensitive to fluctuations in active DivJ.

2.13 Conundrum of Phosphorylation States of DivK

and CtrA in the Predivisional Stage

The schematic in Fig. 2.6a, showing that DivK~P inhibits DivL, suggests that DivK

and CtrA cannot be phosphorylated at the same time. Indeed, this inhibitory

mechanism is critical to the swarmer-to-stalked differentiation that takes place as

a result of changes in the phosphorylation of DivK and CtrA. Yet, in the late

predivisional stage, both CtrA and DivK are phosphorylated (Fig. 2.6b). How can

CtrA be phosphorylated in the predivisional stage when the DivK-PleC-DivK

pathway is still active? Recent experimental observations have shown that DivL,

which is inactivated during the swarmer-to-stalked transition, is reactivated in the

predivisional stage (Chen et al. 2011). It is yet unclear how DivK~P-dependent

Fig. 2.7 DivJ initiates the PleC phosphatase-to-kinase transition. The plots show signal–response

curves (one-parameter bifurcation diagrams) for the steady-state levels of PleC kinase, DivK~P,

PleD~P, DivL, CckA kinase, and CtrA~P. The solid lines show stable steady states, while the

dashed lines represent unstable steady states
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inactivation of DivL is overcome only in the predivisional stage of the cell cycle,

although some hypotheses have been put forward (Chen et al. 2011).

2.14 Contrasting Models of PleC Function

One hypothesis suggests that PleC, co-localized with DivL at the new pole of

predivisional cells, is a phosphatase that continuously dephosphorylates DivK~P,

thus protecting DivL by “inhibitor dephosphorylation” (Chen et al. 2011; Tsokos

et al. 2011). However, the functional status of PleC is in itself unclear, with some

studies alluding that it is a kinase (Paul et al. 2008; Thanbichler 2009; Jenal and

Galperin 2009), while others considering it to be a phosphatase (Matroule et al.

2004). The notion that PleC is a kinase comes from in vitro studies that show

DivK~P as an allosteric modulator of PleC kinase activity (Paul et al. 2008). Under

this scenario, DivK~P can upregulate kinase activity of PleC, suggesting that PleC

in predivisional stage is a kinase. Indeed, our own modeling studies, described in

the previous section, demonstrated that PleC could be a kinase in predivisional

cells.

The location of PleC changes from the old pole in the swarmer cell to the new

pole in the stalked and predivisional cells. This event may be of significance to the

question of PleC activity. The two alternate possibilities are that PleC reverts back

to a phosphatase in the predivisional cell or retains its kinase activity (Fig. 2.8).

Although one can now monitor localization of proteins, resolving the functional

status of a protein kinase or phosphatase is not yet possible experimentally.

Therefore, a mathematical model that incorporates spatial information may be

useful to resolve this conundrum by testing each hypothesis across a range of

contexts (for example, observed mutant states) and determining which hypothesis,

if any, is most consistent with the observed facts.

2.15 Spatiotemporal Model of the Two-Component

Network for Testing and Discriminating Alternate

Hypotheses

In Fig. 2.7, we demonstrated how PleC shifts from a phosphatase to a kinase as a

function of the cell fate determinant DivJ. The model only looked at the temporal

aspects of the two-component systems during the swarmer and stalked stages of the

cell cycle. To address the important question of reactivation of DivL in the

predivisional cell, we extended our temporal model to include spatial localization

as well (Subramanian et al. 2015). Our first goal was to investigate how the change

in location of PleC from old to new pole affects its activity. If it were to revert back

to a phosphatase, then the “inhibitor dephosphorylation” hypothesis is plausible and
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could be further tested. Alternatively, if PleC remained a kinase, then we would use

the model to test alternate hypotheses of how DivL is reactivated.

A protein called PodJ is required for the correct localization of PleC and DivL

(Curtis et al. 2012; Chen et al. 2006). The spatiotemporal dynamics of PodJ

localization is akin to PleC, i.e., it localizes at the old (flagellar) pole in swarmer

cells, and shifts to the new pole in stalked and predivisonal cells. In the absence of

PodJ, PleC is delocalized. In contrast, DivL is found to localize preferentially at the

opposing stalked pole (Curtis et al. 2012), indicating the presence of additional

mechanisms for DivL localization. The reason for preferential localization of PodJ

to the new pole in stalked cells is unclear, although TipN may be a potential

landmark protein that determines its localization (Lawler and Brun 2007). CckA,

another protein of significant interest, is thought to localize at the poles by binding

to PopZ (Ebersbach et al. 2008). However, the localization profiles of PopZ and

CckA do not always overlap during the cell cycle, suggesting the role of yet

unidentified proteins required for recruiting CckA to the poles (Angelastro et al.

2010). Since the detailed mechanisms underlying the spatial and temporal distri-

bution of PleC, DivL, and CckA are not completely understood, localization of

Fig. 2.8 Two scenarios for the function of PleC (kinase or phosphatase) in the early predivisional

(PD) cell. Spatiotemporal dynamics of PleC [light circlesmarked as K (kinase) or P (phosphatase)]

and DivL (dark circles for polar localization or dark boundaries for membrane localization) during

the cell cycle under two scenarios. In scenario 1, PleC is a kinase in early PD cells. In scenario

2, PleC is a phosphatase in early PD cells
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these proteins in our model was enforced, based on experimentally observed

patterns (Lam et al. 2003; Wheeler and Shapiro 1999; Angelastro et al. 2010) rather

than predicted by the model itself. In stalked cells, PleC and DivK briefly

co-localize, and DivK~P produced by DivJ upregulates the kinase form of PleC

(Paul et al. 2008). Consistent with our temporal model, the extended spatiotemporal

model showed that PleC shifts from a phosphatase to a kinase in stalked cells.

However, PleC and DivJ are at opposite poles in the predivisional cells on account

of PleC relocating to the new pole. Our simulations (Subramanian et al. 2015)

showed that the functional state of PleC in predivisional cells was now sensitive to

the diffusion rate of DivK. For slow-diffusing DivK (~0.1 μm2 min�1), PleC

reverted back to a phosphatase. For higher rates of diffusion (>1 μm2 min�1),

PleC retained kinase activity on account of allosteric upregulation by DivK~P

(Fig. 2.9a). Fluorescence-loss-in-photobleaching (FLIP) experiments show that

DivK shuttles from pole to pole in about 5 s, indicating a diffusion rate in the

range 20–100 μm2 min�1 (Matroule et al. 2004). Therefore, within physiological

estimates of diffusion rates, the spatiotemporal model supports the hypothesis that

PleC is a kinase in predivisional cells. Only after cytokinesis separates DivJ and

PleC into separate compartments does PleC revert back to a phosphatase.

If PleC in the predivisional cell is not a phosphatase that dephosphorylates the

inhibitor DivK~P, then how is DivL maintained in the active state? Simulations

from both the temporal-only and the spatiotemporal models showed that DivK~P,

due to its role of an allosteric activator, remains bound to the kinase form of PleC

(Fig. 2.9b) (Subramanian et al. 2013, 2015). These results are consistent with FRET

microscopy experiments that show DivK and PleC being part of a complex in the

new pole. Based on these observations, we proposed that an additional role of PleC

kinase in the predivisional cell might be to bind and sequester DivK~P. By varying

the localization pattern of PleC kinase in our model, we came to the conclusion that

sequestration rather than dephosphorylation of the inhibitor may result in the

activation of DivL and the establishment of the CtrA~P gradient that is essential

for asymmetric cell division (Fig. 2.9c). Our spatiotemporal model simulations are

qualitatively consistent with the observed phenotypes of pleC depletion mutants

and divK overexpressing strains (Subramanian et al. 2013, 2015). If either PleC

kinase or DivL were mislocalized, our simulations show that DivK~P would not be

effectively sequestered away from DivL. In these circumstances, DivK~P binds and

co-localizes with DivL, preventing its activation. The “inhibitor sequestration”

hypothesis (Subramanian et al. 2015), which awaits experimental verification, is

an example of a model-driven explanation of plausible molecular mechanisms that

underlie cell fate asymmetry.
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Fig. 2.9 Co-localization of PleC kinase and DivL in the predivisional cell is required for the

reactivation of DivL. The plots show the change in activity and localization of the kinases and their

substrates during the cell cycle (prior to cytokinesis). Colors indicate concentration gradients from

minimum (white) to maximum (black). Mechanisms of DivJ, PleC, and CckA localization are not

well understood, so the localization of these proteins is externally enforced in the model. At

t ¼ 30 min, DivJ is localized to the old pole. PleC is first localized at the old pole (t ¼ 0 to

t ¼ 50 min) and then shifted to the new pole for the remainder of the simulation. CckA and DivL

are uniformly distributed in swarmer cells. In the predivisional cell, CckA is localized at both

poles, while DivL is localized only at the new pole
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2.16 Discussion

Caulobacter crescentus continues to serve as an ideal model organism to study and

understand asymmetric protein localization, cell division, and differentiation. Many

cell cycle genes are shared between Caulobacter and other alpha-proteobacteria

(Hallez et al. 2004; Brilli et al. 2010). These include the nitrogen-fixing bacterium

Sinorhizobium meliloti, the plant pathogen Agrobacterium tumefaciens, and mam-

malian pathogens Rickettsia rickettsii and Brucella abortus. The basic principles

that have emerged from studies in Caulobacter have been valuable in understand-

ing the cell cycle of these related species that are of importance to medicine and

agriculture. Turing mechanisms for self-organization of landmark proteins, the

asymmetric localization of bifunctional histidine kinases, allosteric regulation of

enzymes by their substrates, bistable morphogenesis, and the importance of spatial

dynamics in regulating signal transduction are some examples of the elegant

mechanisms in place for executing asymmetric cell division processes. The striking

parallels between prokaryotes and eukaryotes with respect to proposed molecular

mechanisms of asymmetric cell division are exciting, and they demonstrate the

relevance of investigating bacterial systems to gain insight into the inherently more

complex, regulatory mechanisms of eukaryotes.

Despite the advances in our understanding, several key questions and challenges

remain. The mechanism of how PopZ localization is brought under cell cycle

control needs further investigation. Although our extended Turing model offers a

satisfactory and cohesive explanation, key assumptions and conclusions will have

to be experimentally validated. PopZ plays a role in localizing DivJ and CckA, but

the spatiotemporal profiles of the three proteins are dissimilar, indicating that

additional mechanisms regulate their localization. Even less is known about how

PleC shifts from the old to new pole (Viollier et al. 2002). Caulobacter also

possesses a complex proteolytic machinery that complements phosphorylation

dynamics in regulating cell differentiation and division. ClpXP is the primary

effector of the proteolytic complex that degrades key cell cycle regulator such as

CtrA, CpdR, KidO, and SspB. Although significant strides have been made in

understanding how substrate specificity of ClpXP is modulated (Abel et al. 2011;

Iniesta et al. 2006; Gora et al. 2013), little is known about the factors responsible for

the dynamic localization of ClpXP during the cell cycle. The role of environmental

signals in regulating the asymmetric division cycle and differentiation program is

an active area of research. Recently, many of the proteins responsible for coupling

metabolic control and stringent response with the cell cycle machinery are being

identified and characterized (Boutte et al. 2012; Beaufay et al. 2016). Understand-

ing the mechanisms by which these proteins transmit environmental information to

cell fate pathways is of significant interest.

The technological innovations that have enabled the investigation of protein

localization in prokaryotes continue to advance at a rapid pace and are becoming

available to the larger experimental community. Quantitative live cell imaging at

high throughput allows monitoring proteins for hundreds of cell generations
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(Sliusarenko et al. 2011; Iyer-Biswas et al. 2014). High-resolution imaging studies

have revealed that over 300 proteins in the Caulobacter proteome are capable of

localization (Werner et al. 2009; Christen et al. 2010). These technologies, in

combination with conventional approaches of flow cytometry, western blots, and

population growth studies, are now providing large amounts of high-quality, quan-

titative data that will enable the comprehensive mapping of the intricate network of

molecular interactions responsible for asymmetry. Molecular, single-cell, and pop-

ulation level data can be integrated by computational biologists to build multi-scale,

highly constrained, predictive models of the Caulobacter cell cycle. Importantly,

the wealth of data makes computational models both necessary and significantly

more reliable for data analysis, hypotheses discrimination, providing explanations

of molecular–level mechanisms, and making predictions. The inherent stochasticity

in molecular level dynamics that translate to variable cell division times (Lin et al.

2010; Iyer-Biswas et al. 2014) can also be modeled with state-of-the-art algorithms

for spatial stochastic simulations. An integrated approach of combining the best of

experimental and computational tools will be required to shed light on the out-

standing questions about regulatory mechanisms not only in Caulobacter
crescentus but also for other organisms exhibiting asymmetric division cycles.
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Chapter 3

Intrinsic and Extrinsic Determinants Linking

Spindle Pole Fate, Spindle Polarity,

and Asymmetric Cell Division in the Budding

Yeast S. cerevisiae

Marco Geymonat and Marisa Segal

Abstract The budding yeast S. cerevisiae is a powerful model to understand the

multiple layers of control driving an asymmetric cell division. In budding yeast,

asymmetric targeting of the spindle poles to the mother and bud cell compartments

respectively orients the mitotic spindle along the mother–bud axis. This program

exploits an intrinsic functional asymmetry arising from the age distinction between

the spindle poles—one inherited from the preceding division and the other newly

assembled. Extrinsic mechanisms convert this age distinction into differential fate.

Execution of this program couples spindle orientation with the segregation of the

older spindle pole to the bud. Remarkably, similar stereotyped patterns of inheri-

tance occur in self-renewing stem cell divisions underscoring the general impor-

tance of studying spindle polarity and differential fate in yeast. Here, we review the

mechanisms accounting for this pivotal interplay between intrinsic and extrinsic

asymmetries that translate spindle pole age into differential fate.
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SPB spindle pole body

SPBbud SPB destined to the daughter cell

SPOC Spindle Position Checkpoint

γTC gamma-tubulin complex

3.1 Introduction

Asymmetric cell divisions orchestrate chromosomal segregation along an axis of

cell polarity in order to impart distinctive cell fates to the resulting daughter cells

(Li 2013). This calls for an elaborate interplay between temporal and spatial

asymmetries that determine the targeting of the poles of the mitotic spindle to

opposite cell ends along this axis. Intracellular or extracellular landmarks may

impose further constraints to the specification of the cell polarity axis, thus

promoting cell division patterning. For example, internal or external cues may

pattern asymmetric stem cell divisions that balance self-renewing and differentiat-

ing progenies either by autonomous polarization in order to partition intracellular

fate factors asymmetrically (Chia et al. 2008; Januschke et al. 2013) or by changing

the identity of the daughter cell exiting the stem cell microenvironment (Wang et al.

2009; Yamashita et al. 2007). It is therefore of great interest to achieve an integral

view of the mechanisms underpinning such critical decision-making events.

Model systems offer unique insight into this fundamental problem. The budding

yeast Saccharomyces cerevisiae is one of the best unicellular paradigms to explore

the integral program producing an asymmetric cell division. In yeast, mother cells

divide in a highly polarized manner to give rise to smaller daughter (bud) cells.

Furthermore, cells designate the site for a new bud in reference to the previous

division site based on distinctive molecular landmarks that pattern cell divisions

characteristically in haploid versus diploid cells. In turn, those landmarks instruct

the cell polarizing machinery to establish a singular axis of cell polarity—the

mother–bud axis—through a set of highly conserved molecular effectors that

organize a polarized cytoskeleton. Yeast cells thus determine the position of the

future division site, the bud neck, coincident with the establishment of an axis of

cell polarity (Bi and Park 2012; Juanes and Piatti 2016). Finally, polarized

cytoskeletal organization sets the stage for differential gene expression programs

in mother and daughter cells, a classic paradigm for exploring determination of cell

lineages (Haber 2012).

Yeast cells adhere to the fundamental premise that spindle orientation must be

coupled to the axis of cell polarity in a cell dividing asymmetrically (Segal and

Bloom 2001). Shortly after assembly, the mitotic spindle becomes aligned along the

mother–bud axis and later elongates across the bud neck during anaphase. More-

over, a surveillance mechanism known as the Spindle Position Checkpoint (SPOC)

delays mitotic exit until one pole of the spindle has correctly translocated into the

bud, effectively enforcing temporal and spatial coordination between chromosomal

segregation and cytokinesis (Caydasi and Pereira 2012). Throughout, spindle

morphogenesis and position are controlled from the poles by the spindle pole bodies
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(SPBs), equivalent to the animal centrosome (Winey and Bloom 2012; Conduit

et al. 2015). Budding yeast cells undergo closed mitosis with SPBs inserted in the

persisting nuclear envelope. The nuclear face of the SPB organizes the spindle

microtubules. In addition, astral microtubules (aMTs) derived from the SPB cyto-

plasmic face position the spindle pole through dynamic interactions with cortical

factors (Huisman and Segal 2005).

Yeast spindle orientation is linked to a stereotyped pattern of spindle pole

inheritance (Pereira et al. 2001). Conservative SPB duplication gives rise to a

new SPB next to the old SPB from the preceding division (Winey and Bloom

2012). Yeast cells exploit this intrinsic age distinction to target the old SPB to the

bud through the interplay between age-dependent built-in asymmetric function and

extrinsic spatial cues. Importantly, the yeast system has effectively predicted

similar asymmetries built into the centrosome cycle of higher eukaryotes

(Yamashita et al. 2007; Wang et al. 2009; Rebollo et al. 2007).

Here, we will explore the integration of multiple layers of control that drive

asymmetric cell division in yeast and converge to enforce the position of the mitotic

spindle along the mother–bud axis. Several excellent reviews focus in depth on

each of these cellular processes (Howell and Lew 2012; Moseley and Goode 2006;

Winey and Bloom 2012; Bi and Park 2012; Weiss 2012). We will therefore attempt

here an overview of the mechanisms for the establishment of cell polarity and

landmark events of the yeast spindle pathway and proceed to elaborate on inherent

spindle pole asymmetries and the instructive roles played by cell polarity in

translating spindle pole age into differential fate.

3.2 Establishment of a Cell Polarity Axis and Bud

Singularity

S. cerevisiae cells orient the new bud with respect to the previous division site in a

stereotypical and distinctive manner in haploid and diploid cells (Fig. 3.1). Haploid

cells select a new budding site adjacent to the previous (axial pattern) while diploid

cells alternate the use of distal (opposite to the recent division site) and proximal

ends of the cell (bipolar pattern). Instructive landmarks deposited in previous cell

cycles determine these choices (Pringle et al. 1995; Bi and Park 2012). Importantly,

genetic analysis demonstrates that these programs may be abrogated without

impeding the formation of the bud. Instead, cells may still exploit stochastic

fluctuations to undergo symmetry breaking leading to the random orientation of

the new bud (Howell and Lew 2012). Feedback mechanisms play central roles in

amplifying and suppressing these differences, so that despite spontaneous polari-

zation, singularity is achieved and only one bud emerges (Howell et al. 2009, 2012;

Wu et al. 2015).

Axial or bipolar landmarks instruct the local activation of the GTPase Rsr1,

through the antagonistic roles of the Guanyl nucleotide Exchange Factor (GEF)
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Bud5 and the GTPase-Activating Protein (GAP) Bud2. In turn, Rsr1GTP recruits

Cdc24, a GEF that promotes the local activation of the master regulator Cdc42

(Pringle et al. 1995), a critical requirement for the establishment of cell polarity

(Bi and Park 2012; Woods et al. 2015; Howell and Lew 2012). Moreover, the

activity of Rga1, a GAP for Cdc42, establishes an exclusion zone that prevents a

new budding site from overlapping with the previous site (Tong et al. 2007). In

addition, a separate mechanism centered on Gps1 (GTPase-mediated polarity

switch 1) coordinates Rho1- and Cdc42-dependent signaling during cytokinesis to

prevent the emergence of the new bud from clashing with ongoing events at the cell

division site (Meitinger et al. 2013). Gps1 remains at the bud neck during

Fig. 3.1 Cell division patterning and the establishment of the mother–bud axis in S. cerevisiae. A
simplified overview of the key players linking the program of bud site selection with the

establishment of cell polarity (reviewed in Bi and Park 2012). Landmarks deposited in a previous

cell cycle instruct the local burst of Cdc42 activity. Positional and cell cycle controls converge on

Cdc24, the GEF for Cdc42. Downregulation is controlled by several GAPs. Active Cdc42GTP

recruits a number of effectors including the components of the “polarisome”—Bni1, Spa2, Pea2,

and Bud6 that organize polarized actin cables from the incipient bud tip, evidencing an axis of cell

polarity. Cdc42GTP also promotes the assembly of the septin ring, which constitutes a scaffold

supporting the recruitment of further polarity determinants and is essential to set up cytokinesis.

After bud emergence, a second formin, Bnr1, nucleates polarized actin cables from the bud neck.

In addition, the two formins dictate the cortical partitioning of Bud6 between the bud tip and bud

neck
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cytokinesis for continued Rho1-dependent polarization during septation while

preventing Cdc42 activation via Nba1, a protein directly interacting with Gps1

(Meitinger et al. 2014). However, Gps1 does not shift to the newly selected

budding site so that it no longer inhibits bud emergence promoted by locally active

Cdc42GTP. Importantly, Nba1 is part of a protein complex remaining subsequently

at cytokinesis remnants to preclude repeated use of former budding sites. Interest-

ingly, inactivation of this mechanism has been linked to impaired nuclear segrega-

tion and shorter yeast cell life span (Meitinger et al. 2014).

Bud site selection landmarks are insufficiently focused at the cortex to restrict

polarization to one point. Indeed, as is the case in cells in which the bud site

selection system has been abrogated, feedback mechanisms centered on the recruit-

ment of an activating module containing the scaffold protein Bem1, Cdc24, and an

effector p21-activated kinase (PAK) may amplify GDP to GTP exchange on nearby

Cdc42 molecules (Kozubowski et al. 2008; Howell and Lew 2012; Howell et al.

2012). At the same time, after initial bias is set by local activation of Rsr1, feedback

helps resolve incipient polarity clusters into a single site by competition for those

and other polarity factors (Wu et al. 2013, 2015). Crucially, rewiring cells to deliver

Bem1 through the secretory system (staging actin-dependent feedback) allows

polarization but undermines competition and resolution of polarity clusters,

resulting in cells breaching singularity and producing two buds (Howell et al.

2009). The generation of an axis of cell polarity is linked to cell cycle progression

as it requires activation of G1 cyclin-dependent kinase (CDK) upon execution of

START—the point for commitment into a new round of mitotic division (Hartwell

1974). G1-CDK is required for polarizing Cdc24, Cdc42, and effector proteins, but

the mechanistic details are unclear (reviewed in Howell et al. 2012).

Localized activation of Cdc42 triggers the recruitment of multiple

interconnected effectors leading to actin-polarized organization and the assembly

of a scaffold at the bud neck—the septin ring (Bridges and Gladfelter 2015) by

separate pathways. These two systems contribute to the proper shaping of the bud

and demark and confine mother and daughter cortical domains with distinctive

identities. These will play key extrinsic roles in asymmetric marking leading to SPB

differential fate (see below). The characteristic shape of yeast cells is promoted by

the polarization of the actin cytoskeleton, while microtubules do not contribute to

cell shape (Palmer et al. 1992; Huffaker et al. 1988). Actin filaments are organized

into polarized actin patches that control endocytosis and linear actin cables that

deliver exocytic vesicles and other components to sites of growth (Adams and

Pringle 1984; Goode et al. 2015; Moseley and Goode 2006). Mother cells experi-

ence limited change in size, with the polarity machinery directing cell growth to the

bud. At late stages in the cell cycle, polarity is redirected to the mother–bud neck to

promote cytokinesis by the assembly of a contractile actomyosin ring and deposi-

tion of a septum (Howell and Lew 2012; Bi and Park 2012; Weiss 2012).

Actin cables are essential for mitotic spindle orientation within a temporal

window ending shortly before anaphase (Theesfeld et al. 1999). They are nucleated

from the bud tip by the formin Bni1 (Pruyne et al. 2002; Evangelista et al. 2002;

Sagot et al. 2002; Imamura et al. 1997), a member of the Diaphanous family
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(Chesarone et al. 2010). A second Diaphanous-related formin, Bnr1, organizes

actin cables from the bud neck that extend into the mother cell after bud emergence

(Pruyne et al. 2004; Buttery et al. 2007; Juanes and Piatti 2016). At least one of the

yeast formins is essential for viability. A second cell polarity determinant recruited

to the incipient bud is Bud6, a bifunctional protein acting at the interface between

the actin and microtubule cytoskeletal systems (Delgehyr et al. 2008; Amberg et al.

1997; Segal et al. 2000a). Bud6 stimulates actin-cable assembly by binding formins

through a C-terminal domain (Graziano et al. 2013; Delgehyr et al. 2008). Interac-

tion with formins also governs the temporal partition of Bud6 between the bud tip

and the bud neck following bud emergence (Delgehyr et al. 2008), a process

additionally controlled by the axial determinant Bud3 that accumulates at the bud

neck in late S phase (Segal et al. 2000a; Lord et al. 2000). Localization of Bnr1,

Bud3, and Bud6 at the bud neck requires an intact septin ring (Huisman et al. 2004;

Pruyne et al. 2004; Chant et al. 1995). As described below, a separate N-terminal

region of Bud6 is directly involved in a program for aMT capture that hinges on

Bud6 temporal partition to promote spindle polarity.

3.3 Intrinsic and Extrinsic Asymmetries Coupling

the Spindle Pathway with Cell Polarity

Yeast cells single one SPB to establish contacts with the bud while confining the

second SPB to the mother cell. This critical hallmark of the spindle pathway, the

establishment of spindle polarity, directs the orientation of the mitotic spindle along

the mother–bud axis. As summarized in Fig. 3.2 and described below, spindle

polarity results from intricate cross talk between intrinsic asymmetries arising

from the SPB duplication cycle and extrinsic mechanisms relaying instructions

from the cell cortex to designate the pole that will enter the bud.

3.3.1 Built-In Asymmetry in the SPB Duplication Cycle: Old
Versus New SPB

Unbudded yeast cells in G1 contain a single SPB with its adjoining half-bridge

inherited from the preceding division (Fig. 3.3). The SPB is a three-layered

structure consisting of an inner plaque facing the nucleus, a central plaque rooted

in the nuclear envelope throughout the cell cycle, and an outer plaque facing the

cytoplasm. The SPB organizes separately nuclear and aMTs from the inner and

outer plaques, respectively (Byers 1981; Byers and Goetsch 1975). SPB duplication

is primed by the formation of a satellite at the distal end of the asymmetrically

extended half-bridge in late G1. With the execution of START and G1-CDK

activation, the satellite expands and a “new” SPB assembles side by side to the
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Fig. 3.2 Interplay between intrinsic and extrinsic mechanisms determines asymmetric spindle

pole fate. (a) Intrinsic asymmetry built into the SPB duplication cycle. The old SPB can contact the

bud by its existing aMTs while the new pole delays aMT organization until a spindle has formed.

This asymmetry primes the inheritance of the old SPB by the bud. (b) Extrinsic asymmetries

instructing SPB fate. Asymmetric marking of the bud cortex by Bud6 promotes aMT-mediated

capture of the old SPB. Bud6 later accumulates at the bud neck confining the new SPB to the

mother cell. Kar9 guides aMT plus ends toward the bud along actin cables. Kar9 is progressively

polarized to deliver a single SPB to the bud. Force generation by the minus end-directed motor

dynein is temporally asymmetric although not directly involved in assigning SPB fate. Dynein is

first recruited to aMTs from the SPBbud, while its cortical anchor Num1 initially decorates the

mother cell cortex. Once Num1 gains access to the bud, dynein may be off-loaded to generate

pulling force from the bud. Later, force generation redistributes to both poles (reviewed in Moore

et al. 2009b). Antagonistic SPOC determinants are compartmentalized in the mother and bud cells

and modulate key targets at spindle poles that will mark the SPB that enters the bud once it escapes

negative regulation within the mother cell. This system operates irrespective of intrinsic SPB

history, as it is always the pole ultimately translocating into the bud that becomes labeled by these

components (Pereira et al. 2001)
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“old” SPB with the bridge in between. Additionally, a cycle of phosphorylation

centered on the bridge component Sfi1 restricts duplication to once per cell cycle

(Winey and Bloom 2012; Adams and Kilmartin 1999; Seybold et al. 2015; Elserafy

et al. 2014; Avena et al. 2014; Burns et al. 2015).

The idea of conservative SPB duplication has been challenged by the observa-

tion that SPBs may engage in dynamic exchange and symmetric addition of

components later (Menendez-Benito et al. 2013; Winey and Bloom 2012; Yoder

et al. 2003; Erlemann et al. 2012), although the conservative nature of duplication

per se is widely accepted as is the presence of a stereotyped pattern of

age-dependent inheritance despite this dynamic backdrop (Winey and Bloom

2012; Adams and Kilmartin 1999; Pereira et al. 2001). For these reasons, here

“old” and “new” refer to chronological history in the SPB duplication cycle. In

addition, the extent of dynamic exchange might have been overstated in some

studies either by the use of overexpression (Yoder et al. 2003) or from tracking

protein history during the first cell cycle after return to growth from stationary

phase (Menendez-Benito et al. 2013), when bulk remodeling of the SPB structure

may occur (Byers and Goetsch 1975).

Conservative duplication paves the way for SPB age-dependent functional

asymmetry. The old SPB is already competent to initiate contacts with the incipient

bud by its existing aMTs, thus priming spindle polarity. By contrast, the new SPB

only acquires aMTs later (Shaw et al. 1997; Segal et al. 2000b; Juanes et al. 2013).

At the onset of spindle assembly, the bridge is severed and SPBs separate, each

retaining a half-bridge. While the old SPB stays dynamically targeted to the bud,

the new SPB, devoid of aMTs, moves away and remains confined in the mother cell.

Asymmetric contacts, underscoring spindle polarity, direct the alignment of the

spindle along the mother–bud axis prior to chromosomal segregation across the bud

neck (Fig. 3.3). Polarity thus configured commits the old SPB to become the

SPBbud, i.e., the SPB destined to the daughter cell (Huisman and Segal 2005;

Pereira et al. 2001). S-phase Clb5-CDK enforces the temporal asymmetry in aMT

organization linked to SPB age through unknown targets (Huisman et al. 2007;

Fig. 3.3 Functional asymmetry links SPB age and fate. Cells in G1 have a single SPB inherited

from the preceding cell cycle (a). At the distal end of the adjoining bridge, satellite formation

primes the new SPB (b). After START, the new SPB assembles (c) but lacks aMTs at the onset of

spindle assembly (d) and stays in the mother cell. Upon spindle alignment, the old SPB is set to

enter the daughter cell, i.e., it becomes the SPBbud (e). Spindle elongation is coupled to the

translocation of the SPBbud across the bud neck. After chromosomal segregation and nuclear

division, the cell proceeds to spindle disassembly and cytokinesis (f–g)
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Segal et al. 2000b). Upon loss of Clb5-CDK, SPB asymmetry is abolished—both

SPBs contain aMTs at the onset of spindle assembly and develop contacts with the

bud cell cortex that drag the entire mitotic spindle across the bud neck, a lethal

event highly penetrant in diploid cells (Segal et al. 1998).

A body of work has led to important advances regarding the spatial and temporal

control of microtubule nucleation along the yeast cell cycle. Moreover, they convey

crucial structural insight into aMT asymmetry and the basis for the inheritance of

the old SPB by the bud. Microtubule nucleation in yeast requires the association of

the conserved γ-tubulin complex (γTC) to the SPB (Lin et al. 2015). The yeast γTC
consisting of Tub4 (γ-tubulin), Spc98, and Spc97 is recruited to docking sites at the
nuclear and cytoplasmic faces of the SPB through separate receptors—Spc110 and

Spc72, respectively (Geissler et al. 1996; Knop et al. 1997; Knop and Schiebel

1997, 1998; Pereira et al. 1998; Schiebel 2000; Marschall et al. 1996; Lin et al.

2011; Sobel and Snyder 1995). Cell cycle control of aMT organization in relation to

spindle assembly may involve phosphorylation of multiple targets at the SPBs, but

the molecular details are incompletely understood (Keck et al. 2011; Rock et al.

2013; Lin et al. 2011, 2014; Huisman et al. 2007).

In agreement with live imaging studies (Shaw et al. 1997; Huisman et al. 2007;

Segal et al. 2000b; Ten Hoopen et al. 2012), three-dimensional ultrastructural

analyses point to asymmetric aMT organization early in the spindle pathway.

aMT nucleation sites occur preferentially at the SPB outer plaque throughout the

cell cycle. However, aMTs emerge from both the outer plaque and the (half) bridge

of the old SPB during G1 (Byers and Goetsch 1975). Nucleation from these two

sites depends on Spc72 binding to Nud1 or Kar1, respectively (Pereira et al. 1999;

Gruneberg et al. 2000). During a G1 arrest imposed by mating pheromone, Spc72

binds exclusively to Kar1 at the half-bridge to support karyogamy (nuclear fusion)

and diploid formation. However, cells proceeding unperturbed through G1 maintain

Spc72 localization at the outer plaque (Pereira et al. 1999; Juanes et al. 2013),

demonstrating the inherent ability of the old SPB to retain Spc72 and nucleation

competence in cycling cells from both locations. After SPB duplication (Fig. 3.3),

nuclear microtubules emanate from each of the side-by-side SPBs while aMTs

continue to emerge from the bridge and the old SPB outer plaque (Byers and

Goetsch 1975; McIntosh and O’Toole 1999; O’Toole et al. 1999). Indeed, tomog-

raphy model reconstructions point to aMTs originating from one SPB outer plaque

only and the bridge (McIntosh and O’Toole 1999), supporting temporal asymmetry

in aMT organization.

Structural and functional asymmetry is intrinsically linked to the SPB cycle.

Quantitative live imaging analysis has showed that γTCs at the SPB outer plaque

favor the old SPB, a bias resulting from the acquisition of the γTC receptor Spc72,

by the new SPB outer plaque after spindle assembly, while other core components

of the inner, central, and outer plaques are already present at similar levels after

separation of the new and old SPB (Huisman et al. 2007; Juanes et al. 2013; Yoder

et al. 2003; Erlemann et al. 2012). Forcing the symmetric recruitment of Spc72 by

fusion to a core component of the SPB outer plaque drives aMT organization at both

SPBs from the outset and randomizes SPB identity, demonstrating that temporally
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asymmetric aMT nucleation directed by Spc72 links SPB history and fate (Juanes

et al. 2013). Spc72 asymmetric recruitment and the pattern of SPB inheritance are

retained in kar1Δ15 cells (Juanes et al. 2013) in which Spc72 localization to the

bridge is abrogated (Pereira et al. 1999) proving that asymmetric function is

inherent to the SPB outer plaque.

Bulk γTC bias to the old SPB is also apparent at early stages of spindle assembly

(Juanes et al. 2013). It is estimated that haploid cells contain ~22 nuclear microtu-

bules and 3–5 aMTs per SPB. Yet, the precise timing for acquisition and saturation

of nucleation capacity as well as the actual partition of γTC at the two faces of the

SPB remains unknown (Erlemann et al. 2012). Crucially, three-dimensional ultra-

structure analysis of early stages in spindle assembly also points to an asymmetric

distribution of nuclear microtubules from the respective poles (O’Toole et al. 1997,
1999; Winey et al. 1995). In a remarkable parallel, centrosome age also governs the

asymmetric behavior of spindle microtubules in human cells (Gasic et al. 2015), in

addition to previously noted centrosome asymmetries in self-renewing asymmetric

cell divisions (Pereira and Yamashita 2011).

In conclusion, maturation of the new SPB inner and the outer plaques proceeds

sequentially. As a result, spindle assembly precedes the acquisition of nucleation

competence by the new SPB outer plaque and therefore only the old SPB can

connect with the bud through existing aMTs during spindle assembly. This stages

the establishment of spindle polarity and the inheritance of the old SPB by the bud.

3.3.2 Extrinsic Asymmetries: Instructive Roles of Cortical
Determinants in aMT Capture

Extrinsic controls for SPB fate involve cortical components operating at the

interface between microtubule and actin cytoskeletal systems (Fig. 3.2) in associ-

ation with a variety of motor proteins and microtubule plus-end tracking proteins or

þTIPs (Akhmanova and Steinmetz 2015; Moore and Cooper 2010). These molec-

ular partnerships generate further layers of control that govern distinctive modes of

aMT–cortex interaction (Fig. 3.4) positioning the spindle poles (Yeh et al. 2000;

Adames and Cooper 2000; Ten Hoopen et al. 2012; Carminati and Stearns 1997;

Segal et al. 2002), although the basis for their stage-specific prevalence along the

cell cycle is poorly understood.

Two polarity determinants, Bud6 and Kar9, act through separate mechanisms

(Fig. 3.2) to establish SPB asymmetric fate (Huisman et al. 2004). Bud6 plays a

dual role through distinct molecular partners in actin organization and aMT capture

at the cell cortex to prime spindle polarity by engaging the aMTs of the old SPB

with the bud (Huisman et al. 2004; Delgehyr et al. 2008; Huisman and Segal 2005;

Segal et al. 2002; Ten Hoopen et al. 2012). Kar9 guides spindle orientation by

linking aMTs to myosin-based transport along actin cables (Pearson and Bloom

2004). Kar9 progressive polarization consolidates the identity of the bud-ward SPB
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(Cepeda-Garcia et al. 2010; Liakopoulos et al. 2003; Maekawa and Schiebel 2004;

Huisman et al. 2004; Segal and Bloom 2001; Hotz et al. 2012a). How Kar9

polarized marking and SPB inheritance are unified (i.e., Kar9 bias linked to SPB

age) remains an outstanding question. Finally, insertion of the spindle across the

bud neck is powered by off-loading of cytoplasmic dynein onto its cortical anchor

Num1, also subject to asymmetric distribution although not directly contributing to

designation of the SPBbud. Instead, spatial confinement of the motor and anchor

secures initial pulling force into the bud during spindle elongation. Force generation

later redistributes to bring each spindle pole close to the respective ends of the cell

(reviewed in Moore et al. 2009b). While dynein inactivation compromises spindle

position, it does not prevent the asymmetric partition of aMT–cortex contacts or the

polarized marking of the SPBbud by Kar9 (Cepeda-Garcia et al. 2010).

3.3.2.1 Mechanism for aMT Capture Centered on Bud6

Bud6 exerts an instructive role by sequentially directing aMTs to the bud tip and the

bud neck (Fig. 3.5). As part of the polarisome, Bud6 marks the incipient bud once a

new axis of cell polarity is specified (Bi and Park 2012); it spreads on the growing

bud cell cortex and additionally accumulates at the bud neck during spindle

assembly. At mitotic exit, Bud6 redistributes to form a double ring at the division

site. Mother and daughter cells retain one of these rings that progressively disappear

as Bud6 becomes recruited to the next budding site (Amberg et al. 1997; Segal et al.

2000a). Dynamic aMT contacts with Bud6 foci occur with remarkable precision

throughout the cell cycle (Segal et al. 2002). Upon exit from mitosis, existing aMTs

Fig. 3.4 Distinct modes of aMT plus end–cortex interaction involved in positioning the spindle

poles in yeast. (a) Hits represent transient contacts with the cell cortex during cycles of aMT

growth and shortening; (b) angular sweeping reflects aMT plus-end guidance toward the bud; (c)

growth and shrinkage at the cell cortex, with aMT plus end stationary at the site of contact, cause

the associated movement of the spindle pole away or toward the point of contact, respectively; (d)

aMT lateral sliding creates pulling force for insertion of the spindle pole into the bud neck
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drive the old SPB toward the recent division site. Contacts then shift toward the

emerging bud. Balanced cycles of aMT growth and shrinkage at the bud cell cortex,

cued by Bud6, position the duplicated SPBs facing the bud neck in preparation for

spindle assembly (Segal et al. 2002, 2000b; Adames and Cooper 2000). After SPB

separation, Bud6 appearance at the bud neck imposes a barrier confining the new

SPB to the mother cell. Spindle alignment along the mother–bud axis follows, with

the old SPB becoming the SPBbud (Fig. 3.5). Bud6 continues to attract aMT

contacts throughout anaphase and mitotic exit, leading to the characteristic

repositioning of the SPBs near the division site after cytokinesis (Huisman et al.

2004; Segal et al. 2000a, 2002; Ten Hoopen et al. 2012).

Fig. 3.5 Program of aMT–cortex interactions instructed by Bud6 that primes the commitment of

the SPBbud. (A) Landmark events in the spindle pathway in relation to Bud6-mediated aMT

capture. (a) aMT shrinkage during contacts with the former division site marked by Bud6

repositions the SPB. Capture then shifts to the incipient bud. (b) Cycles of growth and shrinkage

link the old SPB with the bud, maintaining the duplicated SPBs facing the bud neck. (c) At the

onset of SPB separation and spindle assembly, the new SPB lacks aMTs and cannot establish

interactions with the bud. (d) Then, Bud6 accumulates at the bud neck creating a new area of

cortical capture that confines the new SPB to the mother cell. Bud6 also plays an instructive role in

the progressive polarization of Kar9 to the old SPB, which continues to guide aMTs from this pole

to the bud along actin cables (not depicted; see below). (B) Proposed mechanism for aMT growth

and shrinkage at Bud6 cortical foci. Bud6 at the bud cortex captures aMTs via the plus-end binding

protein Bim1. Cortical capture centered on Bud6 requires, in addition, the concerted action of two

microtubule motor proteins—the kinesin-8 Kip3 and the minus end-directed motor dynein. During

growth at the cortex upon Bud6 interaction with Bim1, Kip3 accumulates at the aMT plus end.

Kip3 exhibits plus end-directed motor activity, and enrichment at plus ends induces microtubule

length-dependent depolymerization. Dynein is delivered to aMT plus ends or is recruited by Bik1

(the yeast CLIP170), a cargo of the kinesin-7 Kip2, alongside other factors (reviewed in Moore

et al. 2009b). Dynein tethers the receding aMT plus end to the cell cortex thus coupling aMT

depolymerization with SPB movement toward the site of contact. aMTs encountering instead the

cell cortex away from Bud6 foci would not be sufficiently stabilized and would undergo

catastrophe
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Bud6 functions in actin organization and cortical aMT capture through separate

domains (Delgehyr et al. 2008). As described in Sect. 1, a C-terminal domain

activates actin cable organization through interaction with formins (Graziano

et al. 2013). In addition, formins determine the temporality of Bud6 partition

between the bud tip and bud neck instructing spindle polarity (Delgehyr et al.

2008; Segal et al. 2000a). By contrast, a Bud6 N-terminal region captures aMTs

by binding the C-terminal cargo domain of the þTIP Bim1 (Delgehyr et al. 2008;

Huisman et al. 2004; Segal et al. 2002; Ten Hoopen et al. 2012), the yeast

homologue of human EB1(Akhmanova and Steinmetz 2015). Astral MTs

contacting Bud6 sites prolong their interaction with the cell cortex and typically

couple MT growth and shrinkage with SPB movement (Segal et al. 2002; Ten

Hoopen et al. 2012). Indeed, the precision of aMT interactions with Bud6 foci and

the ensuing shrinkage and growth at the cell cortex are abolished by a bim1Δ
mutation. Conversely, a Bud6 mutant unable to bind Bim1 supports correct actin

organization but cannot promote aMT capture (Segal et al. 2002; Ten Hoopen et al.

2012).

Bim1 at growing aMT plus ends stabilizes growth at the cell cortex upon

encountering Bud6 cortical foci (Fig. 3.5). This is antagonized by the kinesin-

8 Kip3, a length-dependent microtubule depolymerase (Gupta et al. 2006; Su

et al. 2011; Ten Hoopen et al. 2012). Depolymerization may terminate the cortical

contact. Yet, a depolymerizing aMT may also couple SPB movement toward the

site of contact when the receding plus end is tethered to the cell cortex. This

requires minus end-directed dynein persisting at the aMT plus end during contact

(Ten Hoopen et al. 2012). The involvement of dynein in Bud6-dependent aMT

shrinkage, as revealed by live imaging studies, is surprising given the accepted view

that dynein promotes aMT sliding to power translocation of one spindle pole across

the bud neck in anaphase, with Num1 as its cortical anchor (Moore et al. 2009b).

Furthermore, Num1 is dispensable for aMT shrinkage at the cell cortex (Ten

Hoopen et al. 2012) while dynein is essential (Carminati and Stearns 1997).

Similarly, “barrier-attached” dynein exerts pulling force by interacting with shrink-

ing microtubules in vitro (Laan et al. 2012). In conclusion, Bud6 captures aMTs via

Bim1, while the concerted action of Kip3 and dynein promotes aMT shrinkage

driving the SPB closer to the point of contact.

Astral MT capture is redirected to mirror Bud6 abnormal distribution in formin

mutants, emphasizing Bud6’s instructive role in orienting aMT attachments. While

bni1Δ mutant cells continue to tether the duplicated SPBs to the incipient bud

(Segal et al. 2000a), they exhibit a tendency for symmetric interactions from both

SPBs with the bud neck due to excessive and premature accumulation of Bud6

there, which perturbs SPB identity (Delgehyr et al. 2008; Segal et al. 2000a; Yeh

et al. 2000). Conversely, a bnr1Δ mutation selectively decreases Bud6 buildup at

the bud neck and associated aMT attachments. In turn, defective preanaphase

spindle retention leads to wide spindle oscillations along the mother–bud axis

(Delgehyr et al. 2008). Thus, formins are not directly involved in aMT capture

beyond their contribution to Bud6 cortical partition, with Bud6 linking aMT plus

ends to the cortex via Bim1.
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3.3.2.2 Kar9-Mediated Guidance of aMTs to the Bud

A second mechanism of extrinsic control enforcing SPB asymmetric fate involves

Kar9, a protein that guides aMTs toward the bud along polarized actin tracks

generated from the bud tip and bud neck by Bni1 and Bnr1, respectively, in

partnership with Bud6 (Graziano et al. 2013; Delgehyr et al. 2008; Pruyne et al.

2004).

Kar9 translocates from the SPB to aMT plus ends by binding Bim1 (Fig. 3.6). At

the same time, Kar9 interacts with the cargo domain of the type V myosin Myo2,

thus acting as a bridge to deliver aMT plus ends to the bud through myosin-based

transport (Hwang et al. 2003; Yin et al. 2000; reviewed in Pearson and Bloom

2004). Kar9-based guidance induces characteristic angular movement of aMTs of

constant length (Fig. 3.4). These movements are coupled to rotation that brings the

spindle in closer alignment with the mother–bud axis (Liakopoulos et al. 2003;

Huisman et al. 2004). As the bud grows, transport sustains targeting of aMTs

through the bud neck to be engaged with shrinkage at the bud cell cortex via

Bud6 (Huisman et al. 2004; Ten Hoopen et al. 2012). Upon completion of a

delivery cycle and disengagement from Myo2, Kar9 returns to the SPB on the

receding aMT (Liakopoulos et al. 2003; Huisman et al. 2004; Cuschieri et al. 2006;

Cepeda-Garcia et al. 2010). Close to anaphase onset, spindle orientation becomes

insensitive to actin perturbation (Theesfeld et al. 1999) as dynein-dependent force

takes over and promotes the insertion of the spindle into the bud neck (Moore et al.

2009b).

Kar9 is present at both poles at the onset of SPB separation, but is progressively

polarized marking the SPBbud after spindle assembly. As a result, Kar9 selectively

guides aMT plus ends to the bud from one pole, enforcing spindle polarity

(Cepeda-Garcia et al. 2010; Huisman et al. 2004; Liakopoulos et al. 2003;

Maekawa and Schiebel 2004). How Kar9 polarization is achieved is a mystery,

although it is generally accepted that Kar9 localization requires Bim1 and intact

aMTs (Pearson and Bloom 2004; Maekawa and Schiebel 2004; Cepeda-Garcia

et al. 2010). Multiple processes have been evoked, but their effect on Kar9 polarity

Fig. 3.6 Kar9 circuit during aMT delivery. Kar9 accumulates at aMT plus ends bound to the

þTIP Bim1. While bound to plus ends, Kar9 may act as cargo of the type V myosin Myo2.

Transport efficiently guides aMT plus ends toward the bud. Following a cycle of aMT plus-end

delivery, Kar9 returns to the SPB on a receding aMT. The establishment of a feedback loop

reinforcing Kar9 recruitment to the pole engaged by iterative cycles of transport may provide the

basis for linking initial age-dependent aMT asymmetry and Kar9 bias to consolidate bud-ward fate

of the old SPB
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has been the topic of contrasting reports (Table 3.1). Importantly, their respective

impact on Kar9–Bim1 complex formation, its dynamics, and any relationship to

Myo2 transport and Kar9 bias linked to fate remain obscure. Further links have

been proposed between Kar9 retention by the old SPB and the Mitotic Exit

Network (MEN; see below) (Hotz et al. 2012a; Scarfone et al. 2015), although

Table 3.1 Summary of studies exploring the basis for Kar9-polarized localization

Proposed contribution Reference

Phosphorylation by cyclin-dependent kinase

Critical for asymmetric recruitment.

Unphosphorylatable Kar9 localizes symmetri-

cally. Cyclin mutants exhibit excess symmetry

(Note: assayed in the presence of microtubule

poisons)

Liakopoulos et al. (2003)

Unphosphorylatable Kar9 or cyclin mutants only

show modest effect on symmetry

Maekawa and Schiebel (2004); Moore and

Miller (2007); Cepeda-Garcia et al. (2010)

Kar9 localizes CDK complexes asymmetrically

at aMT plus ends

Maekawa and Schiebel (2004)

CDK controls Kar9 partitioning between SPB and

aMT plus end with concomitant impact on aMT

dynamics, not symmetry

Maekawa and Schiebel (2004); Moore and

Miller (2007)

Effect of cytoskeletal poisons

Dismissed Liakopoulos et al. (2003)

Actin poisons induce absolute symmetry inde-

pendent of the morphogenesis checkpoint

Cepeda-Garcia et al. (2010)

Microtubule poisons induce Kar9 symmetry

independent of the spindle assembly checkpoint

(SAC)

Cepeda-Garcia et al. (2010); Maekawa and

Schiebel (2004)

Link between Clb5-CDK, the SAC, and the MEN Hotz et al. (2012b)

Effect of Myo2 inactivation

No effect Liakopoulos et al. (2003)

myo2ts inactivation induces absolute symmetry.

Myo2 mutants retaining Kar9 binding support

asymmetric loading. Thus, Kar9 polarization is

linked to its ability to act as cargo in Myo2-based

transport

Cepeda-Garcia et al. (2010)

Other

SUMO-targeted ubiquitylation. Modulation of

Kar9 turnover may impact asymmetric loading

Schweiggert et al. (2016)

The MEN kinase Dbf2 promotes Kar9 bias to the

old SPB at metaphase. SPOC mutants retain Kar9

polarity

Hotz et al. (2012a)

aMT asymmetric organization determines Kar9

bias to the old SPB at the onset of spindle

assembly

Juanes et al. (2013)

Mutations increasing Tem1 symmetry impair

Kar9 polarity

Scarfone et al. (2015)
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such mechanisms may not explain the apparent bias of Kar9 for the old pole

already at the onset of SPB separation (Juanes et al. 2013).

3.3.2.3 Instructive Role of Cell Polarity in Kar9 Polarization

and the Pattern of SPB Inheritance

As an alternative view, a cytoskeletal-centric proposal may provide a basis for

unifying Kar9 asymmetric marking and the choice of the old SPB as SPBbud. At the

heart of this proposal is Kar9’s inherent ability to build polarity through positive

feedback (Fig. 3.6) set by Kar9 recycling along aMTs to the pole engaged in Myo2-

based transport (Cepeda-Garcia et al. 2010; Cuschieri et al. 2006). A number of

observations support this proposal:

– Kar9 polarity depends on cell polarity determinants, intact actin cables, and

microtubules. Moreover, polarity is selectively disabled by myo2 alleles

preventing Kar9 binding to the Myo2 cargo domain, showing that engagement

in Myo2-dependent delivery of aMT plus ends instructs and maintains Kar9-

polarized localization to the SPBbud (Cepeda-Garcia et al. 2010). Recycling

based on Kar9 return on a depolymerizing aMT after a transport event increases

localization at the SPB engaged in delivery (Cepeda-Garcia et al. 2010; Huisman

et al. 2004; Liakopoulos et al. 2003; Cuschieri et al. 2006).

– Kar9 favors the old SPB at the onset of spindle assembly. Yet, forced aMT

symmetry through constitutive tethering of Spc72 abolishes Kar9 bias to the old

SPB. In that scenario, Kar9 still breaks symmetry driving spindle alignment,

although cells no longer link that choice to the old SPB (Juanes et al. 2013).

– Actin depolymerization causes Kar9 symmetry. Actin poison washout allows

Kar9 to stochastically rebuild polarity, with the identity of the SPBbud random-

ized (Cepeda-Garcia et al. 2010). Similarly, cells may regain Kar9 polarity after

transient microtubule depolymerization. Recovery is delayed in cell polarity

mutants, reflecting the role of cell polarity in promoting symmetry breaking via

actin-based transport (Cepeda-Garcia et al. 2010). Microtubule poisons also

randomize SPB identity (Pereira et al. 2001; Cepeda-Garcia et al. 2010).

Taken together, asymmetric SPB function in wild-type yeast cells primes Kar9

bias to the old SPB through its existing aMTs, an event superimposed to the

temporal program for partitioning aMT–cortex interactions cued by Bud6-

dependent capture. Moreover, Bud6 stimulates formin-dependent organization of

actin cables generating the tracks for Kar9-dependent delivery of aMTs. Kar9

continued engagement in cycles of aMT delivery to the bud reinforces asymmetric

marking throughout the spindle pathway, thus consolidating spindle polarity. In this

way, built-in asymmetric aMT organization linked to Spc72 acquisition by the new

SPB represents the most upstream structural asymmetry coupling SPB age, Kar9

marking, and fate (Juanes et al. 2013). The importance of Bud6 in setting in motion

the extrinsic program is underscored by the behavior of Bud6Δ229–549, a separation-

of-function mutant unable to bind Bim1 but supporting correct actin organization.
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This mutant preserves Kar9-dependent delivery along actin cables but no longer

supports growth and shrinkage at the bud cell cortex. Thus, Bud6 binding to Bim1 is

critical for aMT dynamics associated with Bud6 foci without relation to aMT

guidance by Kar9. Furthermore, this mutant decreases the fidelity of inheritance

of the old SPB by the bud (Ten Hoopen et al. 2012). Taken together, Bud6 and Kar9

cooperate by distinct mechanisms to set aside the old SPB for bud-ward fate upon

establishment of spindle polarity.

3.4 Coupling Successful Chromosomal Segregation

with Cell Division

The Spindle Position Checkpoint (SPOC) is a surveillance mechanism by which

S. cerevisiae monitors that chromosomal segregation between the mother and

daughter cells has been accomplished. The SPOC delays mitotic progression until

the elongated spindle intersects the mother–bud neck with one SPB translocated

into the bud. This delay is imposed by inhibition of the Mitotic Exit Network

(MEN), a signal transduction cascade that otherwise targets the phosphatase Cdc14

for release from the nucleolus to cause reversal of phosphorylation by CDK. Cdc14

undergoes release at two points in the cell cycle by the action of two interconnected

pathways. First, transient release occurs following anaphase onset triggered by the

Fourteen Early Anaphase Release (FEAR) pathway. Later, activation of the MEN

causes persistent release of Cdc14 that promotes two sets of events converging on

CDK inactivation (for a comprehensive review, see Weiss 2012), a prerequisite for

mitotic exit and cytokinesis (Fig. 3.7).

Localization of MEN components to the SPB is essential for its function

(Valerio-Santiago and Monje-Casas 2011). Moreover, SPOC and MEN compo-

nents exhibit an asymmetric bias toward the SPBbud (Pereira et al. 2002; Yoshida

et al. 2002; Visintin and Amon 2001). Importantly, this bias may be uncoupled from

SPB identity by age. Indeed, transient treatment with microtubule poisons erases

SPB history without preventing SPOC and MEN components from associating

asymmetrically with the SPB that ultimately enters the bud after the spindle reforms

(Pereira et al. 2001). The significance of this localization bias for activation of the

MEN remains unclear.
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3.4.1 The SPOC: Antagonistic Players Set a
Mother–Daughter Boundary for Spatial Control
of Tem1 Activity

3.4.1.1 Modulators of the Tem1 GTPase Cycle

At the molecular level, the SPOC regulates the MEN by inhibiting its most

upstream element, the GTPase Tem1, via an unconventional two-component

GAP composed of regulatory and catalytic subunits—Bfa1 and Bub2, respectively

Fig. 3.7 Key relationships between the FEAR network, the MEN, and the SPOC. Two separate

pathways control Cdc14 activation. Anaphase onset triggers the Cdc14 Early Anaphase Release

network (FEAR network, components not depicted) followed by the essential Mitotic Exit

Network (MEN) that promotes progression into G1. The Spindle position checkpoint (SPOC)

translates positional information via the GAPBfa1-Bub2 to control the most upstream element of the

MEN, theGTPase Tem1. Phosphorylation of Bfa1 by the protein kinaseKin4 protects GAPBfa1-Bub2

from inhibition by the polo-like kinase Cdc5. In turn, Lte1 inhibits Kin4 to allow downregulation of

the GAPBfa1-Bub2 when the SPBbud enters the daughter cell. Thus, upon correct translocation of a

spindle pole across the bud neck, Tem1GTP triggers activation of the MEN kinase cascade

consisting of Cdc15 andMob1-Dbf2, leading to full release of Cdc14. Cross talk between pathways

based on antagonism between Cdc14 and Clb-CDK (mitotic CDK) is shown. Cdc5 plays multiple

roles in controlling the MEN: it inhibits GAPBfa1-Bub2 and activates Cdc15. Cdc5 has also been

placed in the FEAR pathway (not depicted). Additionally, another component of the FEAR

network, the phosphatase Cdc55 (PP2A), may further modulate Bfa1 and Mob1 (Baro et al.

2013). Green and red solid arrows indicate direct positive or negative role, respectively
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(Alexandru et al. 1999; Fraschini et al. 1999; Li 1999; Hu et al. 2001; Geymonat

et al. 2002). Since no corresponding GEF has been identified (Yoshida et al. 2003;

Geymonat et al. 2009), it is believed that Tem1 activation relies mainly on

downregulation of the GAP and spontaneous GDP–GTP exchange. Localization

of Bfa1 and Bub2 to the SPB is interdependent and essential for GAPBfa1-Bub2

function. Thus, either a bfa1Δ or a bub2Δ mutation is sufficient to abrogate the

SPOC (Pereira et al. 2000). Yet, both proteins play mechanistically distinct roles.

Indeed, in vitro studies revealed that Bfa1 binds directly to Tem1 to exert Bub2-

independent nucleotide-stabilizing activity, making Bfa1 more like a Guanyl Dis-

sociation Inhibitor (GDI), while Bub2 is responsible for GTPase stimulation

(Geymonat et al. 2002; Fraschini et al. 2006). At the same time, Bfa1 is also

important for Tem1 localization (Pereira et al. 2000). In either bfa1Δ or bub2Δ
mutant cells, Tem1 concentration at the SPBs is drastically reduced, demonstrating

that Tem1 has two modes of SPB binding, one of which depends upon Bfa1 (Rock

and Amon 2011; Caydasi et al. 2012).

Bfa1 is a cell cycle-dependent phosphoprotein. The yeast polo-like kinase

Cdc5 phosphorylates Bfa1 and inhibits its GAP activity (Hu et al. 2001;

Geymonat et al. 2003). Accordingly, downregulation of GAP activity by Cdc5

may increase Tem1GTP on the SPBbud, to allow exit from mitosis (Hu et al. 2001;

Rock and Amon 2011; Valerio-Santiago and Monje-Casas 2011).

The protein kinase Kin4 is the central player in the SPOC linking GAP activity

to the position of the spindle poles. Kin4 is localized to the mother cell cortex, the

mother-directed SPB, and the bud neck (D’Aquino et al. 2005; Pereira and Schiebel
2005). At the SPB, Kin4 phosphorylates Bfa1 impeding inhibitory phosphorylation

by Cdc5; hence, active GAP holds the MEN inactive (Maekawa et al. 2007).

Phosphorylation at the kinase activation loop by the bud neck-associated protein

kinase Elm1 promotes Kin4 activity (Caydasi et al. 2010; Moore et al. 2010). At the

same time, the phosphatase PP2A-Rts1 maintains Kin4 in a hypo-phosphorylated

form essential for its localization at the mother cortex and SPB (Chan and Amon

2009; Caydasi et al. 2010). Both elm1Δ and rts1Δmutant strains are SPOC deficient

demonstrating the impact of Kin4 activity and localization control on checkpoint

proficiency.

As stated above, a GEF for Tem1 has not been identified. Early studies impli-

cated Lte1, a protein containing a GEF-like C-terminal domain, as a MEN regula-

tor. Yet, the molecular nature of its role has remained elusive for a long time. Lte1 is

localized exclusively to the bud cell cortex (Bardin et al. 2000; Hofken and

Schiebel 2002; Jensen et al. 2002), and its overexpression or leakage into mother

cells in mutant backgrounds impairs SPOC-dependent arrest (Bardin et al. 2000;

Pereira et al. 2000; Castillon et al. 2003). Accordingly, early models postulated

Lte1 as the GEF for Tem1. In this view, translocation of the SPBbud into the

daughter compartment would allow Tem1 to encounter its GEF, thus triggering

MEN activation (Bardin et al. 2000; Pereira et al. 2000). However, GEF activity has

never been demonstrated in vitro, and instead, it has been shown that the putative

GEF domain binds Ras, an interaction responsible for the cortical localization of

Lte1 (Yoshida et al. 2003; Seshan and Amon 2005; Geymonat et al. 2009).
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Interestingly, despite sequence homology to GEFs, Lte1 appears to act as an

effector for Ras since it binds preferentially RasGTP, in a phospho-dependent

manner (Yoshida et al. 2003; Seshan and Amon 2005; Geymonat et al. 2010).

Finally, recent studies have showed that Lte1 functions in the SPOC by antagoniz-

ing Kin4 as described below.

3.4.1.2 SPOC Dynamics: Polarization of the GAP-Tem1 Module

and GAP Downregulation

In cells with correctly aligned preanaphase spindles, GAPBfa1-Bub2 and Tem1 are

the first elements to display a strong bias for the SPBbud (Caydasi and Pereira 2009;

Monje-Casas and Amon 2009). In cells with misaligned spindles, GAPBfa1-Bub2

localizes at intermediate levels but symmetrically (Fig. 3.8). According to

photobleaching experiments, symmetric distribution at the poles is linked to a

more dynamic association between Bfa1 and SPBs. By contrast, unperturbed cells

with correctly aligned spindles show relatively stable association between Bfa1 and

the SPB, irrespective of cell cycle stage or whether the SPBbud is still in the mother

cell or across the bud neck, correlating with Bfa1 asymmetry (Caydasi and Pereira

2009).

Dynamic association between GAPBfa1-Bub2 and the SPB is modulated by

Kin4-dependent phosphorylation of Bfa1. Either KIN4 deletion or cancelling

Kin4 phosphorylation sites in Bfa1 increases Bfa1 stable association with SPBs

even in misaligned spindles, while overexpression of Kin4, but not Kin4kd

(kinase-dead), enhances dynamics (Caydasi and Pereira 2009). Preventing Kin4-

dependent phosphorylation and the ensuing increase in Bfa1 dynamics at the SPB

impairs checkpoint performance (D’Aquino et al. 2005; Maekawa et al. 2007;

Pereira and Schiebel 2005). Interestingly, tethering Bfa1 or Tem1 to a core

component of the outer plaque of the SPB also disrupts the SPOC without

affecting the MEN per se (Caydasi and Pereira 2009; Scarfone et al. 2015).

These findings have been validated by quantitative analysis and mathematical

modeling pointing to the importance of GAPBfa1-Bub2 dynamic shuttling to the

cytoplasm for complete inhibition of Tem1 and checkpoint proficiency (Caydasi

et al. 2012). Another study shows that phosphorylated Bfa1 binds Bmh1, a 14–3-

3 yeast homologue, which enhances Bfa1 dynamics onto the SPB. Indeed, bmh1Δ
cells retain asymmetric marking by Bfa1 even in the presence of mispositioned

spindles and are therefore checkpoint defective (Caydasi et al. 2014). Taken

together, Kin4 phosphorylation of Bfa1 plays a dual role in the SPOC to accom-

plish inhibition of Tem1: it protects Bfa1 from the inhibitory phosphorylation by

Cdc5 and increases dynamic shuttling of GAPBfa1-Bub2 between SPB and cyto-

plasm by creating a docking site for Bmh1.

In turn, antagonistic interplay between Kin4 and Lte1 generates boundaries

between mother and daughter compartments that offer a spatial context for surveil-

lance of the position of the spindle poles. Indeed, Lte1 influences the asymmetric

distribution of GAPBfa1-Bub2 (Geymonat et al. 2009) by binding directly to Kin4
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Fig. 3.8 Relative impact of asymmetric aMT contacts and spindle alignment on Tem1-GAPBfa1-Bub2

module dynamics and localization. Asymmetric aMT contacts underscoring spindle polarity in

preanaphase cells correlate with polarized localization of the Tem1-GAPBfa1-Bub2 module (a). Before

establishment of spindle polarity, cells exhibit Tem1-GAPBfa1-Bub2 symmetry (b)—typically observed

in a small fraction of wild-type cells at this stage. As cells proceed to elongate the spindle across the

bud neck during anaphase, localization of the Tem1-GAPBfa1-Bub2 module to the SPBbud is further

enhanced (c) after transit from the Kin4- into the Lte1-containing compartment. Mutant cells that fail to

polarize the spindle prior to anaphase, e.g., kar9Δ, will proceed to elongate the spindle off axis within
the mother cell in the absence of asymmetric contacts (d). By contrast, inactivation of dynein abrogates

pulling force to translocate the SPBbud across the bud neck while preserving spindle polarity. This

results in elongated spindles in the mother cell that retain the asymmetric attachments (e). In both

cases, aMTs may grow to reach the bud neck as well. Regardless of the partition of aMT contacts, in

the presence of elongated spindles confined to the mother cell, the SPOC is active: Kin4 is recruited to
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(Bertazzi et al. 2011; Falk et al. 2011). Lte1 binds and clearly inhibits Kin4 kinase

activity in vitro. However, the situation must be more complicated in vivo as no

difference in Kin4 activity has been observed in lte1Δ mutant cells. Instead, Kin4

localization was affected by persisting on the SPBbud during anaphase. Moreover,

deletion of LTE1 can restore Kin4 localization otherwise lost by inactivation of

Rts1, suggesting that Lte1 may contribute to counteract PP2A function (Bertazzi

et al. 2011). Regardless of the precise molecular role of Lte1, it is clear that it

opposes Kin4 and allows the MEN to be activated once the SPBbud escapes the

mother compartment. In this “zone model” (Chan and Amon 2010), the mother

compartment represents a MEN-inhibitory environment where Kin4 is fully active

and gives a “wait” signal to mitotic progression while the bud compartment

represents a MEN-activating environment where Lte1 blocks Kin4 allowing the

cell to exit mitosis after the SPBbud gains access to the daughter cell. Overall, the

SPOC enforces tight control of a critical cell cycle transition by imposing a double

requirement for activation of Tem1—the SPBbud must leave the mother compart-

ment and enter the bud to allow mitotic exit.

3.4.1.3 Translating Positional Information into SPB Asymmetric

Marking

A hallmark of spindle polarity is the establishment of asymmetric aMT attach-

ments that set aside the SPBbud, i.e., the pole to enter the daughter cell during

anaphase. As stated above, correctly polarized preanaphase spindles already

exhibit a GAPBfa1-Bub2 bias to the SPBbud (Fig. 3.8a versus b), despite the fact

that both SPBs coexist in the mother compartment and are therefore potentially

under the control of Kin4. Spindle elongation across the bud neck enhances this

asymmetry by reinforcing Bfa1 at the SPBbud once outside the mother compart-

ment (Fig. 3.8c). Yet, failure to translocate the SPBbud during spindle elongation

triggers Kin4-dependent Bfa1 symmetry (Fig. 3.8d–e).

These observations suggest a missing link for understanding the relationship

between Bfa1 partition and SPB position in metaphase versus anaphase. In other

words, polarized aMT attachments are sufficient to generate a Bfa1 bias to the

SPBbud at metaphase (Fig. 3.8a versus b), while the effect of asymmetric aMT

attachments may be superseded by the two SPBs remaining in the same compart-

ment during anaphase (Fig. 3.8d–e). How are these contrasting behaviors explained

on the basis of the central role of Kin4? What is the basis for discriminating the

SPBbud while confined in the mother compartment at metaphase and why this

Fig. 3.8 (continued) both SPBs and elicits increased dynamics and symmetric association of the

Tem1-GAPBfa1-Bub2 module. Under these conditions, aMT contacts might play a role in sustaining

SPOC-dependent arrest
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distinction does not persist in anaphase? Is the cell sensing asymmetric aMT

attachments or absolute SPB position? How is this information transduced to Kin4?

Kin4 binds to Spc72 at the SPB outer plaque (Maekawa et al. 2007) and may

sense information emanating directly from aMTs. Accordingly, preanaphase spin-

dle rotation causing exchange of SPB identity redirected Bfa1 bias to the SPB

contacting the bud cortex. Thus, aMT–cortex interactions (rather than SPB age)

may be important to determine GAPBfa1-Bub2 asymmetry (Adames et al. 2001;

Monje-Casas and Amon 2009; Pereira et al. 2001). Furthermore, in anaphase

cells with correctly aligned spindles, the severing of the aMTs linking the SPBbud

to the bud cortex induces a temporal loss of Bfa1 localization, while no change is

observed if the spindle midzone or the aMTs in the mother compartment were

severed (Monje-Casas and Amon 2009). Conversely, it has been proposed that cells

with misaligned spindles may sustain SPOC activation through aMTs penetrating

the bud neck (Adames et al. 2001; Castillon et al. 2003) as their severing by laser

ablation induced premature mitotic exit (Moore et al. 2009a). Yet, a more recent

study reported that inappropriate mitotic exit in cells with misoriented spindles did

not correlate with the presence of aMTs reaching into the bud (Falk et al. 2016).

Moreover, laser ablation experiments performed in this study indicated that aMT

severing to abrogate contacts with the bud is insufficient to provoke mitotic exit in

the presence of mispositioned spindles.

In conclusion, aMTs promote spindle orientation and may also relay signals to

sense the position of the spindle poles (presumably by contacting cortical compo-

nents marking the bud neck, the mother or the daughter cell) and/or promote

polarization of SPOC components. However, the significance of these

aMT-mediated polarity for SPOC proficient arrest remains unclear. Nevertheless,

several cortical proteins including Elm1 (mentioned above), Bud6 (Nelson and

Cooper 2007; Huisman et al. 2004), and the septin ring component Cdc10

(Castillon et al. 2003) are required for SPOC proficiency.

Crucially, the penetration of the SPB into the Lte1-controlled bud environment

signals an irreversible green light for mitotic exit and cytokinesis. Moreover, the

study of cells engineered to contain two spindles—one misaligned and one

correctly elongated across the bud neck—revealed that entry of one SPB into the

bud was sufficient to trigger a dominant activating signal resulting in mitotic exit

and the disassembly of both spindles (Falk et al. 2016; Gryaznova et al. 2016).

3.4.2 Is Polarization to the SPBbud of Kar9 and Bfa1
Mechanistically Linked?

Actin and septin ring integrity is required to maintain cell morphogenesis (Bi and

Park 2012) and to delimit two compartments with distinctive cortical identities—the

mother cell and the bud. In turn, asymmetric attachments to the respective compart-

ments established by the mother or bud-ward pole may determine polarized loading
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of checkpoint regulators such as Bfa1 (Monje-Casas and Amon 2009). Is this

scenario applicable to Kar9? The contrasting behavior of Kar9 and Bfa1 in response

to polarity disruption or spindle alignment argues against this possibility. By exten-

sion, it points to independent pathways polarizing SPOC/MEN components

and Kar9.

Perturbation of actin organization by drugs or mutations disrupting cell polarity

abolishes Kar9 asymmetry by a mechanism that can be separated from the effects of

actin perturbation on spindle orientation per se. Indeed, preanaphase cells retain

spindle orientation upon treatment with actin poisons despite actin cable loss

(Theesfeld et al. 1999) and Kar9 symmetry. By contrast, Bfa1 polarization to the

SPBbud, conditioned to spindle orientation, is retained under the same conditions

(Cepeda-Garcia et al. 2010). In turn, rescue of spindle orientation by dynein-driven

sliding permits polarization to the SPBbud of Bfa1 (Caydasi and Pereira 2009;

Monje-Casas and Amon 2009) but not Kar9 (Cepeda-Garcia et al. 2010). Thus,

extrinsic control of Bfa1 polarity still persists despite polarity loss eliciting Kar9

symmetry. It follows that Kar9 symmetry is not increased in response to

misalignment per se. Moreover, Kar9 continues to polarize upon allele-specific

inactivation of MYO2—only alleles that disengage Kar9 from the Myo2 cargo

domain induce loss of asymmetry, demonstrating that the effect of actin perturba-

tion relates directly to the ability of Kar9 to act as Myo2 cargo.

The distinctive behavior of Kar9 and Bfa1 is also evident in dynein mutant cells,

which lack a key force generator to drag a pole of the spindle across the bud neck,

resulting in cells exhibiting elongated spindles confined to the mother cell. These

mispositioned spindles retain both Kar9-polarized localization to the SPBbud and

asymmetric aMT attachments. Yet, they are symmetrically marked by Bfa1 under

the same conditions, thus imposing SPOC-dependent arrest as described above

(Cepeda-Garcia et al. 2010).

Finally, Bfa1 polarizes proficiently in kar9Δ mutants and correctly senses

orientation and asymmetric attachments. Thus, Bfa1 polarization cannot arise in

direct response to delivery of aMT plus ends powered byMyo2-dependent transport

(absent without Kar9) but instead responds to defined signals derived from asym-

metric aMT contacts (mother vs. bud cell) as proposed by Monje-Casas and Amon

(2009) and by spindle pole translocation during anaphase. Conversely, Kar9 local-

ization and spindle polarity are unaffected in a bfa1Δ mutant (Cepeda-Garcia et al.

2010; Juanes et al. 2013). In conclusion, unconnected pathways determine Kar9 and

Bfa1 polarization independent from each other.

Despite these precedents, a recent study has reported that perturbation of polar-

ization of the Tem1-GAPBfa1-Bub2 module to the SPBbud impaired Kar9 polarity

without affecting the MEN (Scarfone et al. 2015). This might suggest a mechanistic

link between the Tem1 GTPase cycle and Kar9 dynamics. Yet, it remains unclear

whether this relationship is relevant to Kar9 control under unperturbed conditions.

Finally, another study has pointed to links between the MEN and Kar9 (Hotz et al.

2012a). That study posits that the MEN kinase Dbf2 might phosphorylate Kar9 at

metaphase (when the MEN is otherwise inactive) to enforce Kar9 marking of the
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old SBP, thus linking SPB age and fate. Crucially, Kar9 polarity was unaffected in

SPOC mutants.

3.5 Asymmetric Cell Division—Lessons from Yeast

The orientation of the mitotic spindle in self-renewing stem cell divisions shares

prominent features of the asymmetric cell division in yeast. In particular, cells

exploit structural asymmetries built into the centrosome cycle to produce temporal

patterns of microtubule organization underlying differential centrosome fate. For

example, Drosophila male germline stem cells orient the spindle perpendicular to

the periphery of a hub of somatic cells and retain the “old” centrosome at the

junction between the stem cell and the hub (Yamashita et al. 2007). By contrast, in

Drosophila neuroblasts the “new” centrosome remains targeted to the apical cortex

(Januschke et al. 2011; Conduit and Raff 2010). The significance of this opposite

trends remains a mystery. Male germline stem cells orient the spindle by anchoring

the old centrosome to a preestablished cortical landmark. Perturbation of centro-

some function disrupts differential cell fate (Yamashita et al. 2007). Yet, autono-

mous asymmetric cell fate in neuroblasts persists even when centrosome identity is

randomized, as is the case in yeast (Pereira et al. 2001; Januschke et al. 2013). In

neuroblasts, a specialized centrosome cycle is in effect based on early separation of

single centrioles and the incorporation of Centrobin by the new centriole

(Januschke et al. 2013). This structural distinction governs microtubule inherent

asymmetry and centrosome fate. However, cross talk between the centrosome and

the apical cortex effectively couples spindle orientation with the configuration of

polarized cortical crescents. The instructive role of the cell cortex in symmetry

breaking is also apparent in yeast (Cepeda-Garcia et al. 2010; Januschke et al.

2013).

Along the same lines, asymmetric cell divisions of neural progenitors in the

mouse neocortex are coupled to the inheritance of the “old” centrosome by the

progenitor cells (Wang et al. 2009). Centrosome inheritance may be randomized by

depletion of ninein (a mother centriole component of subdistal appendages) with

concomitant disruption of cell division patterning and loss of progenitor cells

(Wang et al. 2009). Thus, the idea that a pattern of inheritance is intrinsically

linked to the ability of a centrosome to retain microtubule organization may be a

general principle in self-renewing asymmetric stem cell divisions and beyond.

Supporting this view, Cenexin, also a component of the mother centriole subdistal

appendages, is required for polarized spindle orientation supporting lumen

morphogenesis (Hung et al. 2016). A future challenge is to integrate cytoskeletal

systems with cell cycle control to achieve a comprehensive view of mechanisms

that translate asymmetric controls into differential fate.

In that regard, yeast provides valuable insight into the potential for integration

through extrinsic determinants operating at the interface between actin and micro-

tubule cytoskeletal systems, which may transcend mechanism for spindle
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orientation. In yeast, the best-characterized molecular bridge between the two

systems is Kar9, the accepted functional counterpart of human adenomatous

polyposis coli protein, APC (Akhmanova and Steinmetz 2015). Yet, while acting

as cargo for Myo2, Kar9 plays no direct roles in actin organization. By contrast,

APC exhibits competing interactions with actin filaments and microtubules,

pointing to potential mechanisms for modulating APC distribution in vivo. More-

over, APC stimulates actin assembly synergizing with the formin mDia1 (Okada

et al. 2010). In addition, formins have been implicated as MT-stabilizing factors in

a range of processes. Yet, comparable relationships have not been demonstrated in

the context of spindle orientation in budding yeast. Instead, it is Bud6 that captures

aMTs at the cell cortex via Bim1. At the same time, a separate domain promotes

actin cable formation by formins, in a remarkable parallel to APC (Graziano et al.

2013; Delgehyr et al. 2008), a role that also ensures temporal control of Bud6

partition defining sites for cortical capture. Thus, bifunctional proteins like Bud6 or

APC may exploit their dual roles to fine-tune temporal and spatially restricted

function.
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Chapter 4

Wnt Signaling Polarizes C. elegans
Asymmetric Cell Divisions During

Development

Arielle Koonyee Lam and Bryan T. Phillips

Abstract Asymmetric cell division is a commonmode of cell differentiation during

the invariant lineage of the nematode, C. elegans. Beginning at the four-cell stage,

and continuing throughout embryogenesis and larval development, mother cells are

polarized by Wnt ligands, causing an asymmetric inheritance of key members of a

Wnt/β-catenin signal transduction pathway termed the Wnt/β-catenin asymmetry

pathway. The resulting daughter cells are distinct at birth with one daughter cell

activating Wnt target gene expression via β-catenin activation of TCF, while the

other daughter displays transcriptional repression of these target genes. Here, we

seek to review the body of evidence underlying a unified model for Wnt-driven

asymmetric cell division in C. elegans, identify global themes that occur during

asymmetric cell division, as well as highlight tissue-specific variations. We also

discuss outstanding questions that remain unanswered regarding this intriguing

mode of asymmetric cell division.

4.1 Introduction

Asymmetric cell division (ACD) that results in two daughter cells with different

developmental fate potentials is required for proper fate specification and diversi-

fication of tissues during development and also regulates self-renewal of these

tissues during adulthood. These decisions are coordinated across space and time

by cell signaling pathways, such as the well-conserved Wnt signaling pathways.

Wnt signal transduction pathways can differ considerably; however, they typically

share requirements of Wnt ligand-binding receptors and coreceptors, such as

Frizzled and Lrp6, to activate the phosphoprotein Dishevelled. Downstream of
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Dishevelled the pathways diverge to control several distinct intracellular pathways

depending on the protein expression profiles of the recipient cells. These include the

β-catenin-dependent or “canonical” Wnt signaling pathway, the Wnt planar cell

polarity (PCP) pathway, and the Ca2+/Calmodulin pathway (Sokol 2015; Gao and

Chen 2010). Though Wnt/PCP is often associated with polarizing cells in various

contexts including vertebrate convergent extension and the fly eye and wing bristle

(Axelrod et al. 1996; Wehrli and Tomlinson 1998; Klein and Mlodzik 2005; Gao

2012) and the Wnt/Ca2+ pathway also polarizes cell movements during gastrulation

(Lin et al. 2010), the Wnt/β-catenin canonical pathway regulates mother cell

polarity at the time of division and subsequent asymmetry of newly formed

daughter cells in addition to its well-established role in transcriptional activation,

cell proliferation, differentiation, and stem cell maintenance (Habib et al. 2013;

Sawa and Korswagen 2013; Murgan and Bertrand 2015; Munro and Bowerman

2009; Hardin and King 2008).

4.1.1 Canonical Wnt Signaling Stabilizes β-Catenin
to Activate TCF Target Genes

The canonical Wnt pathway affects changes in cell behavior by altering gene

expression through regulation of a transcriptional coactivator, β-catenin. In

populations of cells that lack Wnt signal transduction, a “destruction complex”

forms, consisting of two kinases, Glycogen Synthase Kinase 3β (GSK3β) and

Casein Kinase Iα (CKIα), and two scaffold proteins, Axin and Adenomatous

Polyposis Coli (APC), which binds and phosphorylates cytoplasmic β-catenin,
triggering β-catenin ubiquitination and proteasomal degradation (Clevers and

Nusse 2012; Logan and Nusse 2004; MacDonald and He 2012). In the absence

of β-catenin, the DNA binding protein TCF transcriptionally represses target gene

expression, but in the presence of Wnt signal transduction, TCF transcriptional

repression is converted to target gene activation. This is accomplished by Wnt

activation of Frizzled receptors and LRP5/6 coreceptors, which promotes the

activation of Dishevelled (Dvl) and inactivates the destruction complex by phys-

ically interacting with its components, thereby inhibiting β-catenin degradation

(Clevers and Nusse 2012; MacDonald and He 2012). As a result, β-catenin within

the cytoplasm is stabilized and translocated into the nucleus, where it binds TCF.

This binding converts TCF into a transcriptional activator and promotes the

expression of TCF target genes due to β-catenin’s ability to recruit transcriptional

activators such as Mediator and chromatin modifiers such as CBP, Brg-1, Bcl-9,

and Pygopus (Fig. 4.1a) (Hecht et al. 2000; Takemaru and Moon 2000; Barker

et al. 2001; Kramps et al. 2002; Parker et al. 2002; Thompson et al. 2002; Roose

and Clevers 1999; Yoda et al. 2005).
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4.1.2 A Branched Wnt Pathway Controls Asymmetric
Divisions in C. elegans

While a similar Wnt/β-catenin signaling pathway is found in nematodes that stabi-

lizes the β-catenin homolog, BAR-1, to generate cell diversity in tissues including

the Q neuroblast and vulva precursor cell lineages (Eisenmann et al. 1998; Gleason

et al. 2006; Jiang and Sternberg 1999; Schmid and Hajnal 2015), a more broadly

used Wnt/β-catenin pathway polarizes mother cells and drives serial ACD through-

out development, globally generating tissue diversity. In this pathway, termed the

Wnt/β-catenin Asymmetry (WβA) pathway, two additional β-catenins, SYS-1 and

WRM-1, regulate the transcriptional activity and nuclear levels to the sole

C. elegans TCF transcription factor, POP-1. After ACD, the daughter cell whose

fate does not depend on Wnt signaling, the “unsignaled daughter,” contains low

SYS-1/β-catenin due to destruction complex activity, and, similar to the canonical

Wnt pathway, the lack of nuclear β-catenin causes POP-1 to repress the transcription

Fig. 4.1 TheWnt/β-catenin signing pathway. (a) Canonical Wnt signaling in mammalian systems

activates TCF target gene expression by stabilizing β-catenin. (b) Simplified representation of the

branched WβA pathway in C. elegans with two outputs: elevated β-catenin levels and decreased

nuclear TCF
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of Wnt target genes (Sawa and Korswagen 2013; Baldwin and Phillips 2014; Jiang

and Sternberg 1999). The mother cell asymmetrically localizes the destruction

complex members (e.g., APC and Axin) such that the unsignaled daughter inherits

these negative regulators (Mizumoto and Sawa 2007b). Conversely, the daughter

cell whose fate depends on Wnt signaling (the “signaled daughter”) exhibits lower

levels of these negative regulators. In the signaled daughter cell, similar to the

canonical pathway, SYS-1/β-catenin accumulates in the cytoplasm, translocates to

the nucleus, and converts POP-1/TCF into a transcriptional activator. However, the

WβA pathway also possesses notable differences compared to the canonical path-

way. In addition to the stabilization of SYS-1/β-catenin, a second mechanism

downstream of Frizzled and Dvl exports excess nuclear POP-1/TCF. POP-1 export

is, somewhat counterintuitively, necessary for Wnt signal transduction and target

gene expression because a decrease in nuclear POP-1 lowers the “free” or repressive

POP-1 while retaining sufficient levels to bind SYS-1 and activate gene expression.

To complicate matters further, POP-1 nuclear export is carried out with the help of a

third β-catenin, called WRM-1, which facilitates TCF phosphorylation (and subse-

quent nuclear export) by the NEMO-like kinase LIT-1 (Yang et al. 2011). In all, the

low level of POP-1/TCF in the signaled cell increases the likelihood that most of the

POP-1 in the nucleus will be bound by SYS-1/β-catenin, which is increasing in this
cell, therefore activating the transcription of genes in the signaled daughter. Con-

versely, in the Wnt inactive (“unsignaled”) cell, a high level of POP-1 and a low

level of SYS-1 lead to more “free” POP-1 and transcriptional repression (Fig. 4.1b)

(Sawa and Korswagen 2013; Phillips and Kimble 2009). A detailed discussion of the

experimental evidence underlying this model and considerations of future chal-

lenges are presented below.

4.2 Wnt Polarizes the Endo-mesoderm Lineage

The WβA pathway appears to regulate the many ACDs of C. elegans embryogen-

esis. Embryonic blastomeres undergo multiple asymmetric divisions, each cell

producing daughter cells with different developmental fates. ACDs affect differ-

ential cell fate specification as early as the first cell division, where the site of sperm

entry determines the first cleavage plane and breaks symmetry by producing a

larger somatic cell (AB) and a smaller germ cell (P1). However, the first incidence

of Wnt-driven ACD occurs at the four-cell stage, where the posterior daughter of

P1, called P2, polarizes its neighbor cell, called EMS, which divides asymmetri-

cally to give rise to the endoderm and mesoderm lineages (Fig. 4.2a) (Munro and

Bowerman 2009; Goldstein and Hird 1996). EMS polarization by P2-derived Wnt

ligand has been well studied and gives excellent insight into the mechanisms of the

WβA pathway.
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Fig. 4.2 Asymmetric cell division in C. elegans. (a) A Wnt signal from P2 polarizes EMS, which

divides into endoderm (E) and mesoderm (MS) daughter cells. E displays lowered nuclear POP-1

(blue cross-hatching) and elevated SYS-1 compared to MS. (b) Z1/Z4 somatic gonadal precursor

cells divide along the proximal–distal axis (dashed line), each asymmetrically generating a distal

tip cell (DTC) lineage daughter and a proximal anchor cell potential lineage. (c) A newly hatched

worm contains several seam cells on both sides of the worm. Most seam cells (H1–H2, V1–V6)

divide in a stem cell-like manner giving rise to a seam cell daughter and a terminally differentiated

hypodermal daughter at each larval molt. In each case (a–c), WβA signaling activates a transcrip-

tional profile specific for the signaled daughter that is repressed in the unsignaled daughter. A

symmetric cell division at L2 increases overall seam cell number to 16. Modified from Phillips and

Kimble (2009)
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4.2.1 Embryonic Blastomere Manipulations Demonstrate
an Instructive Signal from the Germline
Polarized EMS

In normal embryo development, polarized EMS divides asymmetrically to produce

a posterior E cell and an anterior MS cell, where the descedants of the E cell form

endoderm while the descedants of MS cell form mesoderm (Fig. 4.2a) (Rose and

Gonczy 2014; Sulston and Horvitz 1977). In a technically challenging and reveal-

ing series of experiments, Goldstein (1992) studied the interaction between each

embryonic cell and its closest neighbor by removing the embryo’s eggshell and

physically isolating the blastomeres from the 4-cell stage embryo. These studies

found that the descedants of the isolated EMS mother cell do not result in two

separate populations of endoderm and mesoderm populations of cells, but rather

EMS divides symmetrically into duplicated mesodermal lineages, evident from the

absence of gut. Since the descedants of isolated EMS cells fail to differentiate

endoderm, it was hypothesized that other cells within the embryo are required for

proper ACD of EMS, specifically for specification of the E daughter and/or

repression of the MS daughter. To analyze this idea, separated EMS cells were

placed next to all remaining embryonic blastomeres, ABa, ABp, or P2, and the

descedants of EMS were screened for positive gut differentiation. Only contact with

P2 cells induced proper endoderm lineage specification, where the descedants of

EMS developed into two populations of cells: one that differentiates into gut and

one that fails to do so (Goldstein 1992). Further experiments from Goldstein found

that the orientation of EMS division is highly dependent on contact between P2 and

EMS since moving P2 (usually in contact with the posterior end of EMS) to other

locations next to EMS results in the EMS daughter that is in contact with P2 to

assume the endoderm lineage (i.e., moving P2 to the anterior end of EMS will cause

the anterior daughter and not the posterior daughter to assume the endoderm fate)

(Goldstein 1993). These studies revealed the likelihood that P2 contact or secretion

of a diffusible P2 factor polarized EMS and activated endoderm developmental

specification program.

4.2.2 A Wnt Pathway Polarizes EMS Division

Following the discovery that P2 contact is required for EMS ACD, forward genetic

screens in the Priess, Mello, Schnabel, and Bowerman labs identified mutants that

are defective for EMS ACD including those that lack endoderm and have the more
mesoderm (mom) phenotype. Several of such mutants (including mom-1 through

mom-5, pop-1, and lit-1) were mapped and identified as components of a

Wnt/β-catenin-related pathway, now known as the WβA pathway (Thorpe et al.

1997; Rocheleau et al. 1997; Mizumoto and Sawa 2007b; Kaletta et al. 1997; Lin

et al. 1995). For instance, MOM-2 is a secreted Wnt ligand that initiates and
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activates Wnt signaling (Rocheleau et al. 1997; Thorpe et al. 1997). In mom-2
mutants, terminally differentiated embryos lack gut and display an increase in

pharyngeal mesodermal cells. Early activity of the mom-2 gene product was

shown by laser ablation experiments. In eight cell wild-type embryos, ablating all

blastomeres except the E cell results in the remaining E cell descendants producing

gut tissues. However, similar experiments in mom-2 mutants found that the

remaining E cell descendants produce only pharyngeal muscle and lack gut, an

indication that both EMS daughter cells adopt an MS-like fate in the absence of

MOM-2/Wnt (Thorpe et al. 1997). Thus, MOM-2 ligand was hypothesized to be the

polarizing ligand secreted by P2 to induce asymmetric cell division of the EMS

mother cell. To determine if P2-derivedMOM-2 non-autonomously regulates EMS,

different combinations of isolated wild-type or mom-2 EMS and P2 blastomeres

were placed in close contact and the cell fate of the descendant EMS cells was

observed (Thorpe et al. 1997). Endoderm failed to develop when an isolated wild-

type EMS cell was placed next to an isolated mom-2 mutant P2 cell. In contrast, the

presence of gut tissue was detected when mom-2 mutant EMS cells contacted wild-

type P2 cells. These experiments showed that a Wnt ligand, MOM-2, is

non-autonomously required for P2 polarization of EMS during mitosis and further

facilitates downstream WβA signaling in E and MS daughters (Thorpe et al. 1997).

4.2.3 WRM-1/β-Catenin and LIT-1/Nemo Kinase Control
POP-1 Nuclear Export

The above experiments identified a signal required for EMS polarity, but how does

the MOM-2/Wnt ligand polarize the mother cell to control asymmetric fate specifi-

cation in EMS daughters? MOM-2 polarizing activity results in molecular EMS

asymmetry at the time of division producing one signaled daughter cell capable of

activating Wnt target genes and one unsignaled daughter cell where Wnt targets are

repressed (Thorpe et al. 1997). Initial observations of nuclear POP-1 asymmetry in

the two daughters led to the finding that differential WβA pathway activity results in

asymmetric regulation of POP-1 nucleo-cytoplasmic distribution in E versus MS

resulting in nuclear asymmetry (Maduro et al. 2002; Lin et al. 1998; Lo et al. 2004).

Though regulation of TCF levels is apparently not a typical effect of canonical Wnt

signal transduction, POP-1 regulation is essential in the wormWβA pathway. POP-1,

like other TCF homologs, serves as either transcriptional repressor or activator

depending on the availability of corepressors and coactivators (Fig. 4.1) (Sawa and

Korswagen 2013). After EMS ACD, POP-1 is increased in the nucleus of the

unsignaled MS daughter compared to the signaled E daughter (Lin et al. 1998).

The decrease of POP-1 in E nuclei is due to its interaction with WRM-1/β-catenin,
which facilitates POP-1 phosphorylation by LIT-1/NEMO kinase and its subsequent

nuclear export (Rocheleau et al. 1999; Meneghini et al. 1999; Ishitani et al. 1999;

Shin et al. 1999; Lo et al. 2004; Yang et al. 2011). Counterintuitively, POP-1 export is
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required for activation of Wnt target genes, presumably by lowering excess POP-1

that would otherwise repress gene expression. Indeed, the pop-1 mutant EMS

phenotype is consistent with the idea that WβA represses POP-1: pop-1 mutants

show excess endoderm due to duplication of E fate and loss of MS whereas the Mom

phenotype is loss of E and duplication of MS.

4.2.4 Differential POP-1/TCF Regulation by Two β-Catenins

Asymmetric POP-1 nuclear localization in EMS daughters is dependent on the

activity of LIT-1/Nemo kinase where LIT-1 phosphorylates POP-1 to facilitate

POP-1 export out of the E nucleus (Lo et al. 2004; Yang et al. 2011). In the

embryos of lit-1 mutants, POP-1 displays high symmetrical localization in both E

and MS nuclei owning to the lack of POP-1 export that is typically seen in the wild-

type E daughter (Rocheleau et al. 1999; Meneghini et al. 1999; Ishitani et al. 1999;

Kaletta et al. 1997). lit-1 mutants, like wrm-1 mutants, also exhibit a lack of

endoderm, a phenotype indicative of conversion of the E cell fate to an MS-like

cell fate. Furthermore, immunoprecipitation experiments show that LIT-1 binds to

WRM-1 for effective POP-1 phosphorylation, and this binding is likely in the

C-terminal domain of POP-1 rather than the typical “beta-catenin binding domain”

located in the N-terminus of TCF proteins (Brunner et al. 1997; Molenaar et al.

1996; Yang et al. 2011). The interaction between WRM-1 and LIT-1 promotes

LIT-1 phosphorylation at T220, which is in turn essential for LIT-1 kinase activity

required for POP-1 phosphorylation (Yang et al. 2015). The binding of POP-1 with

the WRM-1/LIT-1 complex and the binding of POP-1 to its transcriptional

coactivator SYS-1 (discussed further in the chapter) use distinct binding domains

but are mutually exclusive (Yang et al. 2011). Though recent evidence demon-

strates that POP-1 can interact with other DNA binding factors to activate tran-

scription in a WβA-independent manner (Murgan and Bertrand 2015; Murgan et al.

2015), the above data show that POP-1 contains distinct domains that bind to either

its activator SYS-1 or the effector of its export, WRM-1, to control its transcrip-

tional activity and subsequently the expression of WβA target genes.

4.3 A Genetic Screen of Larval ACDS Identifies

SYS-1/β-Catenin

Though POP-1 export was shown to be necessary for WβA signal transduction by

the aforementioned studies, several lines of evidence suggested that POP-1 nuclear

downregulation might be insufficient for target gene activation and that the pathway

was missing a TCF coactivator. These include the realization that loss of POP-1

decreases target gene expression levels in E in addition to derepressing them in MS
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(Shetty et al. 2005). Additionally, transcriptional reporters of POP-1 targets require

TCF binding sites for expression, whereas they should be dispensable for or

decrease expression if POP-1 was an obligate repressor (Maduro et al. 2005).

Finally, a conserved feature of TCF proteins is their ability to switch from repressor

mode to transcriptional activation upon β-catenin binding, which displaces core-

pressors such as Groucho (Roose et al. 1998). These data suggest that a

transactivator such as β-catenin may be required to activate C. elegans POP-1. In
addition to WRM-1, which is a weak transcriptional activator specialized for POP-1

nuclear export (Korswagen et al. 2000; Natarajan et al. 2001), the C. elegans
genome contains two β-catenins recognized by sequence similarity to vertebrate

and fly β-catenin, HMP-2 and BAR-1, neither of which is required for C. elegans
ACD (Sawa and Korswagen 2013; Phillips et al. 2007; Korswagen et al. 2000).

However, SYS-1/β-catenin, first found in a genetic screen to identify factors

required for ACDs in the somatic gonad (Miskowski et al. 2001; Siegfried and

Kimble 2002; Siegfried et al. 2004), proved to be the missing TCF activator.

Despite being just ~10% identical to human β-catenin, the conclusion that SYS-1

is a β-catenin that acts as the POP-1 coactivator during ACD is supported by the

observations that (1) SYS-1 is required for many worm ACDs similar to POP-1 and

WRM-1, (2) as with most TCF–β-catenin interactions, SYS-1 physically interacts

with POP-1 via the N-terminal β-catenin binding domain of POP-1 (Kidd et al.

2005), and (3) SYS-1 activates TCF target genes, such as ceh-22 and end-1 in

worms, but also via the TCF reporter assay TOPLFLASH when coexpressed with

POP-1 in human cells (Lam et al. 2006; Kidd et al. 2005; Huang et al. 2007).

Finally, (4) SYS-1 expression rescues the defects of loss of a well-established worm

β-catenin, BAR-1, which also acts as a POP-1 coactivator (Kidd et al. 2005;

Natarajan et al. 2001). The sequence divergence of C. elegans SYS-1 therefore

concealed its identity as a critical activator of POP-1 transcription until the require-

ment of SYS-1 for ACD was revealed through the use of forward genetics.

4.3.1 SYS-1 Controls Asymmetric Division of the Somatic
Gonadal Precursors

SYS-1, for symmetric sisters, was identified in a mutagenesis screen for defects in

asymmetric divisions of the somatic gonad (Miskowski et al. 2001). The two distal

tip cells (DTC), which are somatic cells that serve as niches for the germline stem

cells and lead to gonadal arm elongation, are formed by ACDs tightly controlled by

the WβA pathway (Kimble 1981; Austin and Kimble 1987; Byrd et al. 2014;

Chesney et al. 2009; Siegfried et al. 2004; Kidd et al. 2015). The DTCs are large

somatic cells that cap the end of both the gonadal arms of the worm and, coupled

with cell-specific GFP markers, serve as an easily screened cell type suitable for

high-throughput genetic analyses. The development of the DTCs begins during the

L1 larval stage where two somatic gonad precursor cells (SGPs), Z1 and Z4, in the
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gonadal primordium divide asymmetrically to produce a total of 12 cells including

the DTCs (Kimble and Hirsh 1979; Kimble and Ward 1988). The asymmetric

division of the Z1/Z4 somatic gonadal precursor cells requires SYS-1, POP-1,

and the WβA pathway; the distal daughter cells of Z1 and Z4 both assume the

signaled cell fate and give rise to the DTCs while the proximal daughters assume

the unsignaled fate, including the anchor cells (Fig. 4.2b) (Siegfried and Kimble

2002; Siegfried et al. 2004; Chang et al. 2005; Miskowski et al. 2001; Lam et al.

2006; Phillips et al. 2007). Further experiments in the somatic gonad show that loss

of SYS-1 function via mutation or RNAi causes loss of the signaled fate (DTC) and

duplicates the unsignaled proximal fate; SYS-1 overexpression results in an

increase in DTCs and loss of proximal fates compared to wild-type worms (Kidd

et al. 2005). Interestingly, asymmetric SYS-1 expression can be observed in the

Z1/Z4 daughters (Phillips et al. 2007). YFP-tagged SYS-1 under the control of the

endogenous sys-1 promoter is elevated in the distal daughter (Z1a, Z4p) compared

to the proximal daughters (Z1p and Z4a). Thus, SYS-1 is necessary and sufficient

for WβA-dependent target gene expression and is elevated in the WβA-dependent
daughter cell that requires its activity.

4.3.2 The SYS-1 Crystal Structure Displays Hallmarks
of β-Catenins

SYS-1’s β-catenin identity was further confirmed by its crystal structure.

β-catenins contain twelve tandemly repeated “armadillo” domains that consist

of two or three alpha helices connected by flexible linkers (Liu et al. 2008).

SYS-1 shares the hallmark twelve armadillo repeats of canonical β-catenin
packing together to form a superhelix similar to human β-catenin (Liu et al.

2008; Huber et al. 1997; Xing et al. 2008; Poy et al. 2001). Further, the

crystallized SYS-1/POP-1 complex shows similar interactions to the human

β-catenin/TCF complex. SYS-1 contains a positively charged groove, spanning

armadillo repeats 5–8, which interacts with POP-1, an interaction anchored by a

conserved “charged button” lysine-aspartate salt bridge (Liu et al. 2008). This salt

bridge is critical for the complex since mutation of either residue abrogates

binding and gives a loss of the signaled fate during worm ACD (Siegfried and

Kimble 2002; Liu et al. 2008). Thus, despite significant sequence divergence,

SYS-1 retains the functional and structural characteristics of canonical β-catenin.
Conversely, the predicted WRM-1 structure shows that, while WRM-1 shares

similarity to SYS-1 in the repeat 6–8 region and contains the charged button, in

contrast to SYS-1 WRM-1 contains a nearby bulky side chain that prevents

WRM-1/POP-1 interactions (Liu et al. 2008).
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4.3.3 Reciprocal POP-1 and SYS-1 Asymmetry Is
Widespread in C. elegans

Further analysis of SYS-1 function and expression pattern indicates that SYS-1

activates WβA target gene activity in many of the worm ACDs throughout devel-

opment, including the aforementioned EMS daughter cells, suggesting that SYS-1

may be the sole TCF coactivator involved in WβA-dependent ACD. SYS-1 asym-

metry is observed throughout embryogenesis (Bertrand and Hobert 2009a; Huang

et al. 2007; Zacharias et al. 2015; Phillips et al. 2007), consistent with broad

function promoting WβA-dependent cell fate. Further, SYS-1 depletion causes

gutlessness and promotes the posterior fate of various embryonic ACDs (Bertrand

and Hobert 2009a, 2010; Huang et al. 2007; Phillips et al. 2007). The SYS-1

localization pattern is WβA dependent as depletion of various Wnt components

such as MOM-1/Porcupine, MOM-2/WNT, MOM-5/Frizzled, and Dvl homologs

induces a loss of nuclear SYS-1 asymmetry in E and MS daughters (Huang et al.

2007). Thus, given the earlier observation that WβA decreases POP-1 levels, SYS-1

and POP-1 show a reciprocal expression in the nucleus of daughters of an asym-

metrically dividing cell. For instance, in the EMS division, the signaled E daughter

has elevated SYS-1 but decreased POP-1 compared to the unsignaled MS cell (Lin

et al. 1995; Huang et al. 2007; Lo et al. 2004) (Fig. 4.2a). Current models posit that

WβA activation of target gene expression is controlled by the ratio of SYS-1 and

POP-1. In the unsignaled cell nucleus, the SYS-1:POP-1 ratio is low and most of

POP-1 is free of SYS-1 activation and therefore in a transcriptionally repressive

state. In the signaled cell, the WβA pathway elevates the SYS-1:POP-1 ratio due to

increased SYS-1 levels and decreased nuclear POP-1 due to POP-1 nuclear export

(Sawa and Korswagen 2013; Jackson and Eisenmann 2012; Phillips and Kimble

2009). Thus, Wnt regulates asymmetric target gene expression via differential

regulation of the two branches of the pathway.

4.4 Hypodermal Stem Cell Divisions Elucidate POP-1/TCF

and SYS-1/β-Catenin Regulation

While the ratio model explains several features of the WβA pathway and has

withstood many tests, the identity of the cytoplasmic fate determinants actually

partitioned by mother cell division has been informed through the study of the

C. elegans hypodermal tissue known as the seam cells. In addition to EMS and the

SGPs, the seam is another tissue that is widely used in the study of theWβA-regulated
asymmetric division (Sawa and Korswagen 2013; Eisenmann 2005, 2011; Mizumoto

and Sawa 2007b; Herman et al. 1995; Wildwater et al. 2011; Harandi and Ambros

2015). A newly hatched worm possesses 10 seam cells (H0, H1–H2, V1–V6, and T)

embedded within the hyp7 syncytium on both the left and right sides of the worm

(Fig. 4.2c) (Sulston and Horvitz 1977). With each larval molt, most seam cells divide
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asymmetrically along the anterior–posterior (A–P) axis to produce a posterior seam

cell daughter and an anterior hypodermal cell daughter. In a stem cell-like manner,

the anterior hypodermal cell daughter terminally differentiates and fuses with the

hyp7 syncytium while the posterior daughter retains the seam cell fate and the ability

to divide at each subsequent larval molt. At the end of the L4 larval molt, the adult

worm will have 16 seam cells on each side of the worm due to a symmetric cell

division at L2. Seam cell fate acquisition is dependent on active WβA signaling

where the signaled posterior seam cell daughter exhibits the characteristic high

nuclear localization of SYS-1 and lowered POP-1 and the unsignaled hypodermal

cell with a lower nuclear SYS-1 localization but higher POP-1 (Banerjee et al. 2010;

Gleason and Eisenmann 2010; Mizumoto and Sawa 2007a). The signaled posterior

daughter maintains its seam cell fate by upregulating EGL-18 and ELT-6 GATA

factors, which are repressed in the unsignaled anterior daughter (Gorrepati et al. 2013,

2015; Gorrepati and Eisenmann 2015).

4.4.1 Seam Cells Show Polarized WβA Pathway Components
at Mitosis

Forward and reverse genetic screens have identified additional WβA components,

and functional analysis of these players has greatly clarified regulation of the two

pathway branches. Loss of negative WβA regulators often renders a seam cell

division symmetric, inducing a fate change duplicating the seam cell fate at the

expense of the hypodermal cell fate. Depletion of negative regulators, KIN-19 (the

homolog of CKIα), the APC homolog APR-1, or the Axin homolog PRY-1, results

in a significant increase in seam cells (Banerjee et al. 2010; Gleason and Eisenmann

2010). In the course of WβA-mediated asymmetric seam cell division, multiple

cytoplasmic cell fate determinants of the pathway can be observed to asymmetri-

cally localize on the anterior or posterior cortex of the seam mother cells to give rise

to two molecularly distinct daughter cells (Mizumoto and Sawa 2007b). Each

daughter cell carries different nuclear, cytoplasmic, and cortical localization profiles

of the determinants ofWβA pathway, as observed by the addition of fluorescent tags

(Mizumoto and Sawa 2007a). The asymmetric localization of negative regulators of

the pathway such as APR-1 and PRY-1 can be observed at the anterior cortex, while

positive regulators such as Frizzled (MOM-5) and Dishevelled proteins (DSH-2 and

MIG-5) are distributed to the posterior cortex of the mother seam cell as well as the

early embryo (Park et al. 2004; Baldwin et al. 2016; Mizumoto and Sawa 2007a;

Park and Priess 2003). The asymmetric cortical localization of negative determi-

nants to the anterior cortex is regulated byWnt ligands as demonstrated by observing

APR-1/APC and PRY-1/Axin localization in mutants lacking Wnt ligand EGL-20

(Mizumoto and Sawa 2007a). In egl-20 mutants, both APR-1 and PRY-1 no longer

asymmetrically localized to the anterior cortex but are radialized on the cortex of the

entire cell (Fig. 4.3) (Mizumoto and Sawa 2007a). The finding that a Wnt ligand
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controls the polarized localization of cell fate-regulating WβA pathway members at

mitosis, and likely controls their asymmetric inheritance by daughter cells, suggests

that these are the critical cytoplasmic cell fate determinants that make the two

daughter cells different at birth.

4.4.2 Distinct Roles for WRM-1/β-Catenin at the Cortex
and Nucleus

Interestingly, WRM-1, which shows the aforementioned asymmetric nuclear local-

ization pattern in seam cell daughters, also displays asymmetric cortical localiza-

tion before division (Takeshita and Sawa 2005; Mizumoto and Sawa 2007a).

WRM-1 localizes to the anterior cortex of the mother cell in a similar manner to

APR-1 and PRY-1 (Fig. 4.3) (Mizumoto and Sawa 2007a; Takeshita and Sawa

2005). To test the significance of the WRM-1 cortical localization pattern, WRM-1

was uniformly tethered to the cortex of seam cells through the generation of a

WRM-1 transgene containing a C-terminal CAAX cortical localization signal

(WRM-1::CAAX) (Mizumoto and Sawa 2007a). WRM-1::CAAX reduces the

Fig. 4.3 Model of WβA-controlled asymmetric division. Two separate branches of the pathway,

the WRM-1-regulating (blue) and the SYS-1 regulating (red), are balanced by Dishevelled (Dvl)

and together generate transcriptional asymmetry in daughter cells following division. The activity

of posterior factors including Frizzled and Dishevelled restricts cortical localization or activity of

negative factors APC and Axin. In addition, Dishevelled distinguishes between two pools of APC

in the unsignaled cell to modulate each downstream branch of the pathway. One pool of APC

stabilizes microtubules (MTs) to promote WRM-1/β-catenin (W) export, which results in high

nuclear POP-1/TCF (P). The other pool of APC degrades SYS-1/β-catenin in concert with KIN-19/
CKIα (CK). Target genes are repressed. In the signaled daughter cell (right), neither pool of APC
exists so WRM-1 and SYS-1 are both high. POP-1 is low because of nuclear export, mediated by

phosphorylation by LIT-1 (L) through association with WRM-1. Target genes are expressed.

Modified version of Baldwin et al. (2016)
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posterior nuclear levels of free WRM-1::GFP, resulting in a low symmetrical

localization of WRM-1 in both daughter cells. These studies suggest the existence

of two pools of WRM-1: one pool asymmetrically localizes to the anterior cortex of

the mother cell and, following cell division, prevents the nuclear localization of the

second pool of free WRM-1 in the hypodermal cell daughter. The absence of

cortical WRM-1 in the posterior seam cell daughter allows nuclear localization of

the free WRM-1 (Fig. 4.3) (Mizumoto and Sawa 2007a).

4.4.3 WRM-1 Asymmetry Is Regulated by Asymmetric
Nuclear Export and Differential Microtubule Stability

The cortical localization of WRM-1 is controlled by APR-1/APC, providing both a

link to upstream WβA signaling and the canonical Wnt pathway. APR-1 depletion

decreases cortical WRM-1, increases nuclear WRM-1, and results in symmetric

seam cell divisions that duplicate seam cell fate. Photobleaching experiments

during mother cell telophase show that WRM-1 is rapidly removed from the

anterior nucleus but is stably present in the posterior nucleus. This nuclear export

of WRM-1 is dependent on APR-1, which localizes to the anterior cortex (Takeshita

and Sawa 2005; Mizumoto and Sawa 2007a). WRM-1 in turn is required for APR-1

cortical localization, suggesting the formation of a WRM-1/APR-1 complex at the

anterior cortex that recruits additional WRM-1 and APR-1 in a feed-forward

manner to amplify WRM-1 export from the unsignaled nucleus. A possible mech-

anism of APR-1-dependent WRM-1 export was provided by the examination of

APR-1 regulation of embryonic microtubule dynamics (Sugioka et al. 2011;

Sugioka and Sawa 2010). Loss of APR-1 preferentially decreased anterior micro-

tubules during EMS division, suggesting that cortical APR-1 promotes microtubule

attachment at the anterior cortex and that APR-1 shares this microtubule-regulating

role with its vertebrate homolog, APC (Mimori-Kiyosue et al. 2000; Nakamura

et al. 2005; Zumbrunn et al. 2001; Clevers and Nusse 2012; Brocardo et al. 2008;

Green and Kaplan 2003; Barth et al. 2008). The importance of asymmetric micro-

tubule organization for nuclear POP-1 and WRM-1 asymmetry was demonstrated

by irradiating the anterior centrosome to disrupt microtubule formation. After

centrosome irradiation, the nuclear levels of WRM-1 and POP-1 in both daughters

are symmetrical, consistent with the idea of microtubule-dependent WRM-1

nuclear export. Furthermore, depletion of several kinesins decreases the level of

POP-1 in the anterior daughter, suggesting that nuclear WRM-1 asymmetry is

achieved by the active transport of WRM-1 to the cortex in the anterior daughter

(Sugioka et al. 2011). Therefore, the emerging model of asymmetric WRM-1

regulation is that APR-1 is restricted to the anterior cortex by upstream WβA
signaling, which stabilizes microtubules and promotes WRM-1 transport to the

cortex preferentially from the anterior cytoplasm and nucleus. WRM-1 binding to

cortical APR-1 stabilizes this localization pattern and increases asymmetric
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transport. The posterior daughter lacks cortical APR-1 and contains fewer micro-

tubules; thus, the posterior nucleus contains more stableWRM-1, facilitating POP-1

nuclear export (Fig. 4.3, blue factors).

4.4.4 SYS-1 Asymmetry Is Regulated by Members
of the Canonical Destruction Complex

In canonical Wnt signaling, the destruction complex formed by Axin, APC, CKIα,
and GSK3β targets β-catenin for degradation, and we have recently begun to

address whether the destruction complex regulates the transcriptionally active

β-catenin in the WβA pathway, SYS-1. Since APR-1/APC, PRY-1/Axin, and

KIN-19/CKIα all negatively regulate seam cell fate, we tested the hypothesis that

they are required for normal SYS-1 asymmetry. Similar to the embryonic and

gonadal divisions described above, SYS-1 is enriched in the signaled (posterior)

daughter cell and lost in the unsignaled (anterior) daughter cell (Baldwin and

Phillips 2014; Mizumoto and Sawa 2007b) (Fig. 4.2c). After depletion of APR-1

or KIN-19, nuclear SYS-1 levels become symmetrically high in both seam cell

daughters, suggesting that negative regulation of β-catenin by the destruction

complex is conserved in the WβA pathway (Baldwin and Phillips 2014; Mila

et al. 2015). APR-1-dependent negative regulation of SYS-1 is also seen in MS,

the unsignaled daughter of EMS, suggesting that destruction complex regulation of

SYS-1 may be widespread (Huang et al. 2007). Interestingly, the pry-1/Axin mutant

phenotype in the seam cells is distinct from that of apr-1 and kin-19; nuclear SYS-1
and APR-1 asymmetry is still seen in most pry-1 mutant daughter cell pairs, but

their polarity is randomized. Since SYS-1 can be lowered in daughter cells in the

absence of PRY-1, it appears that Axin is not required for destruction complex

activity. Instead, PRY-1 localizes the destruction complex to the anterior cortex and

dictates the correct daughter fate in the correct A–P position. Thus, following cell

division, APR-1 and SYS-1 exhibit reciprocal asymmetry in their localization

pattern. However, this reciprocal asymmetry can be uncoupled by loss of

WRM-1, which decreases cortical APR-1 but has no effect on SYS-1 nuclear

asymmetry, or loss of KIN-19, which increases APR-1 on the posterior cortex,

but SYS-1 remains high in the posterior nucleus. An explanation for these obser-

vations is that mother cells contain two pools of APR-1: one pool negatively

regulates WRM-1 (blue APC in Fig. 4.3) and the other negatively regulates

SYS-1 (red APC in Fig. 4.3). Loss of WRM-1, for instance, has no effect on

SYS-1 asymmetry because only the WRM-1-regulating pool of APR-1 is affected

in wrm-1 mutants. APR-1 entry into the SYS-1-regulating pool appears dependent

on KIN-19 because, in the absence of KIN-19, APR-1 can regulate WRM-1 but not

SYS-1. By this model, Wnt signaling through PRY-1/Axin not only restricts the

localization of the destruction complex but also controls the balance of the two
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pathway outputs by differentially regulating the two β-catenins that regulate TCF

levels and transcriptional activity (Fig. 4.3).

4.4.5 Dishevelled Controls the Balance of the WβA Branches

Since WRM-1 and SYS-1 nuclear asymmetry can be used to analyze the relative

function of both pools of APR-1, we next sought to test the function of upstream

WβA pathway members in controlling the distribution of these pools during asym-

metric seam cell division. Dishevelled (Dvl) in particular seemed a likely suspect due

to its role as a gatekeeper for the various Wnt signal transduction pathways including

Wnt/β-catenin, Wnt/PCP, and Wnt/Calcium (Sokol 1999; Wallingford and Mitchell

2011; King et al. 2009; Hingwing et al. 2009). Loss of two C. elegans Dvl paralogs,
dsh-2 and mig-5, causes relatively mild changes to overall seam cell numbers, but

gaps and doublets appear in the seam cell A–P distribution suggesting randomized

cell fate that resulted in some symmetric divisions (Banerjee et al. 2010; Baldwin

et al. 2016). Indeed, APR-1 is mislocalized to both the anterior and posterior cortex of

Dvl mutant seam cells, indicating that Dvl restricts the inheritance of negative

regulators to the anterior daughter. To analyze the effects of Dvl mutation on

APR-1 function, we examined the levels and localization of SYS-1 (to assay the

SYS-1-regulating pool of APR-1) and WRM-1 (to assay the WRM-1-regulating pool

of APR-1). Consistent with Dishevelled’s role as a positive regulator of

Wnt/β-catenin signaling, Dvl double mutants show symmetrically decreased nuclear

SYS-1 in seam cell daughter nuclei while Dvl overexpression shows increased SYS-1

(Baldwin et al. 2016). However, a positive role regulating SYS-1 levels would

suggest that Dvl mutants would have a symmetric loss of seam cell fate, rather

than the confused or randomized polarity that is observed. The explanation for this

discrepancy proved to be a different Dvl role for WRM-1 regulation compared to

SYS-1 regulation. In contrast to decreased SYS-1 levels, Dvl mutants show an

approximately 2.5-fold increase in nuclear WRM-1, presumably because APR-1 in

both daughters is unable to promote WRM-1 nuclear export. These data suggest that,

in the absence of Dvl, nuclear TCF is low and unable to activate transcription because

Dvl partitions APR-1 into the WRM-1- and SYS-1-regulating pools in addition to its

role of restricting the destruction complex to the anterior cortex. Our current model

summarized in Fig. 4.3 is that Wnt restricts Frizzled and Dishevelled to the posterior

cortex and APC and Axin to the anterior cortex at mitosis. After cytokinesis, the

absence of negative regulation in the posterior daughter leads to the accumulation of

WRM-1 and SYS-1, export of excess POP-1, and activation of WβA target genes.

The anterior daughter exports WRM-1 from the nucleus via stabilized microtubules

and degrades SYS-1 through the function of the destruction complex. Thus, the

unsignaled daughter exhibits a low SYS-1:POP-1 ratio and repressed target genes

compared to target gene expression in the signaled daughter.
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4.4.6 How Is PRY-1 Asymmetric Activity Promoted in Late
Seam Cell Divisions?

In the course of our examination of Dvl function in seam cell ACD, we sought to

examine whether Dvl regulates the asymmetric PRY-1/Axin localization pattern seen

in earlier L1 seam cell divisions (Mizumoto and Sawa 2007a). To our surprise, we

found that cortical PRY-1::GFP is symmetric throughout the cell cycle and both

daughters are born with high levels of cortical PRY-1 (Baldwin et al. 2016). The

finding that PRY-1/Axin is symmetrically localized during L4 seam cell divisions begs

the question of how PRY-1 drives asymmetric localization of APR-1/. We propose that

PRY-1 is qualitatively altered by Wnt signaling in the L4 division to generate two

PRY-1 populations, “active” and “inactive” regulators of APR-1/APC. Active PRY-1

resides at the anterior pole and anchors APR-1/APC; thus, β-catenin negative regula-

tion occurs in this locale. Inactive PRY-1 in the posterior lacks this ability and as such

the posterior daughter lacks negative regulation of both β-catenins. This model is an

extension of the pattern seen at L1, where PRY-1 is quantitatively different at either

pole of the mother cell (Mizumoto and Sawa 2007b). However, it is equally possible

that “active” PRY-1 is localized at the posterior pole and functions to prevent APR-1

cortical localization. Identifying the qualitative change that regulates PRY-1 activity

will address this. Several interesting possibilities are suggested in the vertebrate

literature where ubiquitination, SUMOylation, methylation, and polymerization have

all been observed (Song et al. 2014). Perhaps most intriguingly, mammalian Axin is

phosphorylated in the absence of Wnt signaling and phospho-Axin displays greater

ability to participate in the destruction complex and bind β-catenin (Song et al. 2014;

Jho et al. 1999; Yamamoto et al. 1999; Ikeda et al. 1998; Hart et al. 1998; Rubinfeld

et al. 1996). Further, due to Axin’s posttranslational modifications and intramolecular

interactions, two Axin-containing complexes have been proposed: the destruction

complex that promotes β-catenin degradation and inhibits Wnt signaling and a second

Axin population that catalyzes LRP5/6 phosphorylation by binding GSK3β to elevate

Wnt signal transduction (Song et al. 2014; Bilic et al. 2007; Strovel et al. 2000; Leung

et al. 2002; Yan et al. 2001). Wnt signaling dephosphorylates Axin and is thought to

promote a conformational shape change that promotes association with LRP5/6.

Together, these mechanisms suggest that PRY-1 phosphorylation and/or interactions

with other Wnt signaling proteins could be responsible for modulating its ability to

complex with APR-1/APC.

4.5 WβA Linkage to the Cell Cycle Provides Robustness

for Cell Fate Specification

The model depicted in Fig. 4.3 details that polarized localization of destruction

complex members in the mother cell just prior to division is likely to be the

determining factor that regulates β-catenin nuclear asymmetry for both WRM-1
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and SYS-1. However, this model raises a problem that the asymmetrically dividing

lineage must solve: mother cells active for Wnt signaling give rise to a signaled

daughter that lacks negative SYS-1 regulation, but they also must produce a

daughter that can quickly lower its levels of SYS-1. Since SYS-1/β-catenin, at
least, is highly expressed at the transcriptional level (Phillips et al. 2007), succes-

sive signaled fates would be predicted to have ever-increasing levels of SYS-1

(Fig. 4.4a). In this scenario, the unsignaled daughters inherit a higher and higher

level of SYS-1 that would need to be degraded efficiently by the destruction

complex, while simultaneously degrading de novo translated SYS-1, to achieve

the subthreshold SYS-1 level needed for target gene repression. Eventually, an

unsignaled daughter would be unable to degrade its inherited SYS-1 in a timely

manner and the cell would assume the signaled fate, resulting in a symmetric

division (Fig. 4.4a). That this problem is always overcome in the invariant

C. elegans lineage and that targets of Wnt signaling are very robust in their

asymmetric expression pattern (Fig. 4.4b) (Maduro et al. 2002) suggest that there

could be redundant mechanisms limiting the level of SYS-1 in the unsignaled

daughter.

Fig. 4.4 Hypothetical

model on SYS-1 robustness.

(a) SYS-1 level might be

expected to inappropriately

increase in the signaled

daughter following

divisions in the absence of

negative regulation. When

the level of SYS-1 in the

unsignaled daughter of

successively signaled

daughters reaches the

threshold (dashed line) for
gene activation, a change of

fate will be observed in the

cell resulting in a symmetric

cell division. (b)

Alternatively, following

cell division the signaled

daughter containing high

SYS-1 level (dashed
circles) is reduced near its

threshold to prepare for

subsequent cell division.

See text for details of this

reduction mechanism
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4.5.1 Mother Cell SYS-1 Is Cleared by Localization to Mitotic
Centrosomes

Though these mechanisms could theoretically include unstable sys-1 transcripts, or an
inherently short SYS-1 protein half-life, we identified a mechanism where SYS-1

protein stability is linked to the cell cycle by localization to the peri-centriolarmaterial

(PCM) during cell division (Vora and Phillips 2015). SYS-1 symmetrically localizes

to centrosomes specifically during mitosis and is quickly lost after cytokinesis.

Fluorescence recovery after photobleach (FRAP) studies shows that centrosomal

SYS-1 is rapidly turned over and replaced during mitosis. The SYS-1 centrosomal

pattern is accomplished by forming a complex with the centrosomal protein RSA-2

that also accumulates with the PCM; in the absence of RSA-2, centrosomes form but

do not contain SYS-1. The RSA-2 loss-of-function background can therefore be used

to determine the functional significance of SYS-1 centrosomal localization. Mother

cells depleted of RSA-2 (and therefore defective in SYS-1 centrosomal localization)

divide to produce daughter cells with higher nuclear SYS-1 levels compared to wild

type. Interestingly, this elevation in SYS-1 levels is symmetrical, since both daughter

cells show ~50% increase in nuclear SYS-1, suggesting that a symmetric negative

regulatory process that requires centrosomal localization is normally responsible for

decreasing SYS-1 in both daughters. Both the rapid turnover of centrosomal SYS-1 in

wild-type cells and the reliance of centrosomal localization for negative regulation

implicate a proteolysis mechanism, such as proteasomal degradation, which is linked

to the centrosome. Additionally, proteasome components and proteasomal clients

localize to centrosomes in C. elegans and other systems (Vora and Phillips 2015,

2016; Fabunmi et al. 2000; Wigley et al. 1999). To test the idea that the proteasome

regulates centrosomal SYS-1, we inhibited proteasomal degradation in C. elegans
embryos and found increasedSYS-1 centrosomal levels but decreased SYS-1 turnover

in FRAP analyses. These data are consistent with amodelwhere SYS-1 symmetrically

localizes to centrosomes during cell division, which leads to SYS-1 clearance from the

mother cell before the daughter cells are born. This lowering of inherited SYS-1

allows the unsignaled daughter to properly regulate, via the destruction complex, de

novo translated SYS-1 and repress target gene expression (Figs. 4.3 and 4.4b). Wnt

signaling inactivates the destruction complex in the signaled daughter cell, leading to

elevated de novo SYS-1 levels and activation of target gene expression. Hence,

redundant negative regulatory mechanisms for SYS-1/β-catenin during and after

division provide robustness for the asymmetric cell fate decision.

4.6 Reiterative Signaling Produces Multiple Cell Fates

The WβA pathway is used repeatedly to activate different targets and specify a new

cell type in each iteration, yet the pathway has just one apparent outcome: regulation

ofWnt target gene expression. How then does signaling specify differential cell fate

4 Wnt Signaling Polarizes C. elegans Asymmetric Cell Divisions During Development 101



in so many distinct cell types? One answer to this question is that Wnt signaling

regulation of transcription via SYS-1 and POP-1 is layered with WβA-independent
lineage-specific transcription factors to give cell type-specific gene expression.

These targets include master regulatory genes, such as ceh-22/Nkx 2.1/tinman in

the somatic gonad and GATA transcription factor end-1 in the intestine (Lam et al.

2006; Chesney et al. 2009; Maduro et al. 2002; Shetty et al. 2005), which lock in the

fate of the cell or lineage expression. A particularly well-established example is the

neural lineage that results in specification of a neuron named AIY (Bertrand and

Hobert 2009a, b). Terminal AIY fate is driven by the homeodomain transcription

factor TTX-3, which directly regulates dozens of target genes to uniquely define

AIY fate (Wenick and Hobert 2004). TTX-3 is initially symmetrically expressed in

AIY and its sister cell after mother cell division, but the WβA target gene CEH-10,

which is only expressed in AIY, is required for TTX-3 maintenance. Once

coexpressed in AIY, CEH-10 and TTX-3 maintain their own expression as well as

the AIY-specific pattern of gene expression that drives terminal differentiation.

Thus, it can be imagined that WβA transcription factors broadly combine with

lineage-specific transcriptional regulators to produce a tapestry of cell-specific

gene expression.

4.6.1 Time-Lapse Imaging Identifies a Graded Response
to Wnt Signaling

A second mechanism explaining WβA-driven cell type diversity was identified

through lineage tracing of cells expressing fluorescently tagged SYS-1 and POP-1

and transcriptional fusions of their target genes (Zacharias et al. 2015; Zacharias

and Murray 2016). These time-lapse experiments quantifying gene expression

demonstrate that, while sister cells always show asymmetry, their absolute expres-

sion level is influenced by the prior expression level in the lineage. For instance,

cells with higher levels of SYS-1 give rise to daughters and granddaughters that all

have higher SYS-1 (termed “cousin enrichment”), though asymmetry between

these daughters is maintained. Similar patterns are seen with POP-1 asymmetry,

indicating that variable dosage of the WβA terminal transcription factors in the

daughter cells reflects the level present in the mother cell before division. This

observation suggests a continuum of Wnt pathway output (for instance, varying

from one through ten in terms of WβA pathway activity), rather than a simple

binary fate decision (“on-off”) that could drive differential gene expression and

result in increased cell type diversity.

The graded WβA response seen by Zacharias et al. raises the possibility that this

differential effect is due to a Wnt gradient that exists over the A–P length of the

embryo. By this model, similar to classic morphogens, cell response would be

directly correlated to the distance from ligand source with distinct thresholds that

compartmentalize target cell response. In support of this model, the Schnabel lab, in
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an elegant series of blastomere transplant experiments, showed that the P2 cell and

its descendants form a Wnt-secreting polarizing center to direct the cleavage plane

of many (and perhaps all) cells of the developing embryo (Bischoff and Schnabel

2006). They demonstrated that the polarizing activity of the P2 lineage persists over

time since cells respond to a shift in the position of the Wnt source even after

several divisions. Further, promoter activity of three Wnt ligand loci shows a

cumulative posterior enrichment of Wnt expression (Zacharias et al. 2015). Thus,

a posterior Wnt signal orients cells at a distance during embryogenesis, suggesting

that a Wnt gradient across the embryo may be present and could explain the graded

response seen by Zacharias et al. However, there is reason to doubt such an

attractive model. The Priess lab showed asymmetric POP-1 levels in daughter

cells from isolated blastomeres never in contact with the P2 lineage, suggesting

that these cells have a Wnt-independent ability to activate WβA (Park and Priess

2003; Park et al. 2004). Additionally, the Murray lab reports many cells with high

nuclear SYS-1 in the anterior region of the embryo, despite elevated Wnt expres-

sion in the posterior. Indeed, the graded response of cousin enrichment is not a

smooth linear distribution from posterior to anterior but a patchwork pattern seen

within lineages (Zacharias et al. 2015). Thus, because even nearby Wnt expression

fails to increase WβA activity compared to cells located at a distance, it seems

unlikely that a gradient of Wnt ligand is the underlying reason for differential

output. Instead, the requirement of Frizzled for cousin enrichment suggests inher-

itance of signal transduction machinery, perhaps in a post-translationally modified

form, underlies the ability of certain lineages to respond differentially to the

presence or absence of Wnt polarity, rather than a Wnt gradient (Zacharias and

Murray 2016).

4.7 Defining the “Default” State

A loss-of-function analysis of the terminal signaling effector in any cell communi-

cation pathway is often a useful proxy for the overall function of that pathway, yet

POP-1/TCFmutants can show contradictory effects depending on the cell type under

analysis. Loss of POP-1/TCF activity gives duplication of either the signaled or

unsignaled fate effects depending on the tissue, suggesting that the default state of

target gene expression varies in a tissue-specific manner. For instance, loss of POP-1

function in the early embryo duplicates the signaled fate since POP-1 targets become

derepressed in MS (Lin et al. 1995; Calvo et al. 2001). Though these targets are

expressed at quantitatively lower levels in both E and MS, expression is over the

threshold necessary for E fate acquisition (Shetty et al. 2005). In contrast, loss of

POP-1 from the somatic gonad duplicates the unsignaled anchor cell fate because the

target gene ceh-22 is expressed at subthreshold levels for fate acquisition (Siegfried
and Kimble 2002; Lam et al. 2006). Themolecular mechanism responsible for this is

likely a target gene-specific differential requirement for POP-1-mediated repression

in the unsignaled cell versus a POP-1-mediated activation in the signaled cell. This
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differential requirement for activation or repression depends on the level of target

gene expression due to the effect of basal transcriptional machinery. In cells where

the basal transcriptional machinery causes relatively high level of expression, POP-1

derepression via Wnt-induced nuclear export is largely sufficient for gene expres-

sion. Conversely, in cells where basal target gene expression level is low, POP-1

derepression must be coupled with POP-1 activation via SYS-1 (Kidd et al. 2005;

Shetty et al. 2005). In addition to basal transcription factors, POP-1 target genes are

influenced by a second “Helper” DNA sequence that binds to a distinct POP-1 DNA

binding domain termed the C-clamp to specifically facilitate transcriptional activa-

tion (Bhambhani et al. 2014; Ravindranath and Cadigan 2014). The C-clamp and

Helper DNA sequences are dispensable for target gene repression, however. It seems

likely that the default transcriptional state of POP-1 targets appears to be influenced

by atypical enhancer TCF elements includingHelper sites and by the chromatin state

that differentially recruits basal transcription factors. It should also be mentioned

that, since pop-1 is an essential gene, tissue-specific analyses are often performed

with different loss-of-function approaches. These include pop-1 RNAi applied at

different developmental times or different methods and pop-1 alleles with mutant

β-catenin binding domains, DNA binding domains, or mutant 30 UTR (Huang et al.

2007; Lin et al. 1995; Siegfried and Kimble 2002; Kidd et al. 2005), none of which

may represent a pop-1 null background. Since POP-1 is a transactivator at interme-

diate nuclear concentration and a repressor at high levels and these two activities

likely result from a distinct use of POP-1 domains, this necessitates a cautious

comparison of POP-1 function across tissues. The use of a null pop-1 allele could

remove these confounding variables when examining different tissues. By thus

removing the activity of the WβA pathway, the role of the underlying basal tran-

scriptional machinery on target gene expression level can be observed.

4.8 The Global Wnt Gradient Can Be Modified to Produce

Mirror Asymmetry Within a Tissue

Consistent with the observation that there exists a gradient of Wnt ligand expres-

sion at its peak in posterior tissues and at its lowest in anterior (Harterink and

Korswagen 2012; Harterink et al. 2011), most cells in the worm lineage are

polarized such that the Wnt-dependent fate is the posterior daughter cell. However,

exceptions to this rule include the somatic gonadal precursors (SGPs) and the

vulval precursor cells (VPCs) (Figs. 4.2 and 4.5). Though the divisions are still

oriented in the A–P dimension, posterior daughters are not equivalent throughout

the tissue. For instance, the signaled fate is not exhibited by both posterior cells, as

is typical in the WβA pathway. Instead, ACDs in both tissues occur along an

internal proximal–distal axis rather than the more common anterior–posterior axis,

meaning that distal daughters have equivalent fates within the tissue independent

of their anterior or posterior fates. For the SGPs, WβA pathway activity is required
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in the distal daughters but not the proximal daughters (Siegfried and Kimble 2002;

Siegfried et al. 2004; Yamamoto et al. 2011; Chang et al. 2005; Jiang and Sternberg

1999; Lam et al. 2006; Hajduskova et al. 2009; Phillips et al. 2007). This pattern is

reversed in the vulva, where WβA signaling is active in the proximal daughters

(Green et al. 2008; Schmidt et al. 2005; Phillips et al. 2007). While it could be

conceived that this pattern is consistent with a single, central Wnt signal or, in the

case of the SGPs, a central Wnt antagonist such as secreted Frizzled-related proteins

(Harterink et al. 2011), instead evidence from VPC analyses indicates that these

tissues as a whole also respond to the overall posterior inducing polarity signal

similar to other tissues (termed “ground polarity”). However, posterior vulval cells

reorient anteriorly via local Wnt cues based on specific Wnt ligand/receptor combi-

nations [termed “refined polarity” (Harterink et al. 2011; Green et al. 2008)]. Since

this Wnt source is posterior to the anterior VPC, it reinforces this cell’s polarity, but
the local Wnt signal is sufficient to override the long-range posterior Wnt/EGL-20

signaling effect on the posterior VPC. This is demonstrated by examinations of

mutants lacking the refined polarity pathway where the posterior divisions reverse

their orientation, resulting in a split vulva phenotype due to posterior orientation of

both anterior and posterior vulval ACDs (Fig. 4.5 left) (Green et al. 2008; Deshpande

et al. 2005; Inoue et al. 2004). In the absence of both the ground and refined

pathways, polarity is random, similar to loss of PRY-1/Axin from the seam cells

(Green et al. 2008; Baldwin and Phillips 2014). Interestingly, the specific effects of

the ground and refined polarity pathways are mediated by different Wnt ligands and

receptors, including non-Frizzled receptors such as CAM-1/Ror, a receptor tyrosine

kinase, and LIN-18/Ryk, and require Wnt/PCP components in addition to

Wnt/β-catenin pathways. This suggests these two polarizing pathways enable

Fig. 4.5 Regulating mirror symmetry in vulval precursor cells (VPCs left) and a hypothetical

model regulating the somatic gonadal precursors (SGPs right). A centrally localized Wnt cue

reorients the posterior VPC, while a hypothesized Wnt antagonist locally depletes the central

somatic gonad of Wnt to provide a central proximal–distal axis that promotes mirror asymmetry

across a tissue. Asterisks denote ACDs with refined polarity compared to the global ground

polarity orienting most ACDs toward the posterior. SFRP secreted Frizzled-related protein.

Color scheme as in Fig. 4.1
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differential effects by acting through distinct molecular outputs in the receiving cells

that include transcription-independent processes. A similar reorientation could also

take place to provide SGP mirror asymmetry, though the geometry would suggest a

central depletion of Wnt ligand (Fig. 4.5 right).

4.9 Instructive and Permissive Signaling by Wnt Ligands

Though Wnts act instructively to orient polarity in C. elegans EMS and VPC divisions

as well as human ES cells (Goldstein et al. 2006; Herman 2002; Habib et al. 2013;

Goldstein 1993), the situation appears more complex in the seam cells, where a

permissive role has been suggested (Yamamoto et al. 2011). In the absence of multiple

redundant Wnt signals, early larval seam cell divisions remain polarized but are

randomly oriented, resulting in maintenance of the wild-type number of seam cells.

Conversely, loss of Wnt receptors Frizzled and Ror leads to symmetric divisions,

suggesting that the receptors act in a Wnt-independent fashion to generate polarity

while the Wnt ligand orients that polarity. Further, misexpression of a Wnt ligand in

anterior tissues rescues wild-type polarity at similar rates as posterior misexpression

(Yamamoto et al. 2011). Together, these data suggest the presence of a possible second,

posterior-orienting, polarizing cue that may be intrinsic to the seam cells. One inter-

esting option is that this cue may be mediated by cell contacts to nearby seam cells. The

seam cells are in an epithelium such that each seam cell is in tight contact with its

anterior and posterior seam cell neighbors (Altun and Hall 2009). Seam cell ablations

render neighboring seam cell divisions symmetric, suggesting cell contact may also

play a polarity role (Austin and Kenyon 1994). Interestingly, cell adhesion and APC

also control the polarity of fly sperm stem cell divisions (Yamashita et al. 2003),

suggesting that such a cell-contact polarization mechanism may be conserved. Cell

contacts are also important for properWnt/PCP-induced cell polarity in vertebrates and

flies (Mayor and Theveneau 2014; Bayly and Axelrod 2011; Ehaideb et al. 2014), so

the study of multiple Wnt signaling pathways to direct coordinated molecular outputs

promises to be a fruitful area of future investigation.

4.10 Concluding Remarks: WβA Consists of Upstream

Polarizers and Downstream Effectors

The emerging picture of C. elegans WβA-mediated ACD suggests distinct func-

tional differences of the members of theWβA pathway with regard to their effect on

polarity. Upstream components of the pathway serve to localize the downstream

components that drive asymmetric gene expression, such as APC, WRM-1, LIT-1,

SYS-1, and POP-1 (Sugioka et al. 2011; Shetty et al. 2005; Huang et al. 2007;

Baldwin et al. 2016; Baldwin and Phillips 2014). Loss of upstream members of the
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pathway (Wnt, Dvl, Pry-1/Axin) generally leads to randomly asymmetric localiza-

tion of the downstream proteins (SYS-1, WRM-1, POP-1) and random orientation

of daughter cell fate, but polarity is often maintained such that two distinct

daughters are still generated. Conversely, loss of downstream components of the

pathway, either negative or positive acting factors, leads to symmetric divisions

presumably because the output of the asymmetric pathway is unable to be com-

pleted in either cell such that the two cells show similar transcriptional profiles.

Upstream WβA members thus modulate and orient a cell to give a unified polarity

orientation across a tissue or even across the whole organism, but the downstream

members are required for the actual differential transcriptional output and are

therefore essential for asymmetry. Though important aspects of this pathway

remain unknown, such as the nature of the Wnt-independent ability to randomly

polarize and the cell type-specific response to a global Wnt gradient, the combina-

tion of genetics and in vivo cell observations makes the study of C. elegans ACD a

powerful system to determine how dividing cells sense a polarizing signal and

respond to produce two daughter cells with different transcriptional profiles.
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Chapter 5

Asymmetric Cell Division in the One-Cell
C. elegans Embryo: Multiple Steps
to Generate Cell Size Asymmetry

Anne Pacquelet

Abstract The first division of the one-cell C. elegans embryo has been a funda-

mental model in deciphering the mechanisms underlying asymmetric cell division.

Polarization of the one-cell zygote is induced by a signal from the sperm centro-

some and results in the asymmetric distribution of PAR proteins. Multiple mech-

anisms then maintain PAR polarity until the end of the first division. Once

asymmetrically localized, PAR proteins control several essential aspects of asym-

metric division, including the position of the mitotic spindle along the polarity axis.

Coordination of the spindle and cytokinetic furrow positions is the next essential

step to ensure proper asymmetric division. In this chapter, I review the different

mechanisms underlying these successive steps of asymmetric division. Work from

the last 30 years has revealed the existence of multiple and redundant regulatory

pathways which ensure division robustness. Besides the essential role of PAR

proteins, this work also emphasizes the importance of both microtubules and

actomyosin throughout the different steps of asymmetric division.

5.1 Introduction

As highlighted in multiple places in this book, asymmetric cell division is essential

to generate cell diversity during both development and adult life. It plays a crucial

role in stem cell biology, and defects in asymmetric division have been shown to be

linked to tumorigenesis. Asymmetric cell division may be controlled by extracel-

lular signals or arise as a consequence of events within the mother cell. This review

will focus on the latter case.
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An essential feature of intrinsic asymmetric cell division is the asymmetric

inheritance of cell fate determinants between the two daughter cells. It may also

be accompanied by the asymmetric distribution of cell structures such as centro-

somes and the cytokinetic midbody or even by nonrandom sister chromatid segre-

gation as reviewed in (Roubinet and Cabernard 2014; Yadlapalli and Yamashita

2013). In many cases, asymmetric cell division generates two daughter cells that are

not only different in fate but also in size. Extreme examples of size asymmetry are

observed for instance during mitosis in budding yeast or during female meiotic

divisions with the formation of polar bodies. Several steps are essential to ensure

faithful asymmetric division: first, a polarity axis must be established; this is

followed by the alignment of the mitotic spindle and the asymmetric distribution

of cell fate determinants along this polarity axis. In some instances, the mitotic

spindle is displaced toward one pole of the mother cell, thereby leading to daughter

cell size asymmetry. In this chapter, I will review the mechanisms underlying the

first asymmetric division of C. elegans embryos including the mechanisms that

establish and maintain the asymmetric distribution of the PAR proteins and mech-

anisms required to generate cell size asymmetry. Regulation of cell fate determi-

nants segregation has been reviewed elsewhere (Rose and G€onczy 2014) and will

not be addressed here.

Thanks to their accessibility for microscopy and genetic amenability, early

C. elegans embryos have proven to be a powerful system to decipher the different

steps of asymmetric division. Shortly after fertilization, oocyte meiotic divisions

complete, the maternal and paternal pronuclei decondense their chromosomes, both

pronuclei replicate their DNA, and the sperm centrosome (which is the unique

centrosome provided to the zygote) duplicates (Fig. 5.1a–b). The maternal pronu-

cleus then migrates toward the paternal pronucleus, until they meet in the posterior

half of the embryo (Fig. 5.1b). During meiosis completion, the embryonic cortex is

very active and undergoes intense ruffling (Fig. 5.1a). When the pronuclei

decondense, ruffling gradually stops at the posterior and becomes confined to the

anterior (Fig. 5.1b), ultimately forming a deep and transient membrane invagina-

tion, called pseudocleavage furrow, which retracts during pronuclear migration

(Hird and White 1993).

Following pronuclear meeting, the pronuclei become centered in the embryo and

rotate so that the centrosomes align with the antero-posterior axis (Fig. 5.1c). The

pronuclear envelopes then break down and the mitotic spindle assembles. The

mitotic spindle first forms in the center of the embryo and is next displaced toward

the posterior during anaphase (Fig. 5.1d). The cytokinesis furrow then cleaves

through the spindle midzone allowing proper DNA segregation and generating a

big anterior cell, called AB, and a small posterior cell, called P1 (Fig. 5.1e–f). AB

and P1 not only differ in size, they also have different cytoplasmic compositions

(e.g., P1 contains P granules and higher concentrations of the cell fate determinants

PIE-1 and SKN-1 than does AB), different cell cycle timing, and different spindle

orientation during the second division (Fig. 5.1f) (Rose and G€onczy 2014). Notably,
P1 then undergoes three more rounds of asymmetric cell divisions which are
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Symmetry breaking

Initiation of PN migration
Actomyosin flow

Polarity establishment

PN centration / rotation
Polarity maintenance

Mitosis
Spindle positioning

Cytokinesis
Furrow positioning

Asymmetric daughter cells

Sperm DNA 
+centrosome

Oocyte DNA 
(end of meiosis)

PosteriorAnterior PosteriorAnteriora

b

c

d

e

f

AB P1

Fig. 5.1 Schematic representation of the different steps leading to asymmetric cell division of the

one-cell C. elegans embryo. (a) After fertilization and completion of meiosis, myosin-dependent

cortical ruffling occurs uniformly; PAR polarity proteins are uniformly localized at the cortex. (b)
The sperm centrosome breaks symmetry and induces a cortical flow of myosin directed toward the

anterior. At the beginning of pronuclear migration, cortical ruffling and myosin are restricted to the

anterior cortex; polarization of PAR proteins is established. (c) After PN migration and meeting,

the two pronuclei are centered in the embryo. Polarity is maintained through multiple regulatory

mechanisms. (d) During anaphase, asymmetric cortical pulling forces displace the spindle toward

the posterior of the embryo. (e) The cytokinesis furrow is positioned so that cleavage occurs

through the spindle midzone. (f) This asymmetric cell division produces a big anterior cell

(AB) and a small posterior cell (P1). During the second division, AB divides earlier than P1; the

spindle in P1 orients along the long axis of the embryo and orthogonally to the spindle in AB
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essential to further asymmetrically segregate cell fate determinants that specify the

germline and endomesoderm cell fates (Rose and G€onczy 2014).

5.2 Establishing and Maintaining a Polarity Axis

5.2.1 Symmetry Breaking

5.2.1.1 Induction of Polarization and Actomyosin Flow upon Sperm
Entry

In C. elegans, the oocyte initially forms in a non-polarized manner. Shortly before

entering the spermatheca, its nucleus moves toward the presumptive anterior pole

(Albertson 1984). Once in the spermatheca, the oocyte is typically fertilized at its

leading edge, which is opposite to the oocyte nucleus and corresponds to the

presumptive posterior pole (Fig. 5.1a) (Goldstein and Hird 1996). The oocyte

nucleus position can occasionally vary without any apparent effect on development,

suggesting that it is not responsible for the specification of the antero-posterior axis

of the zygote (Albertson 1984). Furthermore, entry of the sperm at the abnormal

end of the oocyte (i.e., on the oocyte nucleus side) leads to the reversal of the

polarity axis, indicating that the position of the sperm defines the embryo antero-

posterior axis (Goldstein and Hird 1996).

After fertilization and completion of meiosis, cortical particles flow toward the

anterior of the embryo, while central cytoplasmic particles flow toward the poste-

rior (Hird and White 1993). The direction of these flows is dictated by the position

of the sperm (Goldstein and Hird 1996). Cortical contractions, namely cortical

ruffling and pseudocleavage ingression, accompany the cortical flow. The embryo

initially undergoes cortical ruffling along its whole antero-posterior axis, but as

polarization progresses, ruffling becomes restricted to the anterior cortex while the

posterior cortex smoothens (Fig. 5.1a–b). Cortical flow and contractions both cease

as pronuclei migrate and pseudocleavage regresses (Hird and White 1993). Early

experiments showed that cortical flow depends on the presence of intact microfil-

aments but not of microtubules (Hird and White 1993). Consistently, it was later

observed that the flow of cortical particles coincides with a flow of actomyosin foci

(Munro et al. 2004). Close to the end of meiosis, shortly before the onset of cortical

flow, non-muscle-myosin II (NMY-2) is enriched throughout the cortex and forms a

dynamic network of filaments and numerous dense foci. Upon meiosis completion,

the sperm centrosome moves close to the posterior cortex and NMY-2 foci rapidly

move away from the sperm centrosome. This collective movement of NMY-2 foci

toward the anterior generates a foci-rich anterior cap with cortical ruffles and a

smooth posterior zone devoid of foci. Actin foci colocalize with and behave

similarly to NMY-2 foci (Munro et al. 2004). Furthermore, depletion of the

regulatory myosin light chain mlc-4 reduces myosin-based contractility and leads

to a similar reduction of cortical particle and actomyosin foci flows. The flow of
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cortical particles and actomyosin foci thus appear to be both driven by myosin-

based contractility (Munro et al. 2004).

From a mechanical point of view, measurements of cortical tension during

polarization show that tension at the anterior cortex is anisotropic, with strongest

tension orthogonal to the antero-posterior axis. Experimental data together with

modeling of cortical mechanics indicate that cortical viscosity explains this anisot-

ropy in cortical tension and is essential to support long-range flow toward a

contracting region of the cortex (Mayer et al. 2010). NMY-2 is required not only

for the anterior-directed cortical flow but also for the simultaneous posterior-

directed cytoplasmic flow (Shelton et al. 1999). Quantitative analysis of cortical

and cytoplasmic flows coupled to computer simulations showed that the hydrody-

namic properties of the cytoplasm can explain that the forces generated by

NMY-2 at the cortex are transmitted to the central cytoplasmic region where they

create a countercurrent flow (Niwayama et al. 2011).

5.2.1.2 Role of the Sperm Centrosome and Microtubules

The position of the sperm corresponds to the position at which cortical flow will

initiate. However, induction of flow does not require the presence of the sperm

nucleus (Sadler and Shakes 2000) but rather the sperm centrosome. After the

completion of meiosis II, the sperm centrosome starts to nucleate microtubules

and approaches the cortex (Cowan and Hyman 2004). Laser ablation of the sperm

centrosome or depletion of the essential centrosomal components SPD-5 and SPD-2

prevents polarization and NMY-2 cortical flow, indicating that the centrosome or its

associated microtubules play a critical role in controlling actomyosin contractility

and polarity establishment (Cowan and Hyman 2004; O’Connell et al. 2000; Munro

et al. 2004). The centrosome is required only for polarity initiation, as ablating the

centrosome after polarity has initiated does not block polarity establishment or

maintenance (Cowan and Hyman 2004).

The centrosome–cortex distance decreases at the time when polarity is initiated

(Cowan and Hyman 2004). Moreover, increasing the centrosome–cortex distance

increases the time required to initiate polarity (Bienkowska and Cowan 2012).

Similarly, mutants in which the centrosome remains far from the cortex, such as

mutants lacking the aminopeptidase PAM-1 or the deubiquitylation enzymes

MATH-33 and USP-47, display polarization defects and decreased cortical flow;

these phenotypes are rescued if the centrosome is forced to stay close to the cortex

(Lyczak et al. 2006; Fortin et al. 2010; McCloskey and Kemphues 2012). Alto-

gether, these data indicate that the proximity of the sperm centrosome to the cortex

is critical for efficient polarization.

Contrary to the loss of centrosome, depletion of microtubules does not strongly

impair polarity, suggesting that the centrosome can regulate polarity independently

of its ability to nucleate microtubules (Cowan and Hyman 2004). Depletion of

tubulin was nevertheless reported to delay polarization (Tsai and Ahringer 2007).

Microtubules appear to bias centrosome movements toward the cortex prior to
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symmetry breaking, possibly explaining some of their effect on polarization

(Bienkowska and Cowan 2012). Moreover, microtubules also contribute to polar-

ization by directly controlling the loading of the polarity protein PAR-2 to the

posterior cortex, independently of actomyosin flow (Motegi et al. 2011) (for details

see Sect. 5.2.2.2).

5.2.1.3 Mechanisms Regulating Actomyosin Flow

Formation of the network of actomyosin foci and cortical contractions requires the

small GTPase RHO-1, its GEF ECT-2, and the Rho binding kinase LET-502

(Motegi and Sugimoto 2006; Jenkins et al. 2006; Kumfer et al. 2010). Both

RHO-1 and ECT-2 are necessary for MLC-4 phosphorylation and are initially

distributed uniformly at the cortex (Motegi and Sugimoto 2006; Jenkins et al.

2006). Concomitantly with the initiation of cortical flow, a local decrease of

ECT-2 is observed at the posterior cortex, close to the sperm centrosome. This

decrease is not observed when the centrosomal protein SPD-5 is depleted but is not

affected by flow inhibition [e.g., upon rho-1 or mlc-4(RNAi)], suggesting that

removal of ECT-2 from the posterior cortex is controlled by the sperm centrosome

and is one of the early events leading to polarization (Motegi and Sugimoto 2006).

The region depleted of ECT-2 then expands toward the anterior. RHO-1 also clears

from the posterior cortex, forming larger foci at the anterior cortex (Fig. 5.2a)

(Motegi and Sugimoto 2006).

An important question still not resolved is the nature of the centrosomal cue

which leads to the removal of ECT-2 from the posterior cortex. The RhoGAP

CYK-4 has been proposed to be the cue leading to polarization (Jenkins et al. 2006).

It is present in the sperm and at the posterior cortex of fertilized embryos, including

embryos depleted of maternal CYK-4, raising the possibility of a paternal contri-

bution. Furthermore, the actomyosin network remains evenly distributed along the

antero-posterior axis in embryos depleted of CYK-4 by RNAi (Jenkins et al. 2006).

CYK-4 was thus proposed to induce a gradient of actomyosin contractility by

locally inhibiting RHO-1 in the vicinity of the sperm centrosome (Jenkins et al.

2006). However, the involvement of CYK-4 in polarity establishment remains

controversial. Indeed, although it has a GAP domain, CYK-4 has been shown to

bind ECT-2 and activate RHO-1 during cytokinesis in a GAP-dependent manner

(Zhang and Glotzer 2015). Moreover, a mutation (E448K) in the GAP domain of

CYK-4 that prevents the localization of CYK-4 to the cortex, likely affects its GAP

activity, and impairs furrow ingression during cytokinesis does not have a detect-

able phenotype during polarity establishment (Tse et al. 2012; Canman et al. 2008;

Zhang and Glotzer 2015). The hypothesis of Jenkins and Mango implies that

CYK-4 inactivates, rather than activates, RHO-1. To support this hypothesis, one

would thus need to explain how CYK-4 interaction with ECT-2 is blocked or

modified in very early embryos.

Several other proteins are also involved in the formation of the actomyosin

network and cortical contractions, albeit in a more subtle manner than ECT-2 and
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RHO-1. Those include the serine-threonine kinase PAR-4, the scaffolding protein

anillin ANI-1, and the serine-rich protein NOP-1 (Fig. 5.2a). PAR-4 is required for

pseudocleavage formation and efficient actomyosin cortical flow (Morton et al.

1992; Chartier et al. 2011). In par-4 mutants, NMY-2::GFP foci form but move

slower toward the anterior. As a result, the NMY-2 anterior domain spreads further

toward the posterior than in control embryos (Chartier et al. 2011). Interestingly,

the anillin ANI-2 accumulates abnormally at the cortex in par-4 embryos (Chartier

et al. 2011; Pacquelet et al. 2015). Moreover, ANI-2 depletion restores the velocity

of NMY-2 flow in par-4 mutants, suggesting that the reduced actomyosin flow

observed in par-4 embryos is due to the excess or mislocalization of ANI-2

(Chartier et al. 2011). ANI-2 is a shorter isoform of anillin which may act as a

dominant negative for the classical anillin ANI-1, suggesting that ANI-1 activity

may be reduced in par-4 mutants (Fig. 5.2a) (Chartier et al. 2011; Amini et al.

2014). Consistently, ANI-1, which forms cortical patches at the anterior cortex

during polarity establishment, is required for cortical contractility, for

pseudocleavage, and for the formation of NMY-2 foci (Maddox et al. 2005; Tse

et al. 2012). Understanding precisely how ANI-1 regulates actomyosin activity will
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require further investigation. The serine-rich protein NOP-1 is also required for

proper actomyosin contractions: in nop-1 embryos, NMY-2 and ANI-1 foci are

smaller than normal, cortical contractions and pseudocleavage are not observed,

cortical flow is strongly attenuated, and polarization is less pronounced (Rose et al.

1995; Tse et al. 2012; Fievet et al. 2013). Moreover, the cortical recruitment of a

biosensor for RHO-1 activity depends on the presence of NOP-1, indicating that

NOP-1 is required for RHO-1 activation (Tse et al. 2012). NOP-1 was proposed to

function upstream of ECT-2 (Fig. 5.2a) (Tse et al. 2012); its exact molecular

activity is, however, still unclear.

Conversely, some mechanisms attenuate myosin activity and limit the extent of

actomyosin contractions. The two RhoGAPs RGA-3 and RGA-4 are essential

negative regulators of RHO-1 which localize at the anterior cortex during polarity

establishment (Fig. 5.2a). In rga-3/4(RNAi) embryos, the cortical myosin network

appears denser and contracts excessively; moreover, the pseudocleavage furrow

forms more anteriorly than in control embryos (Schmutz et al. 2007; Schonegg et al.

2007). Similarly loss of the TAO kinase KIN-18 leads to the accumulation of

NMY-2 foci, to enhanced cortical contractions, and to the displacement of the

pseudocleavage furrow toward the anterior (Spiga et al. 2013). The

hypercontractility observed in kin-18(RNAi) embryos requires the activity of

RHO-1. Furthermore, KIN-18 and RHO-1 interact in yeast two-hybrid assays and

RHO-1 asymmetric localization is regulated by KIN-18. Altogether, these data

suggest that KIN-18 is a negative regulator of RHO-1, although its exact mecha-

nism of action remains unknown (Fig. 5.2a) (Spiga et al. 2013). RHO-1 activation is

also limited by PAR-5 which prevents the cortical recruitment of CYK-4 (Fig. 5.2a)

(Basant et al. 2015) (see details in Sect. 5.3.2).

Finally, systematic RNAi screens also identified several putative new regulators

of actomyosin flow (Fievet et al. 2013). Some of these genes (i.e., the ezrin erm-1,
the septin unc-59, the protein phosphatase 1 subunit gsp-1, the plastin ortholog plst-
1, the ARF GTPase cnt-2) have homologs known to be functionally linked to the

actin cytoskeleton. Others, such as the nuclear pore protein NPP-2 or the CCR4-

NOT component NTL-2, have not previously been shown to be linked to actomy-

osin (Fievet et al. 2013). Further characterization of their function will extend our

understanding of how actomyosin flow is regulated to establish polarity.

5.2.2 PAR Polarity Establishment and Maintenance

5.2.2.1 PAR Proteins, Essential Polarity Determinants

The par genes were initially identified by Ken Kemphues in a screen performed to

isolate genes required for early asymmetric cell division in C. elegans embryos

(“par-titioning defective” genes) (Kemphues et al. 1988). Subsequent work showed

that the serine-threonine kinase PAR-1 and the RING domain containing protein

PAR-2 localize at the posterior cortex of polarized one-cell embryos (Guo and
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Kemphues 1995; Levitan et al. 1994; Boyd et al. 1996). The PDZ domain

containing proteins PAR-3 and PAR-6 localize at the anterior cortex together

with the serine-threonine kinase PKC-3 (Etemad-Moghadam et al. 1995; Tabuse

et al. 1998; Hung and Kemphues 1999). In the absence of PAR-3, PAR-6, or

PKC-3, PAR-1 and PAR-2 spread toward the anterior side; the first division is

symmetric and gives rise to two daughter cells that divide synchronously and

behave like P1 cells with respect to the orientation of the second cleavage

(Kemphues et al. 1988; Guo and Kemphues 1995; Etemad-Moghadam et al.

1995; Boyd et al. 1996; Watts et al. 1996; Tabuse et al. 1998). Conversely, embryos

without PAR-2 show PAR-3, PAR-6, and PKC-3 spreading toward the posterior

and divide symmetrically, forming two daughter cells that divide synchronously

and behave like AB cells with respect to the orientation of the second cleavage

(Hung and Kemphues 1999; Tabuse et al. 1998; Etemad-Moghadam et al. 1995;

Kemphues et al. 1988). Loss of PAR-1 also alters some aspects of the asymmetry of

division, in particular cell cycle asynchrony at the two-cell stage and partitioning of

cytoplasmic components such as P granules. However, contrary to PAR-2, PAR-1

is not strictly required for the asymmetric localization of anterior PAR proteins

(Guo and Kemphues 1995; Hung and Kemphues 1999).

The serine-threonine kinase PAR-4 and the 14.3.3 protein PAR-5 are uniformly

localized in one-cell embryos (Watts et al. 2000; Morton et al. 2002). Similar to

PAR-1, PAR-4 is required for cell cycle asynchrony at the two-cell stage and for P

granule segregation but not for cell size asymmetry (Morton et al. 1992). It also

moderately affects the localization of anterior PAR proteins (Hung and Kemphues

1999; Chartier et al. 2011). par-5 mutants divide symmetrically and display an

expanded anterior PAR domain which overlaps with the PAR-2 domain (Morton

et al. 2002).

The cortical localization of PAR proteins likely involves the direct binding of

PAR-1, PAR-2, and PAR-3 to membrane phosphoinositides (Li et al. 2010a;

Motegi et al. 2011). PAR-1 is also recruited to the cortex through a direct interac-

tion with PAR-2 (Motegi et al. 2011). PAR-6, PKC-3, and PAR-3 can be detected as

a complex in vivo, and PAR-6 directly interacts with both PKC-3 and PAR-3

(Li et al. 2010b). PAR-3 is required for PAR-6 and PKC-3 cortical localization

and partially colocalizes with PAR-6 (Tabuse et al. 1998; Hung and Kemphues

1999; Beers and Kemphues 2006). PAR-6 and PKC-3 are required for each other’s
localization (Tabuse et al. 1998; Hung and Kemphues 1999). PAR-3 and PKC-3

may stabilize PAR-6 at the cortex by counteracting the effect of CDC-37, a Hsp90

cochaperone which inhibits PAR-6 cortical localization (Beers and Kemphues

2006). While the direct interaction between PAR-6 and PKC-3 is needed to localize

PAR-6 at the cortex, the direct interaction between PAR-6 and PAR-3 is required

neither for PAR-6 cortical localization nor for its colocalization with PAR-3,

suggesting that PAR-3 may also indirectly interact with PAR-6 (Li et al. 2010b).

Importantly, only 65% of PAR-6 puncta colocalize with PAR-3, revealing the

existence of a second mode of cortical association for PAR-6 (Beers and Kemphues

2006). The recruitment of this second population of PAR-6 requires the small

GTPase CDC-42, which is known to interact with PAR-6 (Beers and Kemphues
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2006; Gotta et al. 2001). Consistently, both cdc-42 depletion and mutations

disrupting PAR-6/CDC-42 interaction reduce PAR-6 cortical recruitment

(Schonegg and Hyman 2006; Aceto et al. 2006).

Analysis of PAR protein dynamics revealed that polarization of one-cell

embryos involves two temporally distinct phases, namely polarity establishment

and maintenance (Cuenca et al. 2003). During the first phase, which corresponds to

the phase of actomyosin cortical flow, PAR-3, PAR-6, and PKC-3 are excluded

from the posterior cortex while PAR-2 accumulates at the posterior, thereby

establishing polarity. After pronuclear meeting, several redundant mechanisms

ensure polarity maintenance. The molecular mechanisms involved in these two

phases are detailed below.

5.2.2.2 Establishment of PAR Polarity

After fertilization, PAR-6 and PAR-3 uniformly localize at the cortex while PAR-2

is weakly detected at both the anterior and posterior cortex. Concomitantly with the

appearance of the anterior-directed cortical flow, PAR-6/PAR-3 become restricted

to the anterior cortex while PAR-2 accumulates at the posterior (Boyd et al. 1996;

Etemad-Moghadam et al. 1995; Hung and Kemphues 1999; Cuenca et al. 2003;

Munro et al. 2004). Cortical PAR-6::GFP puncta and NMY-2::GFP foci move

toward the anterior at identical speed, suggesting that they move within a common

cortical flow (Munro et al. 2004). Consistently, NMY-2 is required to polarize PAR

proteins (Fig. 5.2a) (Guo and Kemphues 1996; Cuenca et al. 2003). Moreover,

reduction of myosin-based contractility upon depletion of the regulatory myosin

light chain MLC-4 decreases both PAR-6::GFP and actomyosin flows (Munro et al.

2004). Similarly, PAR-6::GFP is not polarized in the absence of ECT-2 or RHO-1

(Jenkins et al. 2006; Motegi and Sugimoto 2006) (Fig. 5.2a). The anterior PAR

domain also spreads toward the posterior in mutants with reduced myosin flow such

as par-4 or nop-1 (Fig. 5.2a) (Chartier et al. 2011; Fievet et al. 2013). Conversely,

excessive contractility in rga-3/4(RNAi) or kin-18(RNAi) embryos leads to the

formation of a smaller PAR-6 domain (Fig. 5.2a) (Schonegg et al. 2007; Spiga

et al. 2013). Altogether, these data indicate that actomyosin contractility plays an

essential role during polarization by creating a directed cortical flow which local-

izes PAR-6/PAR-3/PKC-3 to the anterior cortex. PAR-6/PAR-3/PKC-3 in turn

exclude PAR-2 from the anterior cortex (Cuenca et al. 2003) (see details in next

paragraph). Notably, PAR proteins and CDC-42 also regulate actomyosin flow in a

positive feedback loop (Fig. 5.2a). Indeed, depleting either PAR-3 or CDC-42

severely reduces cortical flow and prevents the expansion of the region devoid of

ECT-2 (Munro et al. 2004; Motegi and Sugimoto 2006).

Actomyosin cortical flow is clearly essential to establish PAR polarity. How-

ever, a second, independent mechanism also appears to contribute to PAR polarity

establishment. Indeed, when actomyosin contractility is severely reduced, PAR-2

can still load on the cortex adjacent to the sperm centrosome and exclude PAR-3

from the posterior cortex, albeit less efficiently than in wild-type embryos (Shelton
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et al. 1999; Zonies et al. 2010). Cortical loading of PAR-2 involves binding of

PAR-2 to microtubules nucleated by the sperm centrosome. Preventing the inter-

action between PAR-2 and microtubules delays symmetry breaking but does not

prevent final polarization in embryos with normal cortical flow; by contrast, it

completely prevents symmetry breaking in embryos lacking cortical flow (Motegi

et al. 2011). The interaction with microtubules protects PAR-2 from being phos-

phorylated by PKC-3 (Motegi et al. 2011). Phosphorylation of PAR-2 by PKC-3

prevents the binding of PAR-2 to membrane lipids and leads to its cortical exclu-

sion (Hao et al. 2006; Motegi et al. 2011). The interaction between PAR-2 and

microtubules therefore allows PAR-2 to be loaded on the cortex adjacent to the

sperm centrosome (Fig. 5.2a) (Motegi et al. 2011). Once at the cortex, PAR-2

recruits PAR-1 which in turn phosphorylates PAR-3 to exclude it from the posterior

cortex (Fig. 5.2a) (Motegi et al. 2011). Thus, the asymmetric loading of PAR-2 in

the vicinity of the sperm centrosome followed by reciprocal phosphorylation events

is sufficient to break symmetry and to drive the mutual exclusion of anterior and

posterior PAR proteins.

PAR-5 is also required for polarity establishment: in the absence of PAR-5,

PAR-6 polarizes less and slower than in wild-type embryos; it also overlaps with

the PAR-2 domain (Cuenca et al. 2003; Mikl and Cowan 2014). PAR-5 expression

levels are tightly regulated by alternative splicing (Mikl and Cowan 2014). Inter-

estingly, the production of the most translationally active par-5 isoform increases in

par-2mutants. This feedback regulation of PAR-2 on PAR-5 expression is likely to

contribute to the robustness of polarity establishment (Mikl and Cowan 2014).

5.2.2.3 Maintenance of PAR Polarity

After the anterior and posterior PAR domains have been established, GFP::PAR-6

and GFP::PAR-2 can diffuse across domain boundary, indicating that there is no

physical barrier between the two domains and that some other mechanisms are

required to prevent the spreading of the anterior and posterior PAR proteins

(Goehring et al. 2011). Mechanisms leading to the mutual exclusion between the

anterior and posterior PARs are crucial during this maintenance phase (Cuenca

et al. 2003). PKC-3 phosphorylates PAR-2 and PAR-1 to exclude them from the

anterior cortex (Fig. 5.2b) (Hao et al. 2006; Motegi et al. 2011). PAR-2 plays a

critical role to maintain polarity and prevent the spreading of anterior PARs toward

the posterior after polarity has been established (Cuenca et al. 2003). The effect of

PAR-2 on anterior PAR proteins can be partly explained by the recruitment of

PAR-1 which phosphorylates PAR-3 and excludes it from the posterior cortex

(Fig. 5.2b) (Motegi et al. 2011). However, par-1 mutants have milder polarity

defects than par-2 mutants, indicating that PAR-2 also prevents the spreading of

anterior PARs independently of PAR-1 (Cuenca et al. 2003; Sailer et al. 2015). The

ability of PAR-2 to regulate myosin may be one way by which PAR-2 also

contributes to polarity maintenance (Fig. 5.2b). Indeed, in the absence of PAR-2,

NMY-2 spreads toward the posterior during the maintenance phase (Munro et al.
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2004). Moreover, depletion of MRCK-1 [myotonic dystrophy-related Cdc42 bind-

ing kinase, a putative CDC-42 effector and a regulator of MLC-4 (Galli et al. 2011)]

leads to the lack of cortical myosin and is sufficient to abolish the expansion of

anterior PAR proteins observed in par-2 mutants (Sailer et al. 2015). The accumu-

lation of NMY-2 on the posterior cortex of par-2 mutants is not a secondary

consequence of the mislocalization of anterior PAR proteins as it is also observed

in par-3;par-2 and par-2;par-6 embryos (Beatty et al. 2013). The exact mechanism

involved in this regulation is, however, unknown.

CDC-42 and its interaction with PAR-6 also have a crucial role to restrict

PAR-6 at the anterior cortex during polarity maintenance (Fig. 5.2b) (Gotta et al.

2001; Motegi and Sugimoto 2006; Schonegg and Hyman 2006; Aceto et al. 2006).

Likewise, CDC-42 is required to maintain actomyosin at the anterior cortex

(Fig. 5.2b) (Motegi and Sugimoto 2006). During the maintenance phase, active

CDC-42 localizes at the anterior cortex in a PAR-6-dependent manner (Aceto et al.

2006; Kumfer et al. 2010). CDC-42 activity is promoted by the RhoGEF CGEF-1

and inhibited by the RhoGAP CHIN-1 (Kumfer et al. 2010). CHIN-1 localizes at

the posterior cortex and is excluded from the anterior cortex by the anterior PAR

proteins (Fig. 5.2b) (Kumfer et al. 2010; Sailer et al. 2015). Depletion of CGEF-1

leads to the lack of cortical myosin during maintenance. Conversely, cortical

myosin expands toward the posterior in the absence of CHIN-1 (Kumfer et al.

2010). However, similar to par-1 mutants, single chin-1 mutants have only minor

PAR-6 localization defects. By contrast, PAR-6 asymmetry is not maintained in

double chin-1;par-1 embryos, indicating that the two pathways act redundantly

during maintenance to prevent the spreading of PAR-6 toward the posterior pole

(Sailer et al. 2015). These defects are not rescued by mrck-1(RNAi), suggesting that
they are not due to defects in myosin flow (Sailer et al. 2015). Rather, PAR-6

accumulation at the posterior cortex in chin-1;par-1 embryos is due to the simul-

taneous presence at the posterior cortex of small amounts of PAR-3—due to the

lack of PAR-1—and of active CDC-42—due to the lack of CHIN-1 (Fig. 5.2b)

(Sailer et al. 2015).

A third pathway contributing to polarity maintenance involves LGL-1, the

homolog of the drosophila tumor suppressor Lethal Giant Larvae (Fig. 5.2b).

LGL-1 localizes at the posterior cortex in a PKC-3-dependent manner: PKC-3

and putative PKC-3 phosphorylation sites in LGL-1 are both required to exclude

LGL-1 from the anterior cortex (Beatty et al. 2010; Hoege et al. 2010). lgl-1 single

mutants do not show polarity defects on their own. However, they enhance the

lethality and polarity defects of par-2 thermosensitive mutants grown at permissive

temperature (Beatty et al. 2010; Hoege et al. 2010). In particular, PAR-2 and LGL-1

both contribute to restrict the anterior PARs at the anterior cortex during polarity

maintenance (Beatty et al. 2010). LGL-1 can interact with PAR-6 and PKC-3

(Hoege et al. 2010). Moreover, lgl-1 mutants show higher levels of PAR-6 protein,

suggesting that LGL-1 may restrict the expansion of the anterior PAR domain by

limiting PAR-6 levels (Beatty et al. 2013). However, the exact molecular mecha-

nisms by which LGL-1 contributes to polarity maintenance remain elusive.
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The balance between anterior and posterior PAR protein levels also contributes to

polarity maintenance. In par-2 mutants, anterior PAR proteins spread toward the

posterior during the maintenance phase leading to polarity defects and embryonic

lethality. Interestingly, it was observed that par-2 lethality can be suppressed by

reducing the levels of any of the anterior cortical proteins PAR-6, PAR-3, PKC-3,

and CDC-42 (Watts et al. 1996; Gotta et al. 2001; Labbé et al. 2006). Those

observations suggested that new regulators of anterior PAR proteins could be

identified through their ability to suppress par-2 lethality. One par-2 suppressor

identified in a genome-wide RNAi screen is the translation repressor NOS-3 (Labbé

et al. 2006). NOS-3 was first shown to repress the expression of FEM-3, a protein

known for its role in spermatogenesis and which is part of a ubiquitin ligase complex

formed by the cullin CUL-2 and the substrate adaptor FEM-1 (CBCFEM-1) (Kraemer

et al. 1999; Starostina et al. 2007). It was found that nos-3 mutants suppress par-2
polarity defects by decreasing PAR-6 levels. The suppression of par-2 polarity

defects and the regulation of PAR-6 levels observed in nos-3 mutants require

CBCFEM-1 activity. Moreover, PAR-6 interacts with the substrate adaptor FEM-1.

Collectively, this suggests that PAR-6 may be a substrate of the ubiquitin ligase

CBCFEM-1 (Fig. 5.2b) (Pacquelet et al. 2008). Similarly, par-2 polarity defects are

suppressed and PAR-6 levels decreased in cyclins cyb-2.1/2 and cdk-1 mutants.

The suppression of par-2 defects is CUL-2 dependent, suggesting that CYB-2/

CDK-1 also regulate PAR-6 through CUL-2. This new regulatory pathway is,

however, independent of NOS-3 (Rabilotta et al. 2015).

Finally, intracellular trafficking may also be involved in polarity maintenance.

After polarity establishment, dynamin (DYN-1) and early endosomes localize to the

anterior cortex in a PAR-dependent manner (Andrews and Ahringer 2007;

Nakayama et al. 2009). While DYN-1 does not regulate polarity establishment, it

is required to maintain PAR-6, CDC-42, and RHO-1 at the anterior cortex. It also

contributes to the enrichment of endocytic vesicles close to the anterior cortex and

partially colocalizes with PAR-6 on vesicle-like puncta (Nakayama et al. 2009).

PAR-6 also colocalizes with the small GTPase RAB-5, a marker of early

endosomes (Nakayama et al. 2009; Hyenne et al. 2012). rab-5(RNAi) suppresses
par-2 polarity defects and leads to the formation of a smaller PAR-6 domain

(Hyenne et al. 2012). Altogether, these results suggest that intracellular trafficking

contributes to polarity. However, whether the defects observed in dyn-1- or rab-5-
depleted embryos are due to a direct role of trafficking on polarity proteins or to

indirect effects remains to be investigated.

Importantly, correction of weak polarity defects occurring during polarity

establishment has been observed in several instances (Schonegg et al. 2007;

Schenk et al. 2010; Spiga et al. 2013; Fievet et al. 2013). Correction can occur

early during the maintenance phase (Spiga et al. 2013) or later during division

(Schenk et al. 2010). In the latter case, it has been shown that formation of a

smaller or larger anterior domain does not significantly affect the position of the

mitotic spindle and the cytokinetic furrow. However, during mitosis, the position

of the anterior/posterior boundary is shifted to match the position of the furrow.

This change in PAR domain boundary is accompanied by a flow of cortical myosin
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toward the nascent furrow and myosin contractility is required to correct the

boundary position (Schenk et al. 2010). This correction mechanism ensures proper

segregation of the anterior and posterior PAR proteins in the two daughter cells.

Thus several independent mechanisms appear to contribute to polarity mainte-

nance in the one-cell C. elegans embryo. The variety of these multiple and

redundant pathways and the ability to correct slight polarity defects are likely to

contribute to the robustness of polarity maintenance and asymmetric cell division.

5.3 From Polarity to Cytokinesis Furrow Position

5.3.1 From Polarity to Spindle Position

Once established, anterior–posterior polarity controls mitotic spindle position. The

mitotic spindle first assembles at the center of the one-cell embryo in prometaphase

but is then displaced toward the posterior during anaphase. Pulling forces exerted

from the cortex on astral microtubules play a major role in spindle posterior

displacement. As evidenced by spindle severing experiments and centrosome

fragmentation assays, those pulling forces are stronger on the posterior side of the

embryo (Grill et al. 2001, 2003). A cortical complex composed of the Gα proteins

GOA-1 and GPA-16, the activators GPR-1 and GPR-2 (Pins/LGN/AGS3 homo-

logs), and the coiled-coil protein LIN-5 (Mud/Numa homolog) is required to

generate pulling forces and displace the spindle toward the posterior (Colombo

et al. 2003; Gotta et al. 2003; Nguyen-Ngoc et al. 2007; Park and Rose 2008). When

any of those proteins are depleted, the mitotic spindle does not elongate as much as

in control embryos and stays in the center of the embryo which consequently

divides symmetrically (Lorson et al. 2000; Gotta and Ahringer 2001; Colombo

et al. 2003; Gotta et al. 2003). The microtubule minus end-directed motor dynein is

also required to generate pulling forces on the spindle and interacts with the Gα/
GPR/LIN-5 complex. These results have led to a model according to which dynein

is anchored at the cortex by the Gα/GPR/LIN-5 complex and generates pulling

forces on astral microtubules as it attempts to move toward microtubule minus end

(Pecreaux et al. 2006; Couwenbergs et al. 2007; (Nguyen-Ngoc et al. 2007).

From metaphase on, GPR-1/2 and LIN-5 are enriched at the posterior cortex

(Fig. 5.3a). This asymmetric localization is regulated by the PAR proteins and is

likely to explain why the pulling forces are stronger on the posterior side (Colombo

et al. 2003; Gotta et al. 2003; Park and Rose 2008). PAR proteins regulate GPR-1/2

and LIN-5 localization at least through the Casein Kinase 1 (CNSK-1) and the

phosphatidylinositol-4-phosphate PI(4)P5 kinase (PPK-1) (Fig. 5.3a) (Panbianco

et al. 2008). During mitosis, GFP::CSNK-1 localizes at the anterior cortex and

PPK-1 at the posterior cortex. Both localizations are regulated by the PAR proteins.

In the absence of CSNK-1, excessive pulling forces are detected in the embryo and

PPK-1, GPR-1/2, and LIN-5 localize uniformly at the cortex (Panbianco et al.
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2008). The excess of pulling forces is not observed if GPR-1/2 or LIN-5 is depleted

at the same time as CSNK-1. On the contrary, loss of PPK-1 leads to weaker pulling

forces and reduced accumulation of cortical GPR-1/2. Altogether, these data

indicate that CSNK-1 is likely to inhibit the forces exerted on the spindle by

preventing the cortical recruitment of PPK-1 and thereby that of GPR-1/2 and

LIN-5. As PPK-1 is required for PIP2 synthesis, it was suggested that GPR-1/2

and LIN-5 asymmetry may be due to PIP2 asymmetry (Panbianco et al. 2008).

Validation of this hypothesis by direct observation of PIP2 asymmetry has never-

theless not been reported.

LIN-5 is also directly regulated by PKC-3 which phosphorylates LIN-5 at the

anterior cortex (Fig. 5.3a) (Galli et al. 2011). Expression of a nonphosphorytable

version of LIN-5 leads to increased pulling forces at the anterior cortex. Con-

versely, a phosphomimetic version of LIN-5 reduces posterior forces. These data
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support a model in which the phosphorylation of LIN-5 by PKC-3 at the anterior

cortex contributes to the asymmetry of pulling forces. However, the

nonphosphorylatable version of LIN-5 is able to displace the mitotic spindle toward

the posterior of the embryo, indicating that PKC-3 regulates spindle positioning in

part through LIN-5 phosphorylation but also through complementary mechanisms

(Galli et al. 2011).

PAR proteins also regulate the forces exerted on the spindle through the regu-

lation of the DEP domain containing protein, LET-99 (Fig. 5.3a). LET-99 localizes

at the cortex in a lateral band located in the posterior half of the embryo but does not

accumulate at the most posterior cortex (Tsou et al. 2002). This localization pattern

is regulated by PAR-3, PAR-1, and PAR-5. While PAR-3 is required to exclude

LET-99 from the anterior cortex, PAR-1 and PAR-5 exclude it from the most

posterior cortex (Tsou et al. 2002; Wu and Rose 2007; Wu et al. 2016). Both

PAR-1 and PAR-5 physically interact with LET-99 (Wu and Rose 2007; Wu et al.

2016). PAR-1 kinase activity and predicted LET-99 phosphorylation sites are

required to control LET-99 localization (Wu and Rose 2007; Wu et al. 2016).

Predicted LET-99 phosphorylation sites are also necessary for binding to PAR-5

(Wu et al. 2016). Altogether, these data led to the hypothesis that phosphorylation

of LET-99 by PAR-1 at the posterior cortex may create 14.3.3 binding sites, thereby

allowing binding to PAR-5 and cortical exclusion (Wu et al. 2016). In let-99
mutants, GPR-1/2 are localized uniformly at the cortex; the spindle is not displaced

toward the posterior and elongates less than in wild-type embryos (Tsou et al. 2002,

2003). In those embryos, spindle severing experiments show that cortical pulling

forces are still present but not polarized. Moreover, centrosome fragmentation

assays revealed that the forces on the lateral posterior cortex are lower than forces

on the most posterior cortex in wild-type embryos but not in let-99mutants. LET-99

is thus required to maintain lower forces on the lateral cortex; this regulation may

contribute to spindle localization (Krueger et al. 2010).

Finally, actin also contributes to the regulation of the pulling forces exerted on

the spindle. Indeed, acute actin depolymerization increases pulling forces at the

anterior pole (Afshar et al. 2010; Berends et al. 2013). These data are consistent

with a computer model that proposes that increased cortical stiffness reduces force

generation by increasing the rate of force generator detachment. Actin enrichment

at the anterior cortex would thus negatively regulate anterior pulling forces by

increasing cortex rigidity (Kozlowski et al. 2007).

5.3.2 Defining Cytokinesis Furrow Position According
to Spindle Position

Classical experiments performed by Ray Rappaport in sand dollar eggs showed that

the presence of the mitotic spindle is essential to induce cytokinesis furrowing

(Rappaport 1981). Furthermore, experimental displacement of the mitotic spindle
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changes the site of furrowing (Rappaport 1985). All these experiments emphasized

the essential role of the mitotic spindle in inducing and positioning the cleavage

furrow. Consistently, in C. elegans one-cell embryos, the anaphase spindle is pulled

toward the posterior; the cytokinetic furrow then forms in the vicinity of the spindle

midzone, giving rise to a big anterior cell and a small posterior cell (Fig. 5.1e–f). In

mutants where the mitotic spindle stays in the center of the embryo—e.g., par or
goa-1;gpa-16 mutants (Kemphues et al. 1988; Gotta and Ahringer 2001)—the

cytokinetic furrow is shifted toward the center of the embryo and cleaves to form

two equally sized cells. Spindle severing experiments have shown that two redun-

dant signals, emanating from the central spindle and from astral microtubules,

induce cytokinetic furrowing. When a laser is used to asymmetrically cut the

spindle and to separate the spindle midzone from one of the asters, the embryo

forms two spatially and temporally distinct furrows: the first furrow forms midway

of the asters and the second close to the spindle midzone (Bringmann and Hyman

2005). Loss of SPD-1, a protein essential for spindle midzone assembly, prevents

formation of this second furrow but not of the furrow located midway of the asters

(Bringmann and Hyman 2005). Moreover, loss of SPD-1 does not prevent

furrowing in embryos with an intact mitotic spindle but completely inhibits furrow

ingression when aster separation is delayed (Verbrugghe andWhite 2004; Lewellyn

et al. 2010). Finally, forcing the mitotic spindle to localize to the posterior pole of

the embryo also induces the formation of two furrows, one close to the spindle

midzone and one in the anterior region, away from the two spindle asters (Werner

et al. 2007). Altogether, these data show the existence of two pathways inducing

furrowing, one dependent on the spindle midzone and another independent of the

spindle midzone but apparently regulated by the position of spindle asters

(Fig. 5.3b).

The centraspindlin complex, which consists of a dimer of the kinesin ZEN-4/

MKLP1 and a dimer of CYK-4/MgcRacGAP, localizes to a narrow region in the

center of the spindle midzone and weakly at the equatorial cortex (Raich et al. 1998;

Jantsch-Plunger et al. 2000; Mishima et al. 2002; Nishimura and Yonemura 2006;

Basant et al. 2015). Similar to SPD-1, ZEN-4 and CYK-4 are required for spindle

midzone assembly but not for initial furrow ingression in otherwise normal

embryos (Raich et al. 1998; Jantsch-Plunger et al. 2000). Spindle severing exper-

iments have shown that both ZEN-4 and CYK-4 are essential for midzone-induced

furrowing (Fig. 5.3b) (Bringmann and Hyman 2005). They may also weakly

contribute to the ingression of aster-mediated furrowing (Bringmann and Hyman

2005). Simultaneous inhibition of both midzone and aster signaling is expected to

completely inhibit furrow ingression. This prediction has allowed the genetic

identification of factors involved in aster-mediated furrowing. Those include pro-

teins required for spindle elongation, such as the Gα proteins, GOA-1 and GPA-16,

as well as GPR-1/2. While loss of GOA-1/GPA-16 or GPR-1/2 does not affect

furrow ingression on its own, it completely blocks ingression when either SPD-1 or

centralspindlin is missing (Dechant and Glotzer 2003; Bringmann et al. 2007).

Other factors identified and regulating furrowing redundantly with centralspindlin

are the myosin regulators NOP-1 and ANI-1 (Tse et al. 2011, 2012).
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Furrow ingression requires myosin and its activators, the RHO-1 GTPase and the

RHO GEF ECT-2 (Guo and Kemphues 1996; Jantsch-Plunger et al. 2000; Morita

et al. 2005). As discussed above, despite its RHO GAP domain, CYK-4 has been

recently shown to unconventionally activate RHO (Fig. 5.3b). This activation

involves the interaction between the CYK-4 GAP domain and the ECT-2 GEF

domain (Zhang and Glotzer 2015). CYK-4 interacts with membrane lipids through

its C1 domain; this domain is required for both CYK-4 cortical localization and

activity during furrow ingression (Lekomtsev et al. 2012; Zhang and Glotzer 2015).

Centralspindlin cortical localization is also regulated by PAR-5: par-5 embryos

display increased CYK-4 and ZEN-4 cortical localization and RHO-1 activity,

suggesting that PAR-5 restricts RHO-1 activation by inhibiting centralspindlin

cortical localization (Basant et al. 2015). This function of PAR-5 is independent

of its role in polarity and is likely to involve the direct binding of PAR-5 to

phosphorylated ZEN-4 (Basant et al. 2015). Furthermore, genetic data suggest

that the kinase AIR-2/Aurora B promotes centralspindlin cortical localization in

the equatorial region through the inhibition of PAR-5 dependent exclusion

(Fig. 5.3b) (Basant et al. 2015).

Aster microtubules are likely to regulate furrowing by preventing myosin accu-

mulation and contraction in the vicinity of the asters. In wild-type embryos, prior to

cytokinesis, myosin foci are enriched at the anterior and the equatorial cortex. In

embryos devoid of organized microtubule arrays or lacking GPR-1/2, myosin

accumulates throughout the cortex (Werner et al. 2007; Tse et al. 2011). Further-

more, par-5(RNAi) embryos, which have increased RHO-1 activity, show some

cortical hypercontractility which is restricted to the equator during anaphase; on the

contrary, par-5(RNAi) embryos in which the spindle has been forced to stay close to

the posterior cortex show widespread contractility, except close to the spindle asters

(Basant et al. 2015). Altogether, these data strongly suggest that aster microtubules

contribute to pattern myosin localization and may locally inhibit myosin recruit-

ment (Fig. 5.3b). However, the molecular mechanisms involved in this regulation

are not yet clarified.

Finally, PAR proteins are also required for robust cytokinesis when activity of an

F-actin nucleator, the formin CYK-1, is weakened (Jordan et al. 2016) (Fig. 5.3b).

In the absence of either PAR-6 or PAR-2, the anillin ANI-1 and the septin UNC-59

levels at the contractile ring increase while F-actin levels decrease. Depletion of

ANI-1 or UNC-59 leads to increased F-actin levels at the contractile ring and

suppresses the cytokinesis defects observed in par-2/6; cyk-1 mutant embryos.

Altogether, these data suggest PAR-6 or PAR-2 limit ANI-1 and UNC-59 accumu-

lation in order to maintain high F-actin levels at the contractile ring and allow

robust cytokinesis (Jordan et al. 2016).
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5.3.3 Regulating Myosin: An Additional Mechanism
Required for Precise Furrow Positioning

Although cues originating from the mitotic spindle are crucial for furrow position-

ing, recent work showed that a myosin-dependent but spindle independent mech-

anism also controls furrow position during some asymmetric divisions. This

mechanism has been described both in drosophila and C. elegans neuroblasts as
well as in drosophila germ cells (Cabernard et al. 2010; Ou et al. 2010; Cinalli and

Lehmann 2013). In drosophila neuroblasts, the mitotic spindle grows asymmetri-

cally during anaphase such that the central spindle is closer to the basal side of the

cell. This asymmetric elongation of the spindle is preceded by the asymmetric

accumulation of myosin on the basal pole. Genetic experiments were used to

uncouple spindle and myosin positions and elegantly showed that both spindle

and myosin can induce furrowing (Cabernard et al. 2010).

In neuroblasts, myosin and the mitotic spindle are localized on the same side of

the mother cell and both pathways cooperate to robustly position the furrow

(Cabernard et al. 2010; Roth et al. 2015). However, the ability of asymmetrically

localized myosin to induce furrowing independently of the mitotic spindle raises

the question of how cytokinesis is regulated in cells where myosin and spindle

localizations are not coincident and may thus lead to furrow induction at different

places in the cell. This is of particular significance in the one-cell C. elegans
embryo as myosin localizes at the anterior cortex during polarization while the

mitotic spindle is displaced toward the posterior half of the embryo. Intriguingly,

embryos, such as zyg-9 mutants, in which the spindle localizes very close to the

posterior cortex and transverse to the long axis, form two furrows, one close to the

spindle and another at the edge of the anterior myosin domain (Werner et al. 2007),

suggesting that anterior myosin may indeed also be able to induce furrowing

independently of the mitotic spindle in one-cell C. elegans embryos.

In wild-type embryos, the amount of myosin localizing at the anterior cortex

increases shortly after anaphase onset and then decreases during furrow ingression.

These changes in myosin cortical accumulation are tightly regulated by the kinases

PAR-4 and PIG-1 and the anillin ANI-1. This regulation is crucial to ensure that

central spindle and furrow positions coincide throughout division (Pacquelet et al.

2015). PAR-4 impinges on myosin via two pathways, one anillin-dependent path-

way, which also responds to the cullin CUL-5, and an anillin-independent pathway,

which involves the kinase PIG-1/MELK (Fig. 5.3b). Upon removal of both PIG-1

and ANI-1, myosin accumulation increases and lasts longer. This excessive accu-

mulation of myosin shifts the cytokinetic furrow toward the anterior. Consequently,

furrow and spindle midzone positions do not coincide. In the most extreme cases,

this leads to DNA segregation defects (Pacquelet et al. 2015). Importantly, furrow

mispositioning is also observed when myosin activity is upregulated by completely

independent means, for instance, by depleting the Rho GAPs RGA-3/4 or by

expressing a gain-of-function allele of ect-2 (Pacquelet et al. 2015; Zhang and

Glotzer 2015). Thus, increased myosin activity at the anterior cortex is sufficient to
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shift the cytokinetic furrow toward the anterior. This underscores the importance of

regulating myosin to maintain the equilibrium between the two opposite effects of

anterior myosin and posterior spindle on furrow positioning; this appears to be

crucial to keep the positions of the spindle midzone and of the cytokinetic furrow

coordinated throughout cytokinesis.

The exact mechanisms by which PAR-4, PIG-1, and ANI-1 regulate cortical

myosin remain to be investigated. Nevertheless, it is intriguing that they appear to

act as negative regulators of myosin during cytokinesis (Pacquelet et al. 2015),

while PAR-4 and ANI-1 on the contrary positively regulate myosin contractility

during polarity establishment (see also Sect. 5.2.1.3) (Morton et al. 1992; Chartier

et al. 2011; Maddox et al. 2005). PAR-4 and ANI-1 thus appear to differentially

regulate myosin at different steps of asymmetric cell division.

5.4 Concluding Remarks

The one-cell C. elegans embryo has proven to be a fruitful model to dissect the

multiple steps that lead to asymmetric cell division. Beyond the seminal discovery

of PAR proteins, the joint efforts of many research groups have highlighted the

existence of numerous and redundant pathways that establish and maintain polarity.

Similarly, localization of the force generators that position the mitotic spindle as

well as cytokinetic furrow positioning is regulated at multiple levels. In addition,

rescue mechanisms can correct initial polarization defects. Altogether, these com-

plex regulatory networks provide considerable robustness to the different steps that

lead to asymmetric cell division and ensure that asymmetric cell division can still

occur in challenging contexts which may arise from genetic or environmental

modifications.

Finally, I would like to emphasize the role of actomyosin which appears as an

essential player of asymmetric cell division. While early work had underlined the

critical role of myosin during polarity establishment, more recent work shows that

myosin also impinges on furrow position during cytokinesis. Moreover, actin also

appears to influence pulling forces exerted on the mitotic spindle by affecting

cortical rigidity. Regulation of actomyosin localization and activity throughout

polarization and mitosis is thus essential to ensure proper asymmetric division.
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for discussions and Ken Kemphues for helpful comments on the manuscript. Work in the Michaux

lab is supported by grants from the Ligue contre le Cancer (22/29/35/36/72), the Fondation

Maladies Rares, the CNRS, and Université de Rennes 1.
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Chapter 6

Size Matters: How C. elegans Asymmetric

Divisions Regulate Apoptosis

Jerome Teuliere and Gian Garriga

Abstract Apoptosis is a form of programmed cell death used by metazoans to elim-

inate abnormal cells, control cell number, and shape the development of organs. The use

of the nematode Caenorhabditis elegans as a model for the study of apoptosis has led to

important insights into how cells die and how their corpses are removed. Eighty percent

of these apoptotic cell deaths occur during nervous system development and in daugh-

ters of neuroblasts that divide asymmetrically. Pioneering work defined a conserved

apoptosis pathway that is initiated in C. elegans by the BH3-only protein EGL-1 and
that leads to the activation of the caspase CED-3.While the execution of the apoptotic

fate is well understood, much less is known about the mechanisms that specify the

apoptotic fate of particular cells. In some cells fated to die, this regulation occurs at

the level of the egl-1 gene transcription, and investigators have identified several

lineage-specific transcription factors that both positively and negatively regulate egl-
1. In this review, we focus on a second set of molecules that appear to influence

apoptosis by controlling the position of the cleavage plane in divisions that produce

apoptotic cells.

6.1 Daughter Cell Size Asymmetry in Asymmetric

Divisions

A striking feature of apoptosis during C. elegans development is its association with

Asymmetric Cell Divisions (ACDs) that produce daughter cells of different sizes.

These divisions produce a larger daughter cell that survives and a smaller daughter

cell that dies (Cordes et al. 2006; Ou et al. 2010; Hatzold and Conradt 2008). In

mutants that fail to establish this Daughter Cell Size Asymmetry (DCSA), the cell

normally fated to die is larger than normal, survives, and sometimes adopts the fate

of its sister, leading to the production of extra cells.
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DCSA also occurs during divisions that do not generate an apoptotic cell. For

instance, size asymmetry is generated during the division of the C. elegans zygote to

produce the larger anterior AB blastomere and the smaller posterior P1 blastomere (re-

viewed by Galli and van den Heuvel 2008). Another example is the Drosophila em-

bryonic neuroblast, which divides in a stem cell pattern to generate a larger neuroblast

and a smaller cell Ganglion Mother Cell (GMC) with more limited developmental

potential (reviewed byWodarz 2005; Egger et al. 2008). Cell size alone might facilitate

apoptosis but not cause it, or small cell size may be proapoptotic below a size threshold

that is not reached in the C. elegans P1 blastomere or in the Drosophila GMC. Ex-

periments performed on HeLa cells provide support for the size threshold hypothesis

(Kiyomitsu and Cheeseman 2013). Hela cells divide symmetrically and are highly

resistant to proapoptotic signals, but inhibiting mitotic spindle centration can induce

asymmetric furrow positioning, leading to DCSA. When the smaller daughter of a

dividing HeLa cell is below a critical size, its cell cycle is delayed. Occasionally, the

small cell displays an apoptosis-like cell death phenotype. A better understanding of the

cellular mechanisms that control DCSA is needed to test these hypotheses.

6.2 Mechanisms Regulating Q Neuroblasts Daughter Cell

Size Asymmetry

Recent progress in understanding the cellular basis of DCSA has been made by

studying the Q neuroblast lineage, which produces three neurons and two apoptotic

cells (Sulston and Horvitz 1977) (Fig. 6.1a). The left and right Q neuroblasts are

each generated by the division of a lateral epidermal cell shortly before hatching.

During the first larval stage (L1), each Q neuroblast delaminates from the epithe-

lium and divides. The anterior (Q.a) and posterior (Q.p) Q daughter cells both give

rise to cells that die. The Q.a cell divides first and produces a smaller anterior cell

fated to die (Q.aa) and a larger posterior cell (Q.ap) that will differentiate into the

AQR (right lineage) or PQR (left lineage) oxygen-sensing neuron. The Q.p cell

divides with a reversed polarity, generating a smaller posterior apoptotic cell (Q.pp)

and a larger anterior precursor (Q.pa), which will divide to produce the AVM (right

lineage) or PVM (left lineage) mechanosensory neuron and the SDQ interneuron.

Unexpectedly, analysis of mitotic spindle position revealed that the Q.a and Q.p

cells use different strategies to establish DCSA and specify the apoptotic fate (Ou et al.

2010). The mitotic spindle of Q.p shifts posteriorly, allowing the contractile ring of the

cytokinetic furrow to form in a more posterior position (Fig. 6.1b). The C. elegans zy-
gote also produces unequally sized daughter cells by asymmetrically positioning the

mitotic spindle (Fig. 6.2). Interactions between aster microtubules and the cell cortex

mediate both the orientation of the spindle and its movement because pulling forces,

driven by dynein, are much stronger at the posterior pole (reviewed by Galli and van

den Heuvel 2008). It is unknown whether Q.p and the zygote employ similar strategies

to achieve their posterior shifts in spindle position. The Q.a spindle, by contrast, is located
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Fig. 6.1 The C. elegans Q
neuroblast lineage. (a)
Diagram of the Q lineage

divisions that produce the

A/PQR, A/PVM, and SDQ

neurons and two apoptotic

cells. Xs indicate cells that

die. (b) Cartoon showing the

features of the Q.a and Q.p

divisions that lead to DCSA.

Q.a localizes myosin to its

anterior cortex (gray
crescent on the left of the
cell) and extends its

membrane on the posterior

side (wavy membrane on the

right). Q.p displaces its

mitotic spindle posteriorly

and extends its membrane on

the anterior side (Ou et al.

2010; J.T., unpublished

observations)

AB        P1

X
X
X
X

Fig. 6.2 The asymmetric
division of the C. elegans
zygote. The diagram of the

zygote at the top shows that

the position of the spindle at

metaphase is shifted toward

the posterior (right). The
two dots at the ends of the

spindle represent

centrosomes that also

nucleate aster microtubules

that attach to the cortex. Xs

represent chromosomes.

The shifted spindle results

in the larger AB and smaller

P1 blastomeres shown at the

bottom
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centrally. Asymmetry is instead regulated by a novel mechanism that involves the

asymmetric accumulation of the non-muscle myosin II at the anterior cortex (Fig. 6.1b),

visualized by GFP tagging the myosin heavy chain NMY-2. Chromophore-Assisted

Laser Inactivation (CALI) performed to inactivate NMY-2::GFP at the anterior side of

Q.a resulted in a more symmetric division. In support of a role for Q.a DCSA in

facilitating apoptosis, the anterior daughter Q.aa, which normally dies, often survived

and differentiated like its sister Q.ap. CALI performed on myosin at the posterior

cortex of Q.p had no effect on Q.p DCSA, suggesting that myosin II polarity is not

required for Q.p ACD (Ou et al. 2010).

This novel Q.a DCSA mechanism appears to be evolutionarily conserved as myosin

polarity is also involved in generating the smaller basal ganglion mother cells (GMCs)

during Drosophila neuroblast stem cell divisions (Fig. 6.3a). Myosin II accumulates

asymmetrically at the basal cortex together with the kinesin Pavarotti and anillin, which

are components of the centralspindlin protein complex and cytokinetic contractile ring,

respectively. Both molecules accumulate on the side that will produce the smaller GMC

(Fig. 6.3b) (Cabernard et al. 2010; Connell et al. 2011). Myosin basal polarity in

Drosophila neuroblasts may produce an extended contractile ring structure, forming a

basal contractile dome. It is unknown if the C. elegans anillin homolog ANI-1 and the

a

b

X X X X

Neuroblast          Neuroblast

                                           GMC

X X X X

Fig. 6.3 The asymmetric division of the Drosophila embryonic neuroblast. (a) The neuroblast

divides asymmetrically to generate a larger apical neuroblast and a smaller basal Ganglion Mother

Cell (GMC). The neuroblast continues to divide in a stem cell pattern to generate additional GMCs.

The embryonic GMCs divide once to generate two neurons or glia. (b) Neuroblast DCSA is thought to

be generated by an asymmetric spindle, the basal localization of anillin, myosin, and the kinesin

Pavarotti (crescent at the bottom of the neuroblast), and the extension of the apical membrane (wavy
line at the top) (Kaltschmidt et al. 2000; Cabernard et al. 2010; Connell et al. 2011)
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Pavarotti homolog ZEN-4 also accumulate at the anterior pole of the Q.a neuroblast

with myosin II. Moreover, myosin basal accumulation in Drosophila neuroblasts re-

sulted from an apical depletion of anillin, kinesin, and myosin, followed by their partial

depletion from the basal tip and accumulation in lateral positions on the basal side of the

cell (Cabernard et al. 2010). Unlike the Q.a division, the basal centrosome of

Drosophila neuroblasts moves toward the basal surface, resulting in an asymmetric

spindle (Fig. 6.3a) (Kaltschmidt et al. 2000). It appears that Q.a solely relies on asym-

metric myosin to generate DCSA, but both an asymmetric spindle and myosin seem to

contribute to DCSA in the Drosophila neuroblast (Cabernard et al. 2010; Connell et al.

2011). A recent report described an asymmetric spindle in the division of murine

cortical precursors, but whether asymmetric myosin also contributes to DCSA in these

divisions was not addressed (Delaunay et al. 2014).

In C. elegans Q.a and Q.p and in Drosophila neuroblasts, DCSA is coupled to

plasma membrane extension in addition to spindle and cortical polarities, exacerbating

the size differences between the daughter cells (Figs. 6.1b and 6.3b) (Ou et al. 2010;

Connell et al. 2011). Themolecular regulators of membrane extension are not known. In

Q.a, as in the Drosophila neuroblast, the membrane extends posteriorly and apically,

respectively, possibly as a consequence of myosin contraction at the opposite pole. It has

been proposed that the directional extension of the Drosophila neuroblast membrane is

merely the normal extension that occurs at both poles during anaphase of symmetric

divisions, with one of the poles not extending because of cortical myosin contraction

(Connell et al. 2011). Whereas this model could explain the posterior membrane ex-

tension in the Q.a division, it does not explain the anterior membrane extension ob-

served during the Q.p division.

6.3 The PIG-1/MELK Pathway

6.3.1 The Role of PIG-1 in the Q Neuroblast Lineage

Despite the differences in the mechanisms used by Q.a and Q.p to establish DCSA, the

same kinase pathway functions in these cells to regulate both divisions (Chien et al.

2013). Q.a, Q.p, and several other divisions that produce apoptotic cells require the par-
1-like gene-1 (pig-1), which encodes the homolog of the vertebrate Maternal Embryon-

ic Leucine zipper Kinase (MELK), a member of the AMP-activated Protein Kinase

(AMPK) family that includes the PIG-1 paralog PAR-1 (Cordes et al. 2006; Ou et al.

2010; Hirose and Horvitz 2013). The loss of pig-1 function results in the loss of myosin

asymmetry in Q.a (Ou et al. 2010). Although how PIG-1 regulates Q.p DCSA was not

addressed in this study, it seems likely that the regulation of spindle asymmetry is one of

its roles. These observations suggest that the distinct mechanisms that impose the asym-

metry of the Q.a and Q.p divisions can share common regulators.

6 Size Matters: How C. elegans Asymmetric Divisions Regulate Apoptosis 145



The gene par-4 acts genetically in the same pathway as pig-1 to establish Q.p DCSA
and to regulate cell death by cell extrusion in a caspase-independent cell death pathway

(Chien et al. 2012; Denning et al. 2012). The tumor-suppressor Liver Kinase B1 (Lkb1)

is the mammalian homolog of PAR-4. Mutations in the Lkb1 gene are detected in spo-

radic cancers and can result in Peutz–Jeghers syndrome, an autosomal dominant

disorder characterized by benign gastrointestinal tract polyps. PAR-4/Lkb1 and its

homologs are master regulators of cell polarity, controlling the polarity of oocytes,

asymmetrically dividing cells, epithelia, and neurons (reviewed in Partanen et al. 2013).

Mammalian Lkb1 directly activates AMPK family members by phosphorylation of a

threonine that is conserved in PIG-1. Although PIG-1 has not been shown to be a direct

target of PAR-4, this conserved threonine is essential for PIG-1 activity in DCSA,

suggesting that PAR-4 regulates PIG-1 activity in the Q.a and Q.p divisions (Chien et al.

2012) (Fig. 6.4).

Q.a 

Q.p 

                                 GRP-1
EFA-6? BRIS-1?

 PAR-4?                  
    ARF-GDP       ARF-GTP    MPK-1 

  PIG-1
                                CNT-2      HAM-1   TOE-2

myosin           spindle       membrane
 asymmetry     movement     extension

                                 GRP-1
EFA-6 BRIS-1

 PAR-4                  
    ARF-GDP       ARF-GTP 

  PIG-1
                                CNT-2

spindle            membrane
            movement          extension

Fig. 6.4 Regulators that mediate Q.a and Q.p DCSA.All of the molecules listed are known to function

in the Q.a or Q.p divisions, but the functions of PAR-4, EFA-6, and BRIS-1 have not been tested in

Q.a. Myosin asymmetry, posterior spindle movement, or membrane extension promote DCSA, and

molecules that promote or inhibit these processes are indicated by arrows or Ts, respectively. The lack
of connections between molecules and the processes that drive DCSA indicates that these processes

have not been analyzed in conditions where the function of these molecules is impaired. The lack of a

connection between any of the molecules and membrane extension indicates that this process was not

analyzed in any of the mutants
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6.3.2 The Role of pig-1 in Zygote ACD and Other Systems

PIG-1 also functions in asymmetric divisions that do not produce dying cells. The first

indication of a more general role came from RNAi screens in a sensitized genetic

background. Although pig-1 knockdown had little to no effect on embryonic viability, it

enhanced the embryonic lethality of a par-1 temperature-sensitive mutant grown at a

permissive temperature, suggesting that the two AMPK-related kinases have overlap-

ping functions (Morton et al. 2012). pig-1(RNAi) also significantly enhanced the leth-

ality of a temperature-sensitive par-2(ts) mutant raised at a permissive temperature.

PAR-1 and the ring-finger protein PAR-2 localize to the posterior of the zygote and

exclude the PAR-3/PAR-6/PKC-3 polarity complex, which localizes to the anterior

cortex (reviewed by Motegi and Seydoux 2013). Complete loss of par-1 or par-3 func-
tion, for example, allows PAR-3 protein to extend into the posterior domain normally

occupied by PAR-1 and PAR-2. Analysis of PAR-3 distribution revealed that pig-1
(RNAi) in the par-2(ts)mutant background allowed the PAR-3 protein domain to extend

into this posterior domain. The position of the mitotic spindle or furrow, however, was

not scored in these experiments (Morton et al. 2012). These and additional observations

of Morton et al. (2012) suggest that PIG-1 possesses a function in the zygote that over-

laps with that of PAR-1 and PAR-2.

More recently, Pacquelet et al. showed that PIG-1 and PAR-4 play a role in reg-

ulating the levels of the myosin II heavy chain NMY-2, and this function controls the

position of the zygotic furrow (Pacquelet et al. 2015). They showed that PIG-1 and the

Anillin ANI-1 act in parallel and presumably downstream of PAR-4. Working with a

temperature-sensitive par-4 mutant grown at an intermediate temperature, the authors

saw a slight anterior shift of the furrow that was enhanced by ani-1(RNAi) or a pig-1
null mutation. Although neither ani-1(RNAi) nor the pig-1 mutation alone produced a

phenotype, ani-1(RNAi) in the pig-1 mutant generated a strong anterior shift of the

furrow. A surprising observation was that the mitotic spindle position was normal des-

pite these perturbations, indicating that loss or knockdown of these molecules un-

coupled the central spindle position from the position of the furrow. Observing furrow

ingression over time revealed that the furrow slides forward in ani-1(RNAi); par-4(ts)
but not in wild-type zygotes.

The other interesting finding of this study is that the levels of myosin at the cortex

are regulated by PAR-4, PIG-1, and ANI-1 (Pacquelet et al. 2015). A symmetric

network of actomyosin is broken at the site of sperm entry, defining the posterior of the

zygote and resulting in the movement of this network toward the anterior (reviewed by

Motegi and Seydoux 2013). The levels of NMY-2 peak at the anterior cortex before

furrow ingression begins and continue to decline during anaphase in wild-type zy-

gotes. The peak levels of NMY-2 are higher in ani-1(RNAi); par-4(ts) and in ani-1
(RNAi); pig-1(null) zygotes, and NMY-2 levels declined more slowly in ani-1(RNAi);
par-4(ts) zygotes and failed to decline in ani-1(RNAi); pig-1(null) zygotes. The hy-

pothesis that the high NMY-2 levels are responsible for the furrow positioning defects

is supported by the ability of an nmy-2mutation to suppress the defect in ani-1(RNAi);
par-4(ts) zygotes. Pacquelet et al. (2015) also determined the level of myosin
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activation by staining embryos for phosphorylated myosin light chain. During ana-

phase in wild-type zygotes, the authors detected no phosphorylated myosin light chain

at the cortex. By contrast, phosphorylated myosin light chain accumulated at the

furrow and spread toward the anterior in ani-1(RNAi); pig-1(null) zygotes. The authors
concluded that the ANI-1 and PIG-1 inhibit the accumulation and spread of active

myosin in the C. elegans zygote.
Although PIG-1 functions in the Q.a, Q.p, and zygotic divisions, the protein appears

to play distinct roles in the different divisions. As mentioned earlier, PIG-1 likely

controls spindle positioning in Q.p and asymmetric myosin localization in Q.a, and the

position of the spindle mediates DCSA in the Q.p and zygotic divisions. Yet, PIG-1

loss did not alter the position of the zygotic spindle. One possible explanation is that the

PIG-1 and PAR-1 kinases have overlapping roles in spindle positioning with PAR-1

playing the major role in the zygote and PIG-1 playing the major role in Q.p. This

hypothesis is consistent with the enhancement of the par-1(ts) embryonic lethality by

pig-1(RNAi) and with the enhancement of a pig-1 partial loss-of-function mutant Q.pp

apoptotic defect by the par-1(ts) allele (Chien et al. 2012; Morton et al. 2012). Another

possibility is that PIG-1 activity is regulated by its distribution, which was found to be

different in Q.p and in the zygote. In Q.p, PIG-1 fused to GFP localized to centrosomes

during mitosis (Chien et al. 2012). In the zygote, endogenous PIG-1 was cytoplasmic

and did not concentrate at the centrosomes.

Perhaps the most confusing discrepancy is the role of pig-1 in Q.a and the zygote.

Loss of pig-1 leads to a loss of asymmetric NMY-2 in Q.a but to an increase in

asymmetric NMY-2 in the zygote. One possible explanation is that either PIG-1 or its

activity is asymmetric in Q.a but not the zygote. In this model, the effects of pig-1 loss
in Q.a would be to distribute NMY-2 activity symmetrically, whereas in the zygote, it

would be to simply reduce the levels of NMY-2 while a second mechanism ensures

that it remains at the anterior cortex. Consistent with this hypothesis, the CDC-42

GTPase maintains the anterior localization of the myosin NMY-2 through the anterior

PAR protein complex (reviewed by Motegi and Seydoux 2013). Neither CDC-42 nor

the anterior PAR complex proteins have been shown to function in the Q-lineage

divisions.

Studies of pig-1 and its homologs in other developmental contexts are consistent

with a general function in myosin regulation. For instance, a pig-1 mutation was

identified as an enhancer of the embryonic elongation defects that occur in the plectin

mutant vab-10 (Zahreddine et al. 2010). Elongation relies on cell shape changes in the
embryonic hypodermis and the contraction of dorsal–ventral actomyosin cables.

VAB-10 is an essential component of the hemidesmosome-like structures that connect

and transmit elongation forces between body wall muscles and hypodermis. In vab-10
mutants, these hemidesmosomes are weaker and are susceptible to rupture if contrac-

tile forces are too strong. Perhaps PIG-1 inhibits actomyosin contraction, and its loss

leads to increased tension and hemidesmosome rupture, resulting in the enhanced leth-

ality observed in the vab-10; pig-1 double mutant (Zahreddine et al. 2010).

In Xenopus laevis embryos, xMELK (aka pEg3) localizes at the cytokinetic

furrow during mitosis and is required to complete cytokinesis (Le Page et al. 2011).

Consistent with a role in cell proliferation, several cancers are associated
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with excessive MELK expression (for an example, see Rhodes et al. 2004). In

aggressive basal-like breast cancer cells treated with shRNAs against MELK,

proliferation was reduced with many cells failing to achieve cytokinesis and

sometimes dividing asymmetrically (Wang et al. 2014). In Xenopus, xMELK

overexpression also leads to cytokinesis failures and impairs accumulation at the

division furrow of the activated small GTPase RhoA, which controls actomyosin

contraction (Le Page et al. 2011). One interesting possibility is that both PIG-1 and

MELK have a conserved function in inhibiting actomyosin contraction by acting

upstream of Rho family GTPases. Additional work will be needed in C. elegans to
determine if such a function exists and how it could allow PIG-1 to regulate three

different types of ACD in the zygote, Q.a, and Q.p.

6.3.3 Transcriptional Regulation of pig-1

Regulators of pig-1 expression have been identified. SPTF-3, the C. elegans homolog

of the Sp1 transcription factor, activates pig-1 expression. SPTF-3 binds to a conserved
sequence in the genes pig-1 and egl-1 to promote their transcription, providing a rare

example of a common regulator of the caspase and DCSA pathways (Hirose and

Horvitz 2013). While the paper by Hirose and Horvitz (2013) focuses on the lineage

that produces M4 and its apoptotic sister, the authors also showed that SPTF-3 acted

through pig-1 to specify the apoptotic fate of Q.aa. The investigators did not analyze

the Q.p division, but because SPTF-3 is expressed broadly and can control pig-1 ex-

pression in Q.a and M4, it seems likely that it controls pig-1 transcription in the Q.p

division as well. The authors did not analyze the role of SPTF-3 in DCSA either, but

since sptf-3 is required for pig-1 transcription, sptf-3 is expected to influence DCSA in

Q.a.

Another report proposed that the putative DNA-binding protein HAM-1 is also a

transcriptional activator of pig-1 (Feng et al. 2013). HAM-1 was initially shown to

function in the specification of the apoptotic and neuronal fates and in DCSA of the

HSN/PHB neuroblast lineage (Guenther and Garriga 1996; Frank et al. 2005). HAM-1

contains a divergent Winged-Helix domain, the Stox box, found in the two human

proteins Stox1 and Stox2 and in the Drosophila protein Knockout (Feng et al. 2013;

Leung et al. 2016). The presence of this domain in HAM-1 was initially confusing be-

cause antibodies to HAM-1 only detected the protein at the cell cortex: HAM-1 is

detected in a subset of embryonic cells and is often localized at the posterior cortex of

dividing cells, including the HSN/PHB neuroblast (Guenther and Garriga 1996; Frank

et al. 2005). GFP-tagged HAM-1, however, was more recently shown to localize to

nuclei as predicted from its sequence (Feng et al. 2013; Leung et al. 2016). In a phe-

notype that is not understood at the lineage level, the survival of the PLM and ALN

neurons requires ham-1 function, and nuclear localization is essential for this function
(Leung et al. 2016). HAM-1 is also necessary for DCSA and the apoptotic fate in the

Q.a but not the Q.p division (Feng et al. 2013).

6 Size Matters: How C. elegans Asymmetric Divisions Regulate Apoptosis 149



Relying on ModEncode chromatin immunoprecipitation data, Feng et al. (2013)

reported that HAM-1 transcriptionally regulated pig-1 by binding to the same pig-1
50 DNA sequences as SPTF-3. Deleting the pig-1 50 binding region for HAM-1 and

SPTF-3 indeed abolished PIG-1 expression. It is, however, unclear if the endoge-

nous regulator of pig-1 is SPTF-3, HAM-1, or a combination of both transcription

factors. Consistent with a role for HAM-1 in pig-1 transcription, NMY-2 asymme-

try in Q.a was lost in a ham-1 mutant, the same phenotype observed in the pig-1
mutant. In addition, the expression of a transgenic PIG-1::GFP translational re-

porter was reduced in ham-1 mutants in both Q.a and Q.p cells. Why this reduction

of pig-1 expression in Q.p does not induce a Q.p DCSA defect is unclear. Feng et al.

(2013) also reported that the ham-1::gfp transgene used in their study was ex-

pressed broadly and only localized to nuclei, failing to localize to the cortex, a

finding that conflicts with several other observations. Although the original studies

using anti-HAM-1 antibodies only detected cortical protein, the expression pattern

was restricted. In addition, the ham-1 transgene used by the Hawkins group de-

tected both nuclear and cortical GFP::HAM-1 (Leung et al. 2016). Finally, mis-

sense mutations in a conserved sequence near the N-terminus or deletion of a

central polyproline-rich sequence disrupt both HAM-1 function and its ability to

localize to the cortex (Guenther and Garriga 1996; Leung et al. 2016). It seems

likely that HAM-1 has both nuclear and cortical functions, but it is currently unclear

whether these functions represent separate or interrelated activities of HAM-1.

6.4 The Arf Pathway

In addition to PIG-1, membrane trafficking mediated by Arf proteins and their

regulators has also been implicated in both Q.a and Q.p DCSA (Fig. 6.4). Arfs are

small GTPases of the Ras superfamily that mediate coatomer formation, an essen-

tial step in the generation of transport vesicles (reviewed by Itzen and Goody 2011).

Like other small GTPases, Arfs function as biological switches whose active

GTP-bound and inactive GDP-bound states are controlled by guanine nucleotide

exchange factors (GEFs) that facilitate GDP release and GTP binding and by

GTPase activating proteins (GAPs) that stimulate hydrolysis of GTP to GDP.

Two Arfs, ARF-1 and ARF-6, the AGAP family homolog CNT-2, and three Arf

GEFs, the cytohesin GRP-1, EFA-6, and the Brag/IQSEC homolog BRIS-1, are all

required to varying extents for Q.a and Q.p DCSA (Singhvi et al. 2011; Teulière et al.

2014). Genetic analysis has been unable to determine whether PIG-1 and the Arfs

function in the same or parallel pathways (Singhvi et al. 2011). DCSA requires the

CNT-2 GAP and the GRP-1 SEC7 (GEF) activities, indicating that Arf regulation is

the main role that these multidomain proteins play in regulating DCSA (Singhvi et al.

2011; Teulière et al. 2014). CNT-2 is required for receptor-mediated endocytosis in

the C. elegans germline, suggesting that Arf-mediated endocytosis contributes to

DCSA. Consistent with this hypothesis, RNAi-mediated knockdown of the endocy-

tosis regulators RAB-5 and DYN-1/Dynamin leads to the production of extra neurons
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(Singhvi et al. 2011). One surprising observation was that GFP-tagged GRP-1

localizes to nuclei. Experiments in which the SEC7 domain of GRP-1 was targeted

to either the plasma membrane or the nucleus, however, revealed that GRP-1’s site of
function in DCSA and in specifying the apoptotic fate is at the membrane (Teulière

et al. 2014). Why GRP-1 localizes to nuclei is a mystery.

Like PIG-1 and PAR-4, Arfs and Arf regulators also function in the caspase-

independent cell death pathway (Denning et al. 2012). Loss of either ARF-1 or

GRP-1 function suppresses the cell extrusion-mediated cell death caused by mutations

in the caspase gene ced-3. Denning et al. (2012) proposed that the cycles defined by

ARF-1 and GRP-1 are required for trafficking of the cell adhesion molecules that

control cell shedding. We propose that the cell shedding phenotypes of pig-1, par-4,
grp-1, and arf-1mutants result from cell transformations that occur in the lineages that

produce the shed cells: in these mutants, the cells are not shed because like the undead

daughters of Q.a or Q.p they survive and adopt the fate of their epithelial sister cells,

cells that do not die.

How does Arf activity regulate DCSA? The most obvious hypothesis is that ARF-1

and ARF-6 cycles are necessary for trafficking an essential membrane molecule that

mediates Q.a and Q.p polarity. Another possibility is that Arfs could regulate actin

dynamics. ARNO, which like GRP-1 belongs to the cytohesin family of Arf GEFs, and

Arf6 promote large fan-like lamellipodia in MDCK cells by activating Rac1, an actin

regulator (Santy et al. 2005). Acting through Racs or other Rho family GTPases,

GRP-1 and ARF-6 could stimulate membrane extension in the Q.a and Q.p divisions

and contribute to DCSA.

Consistent with a role for Arfs in C. elegans actin dynamics, reduction of cnt-2
by RNAi was found to suppress act-2/actin and enhance nmy-2/myosin II heavy

chain mutant phenotypes (Fievet et al. 2012). The cortex of embryos treated with

cnt-2(RNAi) displayed an increase in NMY-2 foci velocity during the establishment

of zygotic polarity. How CNT-2 acts on cortical myosin is not known but may

require Arfs since the same study also placed ARF-1 among genes that regulate the

actomyosin network. These findings suggest a conserved function for the Arf path-

way in controlling the cortical actomyosin network of zygotic and neuroblast asym-

metric divisions. It will be interesting to determine whether like pig-1, the cnt-2 and
Arf mutations perturb the anterior polarity of myosin II in the Q.a division. To-

gether, pig-1 and Arf pathways may collaborate to coordinate the assembly and

contractile behavior of the actomyosin cortical network in neuroblasts. How this

control is coupled to asymmetric displacement of the spindle and membrane ex-

tension remains to be investigated. It is noteworthy that the genes identified in

screens for Q lineage mutants are also regulators of the zygotic division, suggesting

that their function is generally required for ACD.
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6.5 Genes Regulating DCSA only in the Q.a Division

Certain genes have been found to regulate Q.a but not Q.p DCSA (Fig. 6.4). To date,

no Q.p-specific regulator has been identified. As mentioned above, the HAM-1 protein

is specifically required for Q.a DCSA. In ham-1mutants, Q.a sometimes divides with a

reversed DCSA polarity associated with posterior spindle displacement (Feng et al.

2013). If HAM-1 acts on DCSA through pig-1 activation, it is unclear how it inhibits

the wild-type Q.a spindle displacement, since PIG-1 is required for posterior spindle

displacement in Q.p. If HAM-1 inhibits spindle displacement independently of pig-1,
its mechanism of action is unknown.

Another specific regulator of Q.a DCSA is the gene toe-2 (target of Erk-2) (Gurling
et al. 2014). Although the TOE-2 protein is required for the execution of the apoptotic

fate of both Q.a and Q.p daughter cells, it plays distinct roles in the two divisions.

TOE-2 loss alters the DCSA of Q.a but not Q.p. Yet, its loss does alter the fate of Q.

pp., which can survive and express A/PVM or SDQ markers, or adopt the fate of its

mitotic sister cell to produce extra A/PVM- and SDQ-like neurons.

First identified as a target of MPK-1, the homolog of the MAP kinase Erk, TOE-2

contains docking sites for MPK-1 and a DEP (Dishevelled, EGL-10, and Pleckstrin)

domain (Arur et al. 2009). DEP domain containing proteins usually modulate G-protein

coupled receptor signaling at the cell surface (Consonni et al. 2014). In a structure–

function analysis of TOE-2, Gurling et al. (2014) showed that the Q.pp apoptotic fate

but not Q.a DCSA required the TOE-2 DEP domain. By contrast, Q.a DCSA but not the

Q.pp. apoptotic fate required the region of the protein containing the MPK-1 docking

sites. The deletion removing the docking sites is large and could possibly affect other

unknown TOE-2 functions. The finding that MPK-1 regulates the Q.a but not the Q.p

division, however, supports the hypothesis that deletion of the TOE-2 MAPK docking

sequences is responsible for the lack of mutant protein activity in Q.a DCSA. These

findings suggest that TOE-2 has two distinct, separable functions in Q.a and Q.p.

The subcellular localization of the full-length and two mutant proteins discussed

above also supports the hypothesis that TOE-2 has two functions (Gurling et al. 2014).

During mitosis, TOE-2 localizes to centrosomes and to the cortex, accumulating at the

cytoplasmic furrow. In interphase, TOE-2 accumulates in the nucleus. The mutant

protein lacking the DEP domain localizes normally, but the mutant protein lacking the

docking sites fails to localize to the cortex and furrow. These observations are con-

sistent with a model where cortical TOE-2 under MPK-1 control is required for Q.a

DCSA, and either nuclear or centrosomal TOE-2 specifies the Q.pp. apoptotic fate.

This model implies that the TOE-2 DEP domain has a nuclear or centrosomal function,

which would be unprecedented for a DEP domain containing protein.

Yeast two-hybrid screens identified several TOE-2-interacting proteins (Li et al.

2004; Xin et al. 2009, 2013). One is the C. elegans homolog of a family of proteins

known as GRAFs. These proteins contain BAR and RhoGEF domains, suggesting that

this protein could act with TOE-2 to regulate actin dynamics through the control of

Rho family small GTPases activity. Further studies will be necessary to determine if
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GRAF homologs or other Rho GTPase regulators are involved in Q.a DCSA and if

they function in cooperation with PIG-1 and the Arf pathway.

6.6 The Role of Wnt Signaling in DCSA and Apoptosis

6.6.1 The Model for Wnt Signaling in C. elegans AP
Divisions

Wnts are secreted glycoproteins that organize a broad range of developmental processes

that include cell proliferation, guidance of migrating cells and growth cones, neuronal

polarity, and developmental patterning. Wnts play a global role in regulating C. elegans
asymmetric divisions that are oriented along the anterior–posterior (AP) axis. Themodel

for Wnt function in these divisions posits that Wnts, which are expressed from cells that

are usually located posterior to the dividing cell, orient the polarity of the dividing cell to

generate two daughter cells with different levels of Wnt signaling activity. The high

level of signaling in the posterior cell activates two pathways: a canonical pathway that

leads to the accumulation of the β-catenin SYS-1 and a second pathway that leads to the
export of the TCF/LEF transcription factor POP-1 from the nucleus. These two path-

ways culminate in a low SYS-1/POP-1 ratio in the anterior cell where POP-1 represses

transcription of target genes and to a high SYS-1/POP-1 ratio in the posterior cell where

SYS-1/POP-1 activates transcription of target genes (reviewed in Chap. 4).

One of the yeast two-hybrid screens discussed above also identified the C. elegans
homolog of the Ran GTPase, RAN-1, as a TOE-2-interacting protein (Li et al. 2004).

Because Ran regulates nuclear-cytoplasmic transport (reviewed by Kalab and Heald

2008), one interesting possibility is that this interaction mediates functions carried out

by TOE-2 in the Q.p nucleus, perhaps by assisting in the nuclear export of POP-1. This

model predicts that the POP-1 asymmetry specifies the apoptotic fate of Q.pp. Con-

sistent with this model, the toe-2 mutant displays additional posterior-to-anterior fate

transformations in the Q lineage (Gurling et al. 2014). Similar transformations are ob-

served in other lineages when genes encoding proteins of the Wnt/POP-1 asymmetry

pathway are mutated (reviewed by Sawa and Korswagen 2013).

6.6.2 Wnt Signaling in DCSA

The first C. elegans Wnt shown to regulate ACD was lin-44 (Herman and Horvitz

1994; Herman et al. 1995). Herman and Horvitz (1994) initially showed that loss of

lin-44 function resulted in randomization of ACD polarity. For example, in the AP

division of the T epidermal cell, the fates of the T.a and T.p were often reversed. By

contrast, mutations in the gene lin-17, which encodes a Frizzled family Wnt receptor

(Sawa et al. 1996), resulted in symmetric divisions of the T.a and T.p cells, with both
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cells adopting similar fates that are distinct from the fates of the wild-type T.a or T.p

(Sternberg and Horvitz 1988; Herman and Horvitz 1994). Herman and Horvitz (1994)

also studied the male B cell and the T.pp. divisions, which appear to produce daughter

cells of different sizes. Because the authors used Nomarski optics to follow the di-

visions and only nuclei can be observed using this approach, they noted that the male B

cell divided to produce an anterior cell (B.a) with a larger nucleus than its posterior

sister cell (B.p). The T.pp. cell divided with the opposite polarity, producing an ante-

rior nucleus that was smaller than its posterior sister’s nucleus. Presumably, nuclear

size reflects cell size, although this has not been verified for these divisions. In lin-44
mutants, the DCSA of both divisions was often reversed. Loss of lin-17 function, by

contrast, resulted in male B daughter cells with similar size nuclei (Sternberg and

Horvitz 1988; Herman and Horvitz 1994). The lin-17 lin-44 double mutant expressed

the Lin-17 B-cell phenotype (Herman and Horvitz 1994). These findings are consistent

with a model where LIN-44 orients the polarity of DCSA by acting though LIN-17.

Why the phenotypes of lin-44 and lin-17 mutants are different is unclear. One pos-

sibility is LIN-44 orients an undirected AP polarity that requires LIN-17. Another

possibility is that otherWnts act through LIN-17 to orient the polarity in the absence of

lin-44 function.

How does LIN-17 signal to establish DCSA? The Herman group identified several

pathways that may act downstream of LIN-17 by analyzing male B-cell DCSA in

mutants or RNAi-treated animals (Wu and Herman 2006). Focusing on molecules

known to function downstream of Frizzled receptors, they identified the C. elegans
DishevelledMIG-5 as required for B-cell DCSA. Dishevelleds are cytoplasmic proteins

that mediate the effects of Wnt signaling downstream of Frizzled receptors in several

signaling pathways, so the identification of a Dishevelled was not unexpected. They

also found that mutations in the pop-1 gene and in the gene encoding theC. elegansNlk
homolog LIT-1, which promotes POP-1 nuclear export, produce weak B-cell DCSA

phenotypes. It is unclear whether the weak effects result from a partial loss of gene func-

tion in the mutant animals or from a minor role of the POP-1 asymmetry pathway

in DCSA.

Frizzleds and Dishevelleds also participate in Planar Cell Polarity (PCP), a con-

served pathway that organizes the polarity of sheets of cells and shapes the develop-

ment of tissues that range from the orientation of stereocilia in the mammalian cochlea

to the movement of cells during gastrulation (reviewed by Hale and Strutt 2015). PCP

can also regulate the polarity of dividing cells. For example, during the divisions of the

Drosophila SensoryOrgan Precursors (SOPs), which produce chemosensory andmech-

anosensory organs, the PCP pathway orients the divisions along the axis that is or-

thogonal to the apical–basal axis (Segalen and Bellaı̈che 2009). In the absence of PCP

components, the divisions are still asymmetric and produce the correct cell types, but

the division axes are no longer properly oriented. PCP requires some of the compo-

nents of the Wnt signaling pathway like Frizzled receptors and Dishevelled molecules

but also requires PCP-specific molecules. DCSA of the C. elegans male B cell, for

example, does not require the PCP-specific Flamingo homolog FMI-1, but does require

the Vang Gogh VANG-1 homolog, although the vang-1(RNAi) effects are weak

(Wu and Herman 2006).
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PCP signaling can also activate the RhoGTPase pathway, and knockdown by RNAi

of the C. elegans RhoA homolog RHO-1 and the Rho kinase Rock homolog LET-502

generates B-cell DCSA phenotypes that are almost as strong as the lin-17 loss-of-

function phenotype (Wu and Herman 2006). Another strong phenotype was observed

with RNAi to the myosin light chain gene mlc-4, suggesting that Wnt signaling may

control myosin contractility through Rho. The severity of the rho-1, let-502, and mlc-4
B-cell phenotypes and the lack of an fmi-1 phenotype or the weak vang-1 phenotype

suggest that the PCP pathway is not the major pathway used by Wnts to regulate

RHO-1 activity in B-cell DCSA.

6.6.3 The Role of Wnt Signaling in Specification
of the Apoptotic Fate

Although the roles of Wnts have been studied in many A/P divisions, only one study

focused on the role of Wnt signaling in divisions that produce apoptotic cells (Bertrand

and Hobert 2009). Studying several terminal divisions that produce neurons, the authors

showed that disrupting the pathway that leads to POP-1 export resulted in posterior

neurons that failed to express their differentiation markers and instead expressed the

same markers as their anterior sisters. Two of the divisions studied produced an ap-

optotic daughter cell. In the division that produces an anterior ASER neuron and a

posterior daughter that dies, disrupting POP-1 export led to the production of two

neurons that expressed the ASER marker. In the division that produces an anterior

daughter that dies and a posterior AIN neuron, disrupting POP-1 export caused both

daughter cells to adopt an apoptotic fate. These findings indicate that Wnt signaling

does not specify the apoptotic or non-apoptotic fate in a division but rather the fate of

the posterior cell. Neither the role of the canonical SYS-1 pathway nor DCSA was

explored in this study.

6.7 Daughter Cell Size Asymmetry in the NSM Neuroblast

Lineage

6.7.1 The Transcriptional Network Regulating the Apoptotic
Fate and Size of the NSM Sister Cell

Most apoptotic deaths in C. elegans are the products of embryonic divisions. In contrast

to the accessible larval Q neuroblasts, embryonic neuroblasts that produce a daughter

cell fated to die have rarely been studied due to the difficulty of identifying and imaging

cell divisions in the developing embryo. The most extensively studied embryonic

division that produces an apoptotic daughter cell is the division of the NSM neuroblast

(NSMnb). The NSMnb divides along a dorsal medial/ventral lateral axis to generate a
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larger ventral serotonergic NSM neuron and a smaller dorsal cell (NSM sister cell,

NSMsc) that is fated to die (Fig. 6.5a). Mutants were isolated on the basis of the survival

of the NSMsc and the production of extra NSM-like cells (Ellis and Horvitz 1991;

Hatzold and Conradt 2008). The genes identified revealed a complex interplay of

transcriptional regulators coordinating cell death specification and smaller size of the

NSMsc.

6.7.2 Ectopic CES-1 Activation Leads to DCSA
and Apoptosis Defects in the NSM Lineage

Early studies identified the ces-1 and ces-2 genes as regulators of apoptosis in the

NSMsc (Ellis and Horvitz 1991). Loss-of-function (lf) mutations in ces-2 or gain-of-

function (gf) mutations in ces-1 lead to survival of the NSMsc and its transformation

into a second NSM-like neuron, and genetic interaction studies indicate that ces-2 is a
negative regulator of ces-1 (Ellis and Horvitz 1991). The genes ces-2 and ces-1 encode
bZip and Snail transcription factors homologs, respectively, and CES-2 can bind to

sequences upstream of the ces-1 transcriptional start site that are mutated in the gain-

of-function alleles (Metzstein et al. 1996; Metzstein and Horvitz 1999). A CES-1::YFP

transgenic reporter can only be detected in the NSM of wild-type embryos but is de-

tected in the NSMnb, the NSM, and the NSMsc of a ces-2mutant embryo (Hatzold and

Conradt 2008). These findings suggest a model where CES-2 represses ces-1 tran-

scription, which allows the NSMsc to die. One of the targets of CES-1 in the mutants is

egl-1, the most upstream proapoptotic gene in the apoptotic pathway (Thellmann et al.

2003). In wild-type embryos, the bHLH transcription factors HLH-2 and HLH-3 act

together to stimulate transcription of egl-1 in the NSMsc. Ectopic or excess expression

of CES-1 in these cells may block the ability of HLH-2/HLH-3 heterodimers to sti-

mulate egl-1 transcription. In this model, CES-1 normally plays no role in the apoptotic

fate of NSMsc, and only when it is expressed in the lineage of ces-2(lf) or ces-1(gf)
mutants does it have an effect.

Given this model, it was surprising when Hatzhold and Conradt found that the ces-2
(lf) and ces-1(gf) mutations disrupted the DCSA of the NSMnb to generate daughter

cells more equivalent in size (Hatzold and Conradt 2008). Furthermore, many of the

divisions were no longer oriented along the appropriate axis. Perhaps excess or ectopic

expression of CES-1 alters the coordinated expression of both egl-1 and DCSA re-

gulators mediated by the bHLH transcription factors. In this model, these transcription

factors could function like SPTF-3 in the Q and M4 lineages.

Similar phenotypes were observed in a dnj-11mutant (Hatzold and Conradt 2008).

DNJ-11 is an ortholog of the mammalian ZRF1/MIDA1/MPP11/DNAJC2 family that

function as ribosome-associated chaperones but can also associate with chromatin,

competing with the Polycomb-Repressive Complex 1 (PRC) for a mono-ubiquitinated

repressive mark on histone 2A (reviewed by Aloia et al. 2015). By removing PRC1

from chromatin, ZRF1 recruits an ubiquitin peptidase that removes the repressive mark
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and leads to the transcription of genes that are involved in differentiation (Richly et al.

2010). This ZRF1 activity is important for neural differentiation (Aloia et al. 2015).

Because ces-2 and dnj-11 loss leads to similar phenotypes as ces-1 expression in the

NSMnb and its daughter cells, DNJ-11 and CES-2 may act together to inhibit CES-1

expression. If this hypothesis is correct, DNJ-11 would play a repressive function, in

contrast to the role its ZRF1 ortholog plays in neuronal development. Alternatively,

DNJ-11 could activate another regulatory protein, possibly CES-2 itself, to repress ces-1.

6.7.3 Coupling of Cell Cycle and ACD Regulation

More recently, CES-1 has been shown to contribute to NSMnb cell cycle progression

(Yan et al. 2013). Screening for suppressors of the extra NSM phenotype generated

NSMnb 

NSM

NSMsc
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a

b

c 

Fig. 6.5 The NSM
neuroblast division. (a) The
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divides asymmetrically to

generate a larger ventral

NSM neuron and dorsal

sister cell (NSMsc) that will

die. (b) The gradient in the

NSMnb represents the

caspase activity gradient,
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the accumulation of the

CED-1 receptor to the

dorsal side of the NSMnb
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by the ces-1(gf) mutation identified a mutation in cya-1, which encodes a Cyclin A

homolog. Wild-type animals have two NSMs labeled by a tryptophan hydroxylase

(tph-1) reporter. Because the NSMscs survive and differentiate like NSMs in ces-1
(gf) mutants, these animals have four cells that express the marker. When the ces-1
(gf); cya-1 double mutants produced three tph-1-expressing cells, one was larger than
the other two, suggesting that the cya-1 mutation does not suppress the apoptotic

defect but instead blocks the NSMnb division. Further analysis of the division in cya-
1 mutants confirmed this hypothesis and showed that the NSMnb arrested between S

phase and mitosis. The penetrance of the cya-1 NSMnb division defect is enhanced

by the ces-1(gf)mutation, suggesting that the excess CES-1 in the NSMnb disrupts its

ability to divide. CES-1 was found to bind to the cdc-25.2 gene, and the cell cycle

defects caused by excess CES-1 indeed resulted from a reduction of cdc-25.2
expression. Cdc-25.2 encodes one of the three C. elegans Cdc25 homologs, phos-

phatases that remove an inhibitory phosphate from Cyclin A.

It is unclear whether the decreased levels of CDC-25.2 mediate any of the NSMnb

asymmetry defects caused by the ces-1(gf) mutation. In Drosophila neuroblast divi-

sions, however, the maintenance of apical localized Inscuteable and the PAR-3 homo-

log Bazooka, proteins necessary for the asymmetry of the neuroblast division, requires

normal function of the cyclin-dependent kinase cdc2 (Tio et al. 2001). Reduction of

cdc2 allows the neuroblasts to divide, but as they progress through mitosis, Inscuteable

and Bazooka often lose their polarized localization or no longer asymmetrically

localize apically. Spindle orientation is also disrupted. Presumably, Cdc2 targets are

important for maintaining neuroblast polarity, but those targets have yet to be identi-

fied. CDC-25.2 could serve an analogous function inC. elegans neuroblasts to maintain

polarity. The Xenopus homolog of CDC25B, for example, is a substrate of xMELK

(Davezac et al. 2002). It will be interesting to determine whether PIG-1 also phosphor-

ylates CDC-25.2 in C. elegans in the Q lineage, as this could shed light on the possible

cross talk between DCSA and cell cycle regulators in divisions that generate apoptotic

cells.

6.8 Asymmetric Distribution of Caspase Activity

in the NSMnb

A recent paper by Barbara Conradt’s group showed that caspase activity is asymmet-

rically distributed in the NSMnb (Chakraborty et al. 2015). The authors found that

GFP-tagged CED-3 caspase could be detected in the NSMnb and was distributed

equally to both daughter cells with an eventual increase of the CED-3::GFP levels in

the NSMsc relative to its surviving NSM sister. They also measured the distribution of

caspase activity in the NSMnb by tagging TAC-1 with GFP. TAC-1 is a member of

the TACC family of pericentriolar (PCM) proteins and a target of CED-3. Cleavage of

TAC-1::GFP by caspase activity results in the release of GFP from the centrosome. At

metaphase, the centrosome that is inherited by the NSMsc contains less GFP, and this
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asymmetry requires ced-3 function. This finding suggests that the side of the NSMnb

that produces the daughter cell that will die already has higher caspase activity prior to

cytokinesis (Fig. 6.5b). This active caspase asymmetry in the NSMnb requires the

intrinsic apoptosis pathway genes egl-1, ced-9, and ced-4. The ces-1, ces-2, and dnj-11
mutations that disrupt NSMsc apoptosis also result in the loss of asymmetric caspase

activity, presumably through repression of egl-1 expression in the NSMnb.

Finally, caspase asymmetry also depends on engulfment regulators that function

in surrounding phagocytic cells. Two pathways mediate the clearance of apoptotic

cells. The cell surface receptor CED-1 functions with the GULP adaptor CED-6, the

ATP-binding cassette transporter CED-7, and the dynamin homolog DYN-1 in one

pathway. The CrkII homolog CED-2 and the Rac GEF CED-5/CED-12 regulate the

Rho-family GTPase CED-10/Rac in a second pathway (reviewed by Reddien and

Horvitz 2004). After the initial discovery of these engulfment pathways, two groups

found that the genes also played a role in apoptosis (Hoeppner et al. 2001; Reddien

et al. 2001). Loss of ced-1, for example, led to a low frequency of apoptotic defects

in some lineages. In other cells fated to die, loss of ced-1 had no effect but enhanced
the defect of weak apoptotic mutants.

The CED-1 receptor functions in the phagocytic cell, and during engulfment

CED-1::GFP is concentrated at the interface between the phagocytic cell and the

apoptotic corpse (Zhou et al. 2001). When a C-terminally truncated CED-1::GFP

was analyzed during the division of the NSMnb, it surprisingly localized asymmet-

rically to the side of the NSMnb that will give rise to the NSMsc, the cell fated to die

(Chakraborty et al. 2015) (Fig. 6.5b). Furthermore, loss of the engulfment genes

ced-1, ced-2, or ced-6 resulted in a loss of the caspase asymmetry in the NSMnb,

implicating both pathways in the asymmetric activation of caspases. These obser-

vations lead to the intriguing possibility that the role played by CED-1 in apoptosis

is to promote the caspase asymmetry in the neuroblast before cell division through a

“kiss of death” mechanism involving the future phagocyte of the dying small

daughter cell.

Asymmetric localization of CED-1::GFP to the NSMnb requires ced-3 function,

and as discussed above, the asymmetry of CED-3 activity requires ced-1 function

(Chakraborty et al. 2015). These findings suggest that there is a feedback mechanism

that ensures CED-3 activity and CED-1 localization asymmetries. Which asymmetry

develops first and what initiates the asymmetry are unknown. By analogy to other

divisions discussed above, either intracellular cues inherited from the previous division

or cell signaling by extracellular cues may initiate these events.

6.9 Future Directions

The molecules discussed in this review provide the tools to identify the mechanisms

that mediate DCSA. For example, the identification of PIG-1 targets should provide a

framework for thinking about how this kinase controls DCSA. Furthermore, investi-

gating the distribution of the PIG-1 protein or its activity might explain the apparent
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differences in how it acts in the zygotic, Q.a, and Q.p divisions. It will similarly be

important to understand how the Arfs regulate the Q.a and Q.p divisions. If they

function in vesicular trafficking of specific cargo, the identification of these molecules

should lead to new insights into the specification of DCSA. If they act on actin dy-

namics, this mechanism would establish an in vivo context for studying the connection

between Arfs and Racs.

One mystery is why both Q.a and Q.p DCSA require PIG-1 and Arf function when

the two cells divide asymmetrically using distinct mechanisms. Defining their functions

more precisely should identify a mechanism or mechanisms that are shared by the two

divisions. Studying the functions of HAM-1 and TOE-2, by contrast, should identify

the mechanisms that specifically regulate the Q.a division. Why genetic screens have

not identified molecules that regulate Q.p but not Q.a DCSA is unclear. One possibility

is the screens for extra cells produced from the Q.p division are not saturated. Another

possibility is that the Q.p division asymmetry is a default state, and molecules like

HAM-1 and TOE-2 modify the Q.p division mechanism to generate the Q.a DCSA.

This model is consistent with the requirement for molecules that function in both di-

visions and for Q.a specific molecules.

We have known that Wnt signaling functions in DCSA since the initial studies

identified the Wnt LIN-44 in C. elegans ACD, and a single study identified some of

the possible downstream signaling molecules (Herman and Horvitz 1994; Herman

et al. 1995; Wu and Herman 2006). One interesting possibility is the Frizzled LIN-17

and the Dishevelled MIG-5 control actomyosin contractility through RHO-1 activity.

It will be important to establish this connection by identifying the molecules that

mediate this connection and defining how they function.

Is the asymmetric caspase activation in the mother cell is a general mechanism

used to program cell death in the smaller daughter? Because neither ced-3 nor ced-1
mutants display a Q lineage DCSA defect (Cordes et al. 2006, J.T., unpublished

observation), the PAR-4/PIG-1 pathway, Arf regulation, HAM-1, and TOE-2 must

not require the caspase asymmetry to DCSA. If the Q.a and Q.p cells possess

asymmetric caspase activity, does this asymmetry require the DCSA regulators? If

these molecules regulate caspase asymmetry, one possible explanation would be that

they independently control DCSA and asymmetric caspase activity. Alternatively,

these molecules might only position the furrow asymmetrically and the asymmetric

furrow regulates caspase activity. If these molecules do not regulate caspase asym-

metry, such a finding would suggest that the reason both daughter cells survive in

these mutants is because caspase activity, diluted by an increase in cytoplasmic

volume, drops below a threshold required for efficient cell killing.
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Chapter 7

The Midbody and its Remnant in Cell

Polarization and Asymmetric Cell Division

Christian Pohl

Abstract The midbody is a protein-dense assembly that forms during cytokinesis

when the actomyosin ring constricts around bundling central spindle microtubules.

After its initial description by Walther Flemming in the late nineteenth century and its

rediscovery through electron microscopy in the 1960s and 1970s, its ultrastructural

organization and the sequential recruitment of its molecular constituents has only been

elucidated in the past decade. Recently, it has become clear that the midbody can serve

as a polarity cue during asymmetric cell division, cell polarization, and spindle ori-

entation by coordinating cytoskeletal organization, vesicular transport, and localized

cortical cues. In this chapter, these newly emerging functions will be discussed as well

as asymmetries during midbody formation and their consequences for cellular orga-

nization in tissues.

7.1 Formation of the Midbody, Cytokinetic Abscission,

and the Midbody Remnant

Using cells isolated from salamander, Walther Flemming (1843–1905) was among the

first to observe and correctly describe animal cell mitosis, including many aspects of

cytokinesis (Flemming 1874, 1875, 1876, 1965; Paweletz 2001). Remarkably, he also

observed a structure only visible late during cell division that he proposed could be

similar to the cell plate of plants (Flemming 1891). This structure, a micrometer-sized

body which appeared at the site of cytokinetic abscission and as densely stained in his

fixed preparations, he coined “Zwischenk€orper” (midbody, now also “Flemming body”)

(Flemming 1891; Pohl 2008). Considering his equipment, it is remarkable that he also

observed filaments (microtubules) connecting sister cells that became bundled at the ab-

scission site, terminating in the “Zwischenk€orper.” Many of Flemming’s observations
concerning cytokinesis and the midbody were later confirmed and extended to an

ultrastructural level of description through electron microscopy (Buck and Tisdale
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1962a, b; Robbins and Gonatas 1964; Paweletz 1967; Jones 1969; Mullins and

Biesele 1973).

While Flemming’s observations—when compared with our current knowledge of

midbody formation—are by and large correct, he was of course missing the numerous

molecular regulatory mechanisms and the molecular constituents of the midbody

which research in the past 15 years has revealed (comprehensively reviewed recently;

Chen et al. 2013; Agromayor and Martin-Serrano 2013; Elia et al. 2013; Schiel et al.

2013; Bhutta et al. 2014; Mierzwa and Gerlich 2014; D’Avino et al. 2015; D’Avino
and Capalbo 2016). Importantly, it has become clear that the midbody requires furrow

constriction to form from the spindle midzone and that it changes its morphology

during the progression from final stages of furrow constriction to cytokinetic abscis-

sion. Accordingly, midbody components show distinct spatiotemporal dynamics.

The midbody can be subdivided into three domains (Fig. 7.1a): (a) a central

midbody core (also called dark zone; Hu et al. 2012), consisting of bundled microtu-

bules, PRC1 (bundling factor), centralspindlin (MKLP1, MgcRacGAP), and the

kinesin KIF4; (b) a midbody ring (or bulge), which encircles the core at its midpoint

and contains former cleavage furrow proteins (Actin, RhoA, Anillin, Citron kinase),

centralspindlin, as well as numerous other factors (ECT2, CEP55, ARF6, Centriolin,

Apollon/BRUCE/BIRC6); and (c) the midbody arms (or flanking regions), which con-

tain the chromosomal passenger complex (CPC, with its kinase Aurora B), MKLP2,

and other factors, many of which might be degraded during late stages of cytokinesis

through ubiquitination (Pohl and Jentsch 2008).

During late stages of cytokinesis, the midbody ring component CEP55 recruits

TSG101 and ALIX, a subunit of the endosomal sorting complex required for transport

I (ESCRT-I) and an ESCRT-associated factor, respectively (Carlton andMartin-Serrano

2007; Morita et al. 2007). The ESCRT complexes constitute a series of multi-protein

assemblies that have been first described to mediate the sorting of ubiquitinated proteins

into multi-vesicular bodies (Katzmann et al. 2001; Babst et al. 2002a, b). It has been

speculated that recruitment of ESCRTs to the midbody ring could be ubiquitin-

dependent (Pohl 2009; Fig. 7.1a, middle panels). In accordance with their sequential

function and membrane sculpting activity, TSG101 forms two rings adjacent to the

midbody ring (Elia et al. 2011), eventually leading to the recruitment of two distal

structures composed of ESCRT-III subunits (Christ et al. 2016). Work from several labs

has shown that ESCRT-III is required for further ingression of the intercellular bridge

distal to the midbody ring (also called secondary ingression site) and for abscission;

however, there are different models discussed for the precise mechanism (Bhutta et al.

2014; Fig. 7.1b). Notwithstanding the mechanistic controversy, it seems most likely that

ESCRT-III polymerization nucleating at the midbody ring together with recruitment of

the ESCRT-III-associated ATPase VPS4mediates membrane scission (Elia et al. 2013).

Soon after the discovery of ESCRT-III mediating abscission, it has been found

that a main target of the abscission checkpoint, which prevents premature abscis-

sion through unsegregated chromatids thereby safeguarding the genome (Norden

et al. 2006; Mendoza et al. 2009; Steigemann et al. 2009; Fig. 7.1c), is the ESCRT-

III subunit CHMP4C (Carlton et al. 2012). Chromatin in the intracellular bridge leads

to the activation of the kinase Aurora B, which in turn phosphorylates CHMP4C
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making it unavailable for ESCRT-III-mediated membrane remodeling probably by

binding to the chromosomal passenger complex protein Borealin instead (Capalbo et al.

2012). Additionally, a newly identified factor, ANCHR (Abscission/NoCut Checkpoint

Regulator), can bind to VPS4 in an Aurora B activity-dependent manner and even

seems to form a ternary complex with CHMP4C (Thoresen et al. 2014). Interestingly, it

has been shown that in male germ cells, where abscission has to be arrested, the in-

teraction between CEP55 and TSG101/ALIX is blocked by the testis-specific protein

TEX14 (Iwamori et al. 2010). Thus, there seem to exist multiple ways to prevent pro-

ductive ESCRT-III complex assembly, either to prevent aneuploidy during abscission

checkpoint signaling or regulated by developmental/differentiation signals.

After abscission, the midbody core and the ring transform into the midbody rem-

nant. Previously, there have been contradicting reports how this might occur—through

asymmetric abscission on one side, through rupture of the intercellular bridge, or

through sequential abscission on both sides. Recent time-lapse microscopy and ultra-

structural analysis strongly suggests that latter seems to occur (at least in cultured cells;

Guizetti et al. 2011; Lafaurie-Janovre et al. 2013; Fig. 7.1b), thus transforming the

remnant of the midbody into an extracellular structure. At the end of this chapter,

potential asymmetries and implications of these asymmetries for cell polarization and

fate will be discussed.

Taken together, sequential recruitment of factors during spindle midzone bun-

dling and furrow constriction leads to the formation of the midbody. On its arms,

decrease in Aurora B activity and potential protein degradation lead to progression

of cytokinesis, eventually leading to the ubiquitination of the midbody ring, the re-

cruitment of ESCRT complex components, membrane deformation, and abscission.

Fig. 7.1 Midbody structure and dynamic changes during abscission. (a) Schematic depiction of cell

cycle stage (top) and spatial organization of the midbody (bottom) from late stages of cytokinesis

(left) to abscission (center) and to post-abscission (after midbody remnant uptake). Selected proteins

and their localization are listed. For details, see Hu et al. (2012). Notably, it has not been agreed on a

“canonical” localization of ESCRT-III yet (see text for details). (b) Different models for cytokinetic

abscission. Red arrows indicate pulling forces (Kanada et al. 2005) or laser cutting (Lafaurie-Janovre
et al. 2013). See text for details. (c) Mechanism of NoCut checkpoint activation. See text for details
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Besides the abovementioned dynamics at the midbody, there are numerous reports

showing membrane trafficking to the midbody. Specifically, Rab8/Rab11/Rab35 trans-

Golgi and endosomal vesicles are targeted to the midbody by the Sec6/Sec8 or exocyst

membrane tethering complex (Horgan et al. 2004; Wilson et al. 2005; Fielding et al.

2005; Gromley et al. 2005; Chen et al. 2006; Kouranti et al. 2006; Pohl and Jentsch

2008; Kaplan and Reiner 2011), which requires RalA and RalB for furrow and mid-

body localization, respectively (Chen et al. 2006; Cascone et al. 2008). In addition,

midbody localization of endosomal vesicles and abscission also depend on the syntaxin

Sx16 (Neto et al. 2013) and on the septin Sept9 (Estey et al. 2010; Kim et al. 2011).

Polarized trafficking to the midbody and many of the membrane remodeling and

targeting factors involved in abscission are also required during the formation of apical

membrane domains at the site of the midbody/midbody remnant (see Sect. 7.2 below).

It is important to consider that there is apparently no “standard” way of furrowing,

midbody formation, and abscission since each process can follow dramatically different

routes depending on the cell type and the developmental or pathophysiological context

(i.e., see Sanger et al. 1998; Geddis et al. 2007;Margall-Ducos et al. 2007; Kosodo et al.

2008; Ettinger et al. 2011; Figard et al. 2013). What is summarized above is mainly the

presumptive default pathway and only reflects midbody formation and abscission in the

common repertoire of cultured (and mostly transformed) mammalian cell lines. Cyto-

kinesis during development or in intact tissues and organs requires maintenance of cell–

cell contacts, which imposes spatial constraints (see under Sect. 7.4 below). Therefore,

it is crucial that the force-generating molecular machineries of the different phases of

cytokinesis—actomyosin during furrowing, microtubule bundling factors during mid-

body formation, and ESCRT complexes during abscission—are all malleable in terms

of modular regulation, cell type-specific accessory factors, etc. On the one hand, this

makes cytokinesis a complex process to study since mechanistic details will depend on

the particular setting used during investigations. On the other hand, it allows researchers

to unravel in which way developmental or pathophysiological constraints entail differ-

ential use of ubiquitous molecular machineries.

7.2 The Midbody as a Polarity Cue for Cell Polarization

7.2.1 Luminogenesis

Polarity factors not only control asymmetric cell division but are also crucial for

establishing and maintaining apicobasal polarity of epithelia (see chapters by Meraldi

and Hinck). If epithelial cells are grown in a medium containing or embedded in

extracellular matrix (ECM) components (e.g., collagen, laminin, matrigel), they will

form cysts with a lumen (Fig. 7.2). The cyst cell membranes that line the lumen are

apically polarized while those contacting the medium are basally polarized. Pioneering

work from the lab of the late Alan Hall and of Ben Margolis’ lab first demonstrated that

the midbody defines the site where apical polarity factors accumulate and where an
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apical lumen can form de novo in cysts (Jaffe et al. 2008; Schlüter et al. 2009). Generally,
in apico-basally polarized cells, ingression of the cleavage furrow is asymmetric, from

basal to apical (Reinsch and Karsenti 1994; Fleming et al. 2007). If this is preserved in a

three-dimensional structure, an apical domain can be maintained at the center of a cyst.

Jaffe et al. showed that this requires the function of the GTPase and polarity factor

CDC42. CDC42 maintains spindle orientation so that cytokinesis occurs at the apical

membrane. Moreover, already during the first division, the apical polarity factor aPKC

(part of the PAR3/PAR6/aPKC apical polarity complex) was found to be associated

with the midbody at the center of the interface (future lumen) between the daughter cells

(Jaffe et al. 2008). Schlüter et al. in turn showed that Rab11-dependent endosomal

trafficking along microtubules transports the Crumbs complex (Pocha and Knust 2013)

component Crumbs3 also to this site, which assists in the recruitment of aPKC and

PAR6. Subsequent work from the Mostov lab then corroborated that polarized traffick-

ing to a membrane domain that forms around the midbody is crucial for de novo
luminogenesis (Bryant et al. 2010; Fig. 7.2). Bryant et al. find that luminogenesis first

requires a polarity inversion: the apical membrane determinant gp135/podocalyxin,

which is initially localized to nascent basal membranes of a forming cyst, has to move

to the nascent apical site, while β-catenin, which is initially localized to the cell–cell

contact, has to move to basal membranes. This is accomplished by podocalyxin being

internalized through Rab8/11 recycling endosomes, transporting it to a special site

around the midbody which has been coined apical membrane initiation site (AMIS).

Subsequently, the AMIS transforms into two domains: the apical membrane proper and

nascent tight junctions (containing apical polarity factors like aPKC and PAR3/6).

Recently, theMostov lab (Bryant et al. 2014) has identified that initial polarity inversion

is signaled from the extracellular matrix: a RhoA-dependent podocalyxin-containing

complex is eventually dissociated by the action of basement membrane-derived signal-

ing to an α2/α3/β1-integrin/FAK/p190ARhoGAPmodule and by PKCβII. This leads to
podocalyxin endocytosis and relocation to the AMIS. How this is coordinated with

midbody formation is not clear yet, for instance, whether midbody formation and/or

Fig. 7.2 Schematic depiction of de novo lumen formation. Left: A cell doublet grown inmatrix during

cytokinesis. Note that factors that later line the apical surface of the nascent lumen (e.g., podocalyxin,

Crumbs3) are initially localized to what later becomes a basal surface. Rab8/11/35 vesicles traffic

along micortubules to the midbody and the directly adjacent apical membrane initiation site (AMIS).

Middle: The AMIS transforms into tight junctions (TJ). Right: In subsequent divisions, spindle

positioning (guided by CDC42) and furrowing have to be coordinated with the existing lumen and

tTJs. Box: Representative proteins of apical endosomes (green) and the AMIS (red) are listed
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progression of abscission also triggers re-localization of β-catenin from cell–cell

contacts to cell–ECM contacts.

Concerning the regulation of Rab11 vesicle transport to the AMIS, it has been

recently shown that the Rab11-binding protein FIP5 is involved in targeting podo-

calyxin/Crumbs3-positive endosomes to the midbody (Li et al. 2014). Specifically, Li

et al. have shown that the kinase GSK-3 phosphorylates FIP5 during metaphase/ana-

phase, which blocks its apical transport by inhibiting the binding to the sorting nexin

SNX18, which has been shown to be involved in luminogenesis previously (Willenborg

et al. 2011). This inhibition might act as a timer to allow transport only when the

midbody is ready to scaffold or organize the AMIS. In addition to these factors, timely

and sequential recruitment of PAR3 and the tight junction component ZO-1 to or around

the midbody is also crucial for AMIS specification (Wang et al. 2014). Moreover, be-

sides Rab8 and Rab11, Rab35 is also involved in transport of Cdc42, Crumbs3, and

Podocalyxin to the newly forming lumen during cytokinesis (Klinkert et al. 2016). Thus,

by coupling division to luminogenesis through potentially redundant mechanisms and

by subsequently coupling spindle orientation to the preexisting apical membrane, main-

tenance of a growing single lumen in a multicellular cyst or tubule can be ensured.

Moreover, both the midbody and the extracellular matrix seem to act as symmetry-

breaking elements in this case.

It will be interesting to identify how the establishment of an AMIS alters the

localization and/or recruitment of ESCRT complexes to the midbody and whether

other midbody components show different dynamics when cell division also entails

luminogenesis. Furthermore, differences in midbody fate between non-polarized cells,

in apico-basally polarized cells in a mononolayer, and in cysts have not been system-

atically analyzed so far.

7.2.2 Sprouting and Polarized Divisions in Neuronal Cells

Neuronal cells are prototypic examples of polarized cells. From an initially

non-polarized state, they need to undergo a symmetry-breaking process and several

phases of polarity establishment that eventually yield axon and dendrite(s) (reviewed

in Cáceres et al. 2012; Pohl 2015). Eventually, they need to establish a polarity axis,

which is thought to be determined by centrosome position (Zmuda and Rivas 1998; de

Anda et al. 2005) and either by the two first appearing neurites (also called bipolar

stage; Calderon de Anda et al. 2008) and/or by stochastic mechanisms (reviewed in

Pohl 2015). Surprisingly, Drosophila embryos without centrosomes still show rela-

tively normal development (Basto et al. 2006) and neuronal precursor cells properly

polarize (Pollarollo et al. 2011), arguing that additional factors besides centrosomes

contribute to neuronal polarity establishment.

Work from the Dotti lab demonstrated that the midbody transforms into the site

of initial apical neuronal sprouting (Pollarollo et al. 2011; Fig. 7.3). Specifically,

Pollarollo et al. reported that in the Drosophila notum both Rho1 and Aurora A ac-

cumulate in the midbody during neural precursor divisions and remain in the remnant.
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They also find that phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) becomes en-

riched at the site of the midbody. Rho1/Aurora A accumulation and PI(4,5)P2 enrich-

ment preceded recruitment of the polarity factor Bazooka/PAR-3, which binds PI(4,5)

P2 and is a main organizer of neuronal polarity. In addition, DE-Cadherin is recruited to

this site and it has been later shown that the accumulation of N-Cadherin in mamma-

lian neurons also occurs at the site of initial sprouting (Gärtner et al. 2012). Thus,

similar to luminogenesis, the midbody mediates symmetry breaking by recruiting

apical polarity factors and other molecules essential for initiating membrane dynamics.

Depending on the developmental context, there seem to be additional signals from

surrounding cells that contribute to the asymmetric distribution of polarity factors in de
novo polarizing neurons: during neural rod formation in zebrafish, neural progenitors

that undergo midline crossing divisions accumulate apical polarity markers at the

cleavage furrow (Tawk et al. 2007). However, this is not fully dependent on cell cycle/

cell division since apical polarity marker accumulation at the midline also occurs in

division-blocked progenitors (Buckley et al. 2013). In this case, polarization is medi-

ated by the centrosome (organizing a mirror-symmetric microtubule array in the cell)

and cell–cell as well as cell–ECM contacts. In contrast, midline crossing divisions are

followed by luminogenesis for which apical polarity factors and Rab11-mediated po-

larized trafficking require proper progression of cell division. Unfortunately, it is

currently not clear how important midbody position and function as a polarity

organizer are for neural rod development. Taken together, this data suggests that the

midbody might be dispensable for polarized growth (which is less cell cycle depen-

dent) but may play an important role during luminogenesis (which seems to be cell

cycle dependent).

Fig. 7.3 Polarity establishment in Drosophila sensory neurons. During division of IIIb, which gives

rise to the neuron and the sheath cell of the sensory organ, PAR3 and DE-cadherin start to accumulate

at the membrane around the midbody in the neuron and also at the apical pole of the sheath cell (left).
Subsequently, cells start to sprout toward the apical membrane (middle), eventually leading to a fully
differentiated sensory organ
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7.3 The Midbody and Spindle Orientation during

Asymmetric Cell Division

For proper organization of tissues or organs, cells have to orient a cell division plane

according to intrinsic cues and according to cues from their local environment. The

major biomechanical mechanism for division plane orientation that inherently integrates

both cues is cell shape. Research in experimental embryology during the late nineteenth

century (Hofmeister 1863; Pflüger 1884; Driesch 1893; Hertwig 1893) has led to the

postulation of what we now call Hertwig’s rule. This rule states that a cell will divide
along the long axis it had during interphase (Fig. 7.4). Recent work has confirmed this

rule quantitatively (Gibson et al. 2011; Minc et al. 2011; Fig. 7.4b) and could also

demonstrate that this is due to nuclear centering through microtubules according to the

center of mass (Minc et al. 2011) and packing constraints imposed by the local en-

vironment (Gibson et al. 2011). However, since cells usually round up during mitosis to

escape epithelial confinement (Ramanathan et al. 2015; Sorce et al. 2015), an additional

mechanism of shape memory has to operate during division. In cultured cells, shape

memory requires cues from the ECM that in turn organize local phospholipid, actin, and

microtubule dynamics leading to segregation of cortical components affecting spindle

orientation (Théry et al. 2005, 2007; Toyoshima et al. 2007; Toyoshima and Nishida

2007; Fink et al. 2011). In epithelial tissues where cells have to divide planarly po-

larized, tricellular junctions (showing higher levels of, e.g., E-cadherin, Discs-large/Dlg,

or Gliotactin) instead of ECM represent this spatial memory (Bosveld et al. 2016;

Fig. 7.4a). These tricelluar junctions recruit cortical force generators during interphase

that stay localized at these sites during mitosis to polarize the division plane. Further-

more, it has been shown previously that in planar polarized mammalian epithelia,

Cadherin-based cortical cues are crucial for planar oriented divisions (den Elzen et al.

2009). Thus, similar to neuron sprouting, Cadherin-based cortical cues can organize

polarized growth although without the apparent requirement for midbody-based as-

sembly of these cues.

Notably, Hertwig’s rule and tricellular junction-based division orientation is

linked to symmetrically dividing epithelial cells. In contrast, functional diversifica-

tion and generation of a particular tissue architecture during embryogenesis requires

symmetry breaking during cell division. Diverse mechanisms have been identified

that utilize either extrinsic or intrinsic cues for symmetry breaking. The nematode

C. elegans is a model organism where both symmetry breaking and functional di-

versification already start with the first cell division, leading to anteroposterior axis

formation and segregation of soma and germline (Fig. 7.4c). It has been speculated

that during the second round of cell divisions, 90� rotation of the nucleus–centrosome

complex and, later on, of the spindle in the germline founder cell might require struc-

tures that remained from cytokinesis (Hyman andWhite 1987; Hyman 1989, Waddle

et al. 1994, Keating and White 1998; Skop and White 1998). Recently, it was shown

that rotation in the germline founder cell indeed requires the midbody remnant from

the first embryonic division (Singh and Pohl 2014a; Fig. 7.4c, right panels). This mid-

body remnant becomes invariably displaced ventrally and serves as platform for the
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formation of a specific cortical domain that will direct spindle orientation during

asymmetric division of the germline founder cell P1 into P2 and the endomesodermal

founder cell EMS. Thus, the midbody remnant of the first embryonic division func-

tions as a cue during symmetry breaking in the subsequent division. Developmentally,

this is an important mechanism since it leads to the formation of the dorsoventral axis

by placing endomesoderm ventrally and ectoderm dorsally. Moreover, the use of the

midbody remnant as a polarity cue allows cell division to occur along the short axis of

the cell, thus violating Hertwig’s rule.
Mechanistically, a combination of two previously proposed models can explain the

interplay between extrinsic (midbody-derived) and intrinsic (anteroposterior polarity-

derived) cues necessary for this violation (Singh and Pohl 2014b). The older model—

coined “cortical-site” model—argues that a special site in the P1 cortex together with

the spatial constraints of the ellipsoid egg will mediate nucleus–centrosome complex/

spindle rotation (Hyman and White 1987; Hyman 1989, Waddle et al. 1994, Keating

and White 1998; Skop and White 1998). The “cortical site” model has been disputed

by the “LET-99” model, proposing that lateral localization of the conserved polarity

factor LET-99 to the prospective dorsal and ventral sides of the P1 cell would be

sufficient to mediate nucleus–centrosome complex/spindle rotation (Tsou et al. 2002,

2003). Due to LET-99’s function reducing cortical pulling forces (Rose and Kemphues

1998; Tsou et al. 2002), its bilateral localization pattern is thought to bias cortical

pulling forces along the anteroposterior axis, thereby leading to rotation. Singh and

Pohl reconcile these opposing views by arguing that LET-99 might indeed bias spindle

rotation (Singh and Pohl 2014b); however, they also demonstrate that the midbody

remnant is crucial for tethering the spindle to the cortex during rotation (Singh and Pohl

2014a). Tethering occurs through formation of a dense actin cortical structure around

the midbody remnant, which forms asymmetrically requiring proper anteroposterior

Fig. 7.4 Hertwig’s rule and midbody-based spindle orientation in C. elegans. (a) Walther

Flemming’s drawing of an epithelium with dividing cells from his 1882 book on cell division

(Flemming 1882). Red dashed lines indicate the long axis of dividing cells. Red triskelions depict

tricellular junctions of dividing cells. (b) Reorientation of the division axis according to Hertwig’s
rule. See also experiments in (Minc et al. 2011). (c) Left: The first two rounds of cell division in the
C. elegans embryo. The first division (top) follows Hertwig’s rule, while during the second round of
divisions (bottom) the posterior cell P1 violates this rule. Right: Schematic depiction of midbody

remnant-based spindle rotation during asymmetric division of the germline founder cell P1. See text

for details
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polarity but not the midbody core or midbody remnant internalization. This is consis-

tent with findings from Ou et al. and Green et al. who demonstrated that midbody

remnant internalization is dispensable for development (see below) and that the con-

tractile ring-derived outer midbody ring is sufficient to scaffold the abscission machin-

ery, respectively (Green et al. 2013; Ou et al. 2014).

Thus, the midbody can serve as polarizing cue during asymmetric cell division

in vivo and also seems to be required during embryogenesis for other processes like

luminogenesis.

7.4 The Furrow and Midbody in Polarized Epithelia

Once polarized tissues have formed during development, it is essential to maintain

this architecture during tissue growth. However, each cell division represents a tran-

sient lesion since cells often round up during division, have to form a contractile ring

that has to ingress, and establish a new cell–cell contact simultaneously. This “lesion”

has to be resolved so that tissue polarity and organization are not harmed.

Often, furrowing is directional in order to preserve tissue architecture. It can pro-

ceed from basal to apical (e.g., in many differentiating epithelia; Kosodo et al. 2004;

Dubreuil et al. 2007; see below), proceed from apical to basal (e.g., in the early

C. elegans embryo; Carvalho et al. 2009; Pohl and Bao 2010), or show random asym-

metry (e.g., in the C. elegans one-cell embryo; Maddox et al. 2007). In the latter case,

although Anillin and Septins are required for random asymmetry during furrowing in

the C. elegans one-cell embryo (Maddox et al. 2007), such random asymmetries have

not been observed so far in other systems yet. Recent analyses suggest that random

asymmetry during furrowing is most likely due to cortical chirality, which manifests as

simultaneous rotational and translational actomyosin flows (Singh and Pohl 2014a;

Naganathan et al. 2014). Chiral cortical contractile actomyosin flow will lead to the

formation of an asymmetrically organized contractile ring (with higher levels of

non-muscle myosin II and Septins on one side of the contractile ring) that will

progressively constrict from one random point on the embryo’s equator. Due to

restriction of actomyosin to apical surfaces (once cells have established apicobasal

polarity at the 4-cell embryo stage), cortical chirality can also mediate left–right

asymmetric furrowing (Schonegg et al. 2014). Cortical chirality is also used to

asymmetrically position the midbody remnant during dorsoventral axis formation

(see above; Singh and Pohl 2014a). Since we currently have a limited understanding

of what establishes intrinsic cellular chirality (Pohl 2015) and since chiral behaviors

seem to be cell type specific, it is possible that random asymmetries during furrowing

might actually be used to drive various directional processes at different stages of

development. Furthermore, these chiral dynamics during cytokinesis would in prin-

ciple also allow to generate an intrinsically asymmetric midbody remnant.

Using Drosophila development as a model, several recent studies have identified

mechanisms that show how directional asymmetry during furrowing and asymmetric

midbody positioning contribute to maintenance of tissue architecture during growth
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(Founounou et al. 2013; Guillot and Lecuit 2013; Herszterg et al. 2013; Morais-de-Sa

and Sunkel 2013; reviewed in Herszterg et al. 2014). In the case of the Drosophila

embryonic ectoderm and the follicular epithelium, a symmetrically organized con-

tractile ring undergoes asymmetric furrowing from basal to apical by adherens

junction-mediated interactions with the apical part of the furrow through the Cadherin–

Catenin complex (Guillot and Lecuit 2013; Morais-de-Sa and Sunkel 2013). Moreover,

apically localized E-Cadherin is sufficient to recruit the midbody to the apical side

(Morais-de-Sa and Sunkel 2013). This suggests that apical junction components break

symmetry during contractile ring closure. However, more similar to embryonic cyto-

kinesis inC. elegans, asymmetric contractile rings that lead to directional furrowing are

also found in Drosophila, e.g., in the pupal notum (Herszterg et al. 2013). In addition, if

cells in an epithelium round up during mitosis and become apically extruded like in the

Drosophila pupal wing or follicular epithelium, a transition to symmetric furrowing

depending on the degree of extrusion will lead to apical midbody positioning at the end

of cytokinesis (Herszterg et al. 2013; Morais-de-Sa and Sunkel 2013).

Remarkably, similar to midbody-mediated spindle orientation in C. elegans, an F-

actin-rich structure is also observed around the midbody in Drosophila epithelia, which

seems to be crucial to force the neighboring cells—that invaded this territory during

furrowing—away to form the new cell–cell contact and apical junctions between daugh-

ter cells (Herszterg et al. 2013). Importantly, this mechanism of midbody-based de novo
cell–cell contact establishment also maintains apicobasal polarity by providing direc-

tionality for apical junction biogenesis (Morais-de-Sa and Sunkel 2013). It seems very

plausible to speculate that this is brought about by similar mechanisms that lead to

luminogenesis and sprouting, namely Rab8/11/35-dependent polarized trafficking (see

above).

7.5 Asymmetric Midbody Remnant Inheritance

and Regulation of Cell Fate

Until now, there is no direct proof that midbodies affect cell fate directly. To give direct

proof is difficult for several reasons: (1) It has become clear that the fate of postmitotic

midbodies varies depending on the cell type and cellular context (Ettinger et al. 2011;

Chen et al. 2013; Singh and Pohl 2014b); (2) the precise stage at which midbodies need

to be present to alter cell fate remains elusive; and (3) cells that are completely devoid

of midbodies cannot be generated since this would mean to block progression of cy-

tokinesis. Notwithstanding these issues, evidence has accumulated that midbody in-

heritance seems to be connected to cell fate in several models.

In the C. elegans embryo, the first midbody is asymmetrically inherited and is

required for proper cell placement and cell fate inductions (Singh and Pohl 2014a).

Asymmetric inheritance seems to depend on cortical tension; cells with low cortical

tension are more likely to internalize midbodies, probably due to the fact that midbody

internalization seems to mainly occur by engulfment/phagocytosis (Singh and Pohl

7 The Midbody and its Remnant in Cell Polarization and Asymmetric Cell Division 175



2014b; Crowell et al. 2014; Fig. 7.5a), which is facilitated when the cortex is more

deformable. However, although the presence of the midbody is required for proper

patterning, its asymmetric inheritance is not (Green et al. 2013; Ou et al. 2014).

Therefore, cell fate regulation through midbodies in C. elegans seems most likely to

involve nascentmidbody remnants organizing asymmetric cortical domains and there-

by cell and tissue patterning. Hence, it is also plausible that midbodies in C. elegans
might also be involved in processes discussed above like luminogenesis, polarization

of the cytoskeleton, and maintenance of a polarized tissue architecture.

In Drosophila, asymmetric midbody inheritance has been investigated for germline

stem cell divisions (Salzmann et al. 2014; Fig. 7.5b). Here, midbody inheritance cor-

relates with asymmetric centrosome inheritance: while during asymmetric male germ-

line stem cell divisions the stem cell inherits the mother centriole and the differentiating

blast cell inherits the midbody remnant, female stem cell divisions give rise to a stem

cell that inherits the midbody remnant and a blast cell that inherits the mother centro-

some. Thus, independently of cell fate, the cell inheriting the daughter centrosome also

inherits the midbody remnant. At this stage, it is not possible to compare this mechanism

to asymmetric midbody inheritance in C. elegans since centrosome asymmetries have

not been investigated so far.Moreover, it has been argued that instead of modulating cell

fate, midbody remnants in Drosophila might rather regulate cell behaviors such as cell

division timing (Salzmann et al. 2014). Importantly, these findings strongly argue

against a general inheritance mechanism for midbody remnants and instead suggest

cell type-specific regulation of midbody inheritance.

In mammalian cell cultures, midbody remnants also seem to be inherited asymmet-

rically being retained by the cell with the mother centrosome (although not being ab-

solute but ranging from ~75% to ~90%; Kuo et al. 2011; Fig. 7.5c). Moreover, midbody

remnants were found to associate with several stem cell compartments in vivo like basal

layers of mouse testes seminiferous tubules, ventricular progenitor cells in the mouse

brain, mouse skeletal muscle progenitors, and the bulge of human hair follicles. Also,

in vitro, midbodies accumulated when cells were dedifferentiated into induced plurip-

otent stem cells. Remarkably, in stem cells, midbody accumulation seems to positively

affect reprogramming efficiency, while for cancer cells, midbody accumulation results

in enhanced tumorigenicity (Kuo et al. 2011). Notably, midbody accumulation was

shown to correlate with the level of autophagy activity. Midbody clearance by auto-

phagy requires ubiquitylation of the midbody component MKLP1 and its recognition

by the ubiquitin-binding autophagy receptor p62 and—probably redundantly—the

midbody component CEP55 interacting with the autophagy receptor NBR1 (Pohl and

Jentsch 2008; Kuo et al. 2011; Isakson et al. 2013). However, it seems that midbody

degradation by conventional macroautophagy is not the conventional way of disposal;

rather, autophagy-assisted phagocytosis seems to be the predominant pathway—at

least in cultured cells (Crowell et al. 2014). Thus, the “standard” route of midbody

degradation seems to involve recruitment of autophagy pathway components and

subsequent engulfment/phagocytosis whereby the engulfed midbody remnant is then

routed to lysosomes. Again, as stated above, this “standard” route does not always

apply since neuronal stem cells for instance also seem to actively extrude the midbody
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remnant rather than degrading it intracellularly, thereby even using it as a vehicle for

stemness factor hitchhiking (Dubreuil et al. 2007).

Based on this data, it has been speculated that midbody remnants could represent

signaling entities due to receptor clustering or accumulation of specific transmem-

brane proteins (Chen et al. 2013). This would explain the opposing fates observed for

midbody remnants in different stem cell niches in vivo and also functions affecting

proliferation and (de-)differentiation. To disentangle apparent controversial results, it

will be necessary to study midbody fate cell type-specifically and to identify if and

through which mechanisms midbody remnant components engage in midbody-cell

signaling.
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Fig. 7.5 Fate of the midbody and inheritance mechanisms in asymmetrically dividing stem cell. (a)

Different fates for the midbody that seem to depend on the cellular context. In some cases, midbodies

seem to be engulfed after abscission on one side (top), while in tissue culture, abscission seems to

occur on both sides and midbodies are either engulfed afterward (middle) or released (bottom). (b)
Asymmetric stem cell divisions in the Drosophila female (top) and male (bottom) germlines. Left:
Schematic depictions of the very proximal part of the respective germline. Right: Cartoons illustrat-
ing the inheritance of centrosomes and midbodies. Note the contribution of the spectrosome (blue) to
midbody inheritance during female germline stem cell division. The spectrosome is a germline-

specific organelle rich in cytoskeletal and plasma membrane-associated proteins. It is the precursor

to the fusome that later connects germline cells in their cysts (not shown). (c) Asymmetric inher-

itance of centrioles and midbodies during asymmetric stem cell divisions in mammalian systems
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Chapter 8

Drosophila melanogaster Neuroblasts: A
Model for Asymmetric Stem Cell Divisions

Emmanuel Gallaud, Tri Pham, and Clemens Cabernard

Abstract Asymmetric cell division (ACD) is a fundamental mechanism to generate

cell diversity, giving rise to daughter cells with different developmental potentials.

ACD is manifested in the asymmetric segregation of proteins or mRNAs, when the two

daughter cells differ in size or are endowedwith different potentials to differentiate into

a particular cell type (Horvitz and Herskowitz, Cell 68:237–255, 1992). Drosophila
neuroblasts, the neural stem cells of the developing fly brain, are an ideal system to

study ACD since this system encompasses all of these characteristics. Neuroblasts are

intrinsically polarized cells, utilizing polarity cues to orient the mitotic spindle, segre-

gate cell fate determinants asymmetrically, and regulate spindle geometry and physical

asymmetry. The neuroblast system has contributed significantly to the elucidation of

the basic molecular mechanisms underlying ACD. Recent findings also highlight its

usefulness to study basic aspects of stem cell biology and tumor formation. In this re-

view, we will focus on what has been learned about the basic mechanisms underlying

ACD in fly neuroblasts.

8.1 Introduction

The central nervous system of the fruit flyDrosophila melanogaster originates from
neural stem cells, called neuroblasts (Nbs). Neuroblasts have been used extensively

to study fundamental aspects of cytokinesis, cell polarity, and spindle orientation

(Knoblich 2010; Cabernard 2012; Lu and Johnston 2013). Recently, this cell type

has also been used to model tumor formation in vivo and basic stem cell biology

(Homem and Knoblich 2012; Gonzalez 2013). Here, we will review what has been
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learned about the molecular cell biology of asymmetric cell division (ACD) using fly

neuroblasts as a model system. Due to space constraints, we will not go into temporal

identity and more detailed aspects of fly neurogenesis but refer the interested reader

to excellent reviews that have been covering these subjects recently (Reichert 2011;

Homem and Knoblich 2012; Kang and Reichert 2014).

Neuroblasts are specified during embryonic stages 9–11 through Notch/Delta sig-

naling. This lateral inhibition mechanism refines the expression of proneural genes

to individual cells in the embryonic neuroectoderm, the presumptive neuroblasts (re-

viewed in Huang et al. 2014). In addition to Notch signaling, the segment polarity gene

wingless (Wnt in vertebrates) has also been shown to have “proneural capacity.” Loss

of wingless results in the absence or duplication of identified neuroblasts (Chu-LaGraff
and Doe 1993). Upon specification of neuroblasts from a proneural field, they undergo

an epithelial-to-mesenchymal transition, delaminating from the neuroepithelium in the

ventrolateral region of the Drosophila embryo (Hartenstein et al. 1994) (Fig. 8.1a–d).

Delaminated neuroblasts undergo a series of asymmetric cell divisions, generating

a self-renewed neuroblast and a differentiating ganglion mother cell (GMC). GMCs

will divide once more, giving rise to glia, neurons, or both. Embryonic neuroblasts will

form 10–20 primary neurons, generating all the neurons of the Drosophila larva but

only 10% of the adult fly (Homem and Knoblich 2012; Kang and Reichert 2014). To-

ward the end of neurogenesis, most neuroblasts in the central brain and thoracic regions

exit the cell cycle and enter a quiescent state with the exception of four neuroblasts,

a b c d

e

Fig. 8.1 (a) Neuroblast behavior during embryonic and larval development. Neuroblasts start to

delaminate from the neuroectoderm shortly after gastrulation. (b, c) Neuroblasts, specified through

lateral inhibition, undergo dramatic cell shape changes due to cytoskeletal changes and extrude from

the neuroepithelium, inheriting apical–basal polarity from this tissue. (d) Subsequently, neuroblasts

start to divide asymmetrically, always oriented in relation to the overlying neuroectoderm. (e) During

embryogenesis, the first wave of neurogenesis generates first the larval central nervous system. With

the exception of mushroom body neuroblasts, all other neuroblasts enter quiescence before the second

wave of neurogenesis generates the adult central nervous system. The youngest GMCs are usually in

closest proximity to the neuroblast
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giving rise to the mushroom body lineage. Entry into quiescence is regulated by cell

intrinsic factors such as Hox genes and temporal identity factors but also low levels of

nuclear Prospero (Tsuji et al. 2008; Lai et al. 2014) (Fig. 8.1e). In the abdominal re-

gions of the embryo, however, most neuroblasts are eliminated through programmed

cell death after completing their neuronal lineages (Campos-Ortega and Hartenstein

1985; Truman and Bate 1988; White et al. 1994).

Nbs start to exit quiescence and reenter mitosis during the late 1st instar stage,

approximately 8–10 h after larval hatching. This second wave of neurogenesis is res-

ponsible for the formation of 90% of the neurons in the adult CNS. Exit from qui-

escence is controlled by cell extrinsic factors such as Insulin-Like protein Dilp and the

Glycoprotein Anachronism (Ana). These proteins are both secreted from the glia niche

(Ebens et al. 1993; Chell and Brand 2010; Sousa-Nunes et al. 2011) (Fig. 8.1e). Neu-

rogenesis continues throughout all larval and into pupal stages, at which point Nbs exit

the cell cycle and disappear (reviewed in Knoblich 2010; Homem and Knoblich 2012).

This cell cycle exit has recently been shown to be dependent on changes in energy

metabolism, induced by the steroid hormone ecdysone, causing a reduction in neu-

roblast cell size and ultimately terminal differentiation (Homem et al. 2014) (Fig. 8.1e).

Another source of neuroblasts is the optic lobe of the larval brain where symmet-

rically dividing neuroepithelial cells are gradually converted to neuroblasts in res-

ponse to a wave of proneural gene expression (Hofbauer and Campos-Ortega 1990;

Egger et al. 2007, 2010, 2011; Yasugi et al. 2010; Brand and Livesey 2011).

Asymmetric cell division follows a pattern of four subsequent steps: (1) establish-

ment of an intrinsic polarity axis by localizing polarity proteins to the apical neuroblast

cortex, (2) orientation of the mitotic spindle with the apical axis, (3) asymmetric lo-

calization of cell fate determinants to the basal cell cortex, and (4) biased segregation

of both apical and basal proteins between sibling cells (reviewed in Knoblich 2010;

Homem and Knoblich 2012). In the subsequent paragraphs, we will discuss how in-

trinsic polarity is established and how the mitotic spindle is using these polarity cues to

properly align with the intrinsic polarity axis, a requirement for the correct segregation

of cell fate determinants. We will further review centrosome asymmetry, spindle geo-

metry, and how this could influence sibling cell size asymmetry.

8.2 Neuroblast Types and Lineages

Two distinct types of larval neuroblasts have been described so far, which differ

slightly in their asymmetric division mode. The central brain and ventral nerve cord

predominantly contain type I neuroblasts, generating non-self-renewing secondary

progenitors called ganglion mother cells (GMCs) and self-renewing neuroblasts.

Type I neuroblasts—about 90 per brain lobe—are found in all brain regions, but the

dorsoanterior lateral region [DAL; nomenclature according to Pereanu and

Hartenstein (2006)] contains only type I neuroblasts. Eight neuroblasts located in

the dorsoposterior part of the brain are of type II origin. Type I and type II

neuroblasts are morphologically identical and express the bHLH transcription factor
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Deadpan (Dpn). However, type I neuroblasts express the bHLH transcription factor

Asense (Ase), whereas type II neuroblasts are Asense negative (type II neuroblasts

are thus also called Posterior Asense-negative (PAN) neuroblasts) (Bowman et al.

2008; Bello et al. 2008; Boone and Doe 2008). Furthermore, Type II neuroblasts

specifically express Pointed P1, an isoform of the Ets (E26 transformation-specific)

transcription factor Pointed (Zhu et al. 2011). In addition, type I neuroblasts have

cytoplasmic Prospero, which is lacking in type II neuroblasts.

Type II/PAN neuroblasts divide also asymmetrically, but in contrast to Type I

neuroblasts, they form an intermediate progenitor (INP), also called trans-amplifying

GMC, which subsequently divides asymmetrically to form a GMC and another INP

(or TA-GMC). INPs divide several times, generating between 6 and 12 neurons. Due

to the occurrence of INPs, type II neuroblast lineages contain many more cells than

type I lineages (Bowman et al. 2008; Bello et al. 2008; Boone and Doe 2008).

Neuroblast and INP temporal axes contribute to an increase in neural diversity in

type II lineages (Bayraktar and Doe 2013).

The central brain also contains eight mushroom body neuroblasts (4 per brain

lobe), giving rise exclusively to the neurons and glial cells of the mushroom body.

These neuroblasts do not enter quiescence and belong also to type I neuroblasts (Ito

and Hotta 1992; Ito et al. 1997). Similarly, based on their division mode, optic lobe

neuroblasts can be considered type I neuroblasts although their origin differs from

central brain neuroblasts (Egger et al. 2008) (Fig. 8.2).

8.3 Drosophila Neuroblasts as a Model System to Study

Asymmetric Cell Division

8.3.1 Establishment of Neuroblast Polarity; Localizing
the Par Complex to the Apical Neuroblast Cortex

Drosophila neuroblasts are intrinsically polarized. The polarity axis is established

during early prophase with the formation of the apical Par complex. This apical core

polarity complex is composed of atypical Protein Kinase C (aPKC; PKCζ, PKCλ in

vertebrates), Partitioning defective 6 (Par-6; Par-6 in vertebrates), and Bazooka/Par-

titioning defective 3 (Baz; Par-3 in vertebrates). By metaphase, this Par complex forms

a tight crescent on the apical neuroblast cortex. The Par complex is required for the

correct localization of basal cell fate determinants (see below). In addition, it is nec-

essary for the establishment of the Insc/Pins/Gαi/Mud complex, which is essential for

the correct orientation of the mitotic spindle (see also below) (Fig. 8.3).

The origin of this intrinsic polarity axis is not completely understood, but localiza-

tion of the Par complex is most likely inherited during embryonic delamination from

the polarized neuroectoderm (Homem and Knoblich 2012). Embryonic neuroblasts

can undergo a number of asymmetric divisions, maintaining the position of the apical

Par complex in relation to the overlying neuroepithelium. Neuroblast dissociation
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experiments have shown that the establishment of intrinsic polarity is cell autonomous,

but nonautonomous cues are necessary to maintain the division axis in the embryo

(Siegrist and Doe 2006). Recently, it was found that Trapped in Endoderm 1 (Tre1), a

a b

c

d e

Fig. 8.2 (a) Neuroblast types and their lineages in the larval brain. Third instar larval central nervous

system contains different neuroblast populations. (b) Larval neuroblasts are close to the brain surface,

facilitating live imaging experiments; mitotic neuroblasts are highlighted with orange arrowheads. (c)
Image sequence of a central brain neuroblast (Chromosomes and Myosin are shown in white.) The
basal cell fate determinant Miranda is labeled in cyan). Central brain neuroblasts contain both type I

(d) and type II (e) neuroblasts, which differ in their molecular identity and lineage progression. Scale

bars: 10μm
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a

b

Fig. 8.3 (a) Apico-basal polarity in dividing neuroblasts. Polarity establishment starts in prophase but

extends into metaphase. aPKC is activated through the phosphorylation of Par-6 via AurA and

phosphorylates Lgl. Phosphorylated Lgl is excluded from the complex and gets replaced by Bazooka.

Insc binds both Baz and Pins, providing a link between apical polarity proteins and the spindle

orientation machinery. The GTP-bound form of Gαi binds the Goloco motif of Pins and is required

for its localization. Note that the apical localization of the Par complex is also promoted by Cdc42,

binding to Par-6, and the activation of aPKC by Dap160. (b) The segregation of basal determinants is

the result of phosphorylation and dephosphorylation. The kinase Polo participates in the apical

localization of the Par complex and phosphorylates PON to be targeted to the basal cortex. PP2A

dephosphorylates Par-6 (antagonizing AurA activity) and excludes the Par complex from the basal

cortex. Furthermore, PP2A also regulates Polo expression. Miranda, a cargo protein for Prospero (type

I Nb only) and Brat, is regulated by PP4 and aPKC; PP4 dephosphorylatesMiranda on the T591, which

brings Miranda to the neuroblast cortex. On the apical side, aPKC phosphorylates Miranda’s
N-terminus, leading to its exclusion from the apical cortex, restricting it to the basal cortex. aPKC

also phosphorylates Numb, which is required for Numb’s basal localization. Numb segregates into the

GMC and will inhibit Notch signaling to induce differentiation. Notch activity remains high in the

neuroblast and promotes proliferation. The Miranda cargo proteins Brat and Pros also segregate into

the GMC, inducing a differentiation program
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rhodopsin family orphan G protein coupled Receptor (GPCR), regulates the relative

orientation of cortical polarity in embryonic Nbs with regard to the overlying epi-

thelium (Yoshiura et al. 2012). In wild-type embryos, the Par complex is facing the

overlying ectoderm; this stereotypic orientation is lost in tre1mutants, showing random

orientation of the apical Par complex. Tre1 mediates proper polarization in relation to

the overlying neuroectoderm through Goα, facilitating the GDP–GTP exchange. This

study led to a model, proposing that an unidentified extrinsic cue from the neuroecto-

derm activates Goα on the apical side, facing the neuroepithelium. Activated Goα sub-

sequently captures Partner of Inscuteable (Pins; LGN/AGS3 in vertebrates) (Yoshiura

et al. 2012). Pins has been shown to bind to Inscuteable (Insc; Insc in vertebrates), pro-

viding a physical connection to the apical Par complex (Schober et al. 1999; Wodarz

et al. 1999; Yu et al. 2000). Thus, through Pins and Insc, the position of the apical com-

plex can be refined. However, the temporal dynamics of this process are currently

unclear.

In embryonic and larval neuroblasts, the localization of the apical Par complex is

regulated by interdependent physical interactions. Par-6 and Baz are PDZ containing

proteins, localizing to the apical neuroblast cortex. Par-6 can bind Baz in vitro and its

localization depends on Baz. Similarly, the apical localization of Baz is lost in Par-6

mutants (Petronczki and Knoblich 2001). aPKC mutants retain normal apical Baz

localization but compromise Par6 localization (Rolls et al. 2003). This apical complex,

however, is subject to change and in interphase is composed of aPKC-Lethal giant

larvae (L(2)gl)-Par6. Upon entry into mitosis, AuroraA kinase phosphorylates Par6,

thereby activating aPKC. Activated aPKC subsequently phosphorylates L(2)GL, reduc-

ing its affinity for aPKC and Par6, releasing it from the complex and allowing Baz to

enter (Wirtz-Peitz et al. 2008) (Fig. 8.2a). Live cell imaging from sensory

organ precursor cells (SOPs) has shown that by the end of prophase, Baz relocalized

to the posterior–lateral cortex as Lgl was released from this side.

This still leaves the question of how Par-6 and aPKC are recruited to the apical

cortex. Par-6 binds the RhoGTPase Cdc42, and this interaction is mediated by a short

motif in Par-6 termed the “semi-CRIB.” This domain ensures that Par-6 selectively

binds to activated Cdc42. Binding of Cdc42 to Par-6 in turn activates the PDZ domain

of Par-6. Since Cdc42 is lipid modified, associating with the membrane when activated,

this mechanism can establish a connection between the apical neuroblast membrane

and Par-6. In mitotic neuroblasts, Cdc42 is localized uniformly around the cortex with

slight apical enrichment throughout mitosis (Atwood et al. 2007). In cdc42 loss-of-

function mutants, both aPKC and Par-6 are lost from the apical cortex and delocalized

into the cytoplasm. Baz, however, shows normal apical localization, placing Baz still

upstream of Cdc42. This is consistent with baz mutants, which show compromised

Cdc42 localization (Atwood et al. 2007). These studies indicate that Baz seems to be

the most upstream component of the apical polarity complex, although Par complex

components depend on each other for their correct apical localization and activity

(Prehoda 2009). For instance, in vertebrate cells, it was shown that PAR-3 is a substrate

of PKCζ/PKCλ (Izumi et al. 1998).

Recent studies further identified other factors required for the correct localizing

of apical Par complex components. For instance, Dynamin-associated protein
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160 (Dap160; related to mammalian intersectin) has recently been shown to be

required to regulate aPKC’s activity and apical localization (Chabu and Doe 2008),
and the phosphatase PP2A is required to exclude aPKC from the basal cortex

(Chabu and Doe 2009; Krahn et al. 2009; Ogawa et al. 2009). Similarly, the

evolutionary conserved Prefoldin complex, required for the correct folding of

proteins (Vainberg et al. 1998), is also implicated in the correct neuroblasts’
polarity establishment (Zhang et al. 2016b). Taken together, the core machinery

required for the establishment and maintenance of the apical Par complex has been

identified, but molecular details are still emerging (Fig. 8.3a, b).

8.3.2 Localization of Basal Cell Fate Determinants

The Par complex is required for the correct localization of cell fate determinants on the

basal neuroblast cortex. The adaptor protein Miranda (Mira) (Shen et al. 1997), the

transcription factor Prospero (Pros; Prox1 in vertebrates) (Doe et al. 1991; Matsuzaki

et al. 1992; Spana and Doe 1995; Hirata et al. 1995; Knoblich et al. 1995), the trans-

lational inhibitor Brain tumor (Brat; Trim2, Trim3, Trim32 in vertebrates) (Lee et al.

2006c; Bello et al. 2006; Bowman et al. 2008), the Notch signaling inhibitor Numb

(Numb and Numb-like in vertebrates) (Rhyu et al. 1994; Knoblich et al. 1995), and its

binding partner, Partner of Numb (Pon) (Lu et al. 1998), all form a tight crescent on the

basal neuroblast cortex by metaphase and segregate asymmetrically into the GMC in

telophase (Homem and Knoblich 2012) (Fig. 8.3b). Miranda acts as an adaptor protein,

binding both Prospero and Brat (Shen et al. 1997, 1998; Ikeshima-Kataoka et al. 1997;

Schuldt et al. 1998), and mira mutants fail to correctly specify neuronal fate due to

mislocalization of Prospero and Brat (Lee et al. 2006c). Genetic andmolecular analysis

revealed specific localization and interaction domains in Mira, necessary for Prospero

and Brat binding but also for correct basal localization. For instance, Miranda’s
N-terminus is necessary and sufficient for its basal localization. A central cargo domain

is necessary for binding to Staufen, Prospero protein, but also prospero mRNA.

Finally, Mira’s C-terminal domain is important for Miranda’s timely degradation and

cargo release from the GMC cortex (Shen et al. 1998; Fuerstenberg et al. 1998). In

wild-type neuroblasts, Miranda is localized on the basal neuroblast cortex, which

becomes part of the newly formed GMC. Shortly after cytokinesis, Miranda is released

from the GMC cortex, also allowing Prospero protein to detach from the cortex.

Subsequently, Pros enters the newly formed GMC nucleus where it activates a number

of target genes, necessary for differentiation and repressing self-renewal (Choksi et al.

2006). Mutations in Mira’s C-terminus prevent the timely release of both Mira and

Prospero from the cortex so that Prospero fails to enter the GMC nucleus (Ikeshima-

Kataoka et al. 1997).

The mechanism for basal Miranda localization has been controversial for quite

some time. For instance, early reports have shown that Miranda is localized on the

apical neuroblast cortex in interphase, requiring Mira’s central domain (Shen et al.

1998; Schuldt et al. 1998; Matsuzaki et al. 1998; Fuerstenberg et al. 1998). How
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does Miranda relocalize to the basal cortex? It has been proposed that the motor

protein Non-muscle Myosin II and the unconventional Myosin VI (Jaguar, Jar in

Drosophila) are targeting Miranda to the basal cortex by active transport (Petritsch

et al. 2003; Barros et al. 2003). However, recent Florescence Recovery after Pho-

tobleaching (FRAP) experiments led to the conclusion that Miranda is reaching the

basal cortex by passive diffusion throughout the cell rather than Myosin VI-driven

cortical transport (Erben et al. 2008). Similarly, since the Rho kinase inhibitor that

was used to probe the function of Myosin in this process was found to be non-

specific—it also inhibits the apically localized protein Kinase aPKC—this model

was later discarded. Molecular analysis showed that aPKC phosphorylates sever-

al residues in Miranda’s cortical localization domain, thereby excluding it from

the apical neuroblast cortex and confining it to the basal cell cortex (Atwood and

Prehoda 2009). Thus, the current model proposes that Miranda is confined to the

basal cortex through aPKC-mediated apical exclusion (Prehoda 2009).

Protein dephosphorylation—either directly or indirectly—is another important

event for localization of Miranda. As mentioned above, Protein phosphatase 2A

(PP2A) has been shown to act antagonistically to AurA to suppress aPKC signaling

(Chabu and Doe 2009; Krahn et al. 2009; Ogawa et al. 2009) on the basal cortex. The

protein phosphatase 4 (PP4) has also been shown to be required for correct Miranda

phosphorylation. Larval neuroblasts lacking PP4’s regulatory subunit [called Falafel

(Flfl)] exhibit defective Mira localization whereas localization of Numb remains

unaffected (Sousa-Nunes et al. 2009). PP4 is in a complex with Phosphotyrosyl phos-

phatase activator (PTPA), promoting Miranda’s cortical association by dephospho-

rylating the amino acid T591. For instance, non-phosphorylatable Miranda T591A is

associated primarily with the cell cortex. This step acts before aPKC since PTPA-

mediated cortical localization of Mira during early mitotic stages is not related to the

phosphorylation of Mira on the five aPKC sites, which displace Miranda from the

cortex. Subsequently, aPKC phosphorylates Miranda to exclude it from the apical cor-

tex, restricting its localization basally (Zhang et al. 2016a). Thus, this two-step model

proposes that cortical Miranda localization, preceding aPKC-mediated apical exclu-

sion, is mediated by a dephosphorylation step, bringing cytoplasmic Miranda to the

cell cortex. The kinase phosphorylating Miranda on T591, preceding dephosphoryla-

tion, is currently unknown.

The basal cell fate determinant Numb also requires aPKC for its correct asymmetric

localization (Smith et al. 2007). As mentioned above, the Par-6-aPKC-L(2)gl complex

in interphase cannot phosphorylate Numb until AurorA-mediated phosphorylation of

Par-6 induces a change in the complex, replacing L(2)gl with Par-3. Par-3 can bind

both aPKC and Numb, bringing the substrate to the kinase, initiating phosphorylation

of Numb by aPKC (Wirtz-Peitz et al. 2008). Thus, proteins that are directly down-

stream of the Par complex are often aPKC substrates, and phosphorylation is both

necessary and sufficient for cortical displacement and concomitant removal from the

Par domain (Bailey and Prehoda 2015).

Numb has also been shown to be in a complex with Pon in vivo and although Pon is

required for correct Numb localization, it is not absolutely essential; basal Numb lo-

calization is delayed in pon mutants (Lu et al. 1998). FRAP experiments have shown
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that Pon exchanges very dynamically with the cytoplasm and is not recruited basally

via cortical flow, further supporting a more dynamic model for basal cell fate deter-

minant localization (Mayer et al. 2005). Similarly, Numb contains positively charged

amino acids at its N-terminus, enabling recruitment to the plasma membrane. aPKC

phosphorylation sites, necessary for Numb’s asymmetric localization, are right next to

these membrane targeting sites, suggesting that aPKC-mediated phosphorylation neu-

tralizes positive charges, thereby inhibiting Numb’s membrane association (Knoblich

et al. 1997). Recently, it was also shown that the mitotic kinase Polo is directly phos-

phorylating Pon, which is required for the correct localization of Numb (Wang et al.

2007). However, since polo mutants also affect the localization of aPKC, inputs from

both aPKC and Polo might be required for the correct localization of Numb.

8.3.3 Orienting the Mitotic Spindle in Relation to the Apical–
Basal Polarity Axis

As described in the previous part, Drosophila neuroblasts establish an apicobasal

polarity axis shortly before mitotic entry and maintain it throughout cell division. Dur-

ing the process of asymmetric cell division, the orientation of the spindle is crucial for

the segregation of cell fate determinants into the GMC (Cabernard and Doe 2009) (see

also below) and therefore for neuroblast homeostasis and neural differentiation. The

link between cell polarity and spindle orientation has been extensively studied in neu-

roblasts and the concept that emerged suggests that spindle orientation is the result of a

dual involvement of cell polarity and centrosome asymmetry (Morin and Bellaı̈che

2011).

The key players for spindle orientation are Inscuteable (Insc; mInsc in mice),

Partner of Inscuteable (Pins; LGN/AGS3 in vertebrates), the heterotrimeric G-protein

alpha subunit called Gαi, and Mushroom body defect (Mud; NuMA in vertebrates).

Insc colocalizes with the apical Par complex and directly binds to Bazooka, necessary

for its recruitment to the apical cortex of embryonic neuroblasts (Schober et al. 1999;

Wodarz et al. 1999). Insc also directly binds to Pins, and Pins is required for apical Insc

localization (Yu et al. 2000; Schaefer et al. 2000). Thus, apical Insc localization is

regulated by both Baz and Pins; Pins is thus required for both polarity establishment but

also for spindle orientation since the mitotic spindle fails to correctly orient along the

apical–basal polarity axis in pins mutants (Yu et al. 2000; Schaefer et al. 2000). Pins

has also been shown to bind to GDP-bound Gαi (but not GTP-bound) playing an

important role in cell polarity and spindle orientation, independently from its function

in signaling (Schaefer et al. 2000). Pins contains tetratricopeptide repeats (TPRs) and

three GoLoco motifs, all of which can bind GDP-bound Gαi. Recent biochemical

evidence suggests that Pins is in a closed state and is recruited to the apical cortex upon

binding of Gαi to the first GoLoco motif. This binding induces a conformational

change, allowing for further Gαi binding but also recruits Mud to the apical neuro-

blast cortex (Nipper et al. 2007) (Fig. 8.4).
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Mud is an important component for spindle orientation and acts downstream of

Insc/Pins/Gαi. Mud binds Pins at its N-terminal TPR domain, creating a Gαi–Pins
(TPR)–Mud complex at the apical cortex (Bowman et al. 2006; Izumi et al. 2006; Siller

et al. 2006). In contrast to pins or Gαi, mud mutants compromise spindle orientation

without perturbing apical–basal polarity. The coiled-coil protein Mud is localized to

the apical cortex, to both centrosomes and weakly to the basal cortex (Siller et al.

2006). Mud’s localization is dependent on Pins, the cell cycle regulator AuroraA (AurA;

AuroraA in vertebrates), and a centrosomal complex consisting of Anastral spindle

2 (Ana2; STIL in vertebrates) and the dynein light chain protein Cut up (Ctp) (Siller

et al. 2006; Wang et al. 2006, 2011). Not surprisingly, mutants of these genes also

perturb spindle orientation. HowMud localizes to these different subcellular sites is not

entirely clear, but FRAP experiments indicated that Mud is traveling from the cortex to

the spindle pole, suggesting that Mud may be a cargo protein of the Dynein complex

(Wang et al. 2011). Additional studies have shown that the PDZ protein Canoe (Cno;

Afadin/AF-6 in vertebrates) promotes formation of the cortical Pins–Mud complex

through several small GTPases (e.g., Ran) and is important for proper spindle orienta-

tion (Speicher et al. 2008; Wee et al. 2011).

Mud alone has no enzymatic or motor activity and cannot pull on microtubules on

its own. This function is performed by Dynein, a microtubule-based motor, which is

necessary to generate the force for correct spindle alignment. Work in flies,C. elegans,

Fig. 8.4 Neuroblast polarity controls mitotic spindle orientation. Pins is restricted to the apical cortex

through the binding of Gαi–GDP to its Goloco motif and through the binding of Insc, connecting it to

the apical Par complex. Pins serves as a molecular platform for two nonredundant pathways that are

involved in spindle orientation. First, AurA phosphorylates Pins in the Linker domain, and this

phosphorylation is required for Dlg to bind Pins. The Kinesin Khc-73 can bind to Dlg, capturing

astral microtubules and providing a static link between the mitotic spindle and the apical cortex. With

the support of Cno, the coiled-coil protein Mud binds the TPR motifs of Pins and in turn associates

with the Dynein/Dynactin Complex. The (�) end-directed activity of the Dynein/Dynactin complex

exerts pulling forces on the mitotic spindle to regulate its orientation
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and other systems showed that spindle positioning requires dynamic attachment of

astral microtubules to polarized cortical domains, and the generation of forces exerted

on these cortically attached astral microtubules aligns the mitotic spindle (reviewed in

Lu and Johnston 2013). For instance, in Xenopus it was shown that theMud orthologue

NuMA binds the Dynein Dynactin Complex (DDC), providing a link between cell

polarity and spindle poles (Merdes et al. 1996). In agreement with this finding is the

observation that lack of Lissencephaly-1 (Lis-1; Dynactin), an activator of Dynein mi-

crotubule motor activity, impairs spindle movement and orientation (Siller and Doe

2008). Furthermore, mutants that compromise centrosomes or ablate astral microtu-

bules also show spindle orientation defects (Basto et al. 2006; Siller and Doe 2008;

Cabernard and Doe 2009; Wang et al. 2011). Since the Dynein–Dynactin complex

moves toward microtubule’s (MT’s) minus ends, pulling forces are generated on the

mitotic spindle that are necessary for its orientation in relation to the apical polarity

complex (reviewed in Lu and Johnston 2013).

A second pathway for spindle orientation also involves Gαi and Pins. In insc mu-

tant larval neuroblasts, the apical Par complex is mislocalized, but polarized localiza-

tion of Gαi, Pins, and Disc Large1 (Dlg1; Dlg in vertebrates) occurs at metaphase,

independent from cell polarity (Siegrist and Doe 2005). This polarization is induced

through astral microtubule plus ends and the kinesin Khc-73, binding to Dlg, re-

constituting correct spindle orientation. These findings are consistent with a recent

study showing that interphase microtubule asters are partially able to maintain spindle

orientation over consecutive divisions by maintaining polarity memory (Januschke

and Gonzalez 2010). Molecular insight into the Pins–Dlg–Khc-73 pathway has been

elucidated mostly in S2 cells by using the homophilic adhesion protein Echinoid fused

to various polarity or spindle orientation proteins (Johnston et al. 2009). With this

elegant approach, Johnston and collaborators could induce polarity in S2 cells and test

diverse proteins for their involvement in spindle orientation. The authors showed that

Aurora A kinase phosphorylates the Linker domain of Pins, allowing direct binding

with Dlg, which then associates with the kinesin motor protein Khc-73. The plus-end

binding capacity of Khc-73 is thought to provide an MT capture or attachment

mechanism. Based on this data, it has been hypothesized that Pins(Linker)–Dlg–Khc-

73 is providing a static link between astral microtubules and the apical cortex while Pins

(TPR)–Mud–DDC would induce the forces required for a proper centrosome anchor-

ing. These two pathways seem to work in parallel and are only partially redundant for

efficient spindle alignment. However, the function of Khc-73 has not yet been assessed

with loss-of-function mutants in neuroblasts (Fig. 8.4).

8.3.4 Centrosome Asymmetry and Spindle Orientation
Memory

Neuroblast polarity is important to control spindle orientation. Cell polarity has also

been shown to influence centrosome asymmetry. In this part, we will review the role
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of centrosomes and their asymmetry in the context of asymmetric neuroblast division

and overall CNS development.

After neuroblasts delaminate from the ectoderm, mitotic spindles undergo a 90�

rotation, ensuring that the first neuroblast division occurs perpendicularly to the over-

lying ectoderm (Kaltschmidt et al. 2000). Interestingly, this 90� rotation of the mitotic

spindle only occurs in the first neuroblast division because in successive mitoses, cen-

trosomes are more or less aligned perpendicularly with the overlying ectoderm. The

reason for this is that one centrosome remains active during interphase and remains

closely associated with the apical cortex (Rebollo et al. 2009). Similarly, larval neu-

roblasts also maintain an active interphase centrosome, closely associated with the

apical neuroblast cortex. The basal centrosome, however, downregulates microtubule

activity after centrioles separate following cytokinesis. When neuroblasts enter mitosis

again, the basal centrosome acquires microtubule organizing activity, amassing peri-

centriolar matrix proteins and forming a microtubule aster. Shortly before nuclear en-

velope breakdown, both centrosomes are roughly positioned at opposite poles on the

apical and basal cortex, respectively (Rebollo et al. 2007; Rusan and Peifer 2007). Thus,

in interphase, centrosomes display a highly asymmetric behavior, based on differential

microtubule organizing (MTOC) activity (Fig. 8.5a). This asymmetry is thought to be

necessary to maintain the division axis from one cell cycle to another. Asymmetric

interphase MTOC activity is not random but appears to correlate with centrosome age.

For instance, it was found that the older centrosome is inactivated during interphase and

inherited by the GMC, whereas the centrosome containing the younger centriole main-

tains MTOC activity in interphase and is inherited by the neuroblast (Conduit and Raff

2010; Januschke et al. 2011) (Fig. 8.5a, b). Centrosome asymmetry and biased centro-

some segregation have also been observed in other Drosophila stem cells such as male

and female germline stem cells (Yamashita et al. 2007; Salzmann et al. 2014) or radial

glial progenitors in the mouse neocortex (Wang et al. 2009). In these stem cell models,

centrosome asymmetry is associatedwith nonrandom sister chromatid segregation,mid-

body inheritance, or proliferative ability (Yadlapalli and Yamashita 2013).

The molecular mechanisms of centrosome asymmetry are not entirely clear, but

progress has been made within the last 5 years. The active apical interphase cen-

trosome contains pericentriolar matrix proteins (PCM) such as Centrosomin (Cnn;

CDK5Rap2 in vertebrates) and γ-Tubulin, necessary for the formation of a microtu-

bule aster. The basal, inactive centrosome is devoid of PCM markers and MTOC

activity (Rebollo et al. 2007; Rusan and Peifer 2007; Conduit and Raff 2010; Lerit

and Rusan 2013; Singh et al. 2014). Several proteins were identified regulating

MTOC activity maintenance on the apical centrosome and basal centrosome, respec-

tively, and it was found that the protein kinase Polo (orthologue of PLK1) is one of

the main players. Polo is enriched on the apical centrosome during interphase and

gets downregulated on the mother centriole-containing basal centrosome shortly after

centrosomes separate (Rusan and Peifer 2007; Singh et al. 2014). Recently, super

resolution microscopy revealed that Polo is localized to both the centriole and the

PCM on the apical active interphase centrosome. However, the inactive interphase

basal centrosome contains only very little Polo, localized to the centriole (Ramdas

Nair et al. 2016) (Fig. 8.5b). Polo is required to maintain an activeMTOC in interphase
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Fig. 8.5 Centrosome asymmetry in interphase neuroblasts. (a) Centrosomes split in early inter-

phase neuroblasts and establish centrosome asymmetry based on centriolar age. The daughter

centriole-containing centrosome (green) maintains a robust microtubule organizing center

(MTOC), manifested in the maintenance of a robust microtubule aster. The mother centriole-

containing centrosome (red) downregulates its MTOC activity and loses its connection with the

apical cortex. At mitotic entry, the mother centrosome (red) has reached the basal pole of the

neuroblast and matures. As a result, the centrosomes are approximately positioned along the

polarity axis. This form of centrosome asymmetry leads to biased centrosome inheritance; the

youngest centrosome (red in the first cell cycle, green in the second) is always retained by the self-
renewed neuroblast and the older centrosome (yellow in the first cell cycle and red in the second)

segregates with the GMC. (b) Several mutants are involved in maintaining the MTOC activity
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since polo mutants or pharmacological inhibition of Polo result in downregulation of

MTOC activity (Januschke and Gonzalez 2010; Januschke et al. 2013; Singh et al.

2014). Recently, we reported that interphase microtubules are necessary to recruit Polo

to the apical centrosome and that this stabilization is mediated by the microtubule-

associated protein (MAP) Wdr62 (MCPH2/Wdr62 in vertebrates) (Ramdas Nair et al.

2016). Polo is a mitotic kinase and phosphorylates both PCM proteins (Conduit et al.

2014) but also the daughter centriole-specific protein Centrobin (Cnb). Cnb is neces-

sary and sufficient for MTOC activity; cnb loss of function disrupts MTOC activity,

and ectopic localization to the basal centrosome induces two robust asters throughout

interphase (Januschke et al. 2013). Thus, MTOC maintenance is described as a

positive feedback loop: Polo generates an active MTOC through phosphorylation of

Cnb and Cnn, activating microtubule growth, which is required to maintain the re-

cruitment of Polo to the active apical MTOC (Ramdas Nair et al. 2016). Other mol-

ecules, necessary for the stability of microtubules and MTOC maintenance, have

recently been identified such as the MAP Ensconsin (Ensc) (Gallaud et al. 2014).

Interestingly, in pins mutant neuroblasts, interphase MTOC activity is also

compromised, providing a link between neuroblast polarity and centrosome polarity

(Rebollo et al. 2007). However, it is currently unclear how Pins is influencing centro-

some asymmetry (Fig. 8.5b, c).

To establish centrosome asymmetry, MTOC activity has to be downregulated on

the basal centrosome. It has been described that centrosomes, destined to be inherited

by the GMC, downregulate MTOC activity in early interphase after centrosomes split

from each other (Rebollo et al. 2007; Rusan and Peifer 2007; Conduit and Raff 2010).

Although the molecular mechanism is not fully understood, it has been reported that

Bld10 (Cep135 in vertebrates) and Pericentrin-like protein (Plp) are required for Polo

and PCM protein shedding; in bld10 and plpmutants, both centrosomes remain active

throughout interphase, resulting in perturbed centrosome positioning, transient spin-

dle orientation defects, and compromised centrosome segregation (Lerit and Rusan

2013; Singh et al. 2014). Plp is asymmetrically localized with a slight enrichment on

the basal centrosome where it blocks Polo and therefore early maturation. Moreover,

⁄�

Fig. 8.5 (continued) asymmetry in interphase; neuroblasts lacking cnb, wdr62, or pins display a

complete loss of MTOC activity on both interphase centrosomes. Plp and bld10 mutant

neuroblasts maintain two active MTOCs. In ensc/khc mutant neuroblasts, centrosomes fail to

split and are mispositioned when the cell enters mitosis. In all these mutants, centrosome inher-

itance is perturbed (albeit the penetrance may differ). (c) Centrosome asymmetry is largely

controlled by the mitotic kinase Polo. Polo is localized to both the centriole and the pericentriolar

matrix on the apical centrosome. The basal centrosome contains weak levels of centriolar Polo.

Polo phosphorylates both Cnb and PCM protein such as Cnn. Cnb is only present on the younger

centrosome where it gets phosphorylated by Polo and potentially inhibits Pericentrin-like Protein.

Plp is required to downregulate Polo but only fulfills this function on the basal centrosome that is

devoid of Cnb. This regulation loop maintains Polo level high on the apical daughter centriole-

containing centrosome, explaining the presence of the microtubule aster. The MAP Wdr62 is

required to maintain high Polo levels on the apical centrosome by promoting microtubule stability.

Microtubules recruit Polo to the centrosome through an unknown mechanism. Bld10, equally present

on both centrosomes, is also involved in the downregulation of Polo on the basal centrosome
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when Cnb is ectopically localized to the basal centrosome, Plp becomes symmetric.

This result suggests that Polo, through the activation of Cnb, downregulates its own

inhibitor (Lerit and Rusan 2013). Bld10 is localized to both centrioles, and it is cur-

rently unclear how this centriolar protein is involved in the downregulation of Polo.

Bld10 localization is not perturbed upon cnb or plp loss of function or ectopic ex-

pression of Cnb. Also Cnb and Plp asymmetries are maintained in bld10 mutant

neuroblasts (Singh et al. 2014) (Fig. 8.5b, c).

Defects in centrosome asymmetry perturb centrosome positioning and spindle

orientation in early metaphase. However, asymmetric cell division is normal since

metaphase spindles realign themselves with the intrinsic polarity axis shortly before

anaphase. The molecular nature of this realignment is unclear (Januschke et al.

2013; Singh et al. 2014; Ramdas Nair et al. 2016). Nevertheless, despite this cor-

rection mechanism, defects in centrosome asymmetry, centrosome separation, and

positioning compromise biased centrosome segregation. For instance, in bld10,wdr62,
cnb, and plp, but also ensc and khc (kinesin-1 heavy chain) mutants, neuroblasts can

also inherit the older mother centriole-containing centrosome (Januschke et al.

2013; Lerit and Rusan 2013; Gallaud et al. 2014; Singh et al. 2014; Nair et al. 2016)

(Fig. 8.5b). This perturbed centrosome segregation has no consequence for neuroblast

polarity and asymmetric cell division, at least in the first few divisions following

centrosome missegregation. Thus, the function of biased centrosome segregation is

currently unclear since no defects associated with centrosome missegregation have

emerged. However, long-term defects and subtle changes in brain development, cell

fate, and behavior have not been carefully investigated so far.

8.3.5 Asymmetric Segregation of Cell Fate Determinants

Polarity establishment and spindle orientation is orchestrated in a defined temporal

sequence, ensuring that when the neuroblast enters anaphase, basal cell fate deter-

minants can be correctly distributed between the two sibling cells. Thus, upon entry

into anaphase, this intrinsic polarity axis has to be in place and the mitotic spindle

needs to be correctly oriented to ensure correct segregation of basal cell fate de-

terminants. In wild-type neuroblasts, Miranda (Mira) transports the cell fate deter-

minant Pros and Brat as a cargo into the GMC. Pros enters the nucleus of the GMC

where it induces and represses various cell type-specific target genes to trigger

neuronal differentiation (see also above and reviewed in Knoblich 2010; Homem

and Knoblich 2012). In addition, the basal cell fate determinant Numb represses

Notch signaling in the differentiating GMC, further inducing differentiation and

inhibiting self-renewal (Lee et al. 2006a; Wang et al. 2006). Thus, mutants com-

promising cell polarity and the correct localization and segregation of basal cell fate

determinants (e.g., Brat, Pros, Mira) compromise differentiation and neuroblast

homeostasis (Lee et al. 2006a, b, c; Bowman et al. 2008). Similarly, mutants

affecting spindle orientation without perturbing cell polarity, such as cnn, asl,
DSas4, or mud, perturb the asymmetric segregation of both apical and basal cell
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fate determinants (Siller et al. 2006; Basto et al. 2006; Cabernard and Doe 2009).

For instance, neuroblasts containing mitotic spindles that are 90� misaligned in re-

lation to the neuroblast’s intrinsic apical–basal axis divide symmetrically by size,

generating two functional neuroblasts (Cabernard and Doe 2009). Under such cir-

cumstances, both apical polarity proteins and basal cell fate determinants are

equally distributed between the two resulting neuroblasts. However, in several

instances, it was found that basal cell fate determinants can still segregate asymmet-

rically. This is due to defects in cleavage furrow positioning, which we will discuss

in more detail below. Nevertheless, these results indicate that inheritance of basal

cell fate determinants alone is not sufficient to drive differentiation, but the correct

ratio of apical versus basal cell fate determinants ultimately determines the resulting

cell fate (Cabernard and Doe 2009). Whereas wild-type third instar larval brains

contain ~100 neuroblasts/brain lobe, larval brains derived from spindle orientation

mutants (e.g., mud, cnn, or Sas4) show a significant increase in the neural stem cell

pool (Cabernard and Doe 2009). Thus, spindle orientation is necessary for the

accurate segregation of cell fate determinants and normal brain development.

Classical transplantation experiments also demonstrated that grafting of

overproliferative brain tissue—due to mutations in polarity or cell fate determinant

genes (pins, miranda, prospero or numb)—into the abdomen of wild-type adult host

flies leads to tumor formation. These induced tumors could be immortalized,

possessed metastatic potential and displayed two hallmarks of cancer: centrosome

alterations and genome instability (Caussinus and Gonzalez 2005).

8.3.6 Spindle Asymmetry and Physical Sibling Cell Size
Asymmetry

Drosophila neuroblasts undergo molecular but also physical asymmetric cell divi-

sions. For instance, neuroblasts divide to give rise to a self-renewed neuroblast and

a differentiating GMC; the neuroblast is about 2 times larger than the GMC. In this

section, we will discuss how neuroblast intrinsic polarity affects this physical asym-

metry and we will summarize work addressing how spindle asymmetry is generated

but also how it contributes to the resulting sibling cell size asymmetry.

8.3.6.1 Molecular Determinants of Spindle Asymmetry

Spindle asymmetry in neuroblasts has first been investigated by Kaltschmidt and

coworkers (Kaltschmidt et al. 2000), measuring spindle arm length, which is a

measure of the distance from the centrosome to the mid-zone of the central spindle,

a region of overlapping microtubules (MTs). Live cell imaging experiments with

spindle and cell membrane markers revealed that in embryonic neuroblasts the

spindle is symmetric throughout metaphase but becomes asymmetric at the onset of
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anaphase, where the microtubules elongate on the apical side and shrink on the

basal side of the cell. The apical spindle arm was found to be 30% longer than the

basal spindle arm at anaphase (Kaltschmidt et al. 2000). In a complementary study,

spindle geometry was quantified in fixed embryonic neuroblasts using γ-tubulin and
DNA as reference for the spindle poles and the metaphase plate and revealed that

relative to the cell diameter at metaphase, the apical spindle arm is approximately

8% longer than the basal arm. In addition, it was also found that the entire spindle is

slightly shifted toward the basal cortex, resulting in a larger gap between the apical

centrosome and the apical cortex and a smaller gab between the basal centrosome

and the basal cortex. Thus, the authors concluded that spindle asymmetry has

already been established in metaphase. In agreement with Kaltschmidt and col-

leagues, Fuse et al. observed that the apical spindle arm is much longer than the

basal spindle arm at telophase (Fuse et al. 2003). Recently, we showed in larval

neuroblast that Survivin, a component of the Chromosomal Passenger Complex

(CPC), is localizing to the central spindle and that this structure of overlapping

microtubules is slightly shifted apically in relation to the ingressing anaphase cleavage

furrow. It is only when the furrow ring approaches its closure stage (i.e., late telophase)

that Survivin aligns with the furrow site and then fuses together to form the midbody

(Roth et al. 2015). Thus, all these studies agree that the mitotic spindle is asymmetric in

anaphase and that the distance between the cell membrane and the apical centrosome/

microtubule aster is larger than on the basal cortex. These results suggest that the

inherent asymmetry in the mitotic spindle is an important factor for the generation of

physical sibling cell size asymmetry. However, since the central spindle only overlaps

late with the cleavage furrow, spindle geometry might not be the only determinant for

the generation of sibling cell size asymmetry.

Mitotic spindle geometry is controlled by two parallel signaling pathways: (1) Baz/

aPKC/Insc and (2) Pins/Gαi (Cai et al. 2003; Fuse et al. 2003; Izumi et al. 2004). These

two apical pathways act redundantly, preventing basal astral microtubule formation,

and suppress spindle growth, generating unequal spindle arm length and hence spindle

asymmetry. Perturbing any component in these complexes results in the formation of

symmetric spindles and equal-size daughter cells (Cai et al. 2003; Fuse et al. 2003; Yu

et al. 2003, 2005; Izumi et al. 2004). Spindle geometry is largely controlled by the

activity of Gβγ, a subunit of the heterotrimeric G proteins. In wild-type Nbs, Gβγ binds
to excess GDP–Gαi at the apical cortex and inactivates it, which could allow astral

MTs and the apical half of the mitotic spindle to grow. On the basal cortex, limited

GDP–Gαi allows free Gβγ to suppress spindle growth. Thus, the level of free Gβγ
regulated by components of the apical complex governs spindle geometry and daugh-

ter cell size in Drosophila Nbs (Fuse et al. 2003; Yu et al. 2003) (Fig. 8.6).

Apart from Gβγ’s contribution to spindle asymmetry and daughter cell size, it has

also been reported that Dlg/Scrib/Lgl are important in regulating cortical polarity,

mitotic spindle asymmetry, and cell size asymmetry (Albertson and Doe 2003). It has

been shown that neuroblasts mutant for dlg, scrib, and lgl—or mutant combination

thereof—undergo (1) symmetric cell division or (2) divide asymmetrically but with

inverted cell polarity. For instance, inverted polarity is observed in 22% of dlgmutant

neuroblasts, lacking also one copy of lgl and scrib. In these neuroblasts, the larger
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daughter cell has GMC fate, as it is Miranda positive and has a longer spindle arm

with large astral MTs attached. In contrast, the small daughter cell contains cortical

aPKC and has a shorter spindle arm with shorter astral MTs. It is not known how Gβγ
is distributed in these inverted polarity Nbs and whether disruption of the apical com-

plex through perturbation of these components redistributes Gβγ in a way that leads

to this phenotype (Albertson and Doe 2003) (Fig. 8.6).

Previously, it was found by immunostaining that in wild-type neuroblasts the apical

centrosome is slightly larger than the basal centrosome (Spana and Doe 1995). To test

whether centrosome asymmetry has any influences on the spindle asymmetry, Cai et al.

took advantage of the fact that 10% of Nbs in sna/esg/wor triple mutant embryos di-

vide with reversed centrosome polarity. However, they found that switching centro-

some position does not change spindle asymmetry since spindle arm length did only

correlate with proximity to the Pins crescent but not with centrosome size (Cai et al.

2001). These results suggest that cortical polarity controls spindle asymmetry. This

a b c

Fig. 8.6 Polarity cues influence spindle geometry. (a) Polarity proteins implicated in spindle asym-

metry either localize to the apical cortex or are localized uniformly cortical with apical enrichment.

(b) Mutant combinations of the implicated polarity complexes result in symmetric spindles and phys-

ical symmetric cell divisions. Depending on the mutation, basal cell fate determinants such as Miranda

are still properly localized and segregate asymmetrically. In some instances, spindles can also become

inverted, causing neuroblasts to divide with inverted polarity. (c) The molecular mechanism underly-

ing spindle asymmetry involved the heterotrimeric G protein complex. The Gαi:GDP–Gβγ complex is

inactive and becomes activated upon exchange of GDP with GTP. This causes the dissociation of Gβγ
from Gαi. Whereas inactive Gαi:GDP–Gβγ, localized on the apical cortex, does not inhibit apical spin-
dle growth, active Gβγ molecules inhibit spindle growth on the basal cortex. How cortical G proteins

can inhibit spindle growth is unclear and could involve a mediator between the spindle and the neu-

roblast cortex
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is consistent with recent findings, showing that whenever the mitotic spindle is 90�

misaligned in relation to the apical–basal polarity axis, or when neuroblast polarity is

compromised, neuroblasts can divide symmetrically by size (Siller et al. 2006; Cabernard

and Doe 2009). Similarly, astral microtubules do not seem to influence spindle arm

length, since neuroblasts defective for asterless (asl; Cep152 in humans) (Varmark

et al. 2007) or sas4, which fail to form functional centrosomes and lack astral mi-

crotubules, still form asymmetric spindles (Giansanti et al. 2001; Basto et al. 2006).

Recently, it was shown that inDrosophila sensory organ precursor (SOP) cells, spindle
asymmetry is generated by Klp10A and Patronin, but whether the same mechanism

also applies to fly neuroblasts is currently unknown (Derivery et al. 2015).

Taken together, current data suggest that spindle asymmetry in Drosophila Nbs is

governed by neuroblast intrinsic polarity cues. How these cues directly influence dif-

ferential spindle growth and spindle asymmetry is incompletely understood (Fig. 8.6).

8.3.6.2 Polarity and Cleavage Furrow Positioning

In most metazoan cells, cleavage furrow positioning is controlled by cues from the

mitotic spindle (White and Glotzer 2012; D’Avino et al. 2015). Thus, spindle asym-

metry would provide a plausible mechanism for the positioning of the cleavage furrow,

which could explain the observed sibling cell size asymmetry; wild-type neuroblasts po-

sition the cleavage furrow closer to the basal cortex, thereby generating a small GMC.

Classical spindle manipulation experiments provided ample evidence that spindle-de-

pendent cues lead to the activation of the small GTPase RhoA, causing an actomyosin

contractile ring to assemble at the correct position (reviewed in White and Glotzer

2012; D’Avino et al. 2015). However, it has been observed that cleavage furrow

markers such as non-muscleMyosin II (Myosin, hereafter), Anillin, or Pavarotti (Pav;

MKLP1 in vertebrates) show an asymmetric distribution in early anaphase, before

clear inherent spindle asymmetry becomes apparent, supporting the notion that

spindle-independent cues could be important for basal cleavage furrow positioning.

For instance, Myosin is localized almost uniformly around the neuroblast cortex

before metaphase. Upon entry into anaphase, Myosin first disappears from the apical

cortex and subsequently from the basal cortex before enriching at the basally shifted

cleavage furrow. Apical Myosin clearing is not regulated by spindle cues, since

chemical spindle ablation experiments did not compromise apical Myosin

relocalization. Furthermore, if the mitotic spindle is rotated 90� in relation to the

neuroblast intrinsic polarity axis, Myosin still becomes asymmetrically localized but

accumulates on the basal cortex, forming a first cleavage furrow. Subsequently, a

second cleavage furrow forms based on the position of the central spindle (Cabernard

et al. 2010). These results strongly suggested the existence of a spindle-independent

cleavage furrow positioning pathway. Genetic analysis revealed that the polarity

proteins Pins and Dlg are required for asymmetric Myosin localization. For instance,

in dlg;;pins double mutants, Myosin fails to localize in an asymmetric fashion,

clearing from both cell poles at the same time (Cabernard et al. 2010). The molecular

mechanisms of this polarity-dependent cleavage furrow positioning pathway are still
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being elucidated, but it strongly suggests that polarity cues influence the distribution of

Myosin and possibly also other cortical proteins (Fig. 8.7). Recent results suggested that

spindle-independent furrow positioning cues are not confined to fly neuroblasts but

have also been observed in C. elegans (Ou et al. 2010; Pacquelet et al. 2015; Jordan

et al. 2016), in fly germ cell formation (Cinalli and Lehmann 2013), or in human cells

(Sedzinski et al. 2011). However, although it has been shown that spindle cues and

polarity cues together specify the correct position of the cleavage furrow in wild-type

neuroblasts (Roth et al. 2015), the exact mechanism and regulatory pathways remain

to be elucidated.

a

b

c

Fig. 8.7 Asymmetric Myosin localization as a mechanism to generate physical sibling cell size

asymmetry. (a) Myosin is localized all around the metaphase neuroblast cortex. Upon entry into ana-

phase, Myosin first disappears from the apical cortex and subsequently from the basal cortex, ac-

cumulating at the forming cleavage furrow. Myosin’s disappearance from the apical cortex could

induce apical expansion and unequal cortical growth. (b) Asymmetric Myosin localization is regu-

lated by neuroblast polarity cues. Dlg, pins, or dlg;;pins double mutants all show compromised

asymmetric Myosin localization (with variable penetrance). Since these mutants also affect spindle

asymmetry, the corresponding neuroblast divisions are often symmetric by size. (c) Asymmetric

Myosin localization is independent of the mitotic spindle since mutants that misalign the mitotic

spindle in relation to the intrinsic polarity axis (e.g., mud) show asymmetric Myosin localization

(Myosin still disappears from the apical neuroblast cortex) but divide symmetric by size. In this case,

two cleavage furrows appear: (1) a first furrow on the basal cortex, resulting in the formation of a

Mira-containing (red) cortical lobe, and (2) a second furrow centered on the central spindle
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Asymmetric Myosin localization could regulate cortical tension and cleavage fur-

row positioning. For instance, in wild-type Nbs the apical cortex expands much more

than the basal cortex during anaphase, effectively shifting the cleavage furrow toward

the small daughter cell. This apical cortical expansion correlates with the lack of apical

Myosin. In Colcemid-treated rod (rod removes the spindle assembly checkpoint,

allowing neuroblasts to enter anaphase) mutant Nbs, the apical cortex expands to the

same extent as observed in wild-type Nbs because Myosin still clears from the apical

cortex. However, the basal cortex does not expand much because Myosin prevents basal

expansion. Loss of Myosin asymmetry was also found to result in symmetric extension

and equal-size daughter cells (Connell et al. 2011). Thus, these findings suggest that

cortical expansion is inversely proportional to cortical Myosin levels (Fig. 8.7).

8.4 Conclusions and Outlook

Drosophila neuroblasts have served as an excellent model to elucidate the basic mol-

ecular cell biology underlying asymmetric cell division. Much has been learned about

the molecular mechanisms involved in polarity establishment, spindle orientation, and

cell fate determinant segregation, but unanswered questions abound. For instance, how

polarity cues regulate spindle morphology and asymmetry is incompletely understood.

Similarly, how spindle asymmetry and actomyosin dynamics are regulated and coor-

dinated to ensure the generation of physical asymmetry remains to be seen. Also, in the

future it will be instrumental to elucidate how developmental signals are integrated with

neuroblast intrinsic polarity and cell cycle cues to ensure correct asymmetric cell

division. Novel genetic approaches such as CRISPR/Cas9 combined with innovative

new imaging methods provide new tools, necessary to elucidate many of these open

questions in the future.
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Chapter 9

Asymmetric Divisions in Oogenesis

Szczepan M. Bilinski, Jacek Z. Kubiak, and Malgorzata Kloc

Abstract In the majority of animals, the oocyte/egg is structurally, molecularly,

and functionally asymmetric. Such asymmetry is a prerequisite for a flawless

fertilization and faithful segregation of maternal determinants during subsequent

embryonic development. The oocyte asymmetry develops during oogenesis and

must be maintained during consecutive and obligatorily asymmetric oogonial

divisions, which depending on the species lead to the formation of either oocyte

alone or oocyte and nurse cell complex. In the following chapter, we summarize

current knowledge on the asymmetric oogonial divisions in invertebrate (insects)

and vertebrate (Xenopus) species.

9.1 Asymmetric Oogonial Divisions in the Ovaries
of the Fruit Fly, Drosophila, and Other Insects
with Meroistic Ovaries

Insect ovaries are paired organs composed of several discrete units, termed ovar-

ioles (see Büning 1994 for a review). As a rule, the ovarioles consist of three well-

defined regions: the terminal filament, the germarium, and the vitellarium. The

terminal filament is a stack of flat, disk-shaped somatic cells, oriented perpendicular

to the long axis of ovariole. The germarium contains dividing and/or differentiating
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oogonial cells, whereas the vitellarium consists of growing ovarian follicles

(reviewed in Büning 1994).

In the majority of insect species, oogenesis starts with the formation of germline

cysts composed of several interconnected sibling cells. Although the processes

underlying the cyst formation are similar in all studied insect species, the fate of

interconnected cyst cells is remarkably different in panoistic versus meroistic

ovaries. In the panoistic ovaries, the germline cysts split into equivalent cells that

become functional oocytes (Pritsch and Büning 1989; Gottanka and Büning 1990;

for details, see Sect. 9.3). In the meroistic ovaries, characteristic of Drosophila and

other derived insects, the cyst cells remain joined; one of them differentiates into

the oocyte and remaining cells form the nurse cells (e.g., Büning 1993, 1994;

Kubrakiewicz 1997; Bilinski et al. 1998; Jaglarz 1998; Michalik et al. 2013). The

main function of nurse cells is the synthesis and subsequent transport of the

macromolecules and organelles to the oocyte cytoplasm, while the oocyte nucleus,

as a rule, remains transcriptionally quiescent.

Processes leading to the formation of female germline cysts are best described

and understood for the fruit fly, Drosophila melanogaster (King 1970; De Cuevas

et al. 1997; Pepling et al. 1999). The germaria of this species contain 2–3 germline

stem cells (GSCs) that divide asymmetrically to produce new GSCs and progenitor

germ cells, termed cystoblasts (see below). Subsequently, each cystoblast divides

synchronously four times that leads to the formation of the cyst, composed of

16 sibling germline cells, the cystocytes (Fig. 9.1a). Because all consecutive divi-

sions of the cystoblast and descendant cystocytes are followed by incomplete

cytokinesis, the arising cyst cells are interconnected by narrow cytoplasmic strands,

termed the intercellular bridges or ring canals (King 1970; Ong and Tan 2010).

Initially, all the cystocytes of the cyst are morphologically almost identical. They

differ mainly in the number of intercellular bridges connecting given cell to its

neighbors (Fig. 9.1a). The central part of each cyst contains two cells with 4 bridges

and 2 cells with three bridges. In the peripheral cyst regions, cells with two or only

single bridge reside. Classical histological studies showed that the intercellular

bridges connecting the cells of the developing/dividing cyst contain specialized

cytoplasm, referred to as a fusome, and that all the fusomes of a given cyst merge

(fuse) with each other to form a polyfusome, a large ramified structure that extends

through all the cyst bridges. The fusome contains elements (membranes) of endo-

plasmic reticulum (ER) and several membrane cytoskeletal or adapter proteins such

as α- and β-spectrin, ankyrin, and the adducin-like protein Hts (Hu-li tai shao; Yue

and Spradling 1992; Lin et al. 1994; Lin and Spradling 1995; De Cuevas et al. 1997;

Snapp et al. 2004; Petrella et al. 2007; Lighthouse et al. 2008). The ERmembranes of

the fusome form an intricate continuous system shared by all the cystocytes of the

cyst. Interestingly, this system falls apart before the onset of oocyte differentiation

and entry into meiosis (Snapp et al. 2004). The fusome/polyfusome mediates

essential steps during cyst development and oocyte differentiation (reviewed in

McKearin 1997). It is well documented that in Drosophila the fusomes anchor

mitotic spindles of dividing cystocytes ensuring the proper orientation of the con-

secutive division planes (King 1970; Lin and Spradling 1995; Deng and Lin 1997;
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McKearin 1997). This in turn leads to a specific “branched” geometry of the cyst

(Storto and King 1989; McKearin 1997). Somewhat later, but still within the

germarium, the spectraplakin, large cytoskeletal linker protein encoded by short
stop (shot), associates with the fusome (R€oper and Brown 2004). This association is

a

b

cystoblast

2-cell cyst

4-cell cyst

8-cell cyst

16 cell cyst

prospective oocyte

intercellular bridge

Fig. 9.1 Female germline cysts in meroistic ovaries. (a) Successive stages of formation of 16-cell

cyst in Drosophila melanogaster. (b) Arrangement of sibling cells within linear cyst in neurop-

teran, Euroleon nostras (Kubrakiewicz et al. 1998)
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required for organizing a polarized microtubule-based transport system (R€oper and
Brown 2004), indispensable for asymmetric localization of specific transcripts into

one of the two cystocytes with four bridges (Deng and Lin 1997; De Cuevas and

Spradling 1998), which subsequently differentiates into the oocyte. Other 15 cyst

cells become highly polyploid and transcriptionally active nurse cells. Differenti-

ated germline cysts (oocyte–nurse cell complexes) associate with somatic

(prefollicular) cells that form epithelium on the cyst surface. The resulting func-

tional units, i.e., ovarian follicles, bud off from the germarium and move to the

vitellarium where they develop further, accumulate yolk proteins, and become

surrounded by egg envelopes.

The female GSCs ofDrosophila (similar to germline and non-germline stem cells

of other species) reside in specialized microenvironments, termed the stem cell

niches (reviewed in Spradling et al. 2001; Xie and Li 2007; Pearson et al. 2009;

Losick et al. 2011). TheDrosophila female germline niche consists of three types of

somatic cells: terminal filament cells, cap cells, and escort cells (Kirilly et al. 2011;

Losick et al. 2011). The cap cells reside at the base of the terminal filament and are

connected to GSCs by adherens junctions (Song et al. 2002). These junctions anchor

the GSCs in place and prevent them from moving away from the niche (Song et al.

2002; Losick et al. 2011). It is now well established that short-range signaling from

the cap and terminal filament cells controls maintenance and long-term self-renewal

of the GSCs and that Jak/Stat-to-Bmp signaling cascade is implicated in these

processes (Spradling et al. 2001; López-Onieva et al. 2008;Wang et al. 2008; Losick

et al. 2011). Briefly, the terminal filament cells produce cytokine encoded by

unpaired (upd); its secretion stimulates Jak/Stat signaling in cap cells and synthesis

of Bmp ligand encoded by decapentaplegic (dpp) (López-Onieva et al. 2008; Wang

et al. 2008). Activation of Bmp receptors prevents transcription of the master

differentiation gene bag-of marbles (bam) in GSCs repressing their differentiation

inside the niche. The divisions of GSCs are asymmetrical not because the daughter

cells are different but because only one of them inherits a contact (and adherens

junctions) with the cap cell and niche microenvironment. This cell remains a stem

cell; another daughter cell is drawn away from the niche and its repressive micro-

environment. This, in turn, leads to the de-repression (activation) of bam, differen-
tiation, and consequent formation of the cystoblast (see Spradling et al. 2001; Xie

and Li 2007; Losick et al. 2011 for further details). Interestingly, both daughter

cells—the GSC and the cystoblast—contain large intracellular organelle known as a

spectrosome. The spectrosome contains α-spectrin and Hts protein and is believed to
be a precursor of the fusome (Lin et al. 1994; Lin and Spradling 1995). During the

mitotic division of the cystoblast, the spectrosome segregates asymmetrically to one

of the descendant cells (Lin and Spradling 1995; de Cuevas and Spradling 1998).

The cell that inherits the spectrosome will become, after additional three rounds of

mitotic divisions, the oocyte. Above results indicate that during initial stages of

Drosophila oogenesis, two mitotic divisions are asymmetrical, i.e., the division of

the GSC and the division of the cystoblast.
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Similar processes have been described in dozens of closer and more distant

relatives of the fruit fly, including flies, beetles, wasps, butterflies, lacewings,

hemipterans (bugs, aphids, coccoids, etc.), earwigs, and lice (see Büning 1994;

Klag and Bilinski 1994; Bilinski 1998; Bilinski et al. 1998; Jaglarz 1992, 1998 for

further details). In this review, we describe these processes in four unorthodox

systems: earwigs, aphids, lacewings, and rove beetles.

The ovarian follicles of earwigs (order Dermaptera) are morphologically simple

and comprise only two germline cells: an oocyte and a single polyploid nurse cell

(Fig. 9.2a; Zinsmeister and Zinsmeister 1976; Tworzydlo and Bilinski 2008;

Tworzydlo et al. 2010a). Despite similar morphology, the processes leading to

the formation of oocyte–nurse cell units are apparently different in basal versus

derived species. In Anisolabis maritima and Labidura riparia (belonging to the

basal families), the cystoblasts divide 3 times generating eight-cell cysts (Yamauchi

and Yoshitake 1982). In each cyst, four cells (with two or three intercellular

bridges) differentiate into the oocytes, and remaining four (with only one bridge)

become the nurse cells. Such diversified cysts secondarily split into four oocyte–

nurse cell units (Yamauchi and Yoshitake 1982; Tworzydlo et al. 2010a). In

advanced taxa (derived families: Forficulidae, Arixenidae, Chelisochidae, and

Spongiphoridae), the cystoblast divides only once, and thus two-cell germline

cysts form without intermediate eight-cell stage (Tworzydlo and Bilinski 2008;

Tworzydlo et al. 2010a). Detailed ultrastructural studies showed that the niche of

the forficuloid earwig, Opisthocosmia silvestris, is different from that of the fruit fly

and comprises two types of somatic cells only, the terminal filament cells and the

escort cells (Fig. 9.2d; Tworzydlo et al. 2010b). Drosophila-type cap cells, i.e.,

somatic cells residing in direct contact with GSCs and connected with them via

adherens junctions, are absent. Interestingly, between the somatic cells of the

Opisthocosmia niche two unusual structures implicated in intracellular communi-

cation, argosome-like vesicles and cytoneme-like extensions, were found

(Fig. 9.2d). This implies that the signaling between niche cells might be mediated

by noncanonical plasma membrane specializations (Tworzydlo et al. 2010b).

In aphids, all germline cells of a given ovariole belong to a single, relatively

large cyst (Büning 1985; Pyka-Fosciak and Szklarzewicz 2008; Michalik et al.

2013). As a rule, the cysts of derived aphids (Aphididae, Drepanosiphidae) are

composed of 32 sister cells (cystocytes), suggesting that in these families the initial

cell of the cyst, the cystoblast, divides synchronously 5 times (Büning 1985). In the
basal family Adelgidae, the situation is even more complicated. Here, synchronous

mitotic divisions of the cystoblast are followed by the supernumerary divisions of

individual cystocytes, leading to the formation of “irregular” cysts composed of

50–92 germline cells (Szklarzewicz et al. 2000). In all studied aphids, the cyst cells

are interconnected via simple intercellular bridges that are devoid of fusomes/

polyfusomes (Büning 1985; Pyka-Fosciak and Szklarzewicz 2008). In contrast to

Drosophila, in each germline cyst about a half of the cystocytes (usually 16 in

derived species, more than 20 in basal ones) differentiate into the oocytes

(Fig. 9.2b, c) and migrate to the vitellarium (Szklarzewicz et al. 2000; Michalik

et al. 2013). The remaining cystocytes are retained in the germarium, become the
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Fig. 9.2 Germline cysts in dermapterans and aphids. (a) Ovarian follicle of dermapteran, Doru
lineare; note that the follicle consists of an oocyte (oo) and single nurse cell (nc). Semithin section

stained with methylene blue. Courtesy of dr. W. Tworzydlo (Institute of Zoology, Jagiellonian

University). (b) Differentiated germline cyst of aphid, Stomaphis quercus; note that the cyst

contains more than one oocyte (oo). Semithin section stained with methylene blue. Courtesy of

dr. T. Szklarzewicz (Institute of Zoology, Jagiellonian University). (c) Transverse section through
young ovariole of aphid, Prociphilus fraxini; note nurse cells (nc), trophic cord (tc) connecting

growing oocyte with the trophic chamber, and several small (early) oocytes (oo) present around

trophic cord. Semithin section stained with methylene blue. Courtesy of dr. (a) Michalik (Institute

of Zoology, Jagiellonian University). Nurse cell nuclei (asterisks); oocyte nuclei (triangles). (d)
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nurse cells, and form a trophic chamber. The contact between the growing oocytes

and the distant tropharium is ensured by elongated cytoplasmic extensions

(Fig. 9.2c) referred to as trophic cords (see Büning 1993, 1994 for a review).

Because the morphology and functioning of the female GSC niche in aphids have

not been analyzed, the mechanisms responsible for the determination of multiple

oocytes within each germline cyst are unknown.

The organization of female germline cysts of lacewings (order Neuroptera)

substantially differs from that described for Drosophila. In neuropterans, the

number of sister cells per cyst is, as a rule, variable, not species-specific, and ranges

from 12 to 24 (Rousset 1978; Kubrakiewicz 1997; Kubrakiewicz et al. 1998).

Three-dimensional reconstruction of serial sections showed that the arrangement

of cells within such irregular cysts is almost linear (Fig. 9.1b) rather than branched

(Kubrakiewicz 1997). Rarely, when branchings are present their localization sites

are apparently random, and the oocyte develops always from the cystocyte located

within the central (linear) part of the cyst, i.e., from the cell connected only to two

neighbors (Fig. 9.1b). The cyst cells are connected via wide intercellular bridges

filled with the fusomes (Kubrakiewicz 1997). The fusomes of the main “linear” part

of the cyst merge to form characteristic linear (not branched) polyfusome

(Kubrakiewicz 1997). Above observations are in line with the idea that branched

(extended through all the intercellular bridges of the cyst) polyfusome is indispens-

able for the formation of highly branched germline cysts.

One of the most spectacular examples of asymmetric oogonial divisions is the

formation of oocyte and nurse cells (trophocytes) in telotrophic ovary of the rove

beetle Creophilus maxillosus. The nuclei of Creophilus oocytes contain multiple

nucleoli and multitude of copies (equivalent of 14–40C) of amplified ribosomal

DNA (rDNA), which manifests itself morphologically as a huge extrachromosomal

DNA body (Kloc 1976, 1980; Kloc et al. 1995; Matuszewski and Kloc 1976). The

amplification of rDNA starts in the nuclei of chordoblasts (equivalents of Drosoph-
ila cystoblasts and the precursors of pro-oocytes and eventually the oocytes) during
larval/pupal transition, continues in interphase nuclei of the pro-oocytes of succes-

sive generations, and culminates in the formation of giant extrachromosomal DNA

body in the oocyte nucleus (Kloc 1976, 1980; Kloc et al. 1995; Matuszewski et al.

1985, 1999; Matuszewski and Kloc 1976). The chordoblasts are located atop

somatic prefollicular cells and are connected by horizontally oriented intercellular

bridges. The presence of bridges between the chordoblasts suggests that they are

descendants of a single progenitor germline stem cell. Interestingly, although

chordoblasts are interconnected, they divide and amplify rDNA asynchronously

⁄�

Fig. 9.2 (continued) EM micrograph of female GSC niche in dermapteran, Opisthocosmia
silvestris; note the germline stem cells (gsc, light green), terminal filament cells (tf, pink),
processes of escort cells (ec, light blue), argosome-like vesicles (boxed), and cross-sectioned

cytoneme-like extensions (arrowheads). Courtesy of dr. W. Tworzydlo (Institute of Zoology,

Jagiellonian University)
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(Fig. 9.3; Matuszewski et al. 1985, 1999). Each chordoblast undergoes a series of

consecutive asymmetric divisions producing a linear cyst (cluster/cord/chain) of

sister oogonial cells (chordocytes) connected by vertically oriented intercellular

bridges (Fig. 9.3). In each cyst, the most basal/posterior cell (former chordoblast)

becomes the oocyte and the remaining chordocytes become the nurse cells

(trophocytes). The extrachromosomal DNA body does not disperse during

chordoblast/pro-oocyte division and always segregates to the posterior pole of the

cell, which makes it a magnificent marker of divisional asymmetry. Detailed studies

of divisions within linear cysts showed that during consecutive mitoses the segre-

gation of extrachromosomal DNA toward the posterior pole of chordoblast is

imperfect and small amounts of extrachromosomal DNA segregate apically/ante-

riorly ending up in the nuclei of future nurse cells (Fig. 9.3; Matuszewski et al.

1985, 1999). These studies also showed that each linear cyst not only has a very

distinct postero–anterior gradient of extrachromosomal DNA content but also a

gradient of mitotic phases; the most posterior cell (chordoblast, i.e., future oocyte),

which contacts somatic prefollicular cells, has the largest quantity of extrachromo-

somal DNA and is the most advanced in mitosis (Fig. 9.3; Matuszewski et al. 1985,

1999). This suggests that somatic cells are the source of signals for posterior

segregation of amplified DNA and timing of mitotic entry (Fig. 9.3). Although

the identity of these signals is unknown, the postero–anterior gradient of mitotic

phases and of amplified rDNA quantity indicates that signaling molecules have

postero–anterior concentration gradient and are able to diffuse through the

intercellular bridges connecting cells within each linear cyst (Fig. 9.3). It is very

possible that similar to Drosophila the communication between somatic and germ

cells in Creophilus involves Jak/Stat and Bmp pathways (see Sect. 9.1 for details).

In Creophilus, the basal/posterior, abutting the somatic cells, part of chordoblast

contains a prominent spectrin-rich germ cell-specific structure called the

spectrosome (Matuszewski et al. 1999). It is known that in Drosophila the

spectrosome contains α- and β-spectrin, adducin, and bam proteins (Wawersik

and Van Doren 2005) and by anchoring the pole of mitotic spindle plays a crucial

role in asymmetric division of germ cells (Deng and Lin 1997). Thus, by analogy to

Drosophila, it is very plausible that also in Creophilus the chrodoblast’s
spectrosome anchors the posterior pole of the spindle and enforces directionality/

plane of cell division. The studies of cell divisions during Drosophila oogenesis

showed that the spectrosome present in the cystoblast (precursor of the oocyte)

gives rise to the fusome and eventually to the polyfusome, which spans the

intercellular bridges connecting 16 cystocytes, and by anchoring spindles’ poles
imposes polarity of consecutive cell divisions (Huynh 2000). In Creophilus, the
intercellular bridges connecting chordocytes also contain fusomes (Matuszewski

et al. 1999), but because chordocytes are arranged linearly there is no polyfusome.

This implies that in Creophilus each fusome individually enforces postero–anterior

polarity of chordocyte divisions.
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chordoblast =
prospective oocyte

chordocytes =
prospective trophocytes

somatic prefollicular cells

spectrosome

intercellular bridge 
with fusome

extrachromosomal rDNA body

mitotic chromosome

spindle

signal gradient

*

*

**

*** * *

*

*

cell nucleus

Fig. 9.3 Female germline cyst in telotrophic ovary of Creophilus maxillosus. The chordoblasts

(equivalent of Drosophila cystoblasts) are located atop somatic prefollicular cells. Chordoblasts

are connected by horizontal intercellular bridges, amplify rDNA, and form extrachromosomal

rDNA bodies. Each chordoblast divides several times resulting in the cord of interconnected cells

(chordocytes). The intercellular bridges between chordocytes contain fusomes. In each cyst, the

most basal cell (former chordoblast) becomes the oocyte while the remaining chordocytes become

the nurse cells (trophocytes). The chordocytes contain low amount of amplified rDNA, which

derives from imperfect segregation of rDNA body into the basal pole of the dividing chordoblast.

There is gradient of mitotic phases within each cyst (cord); the most basal cell is always most

advanced in the mitotic cycle. This and the fact that only the most basal cell amplifies rDNA and
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9.2 Asymmetric Oogonial Divisions in Insect Panoistic
Ovaries

Panoistic ovaries are characterized by the lack of nurse cells or trophocytes

(compare Sects. 9.1 and 9.2), and consequently, the oocyte nucleus is highly

transcriptionally active. Ultrastructural analyses revealed that such organization

might result from two clearly different developmental processes: secondary

division of germline cysts into individual oocytes and differentiation of the oocytes

directly from the cystoblasts.

In some insects, e.g., stoneflies (Plecoptera) and thrips (Thysanoptera), the

synchronous and asymmetric divisions of the cystoblast lead to the formation of

typical germline cysts. The cysts cells are interconnected by intercellular bridges,

which contain the fusomes and polyfusomes (Pritsch and Büning 1989; Gottanka

and Büning 1990; Tsutsumi et al. 1995). During subsequent developmental stages,

the germline cysts split into equivalent cells that enter meiotic prophase and

become functional oocytes. This process is fundamentally similar to that described

in detail in some vertebrate species (Pepling et al. 1999; Kloc et al. 2004a; Marlow

and Mullins 2008; Lechowska et al. 2012; compare Sect. 4).

In the panoistic ovaries of the vast majority of the basal insects, e.g.,

“apterygotous” bristle-tails, dragonflies, cockroaches, stick insects, crickets, and

grasshoppers, the germline cysts have never been found (see Büning 1993, 1994 for
a review). The early steps of the oocyte differentiation in such ovaries have been

described in detail only for the firebrat, Thermobia domestica (Tworzydlo et al.

2014). In the germaria of this species, three types of germline cells are present: the

GSCs, the cystoblasts, and the early meiotic oocytes (Fig. 9.4). The GSCs are

present along the anterior apex of the germarium. They are separated from each

other and from the basement lamina covering the germarium by elongated

processes of large somatic cells, termed the apical somatic cells (Fig. 9.4;

Tworzydlo et al. 2014). The GSCs of the firebrat divide asymmetrically generating

cells with clearly different developmental potentials, i.e., the new GSCs and the

cystoblasts. The mitotic spindles of dividing GSCs are always oriented perpendic-

ular to the germarium surface. Such orientation ensures that one of the descendant

cells (new GSC) remains in contact with the apical somatic cells and/or their

processes, whereas the other (the cystoblast) shifts to the center of the germarium.

These findings suggest that the apical somatic cells of the firebrat are the equiva-

lents of Drosophila cap cells (Tworzydlo et al. 2014). Analysis of serial sections

unambiguously showed that in Thermobia, the cystoblasts do not divide mitotically;

Fig. 9.3 (continued) segregates it basally indicate the presence of a gradient of unknown substance

emanating from the somatic prefollicular cells, which induces mitosis and amplification

(Matuszewski et al. 1985)

220 S.M. Bilinski et al.



instead, they “directly” enter the meiotic prophase and start to differentiate.

Ultimately, these cells become fertilizable oocytes/eggs. This implies that in

some basal insect lineages the syncytial phase of oogenesis has been eliminated

(lost) during evolution.

9.3 Asymmetric Oogonial Divisions in Xenopus laevis
Ovary

Although majority of vertebrates have polar/asymmetric oocytes (de Smedt et al.

2000; Gupta et al. 2010; Kloc et al. 2004b, 2008, 2012; Lechowska et al. 2012;

Marlow and Mullins 2008; Pepling et al. 2007; Rodler and Sinowatz 2013;

Zelazowska et al. 2007), a detailed description of asymmetric oogonial divisions is

available only for one vertebrate species–the African clawed frog (toad) Xenopus
laevis (Kloc et al. 2004a). Xenopus oogonia (cystoblasts and cystocytes) and oocytes
are polar and asymmetrical along animal/vegetal axis. Their vegetal hemisphere

contains spherical cytoplasmic organelle called the Balbiani body (mitochondrial

cloud)–an excellent marker of animal/vegetal asymmetry (Kloc et al. 2004a, b). The

Balbiani body is an aggregate of thousands of mitochondria, germ cell determinants

(mitochondrial cement/germ plasm/germinal granules), localized coding and non-

coding RNAs, and Golgi and endoplasmic reticulum (ER) cisternae–all arranged

around centrally located pair of centrioles (Kloc et al. 1998, 2001, 2002, 2004a).

10µm

cbs

tf vit

mo

mo

mo

Fig. 9.4 Organization of the germarium in Thermobia domestica. Note the apical somatic cells

(arrowheads), germline stem cells (arrows), and terminal filament (tf); red dotted line demarcates

the border between germarium and vitellarium (vit); white dotted line demarcates the border

between apical (filled with cystoblasts, cbs) and basal (filled with meiotic oocytes, mo) regions of

the germarium. Semithin section stained with methylene blue. Courtesy of dr. W. Tworzydlo

(Institute of Zoology, Jagiellonian University)
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Xenopus oocytes form in the ovary of stage 62–66 post-metamorphic froglets through

the asymmetric divisions of the cystoblasts. Similar to Drosophila, each cystoblast

undergoes four consecutive asymmetrical divisions with incomplete cytokinesis

giving rise to the cyst (nest) of 16 cystocytes connected by intercellular bridges

(Figs. 9.5, 9.6; Kloc et al. 2004a). However, unlike inDrosophila, where only one out
of 16 cystocytes becomes the oocyte (other 15 cystocytes become the nurse cells), in

Xenopus all 16 cystocytes, after partitioning of the cyst and breaking cytoplasmic

bridges by the invading prefollicular cells, enter meiotic prophase and become the

oocytes (Kloc et al. 2004a). The rudiment of Balbiani body (primary mitochondrial

cloud, PMC) is already present in the vegetal region of the cystoblast. Through an

addition of more mitochondria, expansion of Golgi and ER cisternae, and organiza-

tion of germ cell determinants into germinal granules, the PMC slowly (throughout

successive generations of cystocytes) becomes a fully developed Balbiani body.

During consecutive asymmetric divisions of the cystoblast and cystocytes, the

PMC/Balbiani body always segregates to the vegetal pole of the cell and remains

in close vicinity of intercellular bridge. All sister cells within the cyst contain

PMC/Balbiani bodies of comparable size, which implies that either during each

division the PMC/Balbiani body is partitioned equally between sister cells or that

original PMC/Balbiani body remains in parental cell while the daughter cell gener-

ates de novo its own PMC/Balbiani body. Similar to Drosophila, the intercellular

bridges in Xenopus cyst contain actin and kelch protein-rich ring canal rims and

spectrin and Hts protein-rich fusomes, which are interconnected into the polyfusome

(Kloc et al. 2004a). This suggests that in Xenopus, similar to Drosophila, the

polyfusome anchors the poles of mitotic spindles and enforces divisional asymmetry.

Recently, Sidova et al. (2015) using qPCR tomography discovered a set of

microRNAs asymmetrically localized in Xenopus oocytes. They showed that

miR-16c, miR-18b, miR-363-3p, miR-20b, miR-93a, and miR-5102-5p have animal

hemisphere localization and miR-19b, miR-221, miR-148b, miR-25, miR-22, and

miR-100 are localized in the vegetal hemisphere (Sidova et al. 2015). Although at

present there is no experimental proof, the authors suggest that these miRNAsmay, in

addition to vegetally localized mRNAs and proteins, play a role in asymmetric

divisions and cell fate determination in Xenopus embryogenesis (Sidova et al.

2015). Because authors studied these miRNAs in fully grown oocytes where the

asymmetry is already firmly set, it will be very interesting to see if these miRNAs

have also asymmetrical distribution during oogenesis and how they segregate and

what function they play during asymmetrical oogonial divisions in developing

Xenopus ovary.
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Fig. 9.5 Formation of female germline cyst in Xenopus laevis ovary. The cystoblast divides

4 times giving rise to 16 cystocytes connected by intercellular bridges with fusomes

interconnected into polyfusome. Eventually each cystocyte will transform into the oocyte. The

cystocytes contain Balbiani body, which form through the accumulation of mitochondria, ER,

Golgi, and germinal granules around the pair of centrioles (Kloc et al. 2004a)
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Fig. 9.6 Morphology of

Xenopus germline cyst. (a)
EM micrograph of the

fragment of Xenopus froglet
ovary showing several

germline cysts (nests),

asterisks. (b) EM
micrograph of a single cyst

in Xenopus froglet ovary;
cystocyte nuclei (n). Note
the Balbiani bodies (Bb) in

the vegetal hemisphere of

the cystocytes. (c) EM
micrograph of intercellular

bridge (ib) connecting

2 cystocytes. Note the

Balbiani body (Bb),

centrioles (arrowheads),
and mitochondrial cement

(arrow) located in the

vicinity of the bridge (Kloc

et al. 2004a)
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Chapter 10

Asymmetric Localization and Distribution

of Factors Determining Cell Fate During

Early Development of Xenopus laevis

Radek Sindelka, Monika Sidova, Pavel Abaffy, and Mikael Kubista

Abstract Asymmetric division is a property of eukaryotic cells that is fundamental

to the formation of higher life forms. Despite its importance, the mechanism behind

it remains elusive. Asymmetry in the cell is induced by polarization of cell fate

determinants that become unevenly distributed among progeny cells. So far dozens

of determinants have been identified. Xenopus laevis is an ideal system to study

asymmetric cell division during early development, because of the huge size of its

oocytes and early-stage blastomeres. Here, we present the current knowledge about

localization and distribution of cell fate determinants along the three body axes:

animal–vegetal, dorsal–ventral, and left–right. Uneven distribution of cell fate

determinants during early development specifies the formation of the embryonic

body plan.

10.1 Introduction

Asymmetric localization of cell fate determinants is a key biological strategy that

produces unequal progeny cells after division. Asymmetric cell division has been

observed in many biological systems including differentiation and stem cell prolif-

eration (Blanpain et al. 2004; Knoblich 2008), cancer progression (Knoblich 2010;

Shahriyari and Komarova 2013), and during embryogenesis (Pereira and Yamashita

2011; Schatten and Sun 2010). From the perspective of early embryogenesis,

formation of cellular polarity leads to asymmetrical cell division and subsequent

determination of the main body axes and the developmental plan. Localization of
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maternal determinants in defined regions of the cytoplasm inside the oocyte is a

highly conserved mechanism that leads to unequal distribution of these maternal

biomolecules across blastomeres during the first cell divisions. Specific presence

and concentration gradients of these determinants in blastomeres control the for-

mation of body axes and determine the developmental plan. Any deviation leads to

abnormal development and even premature termination. Here, we summarize our

current view of and hypothesis about the formation of the body plan and how it

depends on the asymmetric localization of biomolecules.

10.2 The Oocyte and its Animal–Vegetal Axis

In comparison to the mammalian oocyte, the Xenopus laevis oocyte is huge. It is

over 1 mm in diameter, and it is prepared to form a body plan as evidenced by

different pigmentation of its hemispheres (exception are oocytes from albino frogs

missing pigmentation). The dark hemisphere is called animal and contains granules

of melanin-rich melanosomes. The light hemisphere is called vegetal and harbors

the majority of yolk proteins (Danilchik and Gerhart 1987). This asymmetry is

established already during oogenesis (Dumont 1972; Danilchik and Gerhart 1987;

Kloc et al. 2001), and it specifies the first body axis: animal–vegetal (A–V)

(Fig. 10.1). Asymmetrical localization along the A–V axis is observed also for

other cell components. The nucleus of the mature oocyte (stage VI), for example, is

offset toward the animal hemisphere being located roughly 1/3 from the animal

pole (Gurdon 1968; Jullien et al. 2011). The Golgi apparatus, certain components of

the endoplasmic reticulum, and mitochondria are more abundant in the vegetal

hemisphere (Kloc et al. 2001).

Fig. 10.1 Xenopus laevis
oocyte
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Different types of oocytes can be found among animal species that differ in yolk

concentration and compartmentalization. The Xenopus oocyte belongs to the group
of mesolecithal oocytes with medium concentration of yolk that is stored primarily

in the vegetal hemisphere. In addition to yolk and cellular organelles, the mature

oocyte contains proteins and RNAs that support early development. These are

synthesized during oogenesis when only the maternal chromosomes are present

(Heasman 2006). The amount of proteins and RNAs in an individual Xenopus laevis
oocyte is about 4 μg, which is enormous compared to any other cell making it ideal

for temporal (Smits et al. 2014; Sun et al. 2014) and spatial (Sindelka et al. 2008)

studies. An important aspect for expression analysis of the developing Xenopus
laevis embryo is the absence of de novo transcription for most of the zygotic genes

until the mid-blastula transition (MBT) that occurs after 12 cell divisions. The few

known exceptions include components of the Nodal family gene regulatory net-

work for mesendoderm induction (Skirkanich et al. 2011). Notably, while overall

transcription is silent/reduced, translation is active (Etkin and Balcells 1985;

Newport and Kirschner 1982).

The first developmental axis formed during oogenesis is the animal–vegetal

(Deshler et al. 1997; King et al. 2005). External signs of asymmetry appear during

the middle and late phases of oogenesis (stage III—IV), when pigment granules

accumulate in the animal hemisphere and yolk localizes to the vegetal half of the

oocyte (Danilchik and Gerhart 1987). This internal reorganization is associated

with the localization of cell fate determinants, which are thought to be specific

mRNAs and proteins. Localization of cell fate determinants to the vegetal region of

the oocyte has been studied for many years, and today, two main mechanisms are

known and some 300 localized transcripts have been identified (Cuykendall and

Houston 2010; Houston 2013).

One mechanism is the early transportation pathway of biomolecules, known as

METRO (messenger transport organizer), which are associated with the mitochon-

drial cloud (Kloc et al. 1998). The mitochondrial cloud forms during early oogen-

esis (stage I) in the vegetal region close to the germinal vesicle (Kloc et al. 2004). It

is rich in mitochondria and contains also endoplasmic reticulum (Heasman et al.

1984). Newly transcribed RNAs are transferred from the germinal vesicle to the

cytoplasm. Their regulatory sequences are bound by RNA-binding proteins and

transcripts are transported to the mitochondrial cloud (Snedden et al. 2013). Later

during oogenesis, the mitochondrial cloud fragments and its parts translocate to the

vegetal cortex (Heasman et al. 1984). Several independent functional sequences

within the 30 UTR of RNAs have been identified, some of which have been related

to the mitochondrial cloud localization, while other to the binding to the vegetal

cortex (Kloc et al. 1993; Zhou and King 1996a, b). The METRO pathway is

important for the localization of germ plasm determinants such as nanos1, dazl
(deleted in azoospermia-like), ddx25 (deadsouth), pgat (primordial germ cell-

associated transcript, also called xpat), and wnt11 (wingless-type member 11)

(Kloc et al. 2002; Zhou and King 2004). The METRO pathway is also used for

localization of functional RNAs. The Xlsirt untranslated RNA is important for the

anchoring of other RNAs at the cortex of vegetal hemisphere (Zearfoss et al. 2003;
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Kloc and Etkin 1994). Localization of RNAs by the METRO pathway is cytoskel-

etal independent (Kloc and Etkin 1995; Kloc et al. 1996), but the anchoring of

METRO-localized mRNAs to the vegetal cortex depends to some degree on

cytokeratin and actin filaments (Kloc and Etkin 1995). The gradient of specific

mRNAs within the cell created by the METRO pathway is very steep with the vast

majority of the transcripts localized to the vegetal pole (Sindelka et al. 2010).

The other localization pathway is called the late transporting pathway or just the
late pathway. It is active in the middle and late phases of oogenesis (stages III and

IV) and uses a transport mechanism that relies on microtubules (Yisraeli et al.

1990). The transcripts organized by the late pathway are not bound to the mito-

chondrial cloud but accumulate in the vegetal ooplasm (Deshler et al. 1997;

Gautreau et al. 1997). The late pathway transports transcripts coding for the

maternal transcription factor VegT and for Gdf1 (growth differentiation factor

1, also called Vg1 and member of the TGF-beta family), which are critical for

germ layer specification (Messit et al. 2008; White and Heasman 2008; Gagnon

et al. 2013). Localization sequences of these transcripts contain the elements

UUUCU and UUCAC in the 30 UTR untranslated region (Bubunenko et al. 2002;

Kwon et al. 2002; Lewis et al. 2004). The transport mechanism is thought to depend

on the formation of specific vesicles from the endoplasmic reticulum, which are

transported to the vegetal hemisphere (Deshler et al. 1997; Etkin 1997; Kwon et al.

2002). The gradient formed by the late pathway is based on the microfilament

network and is smooth compared to the steep gradient created by the METRO

pathway (Sindelka et al. 2010).

While there are two known pathways to localize mRNAs to the vegetal hemi-

sphere of the oocyte, no active localization mechanism is known that would localize

RNAs to the animal hemisphere. However, passive diffusion of RNAs produced in

the nucleus, which is off center in the oocyte, results by default in spontaneous

enrichment of transcripts in the animal hemisphere (Sidova et al. 2015).

Another important mechanism in the formation of the developmental plan is

posttranscriptional regulation. Many studies indicate roles for noncoding RNAs in

the regulation of translation during development. Most recently, also microRNAs

(miRNA) were found to be polarized within the oocyte, suggesting that they too

may be fate determinants (Sidova et al. 2015). The miRNAs were found in two

different distributions along the A–V axis. Some miRNAs were more abundant in

the animal hemisphere corresponding to the spontaneous animal localization found

for mRNAs, while other miRNAs showed vegetal localization similar to the

gradients observed for mRNAs organized by the late pathway. No miRNA has

yet been found to have the extreme vegetal polarization observed for the mRNAs

organized by METRO. The mechanism behind miRNA localization is currently

unknown.

The localization of RNAs along the A–V axis established in the oocyte is

preserved after fertilization. As the fertilized oocyte divides the mRNA, gradients

along the A–V axis remain until at least the blastula stage (Sindelka et al. 2008).

Later in development three germ layers are formed (Fig. 10.2). The ectoderm is

formed from cells derived from the animal region of the oocyte and develops into
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epidermis and neural tissue. Cells from the vegetal region differentiate into the

endodermal cell types and form internal organs including the gastrointestinal

system. Cells derived from the vegetal pole become germ cells forming gametes.

The equatorial region of the oocyte differentiates into mesodermal cells that

develop into tissues such as the notochord and muscles. Mesoderm formation is

regulated by the activity of vegetally localized transcription factors Vegt and Gdf1

in synergy with Wnt signaling connected to dorsal localization of β-catenin (Zhang
and King 1996; Agius et al. 2000). The oocyte A–V axis reflects the ectoderm–

endoderm axis in development.

10.3 The Left–Right and Dorsal–Ventral Body Axes

Three main body axes can be distinguished in animals: cranial–caudal, left–right,

and dorsal–ventral (back–belly). Xenopus laevis is a great model to study the

establishment of those body axes. The first embryonic cleavage after fertilization

bisects the point of sperm entry, which is always in the animal pole, and the groove

elongates toward the vegetal pole within 90 min postfertilization. This division

establishes the left–right (L–R) asymmetry at 2-cell stage with one blastomere

predestined to develop into the left side of the embryo and the other blastomere into

the right side. The left–right asymmetry manifests during gastrulation, when de
novo embryonic transcription is initiated. In a traditional view, the second cleavage

is perpendicular to the first and creates the dorsal (back)–ventral (front) (D–V)

Fig. 10.2 Formation of main germ layers (adapted from Gilbert 2010)
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polarity. This cleavage results in different shading and also different size of the

dorsal and ventral blastomeres in the 4-cell stage embryo. The third cleavage is

equatorial and separates the embryo into four animal and four vegetal blastomeres

(Fig. 10.3). An alternative body plan with a shifted dorsal–ventral axis and a

specified cranial–caudal axis has also been proposed in the literature (Lane and

Sheets 2006), but the original plan with the dorsal–ventral separation at the 4-cell

stage is currently the preferred view.

10.4 Cortical Rotation and Dorsal–Ventral Asymmetry

The sperm enters through the animal pole of the oocyte and induces extensive

internal movement called cortical rotation (Gerhart et al. 1989). The point of sperm

entry also specifies the future ventral side of the embryo. The cortical rotation

happens roughly 20 min after sperm entry, when the outer layer of the cortex rotates

about 30� relative to the inner cytoplasm (Vincent and Gerhard 1987; Denegre and

Danilchik 1993) (Fig. 10.4). The cortical rotation requires the microtubule network

of the vegetal cortex (Schroeder and Gard 1992; Vincent et al. 1987). The cortical

rotation introduces additional asymmetry inside the fertilized oocyte that leads to

Fig. 10.3 Formation of body plan and determination of the three main body axes
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the dorsal–ventral axis formation during development. Determinants of the dorsal

fate accumulate at the dorsal side of the embryo, which is opposite to the site of

sperm entry (Weaver and Kimelman 2004; White and Heasman 2008). Some

amphibian species such as Rana show localized color change called the gray

crescent as a consequence of cortical rotation (in Xenopus embryos, the gray

crescent is not visible). Several maternal proteins have been identified as the dorsal

determinants, the majority of them being members of the Wnt pathway. One is Dvl

(Dishevelled) (Miller et al. 1999), which inactivates Gsk3β (glycogen synthase

kinase 3 beta) in the dorsal part resulting in the blockage of β-catenin (Ctnnb1)

degradation (Heasman et al. 2000; Hyatt et al. 1996). Accumulated β-catenin
locally activates zygotic expression of xnr3 (Xenopus nodal related 3) and of

siamois in the dorsal part. These genes determine the dorsal phenotype of the

embryo (Darras et al. 1997; Marikawa et al. 1997).

Dorsal and ventral blastomeres can be distinguished in the 4-cell stage embryo

as a consequence of the cortical rotation that leads to the differences in shading and

size (Sive et al. 2000; Blum et al. 2014). The ventral blastomeres are somewhat

larger and darker than the dorsal ones (Fig. 10.3). Several studies have demon-

strated differences in the cellular content between the dorsal and ventral blasto-

meres. For example, Dvl and β-catenin proteins are enriched in the dorsal

blastomeres (Rowning et al. 1997; Miller et al. 1999). One study has reported

that ventral blastomeres contain more wnt8b mRNA than the dorsal (Pandur et al.

2002), but this has been contradicted by recent studies that found no difference

between the dorsal and ventral blastomeres at the mRNA level (Flachsova et al.

2013). These authors collected single blastomeres from 8-, 16-, and 32-cell stage

embryos and measured, using qRT-PCR, the expression of 41 maternal transcripts.

Distinct differences between the animal and vegetal blastomeres were found based

on the asymmetry along the A–V axis that developed already in the oocyte. But

none of the studied genes showed differential expression among blastomeres that

could be related to asymmetry along the D–V axis. This finding is supported by

recent whole transcriptome analysis that found no differences at the mRNA level

between the dorsal and ventral blastomeres (De Domenico et al. 2015). However, a

recent large-scale protein analysis reported dozens of candidates that might be

asymmetrically distributed along the D–V axis (Lombard-Banek et al. 2016).

Fig. 10.4 Scheme of cortical rotation and accumulation of dorsalizing factors (adapted from

Gilbert 2010)
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10.5 Left–Right Asymmetry

In contrast to the animal–vegetal and the dorsal–ventral axes, the left–right axis is

in some aspects asymmetric, while in other aspects it retains certain symmetry. One

of the characteristics of chordates is the bilateral symmetry, which means that there

is one plane along which they can be cut into two mirror-image halves that are

compositionally the same. However, uneven distribution of internal organs will

eventually break the left–right mirror symmetry.

The embryo obtains its left and right halves at the first cell division after

fertilization (Fig. 10.3). Xenopus laevis has been used as a model to test if compo-

nents of the Hþ/Kþ-ATPase (Levin et al. 2002) and of the Hþ-V-ATPase ion

pumps (Adams et al. 2006) are asymmetrically distributed in 2- and 4-cell stage

embryos. Asymmetric ion production leading to different membrane potentials in

the left and right halves has been suggested to distribute the left–right determinants.

The right side blastomeres produce more ATPase pumps, which results in a local

negative potential. This induces transport of small charged molecules through the

gap channels between the blastomeres (Levin et al. 2002; Vandenberg and Levin

2010). Serotonin that accumulates in the left and ventral blastomeres during

development has been suggested to be a determinant of left–right asymmetry

(Fukumoto et al. 2005a). Two serotonin transporters have been found expressed

during the formation of the left–right body axis (Fukumoto et al. 2005b). Another

candidate behind the left–right asymmetry is protein 14-3-3E, which has been

reported differentially expressed between the left and right blastomeres in 2-cell

embryos (Bunney et al. 2003). The Nodal pathway, which is an important cascade

for left–right asymmetry, is activated in the neurula stage. Three genes, Nodal, its

inhibitor Lefty, and Pitx2, are predominantly expressed in the left side of the

embryo. The Nodal cascade is formed by leftward flow of extracellular fluids via

ciliary activity (Blum et al. 2014). A few transcripts, including 14-3-3E, have been
reported asymmetrically distributed between the left and right blastomeres at the 2-

and 4-cell stage embryos based on in situ hybridization (Bunney et al. 2003). 14-3-
3E was not among the 41 maternal transcripts whose distribution was studied using

high-throughput RT-qPCR (Flachsova et al. 2013). This study showed lack of

asymmetry between the left and right blastomeres in the distribution of members

of the Wnt pathway, early cell fate determinants, and several transcription factors.

Recent whole transcriptome analysis of single blastomeres by next-generation

sequencing also reported the absence of left–right asymmetry at the mRNA level

(De Domenico et al. 2015).
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10.6 Asymmetrical Localization of Small Molecules

Recently, the metabolites were identified as a novel group of cell fate determinants

(Onjiko et al. 2015). A new method combining capillary electrophoresis (CE),

microsampling electrospray ionization (ESI), and mass spectrometry (MS) was

introduced to quantify the amounts of metabolites in individual Xenopus laevis
blastomeres. 40 metabolites were measured in each blastomeres revealing differ-

ences between animal–vegetal and dorsal–ventral sides in 16-cell embryos (Onjiko

et al. 2015). Studies using 8-cell embryos to assess the left–right asymmetry

identified ten metabolites with asymmetrical distribution levels (Onjiko et al. 2016).

10.7 Other Models of Asymmetric Cell Division During

Development

Asymmetric distributions of fate determinants are studied in detail also in the fruit

fly Drosophila melanogaster and in the nematode Caenorhabditis elegans
(Knoblich 2010; G€onczy and Rose 2005; Cowan and Hyman 2004). Several

conserved pathways have been identified among those species, and their roles

during development have been elucidated. Amphibian and fish species including

Xenopus laevis are also popular models for studies of asymmetric cell division

during development.

Mammalian asymmetric cell division during early developmental has been

found to be more complicated, and interpretation of mammalian experimental

data is often controversial. Introduction of new methods for gene expression

profiling such as qRT-PCR and next-generation sequencing (NGS) has made

detailed transcriptional studies possible even for single cells from developing

mouse embryos (reviewed in Saiz et al. 2015). Large-scale proteome analysis of

mouse single blastomeres is, however, not yet feasible.

10.8 Future Prospects

Precise control of biomolecule localization and distribution is required for proper

development of the organism. Localization and function of many RNAs and pro-

teins has been described in several organisms, but the mechanisms behind the

minutiously controlled developmental process remain puzzling. Recently intro-

duced methods for large-scale profiling such as next-generation sequencing, deep

quantitative proteomics, and metabolomics have initiated a new era of global

biomolecule quantification and localization studies. Next challenge will be the

analysis of the huge amounts of data these methods are generating and assembling

it into localization pathways that control early development.
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Chapter 11

Asymmetries in Cell Division, Cell Size,

and Furrowing in the Xenopus laevis Embryo

Jean-Pierre Tassan, Martin W€uhr, Guillaume Hatte, and Jacek Kubiak

Abstract Asymmetric cell divisions produce two daughter cells with distinct fate.

During embryogenesis, this mechanism is fundamental to build tissues and organs

because it generates cell diversity. In adults, it remains crucial to maintain stem cells.

The enthusiasm for asymmetric cell division is not only motivated by the beauty of

the mechanism and the fundamental questions it raises, but has also very pragmatic

reasons. Indeed, misregulation of asymmetric cell divisions is believed to have

dramatic consequences potentially leading to pathogenesis such as cancers. In diverse

model organisms, asymmetric cell divisions result in two daughter cells, which differ

not only by their fate but also in size. This is the case for the early Xenopus laevis
embryo, in which the two first embryonic divisions are perpendicular to each other

and generate two pairs of blastomeres, which usually differ in size: one pair of

blastomeres is smaller than the other. Small blastomeres will produce embryonic

dorsal structures, whereas the larger pair will evolve into ventral structures. Here, we

present a speculative model on the origin of the asymmetry of this cell division in the

Xenopus embryo. We also discuss the apparently coincident asymmetric distribution

of cell fate determinants and cell-size asymmetry of the 4-cell stage embryo. Finally,

we discuss the asymmetric furrowing during epithelial cell cytokinesis occurring later

during Xenopus laevis embryo development.

11.1 Introduction

The cell-size asymmetry and the asymmetric distribution of cell fate determinants

have been shown to be coupled in diverse model organisms. However, it is not

clear to what extent the two asymmetries are really linked and/or co-dependent.
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Xenopus laevis—a model used in developmental biology research for more than a

century—allowed discovering basic principles of early development in vertebrates

including asymmetric distribution of cell fate determinants, which leads to

dorsalization of the embryo. Although the asymmetric cell-size division of the

early Xenopus embryo was described long ago, it is still, in contrast to other

systems such as C. elegans or D. melanogaster, poorly understood. This is mostly

due to the large size of the embryo and its blastomeres—a fantastic advantage for

micromanipulation studies but an obstacle for cell biology studies, especially those

involving microscopy approaches. In the first part of this chapter, we present a

speculative model on the origin of the asymmetry of the second embryonic cell

division. We also discuss the apparently coincident asymmetric distribution of cell

fate determinants and cell-size asymmetry of the 4-cell stage embryo. In the second

part of this chapter, we describe the asymmetric furrowing in epithelial cell

cytokinesis and its regulation during early embryo development.

11.2 Asymmetric Cell Division

11.2.1 Unfertilized Egg

Before discussing asymmetric cell division in the early Xenopus embryo, we will

overview the organization of the fertilized egg because it profoundly influences

subsequent zygotic divisions.

The unfertilized Xenopus egg is a very large (1.2 mm in diameter) spherical and

highly polarized cell. In wild type (non-albino Xenopus), the egg polarity is readily

visible thanks to the dark pigment, which is asymmetrically concentrated in the

animal hemisphere. Thus, the animal hemisphere is black to light brown, whereas

the vegetal hemisphere, which contains much less pigment, appears whitish. The egg

displays symmetry around the animal–vegetal axis with all pole-to-pole meridians of

the egg surface seemingly identical and indistinguishable before fertilization. This

symmetry is often referred to as radial symmetry or cylindrical symmetry. The egg

organization roughly overlaps with the embryo germ layers’ organization: the region
of the animal and vegetal hemispheres corresponds to the future ectoderm and

endoderm, respectively, while the equator corresponds to the future mesoderm

(reviewed in Gerhart and Keller 1986). The animal and vegetal hemispheres also

differ in their organelles and molecular content. For example, the yolk platelets of the

vegetal hemisphere are larger and have a much higher density (Danilchik and Gerhart

1987). Massive accumulation of yolk in the vegetal hemisphere displaces egg

cytoplasm toward the animal hemisphere. This asymmetric distribution of yolk and

cytoplasm has clear consequences on the positioning of the third zygotic division

plane and potentially also on the two first cell divisions (see below). In fully grown

oocytes the large cell nucleus (called germinal vesicle) is located at the vicinity of the

animal pole. This position facilitates polar body extrusion during meiosis I and

II. Xenopus oocyte meiotic divisions are among the most asymmetric cell divisions,
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not only in terms of the 200-fold difference in linear size between the egg and polar

bodies but also in a functional sense—the oocyte survives beyond meiosis while the

polar bodies do not. At the molecular level, the animal and vegetal hemispheres differ

greatly. In the Xenopus egg, the cortex of the vegetal hemisphere is a repository for

developmental information, much of which is in the form of localized RNAs (Kloc

and Etkin 1994; King et al. 1999; Mowry and Cote 1999).

11.2.2 From Fertilization to the Third Division

The asymmetry between animal and vegetal hemisphere of the egg is not restricted to

its constituents’ distributions. There is also a functional asymmetry; the sperm enters

the egg only at the animal hemisphere (Elinson 1980 cited in Gerhart et al. 1989). The

position at which the sperm enters the egg is called “sperm entry point” (SEP).

Shortly after fertilization, the egg vitelline envelope hardens to become the fertiliza-

tion envelope, which protects egg against polyspermy. Because of the asymmetric

distribution of yolk, the more dense vegetal hemisphere rotates downward until the

animal–vegetal axis aligns with the gravity vector and becomes vertical.

During oogenesis, Xenopus oocytes lose their centrioles but maintain centrosomal

proteins allowing acentriolar meiotic divisions. Once the sperm has entered the egg,

its centrosome organizes a huge microtubular aster (sperm aster), which functions to

draw the male pronucleus toward the center of the animal hemisphere (Stewart-

Savage and Grey 1982). After completion of meiosis and extrusion of the second

polar body, the female pronucleus is captured by the sperm aster and migrates toward

the male pronucleus. To reach the common position, the two pronuclei generally

move in the three-dimensional space of the egg: in the X–Y plane (plane parallel to

the equator) and also along the animal–vegetal axis. They always end up within the

animal hemisphere probably because of the much lower density of yolk platelets in

this hemisphere. They thus become situated between the egg’s geometric center and

the animal pole. The mechanisms regulating the geometric centering in such a huge

cell as one-cell embryo are not fully understood. In small-sized cells, e.g., in vitro

cultured somatic cells, microtubule asters are believed to center via pulling forces

from the cellular cortex (Glotzer 1997; Grill and Hyman 2005). However, these

mechanisms can’t explain centering of pronuclei in the one-cell Xenopus embryo. It

was proposed that microtubule asters center via a dynein-dependent mechanism.

Dynein, anchored to cytoplasm, exerts length-proportional pulling forces onto micro-

tubules and thus tends to pull the microtubule aster in the direction of the longest

microtubules (Wühr et al. 2009; Mitchison et al. 2015).

The sperm aster microtubules are also believed to bias the orientation of the

subset of cortical microtubules on the opposite site of the sperm entry point

(Gerhart et al. 1984). During the first cell cycle following fertilization, three

concentric layers can be distinguished in the zygote. From the outside toward the

inside, these layers are the cortex, the shear zone, and the deep core cytoplasm.

Microtubules are involved in the cortical rotation, an event which corresponds to

the loosening of the embryo cortex from the deep cytoplasm. The cortex rotates,
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about 30� relative to the core of cytoplasm and away from the SEP (Vincent et al.

1986). The resulting shear modifies the pigment distribution at the equator, pro-

ducing a gray crescent, which corresponds to the embryo presumptive dorsal side.

The gray crescent is also observed in some other amphibian species such as Rana
pipiens. Although the position of the SEP, which can be simply visualized due to

the pigment concentration, is a relatively good indicator of the prospective dorsal–

ventral axis, it is not absolutely reliable (Black and Gerhart 1985). In fact, the

direction of the cortical rotation more accurately predicts the dorsal side of the

embryo (Vincent et al. 1986). In the absence of sperm, the egg can be activated

parthenogenetically, for example, by pricking, and the cortical rotation still occurs,

but in this case it happens randomly. This indicates that the sperm aster is dispens-

able for cortical rotation, but it is necessary to polarize and direct the rotation.

Cortical rotation is intimately linked to the establishment of the embryo dorsal–

ventral asymmetry. Indeed, it allows asymmetric redistribution of developmental

factors associated with the cortex from the vegetal pole toward the equator opposite

to SEP and will determine the new dorsal–ventral axis of the embryo, which is

generated orthogonally to the preexisting animal–vegetal axis of the oocyte

(Vincent and Gerhart 1987). It is along these primary axes that the three germ

layers form. Therefore, fertilization leads to a symmetry breakage, which trans-

forms the cylindrical asymmetry of the unfertilized egg into a bilateral symmetry of

the embryo (Gerhart et al. 1989). Similarly to the cortical rotation, the translocation

of the dorsal determinants depends on a parallel array of microtubule bundles

situated in the vegetal hemisphere. These microtubules appear in the shear zone

of the egg about midway through the first cell cycle (Elinson and Rowning 1988).

They are of multiple origins: some originate from the sperm centriole, others from

unknown sources deep in the cytoplasm, and some appear to be assembled in the

vegetal shear zone (Houliston and Elinson 1991; Schroeder and Gard 1992). The

rotation involves dynein and kinesin microtubule motors (Marrari et al. 2004).

Cortical rotation is essential for embryo dorsalization. Indeed, when it is experi-

mentally blocked, for example, with microtubule inhibitors, then dorsal develop-

ment is prevented (Vincent and Gerhart 1987). However, such embryos in which

cortical rotation has been prevented can be rescued by tipping, which mimics the

natural cortical rotation (Scharf and Gerhart 1980).

Cortical rotation coincides with the translocation of the maternal dorsalizing

activity from the vegetal pole toward the prospective dorsal side of the embryo, in

the same direction as cortical rotation (Kageura 1997; Kikkawa et al. 1996; Sakai

1996). It results in the asymmetrical activation of the Wnt/β-catenin signaling

pathway and the enrichment of β-catenin in dorsal nuclei (Larabell et al. 1997;

Schneider et al. 1996). In this chapter, we will not discuss the mechanisms of

embryo dorsalization because pathways involved in the embryo dorsalization have

been recently reviewed (Houston 2012; Carron and Shi 2016). Here, we will focus

on a novel topic: the apparent relationship between the asymmetric distribution of

cell fate determinants and the cell-size asymmetry in the 4-cell Xenopus embryo.

The asymmetric positioning of the mitotic apparatus is manifested externally by

“Surface Contraction Waves” (SCWs) during embryo cell divisions. SCWs are

246 J.-P. Tassan et al.



waves of pigmentation changes at the embryo surface. They propagate from the

animal toward the vegetal pole just prior to cytokinesis (Rankin and Kirschner

1997). These SWCs are associated with MPF (M-phase Promoting Factor, the

complex of CDK1 with cyclin B) activation–deactivation waves within the cyto-

plasm (Pérez-Mongiovi et al. 1998; Beckhelling et al. 2000). The activation of MPF

is initiated at the centrosomes (originating from the sperm centrosomes and dupli-

cated during the first cell cycle within the zygote) and propagates centripetally

through the cytoplasm toward the cell periphery (Chang and Ferrell 2013). As the

centrosomes (together with the mitotic spindle) are not situated in the geometric

center of the one-cell embryo, but are clearly displaced toward the animal pole, the

radially propagating MPF activation wave reaches the cell cortex with a slight delay

along the cell surface. This creates local reactions of the cytoskeleton and in

consequence the appearance of wave of pigment responding to the MPF activation.

Therefore, in the one-cell embryo, the SWCs are the manifestations of the cell

asymmetry and especially of the displaced centering of the mitotic spindle along the

A–V axis. Thus, SWCs represent an easily observable readout of displaced cell

center at this stage of embryo development. However, the SWCs are not restricted

to the first cell cycle (despite that they are very well visible during the first cell

division of the embryo), which indicates that nuclei of blastomeres are not in their

geometric centers also in the following cell cycles. This point is of special impor-

tance for our further analysis and hypotheses presented below.

The first three cell divisions of the Xenopus embryo are stereotyped as the

majority of embryos display the same division pattern. The first division plane will

tend to pass close to the sperm entry point.Whether the first division plane defines the

embryonic bilateral symmetry of the embryo has been a matter of debate (Klein 1987;

Danilchik and Black 1988). However, for most embryos, the first cleavage furrow

identifies a meridian, which approximately coincides with the embryo midline

(Masho 1990). It has been shown that the sperm aster has an elongated shape with

its long axis parallel to a tangent (a straight line or plane that touches a curve or

curved surface at a point) at the embryo surface at the SEP (Wühr et al. 2010). This
particular shape results from the inability of microtubules to grow at the SEP because

they are blocked by the cell cortex, whereas they are free to grow in other directions

into the oblate volume of the animal hemisphere containing the majority of egg

cytoplasm (Fig. 11.2). Thus, because of this peculiar geometry, the sperm aster senses

the cell shape and defines the position and orientation of the first division plane by

following the so-called long-axis rule (Hertwig 1893). This rule predicts that the

division plane bisects the cell through its longer axis. Interestingly, the orientation of

centrosomes during the preceding cell cycle defines the orientation of the division

plane of the subsequent division. Together with the orientation of the sperm aster

along the long axis, the two of them nicely explain the observation that the first

cleavage furrow tends to bisect the one-cell embryo close to SEP.

The two first embryonic divisions, which are perpendicular to each other and

parallel to the animal–vegetal axis, generate two pairs of blastomeres (4 blastomeres

total), which usually differ in size and also frequently differ in pigmentation

(Nieuwkoop and Faber 1967, Fig. 11.1). The pair of dorsal blastomeres is smaller
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and less pigmented and the ventral pair is larger and darker. At the 8-cell stage, the

cell-size asymmetry can be visually even more pronounced. Following fertilization,

the pigment concentrates toward the SEP indicating the future ventral side of the

embryo. However, it is important to note that there can be considerable variations

between clutches of embryos (Grant et al. 2013). The pigmentation asymmetry at

the 2-, 4-, and 8-cell stage is easily perceptible by simple observation. The orien-

tation of the first cleavage furrow relative to pigment distribution has been used as a

selection criterion to produce fate maps (Moody and Kline 1990; Grant et al. 2013)

or to study molecular mechanisms involved in the embryo asymmetry (Domenico

et al. 2015). The cell-size asymmetry is also variable from clutch to clutch but can

be frequently observed at the 4-cell stage (Fig. 11.1). However, the mechanisms

leading to cell-size asymmetry of the two first cell divisions have been poorly

studied. This is mainly due to the large size and opacity of the embryo at this stage,

which allows analysis of fixed samples, but does not allow live imaging necessary

to analyze and understand the highly dynamic process of cell division. Other

biological models allowing live imaging, such as zebrafish, have been preferred

(Wühr et al. 2010). One could assume that the cell-size asymmetry at the 4-cell

stage could simply be randomly biased by a relatively neutral factor such as yolk

distribution. However, this would be difficult to reconcile with the fact that this is

1 2 3 # of divisions

Embryo #1 

Embryo #2 

Fig. 11.1 The variability of cell divisions in the early Xenopus embryo in regard to the pigment

distribution. Images are taken from a movie showing two embryos at the 2-, 4-, and 8-cell stage

with the pigmented animal hemisphere in front of the viewer. The embryo shown in the upper row
represents an asymmetric distribution of pigments at the 2-cell stage. The first cleavage furrow

equally bisects the lighter and darker zones. The second division produces two darkly pigmented

ventral blastomeres (left) and two lightly pigmented dorsal blastomeres (right). This embryo

exemplifies a limited cell-size asymmetry of the first four blastomeres. This kind of embryos is

usually selected for the cell fate studies (Grant et al. 2013). In the same clutch, some embryos, like

the one shown in the bottom row, do not show a marked pigmentation asymmetry. Although the

first division appears symmetric, or only slightly asymmetric, the second one results in clearly

asymmetric embryo with two larger and two smaller blastomeres. This difference in cell size is

maintained after the third division
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observed with a very high frequency. Only a small proportion of embryos from the

same clutch present a pronounced cell-size asymmetry at the 2-cell stage, which

could be simply explained by an imperfect alignment of the sperm aster in relation

to the SEP-center radius. The centering of the sperm aster in the X–Y axis is not

perfect; it has been proposed that the sperm aster is placed closer to the site of sperm

entry than to the opposite side (Wühr et al. 2009, 2010). Conversely, at the 4-cell
stage, embryos often have blastomeres asymmetric in size (Fig. 11.1, Nieuwkoop

and Faber 1967). The imperfect positioning of sperm aster and the resulting slightly

eccentric position of the zygote nuclei after the first division could explain why the

second cell division produces two smaller blastomeres closer to the SEP and two

larger blastomeres on the opposite side. The two smaller blastomeres will transform

into the dorsal and the larger into the ventral side of the embryo. Because the dorsal

side is opposite to the SEP, the initial asymmetric positioning of the sperm aster

farther from the SEP cannot explain the cell-size asymmetry of dorsal and ventral

cells. Therefore, below, we put forward a speculative model that could reconcile

these apparently conflicting observations. As discussed above, upon the cortical

rotation the cortical cytoplasm rotates upward and away from the SEP, while the

subcortical cytoplasm rotates in the opposite direction, upward and toward the SEP

(Vincent et al. 1986; Hausen and Riebesell 1991) This cytoplasmic movement brings

yolk-rich vegetal cytoplasm in the animal hemisphere close to the SEP. In contrast,

on the future dorsal side the yolk moves away (Fig. 11.2a). This movement generates

a ventral–dorsal yolk-density asymmetry. Staining experiments of yolk and cyto-

plasm at this stage (Fig. 11.2b, Danilchik and Denegre 1991) are roughly consistent

with the proposed model shown in Fig. 11.2a. The microtubule aster’s centering is

biased against yolk granules, the size of which is apparently greater in the vegetal

than it is in the animal hemisphere (see below). It seems plausible that the sperm aster

and/or anaphase asters of mitotic spindles from the first and second cell division sense

this asymmetry and center with a dorsal bias. In addition, the yolk asymmetry

effectively reduces the amount of cytoplasm in the vegetal hemisphere. In conjunc-

tion with the cortex-induced asymmetry of the sperm aster discussed above, this

cytoplasmic asymmetry could explain how the sperm aster directs the first cleavage

plane, typically to cut through the sperm entry point. It finds the long axis of the

animal hemisphere taking into consideration the yolk asymmetry.

How does the outlined hypothesis reconcile with the previous proposal that the

sperm aster and anaphase asters’ centering are biased toward the sperm entry point

(Wühr et al. 2010)? These propositions were based on fixed images, and the

location of the SEP relative to the asters was only inferred but not directly observed.

Taking into consideration the arguments put forward here, it seems likely that this

inference was mistaken.

The third division plane is orthogonal in relation to the two first division planes.

In addition, because the nuclei resulting from the two first cell divisions are

positioned eccentrically relatively to the geometric cell centers of blastomeres

and displaced along the animal–vegetal axis (presumably due to differential yolk

density), the third division plane becomes asymmetrically positioned and shifted

toward the animal pole giving rise to four small animal blastomeres and four large

vegetal blastomeres.
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11.2.3 Asymmetric Divisions in Blastulae and Gastrulae

One of the earliest cell diversifications during Xenopus development is the produc-

tion of polarized epithelial cells at the embryonic surface and nonpolar cells

internally in the embryo. The outer, apical, membrane domains of these early

polarized cells derive from the original egg membrane, while their basolateral

membrane domains are newly formed (Fesenko et al. 2000). Asymmetric division

along the apical–basal axis (divisions perpendicular to the embryo surface) occurs

by rotation of the division plane (Chalmers et al. 2003). Again, this transition is

stereotyped since it invariably occurs at the 32- to 64-cell stage (sixth zygotic

division). The perpendicular divisions are detected until late blastula (stage

10, Nieuwkoop and Faber 1967) and are absent in gastrula (stage 11). Cell divisions

.
DV

SEP

after fertilization

animal

vegetal

before second cytokinesis

DV

animal

vegetal

yolk rich cytoplasm

SEP

dorsally offset future cleavage plane

. .

a b

Fig. 11.2 (a) A model attempting to explain the typically observed dorsal shift of the second

cleavage plane during Xenopus laevis first cell division. Left: While the egg is rotationally

symmetric to the animal–vegetal axis, this symmetry is broken by the sperm entry and formation

of the sperm aster. Right: The position of the sperm aster determines the orientation of cortical

microtubules (not shown here for simplicity), which results in the rotation of cytoplasm relative to

the cortex. We hypothesize that this rotation brings yolk-rich vegetal cytoplasm up and near the

sperm entry point (SEP) and might also remove a significant part of yolk from the dorsal side. Such

an asymmetry of a dorsal–vegetal yolk density might be sensed by the microtubule asters, and as a

consequence, the second cleavage plane might shift dorsally. V: ventral, D: dorsal. (b) Observed
yolk platelet movement in embryos seems consistent with this model. Shown are micrographs of

yolk (dark) and cytoplasmic (light) rearrangements at 30 min (top), 45 min (middle), and 90 min

(bottom) after fertilization. A major cytoplasmic swirl develops on the side opposite to the SEP.

Orientation of the embryo as in (a). S: sperm trail which is a trace of pigment formed during the

male pronucleus migration in the cytoplasm. Figure reprinted from Danilchik and Denegre (1991)
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plane can be perpendicular, tangential, or oblique to the embryo surface. Whereas

divisions occurring perpendicular to the apical–basal axis symmetrically divide cells,

those occurring tangentially give rise to an epithelial cell and an internal cell. In this

case, only the daughter cell situated in the external cell layer (superficial cell) inherits

the apical membrane from the mother cell. Because atypical protein kinase C (aPKC),

an important phylogenetically conserved polarity protein (Martin-Belmonte and

Perez-Moreno 2011), is localized at the egg membrane, it is preferentially inherited

by the superficial daughter cells when the mother cells divide perpendicularly.

Moreover, superficial cells express the bHLH gene ESR6e, whereas inner cells do

not. Thus, perpendicular divisions, by allowing asymmetrical segregation of the

polarity protein aPKC, and other factors such as ESR6e, generate diversification of

the superficial and inner cell fates (Chalmers et al. 2003). The correlation between the

orientation of cell divisions and the cell surface area (area of the apical membrane)

suggests that the orientation of blastomere divisions (parallel or oblique versus

orthogonal) is simply dictated by geometric rules. This indicates that the “long-axis

rule” (Hertwig 1893), which controls division plane orientation in the early embryo,

is also operant in blastulae. This also suggests that the “long-axis rule” could bring

plasticity to the embryo and correct size asymmetry produced by the first two cell

divisions, thus equilibrating cell size. This could also explain the robustness of the

early developmental pattern in Xenopus, which would rely on geometric properties.

11.2.4 Does Cell-Size Asymmetry Produced by the Two First
Cell Divisions Have a Role?

Cell-size asymmetry and the early dorsal–ventral polarization of the embryo appear

intermingled: the small blastomeres correspond to the future dorsal structures, and,

reversely, the large blastomeres correspond to the embryo ventral side. This raises

the question whether the early embryonic cell-size asymmetry has a functional role

or developmental implication. If dorsal–ventral polarization and cell-size asymme-

try are indeed independent, then could it be possible to uncouple these two events?

This question has not been directly raised by developmental biologists. However,

studies on the establishment of the dorsal–ventral axis relative to the SEP might

provide some clues to answer this question. Indeed, the dorsal–ventral axis appears

to be topologically linked to the SEP since in normal conditions the dorsal side of

the embryo will roughly correspond to the opposite of the SEP position. Although

correlated, are the two asymmetries definitively linked? Based on results published

by others, we again propose a completely speculative model, which, however, is

consistent with results obtained in the insect model system.

Experiments of reorienting embryos along the gravity vector before the first

cleavage may provide some important information. Indeed, as previously men-

tioned, shortly after fertilization the fertilized egg freely rotates in its fertilization

envelope, thus aligning its animal–vegetal axis with gravity. Then, the 30� cortical
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rotation leads to redistribution of inner constituents relative to the zygote cortex. As

already discussed, unfertilized eggs have a stereotyped distribution of yolk platelets,

which is modified in the embryo (Danilchik and Denegre 1991; Ubbels et al. 1983;

Gerhart et al. 1981). By reorienting the one-cell embryo, Gerhart and collaborators

(Gerhart et al. 1981) prevented the naturally occurring redistribution of yolk and

cytoplasm. Interestingly, this manipulation of the one-cell zygote apparently also

displaced the dorsal structure of the embryo from the expected position, which is

usually opposite to the SEP. When the SEP was oriented upward, the embryo dorsal

side now coincided with the SEP side. Thus, by briefly reorienting the fertilized egg

relatively to the gravity field it was possible to uncouple the natural topology of SEP

and the embryo dorsal side. The effect of reorientation relative to gravity on embryos

depended on when it was applied: the one-cell embryo became refractory to

reorientation while progressing through the first cell cycle. This led the authors

(Gerhart et al. 1981) to propose that during the early period of the first cell cycle,

gravity might be able to interfere with the embryo dorsal–ventral polarization, which

is naturally generated later during the first cell cycle. The low impact of gravity on

Xenopus development was subsequently demonstrated by Souza et al. (1995). The

embryos obtained in microgravity during a Space Shuttle mission showed minor

developmental perturbations such as displacement of the blastocoel toward the

vegetal hemisphere and thickening of the blastocoel roof. Both could be explained

by the displacement of the third division plane toward the vegetal hemisphere. None

of these perturbations led to apparent defect of embryo development. As previously

suggested, in normal conditions, the embryo would be protected from adverse effects

of gravity which could occur early during the first cell cycle by the free rotation of the

embryo in the perivitelline space (Gerhart et al. 1981).

Although these authors did not examine cell-size asymmetry in the reoriented

embryos, they described, in addition to yolk redistribution, the positions of aster

and pronuclei in the fertilized egg. Interestingly, in the summarizing schemes they

presented (Fig. 4 in Gerhart et al. 1981; Fig. 12 in Ubbels et al. 1983), they clearly

showed that pronuclei were still displaced away from the SEP side (the side which

should have formed the prospective dorsal side if the embryo would not have been

reoriented). Although these embryos were fixed for microscopy analysis slightly

before the first embryonic cleavage (t ¼ 0.7 of normalized time in Gerhart et al.

1981) when the sperm aster depolymerizes and the first mitotic spindle forms

(Wühr et al. 2009), it is reasonable to anticipate that the two pronuclei and

centrosome deposited at this position away from SEP will determine the position

of the subsequent cleavage plane. At the second cleavage, these embryos would be

expected to cleave asymmetrically as normal embryos would do, thus producing

two large and two small blastomeres. However, in this case cell-size asymmetry and

fate would be uncoupled. Although clearly speculative, this interpretation raises the

possibility that in the 4-cell Xenopus embryo, cell-size asymmetry would not be

involved in the embryonic polarization but would be coincident with the asymmet-

ric distribution of cell fate determinants. It would be possible that this early cell-size

asymmetry is subsequently attenuated by divisions following the “long-axis rule”

as discussed previously, thus reducing cell-size differences and homogenizing cell
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size in each hemisphere. Obviously, to be proven, the veracity of this speculative

proposition needs experimental proof. Interestingly, such independence between

asymmetric segregation of cell fate determinants and cell-size asymmetry, which

we speculate for the Xenopus early embryo, was previously reported in Drosophila

(Albertson and Doe 2003).

11.3 Asymmetric Furrowing During Epithelial Cytokinesis

In the second part of this chapter, we will discuss the asymmetric furrowing by

which polarized epithelial cells divide in the Xenopus embryo.

11.3.1 Asymmetric Furrowing During Cytokinesis

In dividing one-cell embryos, cytokinesis starts with the formation of the division

furrow at the zygote’s animal pole. The oolemma ingresses progressively and the

furrow expands circumferentially toward the vegetal pole. When the furrow has

completed ingression at the cell surface, more deeply in the zygote the membrane is

not yet fully closed because the furrow advances more rapidly through the animal

than the vegetal hemisphere. Closure completes during the second cell division

(Fesenko et al. 2000). By the end of the first embryonic division, the tight junction

between blastomeres is implemented. This allows formation of a cavity located

between blastomeres, which ultimately becomes the blastocoele. Consequently, all

blastomeres until stage 16–32 cells, when internal cells are produced within the

embryo (see below), are polarized. These cells inherit the “old” oolemma, which

corresponds to the apical membrane. Concomitantly, their basal–lateral membranes

become newly assembled (Bluemink and de Laat 1973; de Laat and Bluemink

1974), via the localized fusion of exocytotic vesicles near the furrow base

(Danilchik et al. 1998, 2003). Thus, the external blastomeres form an epithelium

at the surface of the embryo. From this time point forward, until the late blastula

stage, during epithelial cells divisions, the cytokinetic furrow ingression proceeds

from the apical to basal pole of these cells (Le Page et al. 2011). This pattern begins

to change during pregastrular stages, and furrows begin to initiate on the basolateral

membrane. In 16-cell stage embryos cytoplasmic bridges (midbodies) have been

observed by electron microscopy at the proximity to the basal plasma membrane

(see Fig. 2d in Danilchik et al. 2013). However, in 128-cell stage embryos,

circumferential cytokinetic furrow could be observed in blastomeres of the animal

hemisphere (Danilchik, personal communication). Cytoplasmic bridges with an

approximately central position in the cell were also observed in 16-cell stage

embryos (see Fig. 2d in Danilchik et al. 2013) and positioned more apically in

32-cell stage embryos, suggesting that in some cells the transition in the polarity of

furrow ingression might occur early in development. In Le Page et al. (2011), only

animal cells of blastula were studied by confocal microscopy. Thus, it is possible that
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the change in the direction of furrowing takes place at different times in different

region of blastula. Further analyses including both electron microscopy and live

imaging will be necessary to determine the exact timing and location of the cytoki-

netic furrow polarity transition during the embryo development. In epithelial cells of

the gastrula, the ingression of the cytokinesis furrow is still asymmetric. However, at

this stage it progresses from the basal side toward the apical membrane (Fig. 11.3a).

In blastulae, the tight junctions are not localized close to the apical membrane as

typically found in epithelial tissue but localize laterally up to 200 μm away from the

apical surface (Merzdorf et al. 1998). In contrast, in gastrulae, tight junctions occupy

the typical position near the apical membrane. This correlation between the position

of the tight junction along the apical–basal axis and the polarity of the furrowing
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Fig. 11.3 The example of an asymmetric furrowing during epithelial cell cytokinesis. (a) Cell

division of the epithelial cell expressing the fluorescent membrane marker GFP–GPI was followed

by confocal microscopy. Upper row (median) shows a time-lapse en face view of the epithelium.

The dotted line on the image at the time 0 s indicates the X–Y position of the plane used for the

orthogonal projection shown in the bottom row (orthog.) (a). It shows that the cytokinetic furrow,

indicated by a white arrow at the 315 s time point, ingresses asymmetrically from the basal side

toward the apical side. White rectangles at the 455 s time point images indicate the regions, which

are enlarged and shown on the right. This series of images shows that during cell division the gap

forms between the two daughter cells. (b) GFP–anillin (green) localizes at the leading edge of the

gap during epithelial cell cytokinesis in Xenopus laevis gastrula. The plasma membrane is

visualized by the fluorescent membrane marker RFP–GPI (red). The orthogonal view along the

neighboring cells’ (n) axis shows the cytokinetic ring, while the orthogonal view along the

daughter cells’ (d ) axis shows the gap between the two daughter cells. Scale bar: 10 μm
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allows speculating that the apical junctional complex is indeed involved in regulation

of the cytokinetic furrow ingression polarity in epithelial cells.

The asymmetric furrowing occurring in Xenopus embryo is also encountered in

other biological model animals including Drosophila (Founounou et al. 2013;

Guillot and Lecuit 2013; Herszterg et al. 2013; Morais-de S�a and Sunkel 2013),

ascidian embryo (Prodon et al. 2010), mouse intestine (Jinguji and Ishikawa 1992),

and cultured MDCK cells (Reinsch and Karsenti 1994). During epithelial cells

division, the asymmetric furrowing correlates with the asymmetric localization of

apical junctional complexes. This suggests that the two processes are closely

related. Indeed, in Drosophila melanogaster the knockdown of α-catenin, an

important player in the adherent junction, interferes with the asymmetric furrow

constriction (Guillot and Lecuit 2013). However, asymmetric furrowing also occurs

independently of preexisting cell–cell junctions. It happens in one-cell Xenopus

and Caenorhabditis elegans embryos (Audhya et al. 2005; Maddox et al. 2007).

This indicates that the initiation of the asymmetric furrowing in the one-cell embryo

does not involve cell–cell junctions. In the Xenopus embryo, apical junction

appears soon after cytokinesis initiation but while the furrow still ingresses (Kalt

1971a, b). In the mouse oocyte, the polar body extrusion occurs through a unique

combination of an asymmetric division and asymmetric furrowing (Ibanez et al.

2005; Wang et al. 2011). The question arises of whether this is correlated to the cell

polarity and the proximity of the mitotic spindle creating a favorable cytoplasmic

environment? The fact that asymmetric furrowing is observed in so many different

systems suggests that this mode of cytokinesis may play an important role in

embryo development and beyond (e.g., epithelial cells of adults).

11.3.2 Detailed Observations of Asymmetric Furrowing
in Xenopus Embryo

Recently, we further characterized asymmetric furrowing during epithelial cell

division in the ectoderm of Xenopus laevis gastrula (Hatte et al. 2014). We showed

that the plasma membranes of the two daughter cells during cytokinesis are usually

separated by a gap (Fig. 11.3a). In most cases, daughter cells form new contacts a

few microns basally in relation to the furrow tip. This allows the formation of a

volume tightly associated with the furrow, which we named “inverted teardrop”

after the teardrop-shaped furrow canal during cellularization in Drosophila
melanogaster (Lecuit and Wieschaus 2000). The complex organization of the

cleavage furrow during the first Xenopus embryonic division and cleavages was

described in detail by Kalt (1971a, b). These electron microscopy studies beauti-

fully showed that formation of the presumptive blastocoele is not formed afterward

but is intimately linked to the cytokinesis process as early as the first division. It also

showed that the furrow continues to ingress below the presumptive blastocoele

toward the embryonic vegetal pole. On the animal side, the plasma membranes are
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closely apposed, but between these contacts and the furrow tip, membranes diverge

thus forming a dilatation. The strong similarity between cleaving embryos (Kalt

1971a, b) and gastrulae (Hatte et al. 2014) suggests that the “inverted teardrop” is

not specific of gastrulae. It will be interesting to know if this organization is also

found in epithelial cells at later developmental stages. Kalt (1971b) reported the

presence of finely granular material in the dilated portion of the furrow tip. Whether

a fluid fills the inverted teardrop of gastrulae and the composition of this putative

fluid are currently unknown although during cytokinesis we could detect fibronectin

below the furrow tip (JP Tassan, unpublished result). The cleavage furrow pro-

gresses with two different phases characterized by different speeds along the

apical–basal axis: the fast one at the beginning of cytokinesis and the slow one

when it reaches the neighborhood of the apical junctional complex. This difference

in the dynamics of furrowing along the apical–basal axis could be linked to the fact

that at some point the cytokinetic ring must cross the apical actin filaments. Also the

size of the “inverted teardrop” evolves during its progression along the apical–basal

axis. It is small when situated basally and enlarges progressively when it

approaches the apical part of the dividing cell. It may be correlated with the

presence of pulling forces, which spread plasma membranes and could be higher

when the cytokinetic furrow reaches the apical adhesion belt. The inverted teardrop

is resorbed at the end of the cell division. Therefore, it is a transient structure.

It is still unknown how the gap forms. However, several proteins actively involved

in cytokinesis, including anillin (Fig. 11.3b), actin, and myosin II heavy chain, are

localized both at the tip and lateral to the inverted teardrop, which suggests that

membrane spreading is an active process. The presence of the teardrop gap during

asymmetrically furrowing cell division raises the question of why the daughter cell

membranes are transiently separated. The leading edge of the cytokinetic furrow

could induce the plasma membrane-specific bending, thus creating a gap. It was

shown that in Xenopus one-cell embryo, the leading edge of the cytokinetic furrow is

mainly inherited from the surface plasma membrane, whereas the lateral side of the

furrow is mainly formed by new membranes (Bluemink and de Laat 1973; de Laat

and Bluemink 1974; Byers and Armstrong 1986; Danilchik et al. 1998). The mem-

brane spreading at the leading edge of the cytokinetic furrow could create two

independent membrane domains, where newly formed membranes are added. Thus,

cytokinetic proteins localized at the leading edge of the inverted teardrop could be

involved in the regulation of forces necessary to limit membrane spreading.

In gastrulae, during the phase of cytokinesis when epithelial cells are still

dividing apically, the two daughter cells enter in contact basally, creating the

“inverted teardrop.” This mechanism coupled with asymmetric furrowing may

contribute to the maintenance of epithelial integrity by ensuring cell–cell cohesion

before completion of cytokinesis. Because the gap is transient, eventually the two

daughter cells will be in close contact. However, this general scheme has an

exception, which is the intercalation of neighboring cells. Although it may not be

the unique mechanism, the intercalation of neighboring cells during cytokinesis

participates in cell mixing during Xenopus gastrulation.
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We also showed that intercalation of neighboring cells between daughter cells

occasionally occurs during cytokinesis. The plasma membrane separation below

the cytokinetic furrow forming the gap could be an active process and involves

cytokinetic proteins. This suggests that these proteins could be involved in cell

intercalation. It has been shown that remodeling of cell–cell contacts allows cell

intercalation during convergent extension during elongation of the Xenopus

embryo during later development (Keller 2002). Cytokinesis provides favorable

conditions for cell intercalation and thus participates in cell mixing in the ectoder-

mal epithelium of Xenopus gastrula. This raises the question of how cell–cell

junctions are remodeled during intercalation. In Xenopus, cell mixing is restricted

to clone borders (a group of cells stemming from the division of the same blasto-

mere) (Bauer et al. 1994). This limited cell intermingling explains why the Xenopus
laevis fate map is more consistent than in other model organisms including

zebrafish and mouse, in which massive cell mixing happens during embryogenesis.

Interestingly, it was shown in mouse small intestine that the neighboring cells can

infiltrate the space in the cytokinetic furrow (Jinguji and Ishikawa 1992). This

suggests that neighboring cell intercalation between dividing cells may be a general

feature and occur also in mammalian tissues.

11.4 Conclusions

The Xenopus embryo displays multiple facets of asymmetric mechanisms during

cell divisions. Some of these events, such as asymmetric localization of mRNAs

and proteins, clearly participate in the development of the embryo. The understand-

ing of mechanisms including asymmetric furrowing and its role during develop-

ment and possibly in pathological processes still needs further investigation. The

Xenopus early embryo offers a unique opportunity to study the role of these

asymmetries in situ in a developing vertebrate embryo.
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Chapter 12

Asymmetric and Unequal Cell Divisions

in Ascidian Embryos

Takefumi Negishi and Hiroki Nishida

Abstract Asymmetric cell division during embryogenesis contributes to cell

diversity by generating daughter cells that adopt distinct developmental fates. In

this chapter, we summarize current knowledge of three examples of asymmetric

cell division occurring in ascidian early embryos: (1) Three successive cell divi-

sions that are asymmetric in terms of cell fate and unequal in cell size in the

germline lineage at the embryo posterior pole. A subcellular structure, the

centrosome-attracting body (CAB), and maternal PEM mRNAs localized within

it control both the positioning of the cell division planes and segregation of the

germ cell fates. (2) Asymmetric cell divisions involving endoderm and mesoderm

germ layer separation. Asymmetric partitioning of zygotically expressed mRNA for

Not, a homeodomain transcription factor, promotes the mesoderm fate and sup-

presses the endoderm fate. This asymmetric partitioning is mediated by transient

nuclear migration toward the mesodermal pole of the mother cell, where the mRNA

is delivered. In this case, there is no special regulation of cleavage plane orientation.

(3) Asymmetric cell divisions in the marginal region of the vegetal hemisphere. The

directed extracellular FGF and ephrin signals polarize the mother cells, inducing

distinct fates in a pair of daughter cells (nerve versus notochord and mesenchyme

versus muscle). The directions of cell division are regulated and oriented but

independently of FGF and ephrin signaling. In these examples, polarization of the

mother cells is facilitated by localized maternal factors, by delivery of transcripts

from the nucleus to one pole of each cell, and by directed extracellular signals. Two

cellular processes—asymmetric fate allocation and orientation of the cell division

plane—are coupled by a single factor in the first example, but these processes are

regulated independently in the third example. Thus, various modes of asymmetric
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cell division operate even at the early developmental stages in this single type of

organism.

12.1 Ascidians as Model Organisms for Studies

of Asymmetric Cell Division

When one mother cell divides asymmetrically to generate two daughter cells with

distinct developmental fates, the mother cell is polarized before the mother cell

starts to divide in order to generate distinct daughters after the division. Then, the

orientation of the division plane must be properly regulated, so that the division

plane is perpendicular to the direction of the preestablished polarization of the

mother cell. In many cases of asymmetric cell division, these two cellular processes

(orienting cell polarization and spindle) are harmonized by common basic factors,

although these processes may not necessarily be coupled, especially in early

embryos. Thus, in this chapter, we use the term “asymmetric cell division” to

refer to cell division that produces two different daughters from the time they are

generated. Polarization of mother cells is directed by asymmetrically distributed

cell-intrinsic factors or cell-extrinsic signaling molecules (Chen et al. 2016).

Ascidians are globally distributed marine invertebrates belonging to the subphy-

lum Tunicata (Urochordata), constituting a sister group to vertebrates in the phylum

Chordata (Delsuc et al. 2006). Ascidians spawn enormous numbers of eggs and

exhibit an invariant embryonic cleavage pattern, which is also shared among

diverse ascidian species, have long facilitated making them an ideal organism for

investigations of embryogenesis up to the hatching tadpole larva stage (Fig. 12.1a)

(Chabry 1887; Conklin 1905). Ascidian tadpole larvae possess the basic body plan

of chordates, having an axial mesoderm including muscles and notochord, a dorsal

central nerve system, and a brain. The embryonic cleavage pattern of the solitary

ascidian, Styela partita, was documented for the first time in amazing detail by

Conklin, and subsequent studies using modern techniques have reconfirmed

Conklin’s descriptions and traced the embryonic cell lineages (Nishida and Satoh

1983, 1985; Nishida 1986, 1987; Stach and Anselmi 2015).

The cleavage pattern of ascidian embryo is bilaterally symmetrical but not

simple (Figs. 12.1 and 12.2a, b). The cell fates of most blastomeres are restricted

to give rise to a single type of tissue by the 110-cell stage (after seven rounds of

initial cell divisions) (Fig. 12.2a) (Nishida 1987; Kumano and Nishida 2007). The

ascidian fate map (Fig. 12.2b) shows similarity to that of the frog in terms of the

geographical topology of the tissue precursor cell territories (Lemaire et al. 2008).

Both the cleavage pattern and fate map are highly conserved among ascidian

species, which have become phylogenetically diversified (Hudson and Yasuo

2008; Lemaire 2009; Tsagkogeorga et al. 2009). We have confirmed that species

spanning seven genera [Styela (Conklin 1905), Halocynthia (Nishida 1987), Ciona
(Conklin 1905), Phallusia (Zalokar and Sardet 1984), Ascidia (H. Nishida,

unpublished observation), and Boltenia (http://gvondassow.com/Research_Site/
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Fig. 12.1 Ascidian eggs develop into tadpole larvae through a relatively simple process of

development involving a small number of constituent cells. (a) The photos show live and scanning

electron microscopy images of Halocynthia roretzi embryos at various stages from the fertilized

egg to the larva (35 h of development). The larvae exhibit the basic body plan of chordates, having

a dorsal neural tube, a notochord flanked by bilateral muscle, and a brain with two sensory pigment

cells. The notochord, a characteristic feature of chordates, is visible in the tail of the larva,

consisting of exactly 40 disc-shaped cells arranged in a single line. The total number of cells in

the hatched larva, 1.5 mm in length, is approximately 3000. The lines connecting the blastomeres

show the directions of asymmetric cell division relevant to the three subheadings of this chapter. In

16- to 110-cell embryos, anterior is up. Green bars indicate three successive unequal and

symmetric cell divisions resulting in generation of small primordial germ cells at the posterior

pole. Blue bars indicate asymmetric divisions that segregate the endoderm and mesoderm cell

fates at the 32-cell stage. Red bars correspond to asymmetric cell divisions that separate the

notochord/nerve code fates in the anterior half and mesenchyme/muscle fates in the posterior half

at the 64-cell stage. Names of some blastomeres are indicated. (b–d) Schematic representation of

three types of asymmetric cell division that are described in this review. See details in text. (b)

Asymmetric division in germ cell lineage. It corresponds to cell divisions designated by the green

12 Asymmetric and Unequal Cell Divisions in Ascidian Embryos 263



Picture_of_the_week/Entries/2010/5/9_Embryogenesis_in_the_ascidian_Boltenia.

html) and Corella (http://gvondassow.com/Research_Site/Video_-_Corella_early_

cleavage.html)] share the common cleavage pattern. This implies that the cell

division patterns in ascidian embryos are regulated through evolutionarily robust

mechanisms.

In order to generate primordial tissue precursor cells during seven rounds of cell

division after fertilization, many cell divisions take place to generate daughter cells

with distinct prospective cell fates. These divisions are indicated by red bars in

Fig. 12.2a. These red bars represent one out of a total of one at the 4-cell stage in the

bilateral half, two out of two at the 8-cell stage, three out of four at the 16-cell stage,

seven out of eight at the 32-cell stage, seven out of 16 at the 64-cell stage, and seven

out of 23 at the 110-cell stage. However, these do not always represent asymmetric

cell divisions because cell fates may be determined after the mother cell has

divided. In asymmetric cell division, there should be evidence to indicate that the

mother cell has already become polarized before division begins. In this chapter, we

summarize current knowledge of three types of genuine asymmetric division

occurring in ascidian early embryos as outlined below. Hereafter, we refer to the

mitotic division responsible for production of daughter cells with different devel-

opmental potential as “asymmetric” cell division and that produce daughter cells

differing in size through eccentric positioning of the division plane as “unequal”

cell division.

1. Three successive asymmetric and unequal cell divisions at the posterior pole

(green letters and bars in Fig. 12.1a, b). A subcellular structure, the centrosome-

attracting body (CAB), and maternally localized mRNAs control both the

positioning of the cell division planes and the segregation of cell fates.

2. Asymmetric cell divisions involving segregation of the endoderm and mesoderm

germ layers (blue letters and bars in Fig. 12.1a, c). Asymmetric partitioning of

zygotically expressed mRNA for Not, a homeodomain transcription factor,

promotes the mesoderm fate and suppresses the endoderm fate. This asymmetric

partitioning is mediated by nuclear migration toward the mesodermal pole

within the mother cell. In this case, there is no special regulation of cleavage

plane positioning, as the cell divides into daughters with approximately same

size and the cleavage plane positioning simply follows Sach’s rule that the new
division plane is formed perpendicularly to the previous one.

Fig. 12.1 (continued) bars in (a). Large circle is nucleus, and small circle is centrosome. Green
oval represents the centrosome-attracting body (CAB). Broken line indicates the next cell division
plane. (c) Separation of endoderm and mesoderm. It corresponds to the blue bars in (a). Blue oval
represents the asymmetrically localized mRNA of Not transcription factor in Halocynthia. (d)
Asymmetric cell divisions in the marginal region of the vegetal hemisphere. It corresponds to the

red bars in (a). Yellow arrows and crisscrosses indicate FGF signaling on one side. Red arrows
and crisscrosses indicate Ephrin antagonizing signaling on the opposite side. Veg, vegetal view.

Ani, animal view. Ant, anterior. Pos, posterior. SEM images have been reproduced from Nishida

(1986) with permission
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Fig. 12.2 Developmental fates of blastomeres of the ascidian embryo. Orientation of the each

drawing is indicated. (a) Cell fate restriction during the cleavage stages. Blastomeres are colored

when their fate is restricted to a single cell type. The colors correspond to those of the larval tissues

indicated in (c). Fate restriction in ascidian early embryos proceeds quickly. Sister blastomeres are

connected by bars. Red bars indicate that the prospective cell fates of the two sister blastomeres are

distinct. The fate map is bilaterally symmetric. (b) Schematic fate maps of ascidians and Xenopus
blastulae. Lateral views. Circum-notochord side is to the left. Note the topographic similarity of

the presumptive tissue territories in the two fate maps. ORG, organizer; HM, head mesoderm;

Mch, mesenchyme (precursors of adult tunic cells). (c) Organization of tailbud embryos.

Mid-sagittal planes, sagittal planes, and transverse sections of the tail. TLC, trunk lateral cells

(precursors of adult blood and body wall muscle); TVC, trunk ventral cells (precursors of adult

heart and body wall muscle). Drawings have been reproduced with permission from Nishida

(2005) and Lemaire et al. (2008)
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3. Asymmetric cell divisions in the marginal region of the vegetal hemisphere (red

letters and bars in Fig. 12.1a, d). The directed extracellular FGF and antagoniz-

ing ephrin signals polarize the mother cells, inducing distinct fates in a pair of

daughter blastomeres (nerve versus notochord and mesenchyme versus muscle).

The direction of cell division is regulated and oriented but independently of FGF

and ephrin signaling.

12.2 Segregation of Maternally Localized Transcripts

and Cell Divisions Unequal in Size

12.2.1 Localized Maternal Transcripts: Postplasmic/PEM

mRNAs in Ascidians

Studies using many animals have revealed that localized maternal factors initiate

establishment of the embryonic axes (Gurdon 1992; Johnston and Nüsslein-
Volhard 1992; Bowerman et al. 1993). This mechanism would be a likely candidate

for the process involved in asymmetric cell divisions during the cleavage stages. In

ascidians, Conklin (1905) described the segregation pattern of yellow-colored

ooplasm in a region known as the posterior–vegetal cytoplasm/cortex (PVC;

myoplasm in Conklin’s description) of fertilized eggs and embryos. About a

hundred years after this original description, it was discovered that a genuine

muscle determinant, maternal mRNA of macho-1 transcription factor, is present

in the myoplasm (Nishida and Sawada 2001). macho-1 is a member of the so-called

postplasmic/PEM mRNAs.

In 1996, Yoshida et al. first reported that in C. savignyi a maternal mRNA was

localized to the PVC of the egg and the posterior pole of the embryo, and the gene

was named “posterior end mark” (pem). pem is the most abundant maternally

localized mRNA in the ascidian egg. Since the discovery of pem, approximately

50 mRNAs showing the same pattern of localization asmacho-1 and pem have been

identified (Kawashima et al. 2000; Makabe et al. 2001; Nishida and Sawada 2001;

Nakamura et al. 2003; Yamada 2006; Paix et al. 2009). These mRNAs are referred

to as postplasmic/PEM mRNAs (macho-1, pem, Wnt5, POPK-1, etc.) (reviewed in

Sardet et al. 2005; Prodon et al. 2007; the most recently updated list of postplasmic/
PEM RNAs is available in Makabe and Nishida 2012). They are first concentrated

at the vegetal pole and then move to the posterior pole after fertilization (Fig. 12.3,

1st and 2nd phases), later becoming further concentrated into the centrosome-

attracting body (CAB) at the posterior pole during the cleavage stages, as men-

tioned later (Fig. 12.3, the 2- to 110-cell embryos). The results of various types of

screening, including large-scale in situ hybridization and microarray, suggest that

the localization pattern shared by postplasmic/PEM RNAs is the sole pattern of

localization of maternal mRNAs (Makabe et al. 2001; Yamada et al. 2005). There
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have been no reports of maternal RNA localized to the animal and anterior regions

of the egg.

12.2.2 Successive Unequal Cell Divisions

Up to the 8-cell stage, the fertilized egg is cleaved equally in accordance with

Sach’s rule that the new division plane is formed perpendicularly to the previous

one (Strome 1993). At the end of the four-cell stage, the third cleavage planes

intersect the animal–vegetal axis, although the posterior cleavage planes are

Fig. 12.3 Localization of two representative postplasmic/PEM mRNAs, PEM, and macho-1,
during early embryogenesis. PEM protein localization is also shown. In the 16-cell-stage embryos,

PEM protein is detected with higher sensitivity, revealing the presence of PEM protein in nuclei of

the posterior blastomeres in addition to localization of the CAB (arrowheads). Egg and 8-cell

embryos are lateral views. The 2-, 4-, 32- to neurula-stage embryos are vegetal views. Names of

posterior-most blastomeres which inherit the postplasmic/PEM RNAs are indicated. Unfert,

unfertilized egg. Ani, animal pole. Veg, vegetal pole. A, anterior. P, posterior. Images have

been reproduced from Negishi et al. (2007) and Kumano et al. (2011) with permission
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slightly tilted. As a result, the ascidian 8-cell-stage embryo shows a unique shape

with the posterior–vegetal blastomeres (B4.11) protruding posteriorly (Figs. 12.1a,

12.2a and 12.4a). Subsequently, three successive unequal cell divisions take place

at the posterior pole of the vegetal hemisphere (Figs. 12.1, green bars, and 12.4a).

These unequal divisions always generate smaller daughter cells at the posterior

pole. The resulting posterior most and smallest cells of the 64-cell embryo are the

precursors of the germline (Shirae-Kurabayashi et al. 2006). In contrast to the

posterior–vegetal region, the blastomeres in the animal half and the anterior–

vegetal region divide equally according to Sach’s rule, except for a certain case at

the sixth cleavage, as will be described later.

One strategy for achieving unequal cell division is eccentric placement of the

mitotic spindle (Siller and Doe 2009). In the one-cell zygote of Caenorhabditis
elegans, such unequal cell division is driven by the attachment of microtubules

emanating from the centrosome to cortical dynein motors (Grill et al. 2001).

Investigation of astral microtubules in ascidians has revealed a bundle of microtu-

bules linking the centrosome to the posterior pole (Fig. 12.4b, c). The nucleus/

centrosome complex approaches the posterior pole as the bundle is shortened, and

then the mitotic apparatus forms close to the posterior pole (Hibino et al. 1998).

This is repeated during three rounds of unequal cell divisions. Treatment with

microtubule dissociation agent, nocodazole, prevents the nuclei from approaching

to the posterior pole (Nishikata et al. 1999). Detailed behavior of nucleus, centro-

some, and spindle during the B5.2 unequal cell division has been reported in Prodon

et al. (2010).

In cytoplasm-extracted embryos, a brilliant structure has been observed at the

posterior pole under light microscope. This structure has been designated the

centrosome-attracting body (CAB) (Fig. 12.4b, d) (Hibino et al. 1998). The CAB

at the posterior cortex is always inherited by the smaller blastomere at each

division. The CAB is not present in the egg, and it is first recognized as a group

of small dots with high refraction index at the late two-cell stage (Hibino et al.

1998). The location of this subcellular structure corresponds exactly to that of the

postplasmic/PEMmRNAs (Yoshida et al. 1996; Hibino et al. 1998; Nakamura et al.

2003). Microsurgical removal and transplantation of the PVC of eggs have shown

that the PVC is responsible for formation of the CAB and unequal cleavages

(Nishikata et al. 1999).

Observations of the CAB using transmission electron microscopy (TEM) and

isolation of the cell cortex have revealed that the CAB is characterized by an

electron-dense matrix/granule (EDM) that resembles the germ plasm of other

animals (Fig. 12.4d) and a network of cortical rough endoplasmic reticulum

(cER) (Iseto and Nishida 1999; Sardet et al. 2003). Some postplasmic/PEM

1Nomenclature of ascidian blastomeres. Each blastomere is assigned its name such as B4.1, A5.2,

and b5.6. Capital letters are for the cells of the vegetal hemisphere. Lower case letters are for the

animal hemisphere cells. A and a for the anterior blastomere. B and b for the posterior blastomeres

(see Fig. 12.2a, 8-cell embryo). First digit represents the generation. Second digit is a unique

number based on its relative position after cell division.
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Fig. 12.4 Unequal cell divisions taking place at the posterior pole. (a) Red blastomeres divide

unequally in size from the 8-cell to 64-cell stages, always generating smaller cells at the posterior

pole. Green bars indicate three successive unequal cell divisions resulting in generation of small

primordial germ cells at the posterior pole. The 4- and 8-cell embryos are lateral views. The 16- to

64-stage embryos are vegetal views. Name of relevant cells are indicated in green letters. Ant,
anterior. Pos, posterior. (b) Posterior part of the extracted 16-cell embryo. These cells have divided

unequally and are about to divide unequally again. The CAB is present at the posterior pole

(arrowheads). Positions of the nuclei are indicated by arrows. (c) A bundle of microtubules

(arrows) connects the posterior centrosome to the CAB. The bundle is shortening to pull the

nucleus toward the CAB. (d) Ultrastructure of the CAB. The CAB is characterized by an electron-

dense matrix, which is considered to be the putative germ plasm. Black arrow indicates the midline

of the embryo. Green arrow indicates a microtubule. Y, yolk granule. M, mitochondrion. (e)

Model for control of orientation and positioning of the cell division plane by the PEM. (Upper) In a
normal embryo at the two-cell stage, the centrosome axis rotates as the posterior centrosome is

attracted toward the posterior–vegetal cortex (blue cortex), where PEM protein is localized (red
dots on blue cortex), and a tilted spindle (green) forms. The second division plane is oblique to the

A–V axis (large red vertical arrow). Broken lines indicate the planes of the next division. At the
4-cell stage, similar events occur again, only in the posterior blastomeres. Therefore, the B4.1

blastomere protrudes posteriorly at the 8-cell stage. Yellow color shows the vegetal half of the

cytoplasm. In the B4.1 blastomeres, the centrosome/nucleus complex approaches the CAB, and

the blastomere divides unequally. At the 16-cell stage, a smaller B5.2 blastomere forms at the

posterior pole. This posterior-most blastomere undergoes two further unequal cleavages. (Lower)
Without PEM protein, the cleavage pattern is quite regular as there is no centrosome-attracting
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mRNAs are known to be anchored to the cER and others to granules in the CAB

(Paix et al. 2009). Their protein products, including pem and vasa, are mostly

localized to the CAB (Fig. 12.3) (Shirae-Kurabayashi et al. 2006; Negishi et al.

2007; Paix et al. 2009; Kumano et al. 2010). Some additional proteins translated

from “non”-postplasmic/PEM mRNAs also show localization to the CAB; these

include the aPKC–Par3–Par6 complex, β-catenin, Dishevelled, the regulators of

translation initiation (MnK-4EBP-S6 K), and Polo-like kinase1 (Patalano et al.

2006; Kawai et al. 2007; Negishi et al. 2011; Paix et al. 2011). Thus, the CAB is

a multifunctional subcellular structure that attracts the centrosome, provides a

structural scaffold for the localization of postplasmic/PEM mRNA and several

proteins, and contains the putative germ plasm. The CAB plays a robust role in

these asymmetric and unequal cell divisions by organizing the orientation of

cleavage planes and asymmetric partitioning of the postplasmic/PEM mRNAs. In

our knowledge, the CAB is unique to ascidians because in cell-autonomous unequal

cell divisions in other animals such as C. elegans, Drosophila, and sea urchin, there
has been no report on visible macroscopic structure like the CAB. In these exam-

ples, it seems that microtubules emanating from the centrosome interact with wide

area of the cortex of the cell (Grill et al. 2001).

12.2.3 Control of Cell Division Planes and Germ Cell
Formation by Localized PEM Protein

What are the molecules involved in the orientation of cell division planes and germ

cell specification? PEM was the first postplasmic/PEM mRNA to be identified and

is the most abundant, as mentioned previously. PEM protein is translated and

localized in the CAB (Fig. 12.3). When the function of PEM is inhibited with the

antisense morpholino oligo (MO), unequal cell divisions are converted to equal

ones, and the posterior cleavage pattern becomes similar to the anterior pattern. In

PEM-deficient embryos, the astral microtubules do not focus on the CAB, and

consequently the cells divide equally (Fig. 12.4e) (Negishi et al. 2007). In addition,

PEM-deficient eight-cell embryos show no protrusion of the posterior–vegetal

blastomere (Fig. 12.4e). PEM localization also determines the orientation of mitotic

planes at the second and third cleavages before the start of successive unequal cell

divisions. Observations of the mitotic spindle by immunostaining and live imaging

have supported the idea that from the 2- to the 32-cell stages the closest centro-

somes are always attracted and pulled toward the cortex where PEM protein is

localized (Negishi et al. 2007).

Fig. 12.4 (continued) activity. No specific regulation of the cleavage pattern occurs. Ant, anterior.

Post, posterior. Drawings and images have been reproduced from Hibino et al. (1998), Iseto and

Nishida (1999), and Negishi et al. (2007) with permission
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Similar localization and function of the PEM have been observed in three

ascidians, Halocynthia, Phallusia, and Ciona, and are thought to underlie the

common cleavage pattern of ascidians (Prodon et al. 2010; Shirae-Kurabayashi

et al. 2011). However, ascidian PEM has no known domain except the C-terminal

WPRW sequence that is a binding site for groucho, a transcriptional corepressor,

and there is no apparent homolog in other deuterostomes. It has shown that aa

258–341 of the PEM of Halocynthia, where some conserved amino acid stretches

are shared among ascidian species, are required for this function, although the

molecular mechanism responsible for pulling of the centrosome toward the CAB is

still unclear (Kumano et al. 2011).

Interestingly, a certain amount of PEM protein is translocated into the nuclei of

posterior-most cells, which are of germ cell lineage, and mediates transcriptional

quiescence in the germline precursor (Kumano et al. 2011; Shirae-Kurabayashi

et al. 2011). In the Halocynthia embryo, aa 342–426 in the C-terminal region of the

PEM, where some conserved amino acid stretches are shared among ascidian

species, are crucial for transcriptional quiescence. This region interacts with the

P-TEFb complex, resulting in suppression of zygotic transcription (Kumano et al.

2011). Suppression of P-TEFb is a conserved mechanism for germline quiescence

by localized germ plasm factors in ascidians, Drosophila, and C. elegans
(Nakamura and Seydoux 2008). Having two distinct domains that mediate cell

division and germ cell development, PEM protein ensures that proper asymmetric

cell divisions occur by harmonizing both orientation of the cell division planes and

germ cell fate specification.

12.3 Asymmetric Cell Divisions to Separate Endoderm

and Mesoderm Cell Fates

In most bilaterians, one of the most important steps during early embryogenesis is

the formation of three germ layers (Kimelman and Griffin 2000; Rodaway and

Patient 2001; Davidson et al. 2008). Since fate restriction in ascidian embryos is

accomplished with a small number of constituent cells, some studies have investi-

gated the molecular mechanism responsible for separation of the mesoderm and

endoderm lineages at the single-cell level (Takatori et al. 2010, 2015; Hudson et al.

2013). In the 16-cell ascidian embryo, three pairs of vegetal cells (A5.1, A5.2, and

B5.1 of the 16-cell embryos in Fig. 12.1) divide asymmetrically into mesoderm

daughter cells (A6.2, A6.4, and B6.2) that are located in the marginal zone and

endoderm daughter cells (A6.1, A6.3, and B6.1) that are located in the vegetal pole

region (Conklin 1905; Nishida 1987) (Fig. 12.1, blue bars in the 32-cell embryos).

In Halocynthia, asymmetrically distributed mRNA for Not, which encodes a

conserved homeodomain transcription factor (Von Dassow et al. 1993; Utsumi

et al. 2004), is preferentially partitioned into the daughter cell on the marginal side,

where Not promotes the mesodermal fate and suppresses the endoderm fate
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Fig. 12.5 Schematic diagram of Not mRNA asymmetric partitioning and mesendoderm fate

segregation. Lateral view of the mesendoderm cell (A5.1 cell) from the 16- to 32-cell stage.

Animal pole is up. Not mRNA (blue) is transcribed in the nucleus (green) as it migrates to the

future mesoderm-forming side of the mesendoderm cell. Not mRNA is then delivered from the

nucleus to the future mesoderm cell cytoplasm at the transition from interphase to M-phase.

Wnt5α-dependent mechanism retains Not mRNA at the mesoderm pole as the mitotic spindle

repositions to the center of the cell (green) and subsequent cell division partitions Not mRNA to

the mesoderm precursor cell. Dotted line indicates the plane of the next cell division. After the cell
division, Not protein is translated in the mesoderm cell (yellow), inhibiting the endoderm fate and

promoting the mesoderm fate. Absence of Not in the endoderm (red) permits endoderm differen-

tiation. Nuc, nucleus; ani, animal; veg, vegetal; ant, anterior; pos, posterior; Mesend,

mesendoderm; Mes, mesoderm; End, endoderm. Drawings have been reproduced with permission

from Takatori et al. (2010, 2015)
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(Fig. 12.5) (Takatori et al. 2010). Not mRNA segregation is coupled to transient

migration of the nucleus, which is zygotically transcribing NotmRNA, to the future

mesodermal region (mesoderm pole) of the mother cell via a microtubule network

(Fig. 12.5) (Takatori et al. 2010). After delivering Not mRNA to the cytoplasm of

the mesoderm pole, the mitotic apparatus returns to the center, and consequently the

mRNA is preferentially partitioned into a mesoderm daughter cell. It has been

revealed that, subsequently, the direction of displacement of the nucleus within the

mother cell is determined by the localized distribution of PtdIns(3,4,5)P3 (PIP3), a

plasma membrane-bound lipid. The region of PIP3 localization is determined by

localization of the PIP3-producing enzyme, phosphatidylinositol 3-kinase (PI3K).

It is also intriguing that the gradient of PI3K along the animal–vegetal axis is

established by ooplasmic movement within 5 min after fertilization (Takatori et al.

2015). These results indicate that, in the ascidian embryo, some processes important

for germ layer segregation have already been initiated in the early fertilized egg and

that the mesoderm and endoderm fates are separated into two distinct cells follow-

ing a series of early cleavages.

While the cleavage pattern and fate map are well conserved among the divergent

ascidian species, the molecular pathways responsible for specifying cell fates

occasionally vary (Hudson and Yasuo 2008; Lemaire 2009). A study using Ciona
and Phallusia has shown that the mechanism responsible for mesoderm versus

endoderm fate separation differs from that in Halocynthia. Differential nuclear
β-catenin activity coupled with two rounds of mitotic divisions along the animal–

vegetal axis separates the mesoderm and endoderm fates. The ON-to-OFF sequence

of nuclear β-catenin accumulation during the 16- to 32-cell stage is sufficient to

induce the mesoderm fate without the involvement of Not asymmetric segregation

(Hudson et al. 2013), although it is still unclear how nuclear accumulation of

β-catenin is lost only in the mesoderm precursor cell at the 32-cell stage. The

difference in molecular mechanisms of mesoderm specification between

Halocynthia and Ciona/Phallusia provides a good example of the developmental

system drift (DSD) (True and Haag 2001; Burgess 2011). DSD is the theory that,

despite the strong conservation of developmental processes across closely related

species at the morphological level, the underlying molecular mechanisms may be

diverse. In this case as well as secondary muscle and secondary notochord fate

induction in ascidian embryos (Hudson and Yasuo 2008; Lemaire 2009), homolo-

gous cell fates involving homologous cells can nonetheless be specified by

completely different molecular mechanisms in Halocynthia and Ciona. Thus, the
constraints on embryo anatomy appear stronger than those on the choice of under-

lying regulatory molecules. In both cases of Halocynthia and Ciona/Phallusia,
there is no special regulation of cleavage plane positioning, as the cleavage plane

simply follows Sach’s rule and forms perpendicularly to the previous one. Accord-

ingly, depletion of key molecules for fate specification (Not, PI3K, or β-catenin)
does not alter the pattern of cell division (Takatori et al. 2010, 2015; Hudson et al.

2013).
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12.4 Asymmetric Cell Divisions in the Marginal Zone

of the Vegetal Hemisphere

12.4.1 Localized FGF Signaling Polarizes Mother Cells that
Divide into Daughter Cells with Distinct Fates

After separation of the mesoderm and endoderm lineages, subsequent asymmetric

cell divisions along the animal–vegetal axis occur radially in the mesodermal

blastomeres located in the marginal region (Fig. 12.1, red bars in the 64-cell

embryo) (Nishida 2005; Kumano and Nishida 2007). In these cell divisions from

the 32- to 64-cell stages, the posterior marginal cells (B6.2 and B6.4 cells of the

32-cell embryo in Fig. 12.1, namely, MM cells: mesenchyme/muscle mother

blastomeres, shown as red stripes on a white background in Fig. 12.6a, c) divide

into the marginal side muscle precursors (colored red in Fig. 12.6b, c) and the

vegetal pole side mesenchyme precursors (colored green). Likewise, in the anterior

region, marginal cells (A6.2 and B6.4 cells of the 32-cell embryo in Fig. 12.1,

namely, NN cells: notochord/nerve cord mother blastomeres, white in Fig. 12.6a, c)

divide into the marginal side nerve cord precursors (light purple) and the vegetal

pole side notochord precursors (pink). Notochord and mesenchyme are the induced

fates, while nerve cord and muscle are the default uninduced fates. In this system,

the inducer blastomeres, stage of induction, signaling molecules and intracellular

signal transduction, spatial and temporal regulation of cellular competence, and the

identities of competence factors have been extensively revealed in the last two

decades.

All of these asymmetric cell divisions in the marginal region are mediated by

FGF signaling. The mother cells respond to the FGF signal, but the daughter cells

are no longer able to respond (Nakatani et al. 1996; Hashimoto et al. 2011).

Therefore, the mother cells are polarized by localized FGF signaling (Fig. 12.6,

blue arrows) and then divide asymmetrically. The same FGF signal induces noto-

chord in the anterior region and mesenchyme in the posterior region. The difference

in response is regulated by the intracellular competence factors, zygotic FoxA and

Zic within the anterior mother cells and maternal macho-1 within the posterior

mother cells (Fig. 12.6c) (Nishida 2005). Extracellular FGF signaling is transduced

through Ras, ERK/MAPK, and ETS transcription factor (Nakatani and Nishida

1997; Kim and Nishida 2001).

In the posterior region, when FGF is applied from both sides of the mother cell,

both of the daughter cells assume a mesenchyme fate, whereas abrogation of the

FGF signal results in formation of two muscle cells (Fig. 12.6d). Transplantation of

ectodermal cells that artificially express FGF and simultaneous suppression of

endogenous FGF production can reverse the direction of asymmetric cell division

(Kim et al. 2007). This clearly demonstrates that polarity of the muscle/mesen-

chyme mother cell is determined solely by the direction from which the FGF9/16/

20 signal is presented.
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Fig. 12.6 Directed FGF signaling and asymmetric cell divisions during mesenchyme and noto-

chord induction. (a) Position of each cell at the 32-cell stage. FGF signaling (blue arrows) takes
place in the anterior and posterior margins of the vegetal hemisphere. (b) Then, asymmetric cell

divisions occur to generate sister cells that assume induced and default cell fates. The bars

connecting the cells show the directions of asymmetric cell divisions in the anterior and posterior

regions. (c) Patterning in normal embryos shown as schematic diagrams of the arrangement of

cells along the anterior–posterior axis. Cell types are highlighted by the same color code as in (b).

NC, nerve cord. Not, notochord. En, endoderm. Mes, mesenchyme. Mus, muscle. At the division

to the 64-cell stage, FGF-mediated asymmetric divisions take place in the anterior (NC vs. Not)

and posterior (Mes vs. Mus) marginal zones. macho-1 is a maternal and intrinsic competence

factor for mesenchyme induction. (d) Experimental results confirming that the direction of

asymmetry for segregation of the muscle and mesenchyme fates is determined by the direction

from which the FGF signal comes. FGF MO, FGF morpholino antisense oligo-injected endoderm

cell. En-T, transplanted endoderm cell. Ecto-T transplanted ectoderm cell that has been injected

with FGF mRNA. (e) In normal embryos, FGF is also expressed in the nerve cord/notochord

precursor to induce brain in the ectoderm (Ect) marginal zone. (f) Polarity of asymmetric division

that produces nerve cord and notochord precursors is determined by the direction from which the

inhibitory ephrin signal comes. The ephrin signal from ectoderm inhibits activation of MAPK by

FGF signaling via activation of Ras-GAP on the nerve cord side and consequently results in the

inhibition of the notochord-specific Brachyury gene. Drawings have been reproduced with per-

mission from Nishida (2002) and Kim et al. (2007)
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Similarly in the anterior marginal region, the daughter cell in which

ERK/MAPK is activated adopts a notochord fate, whereas the other adopts a

nerve cord fate. However, in this system, the mechanism is more complex because

the notochord/nerve cord mother cells themselves express FGF in order to induce a

brain fate (dark purple in Fig. 12.6e) in the adjacent ectoderm region. Polarization

of the mother cells requires not only the FGF signal but also an antagonizing signal

from the adjacent ectodermal cell (Kim et al. 2007). This antagonizing action is

mediated by ephrin–Eph, which is better known for its roles in axon guidance. The

ephrin–Eph signal attenuates ERK/MAPK activation in the nerve cord-fated daugh-

ter cell via activation of p120 Ras GAP (GTPase-activating protein) (Fig. 12.6f)

(Picco et al. 2007; Haupaix et al. 2013). In combination with a directional antag-

onizing signal from the ectoderm, the nondirectional FGF signal polarizes the

mother cell. In this case, the polarity of the notochord/nerve cord mother cell is

determined by the direction from which the ephrin signal is presented. The unique

feature of this system is that an ectodermal GPI membrane-bound form of ephrin

ligand (Arvanitis and Davy 2008) ensures one-way signaling from the ectoderm cell

to the notochord/nerve cord cells, so that ephrin does not interfere in an autocrine

manner within the ectoderm with brain induction by FGF secreted from the

notochord/nerve cord cells.

12.4.2 Distinct Modes of Mitotic Spindle Orientation
in a Sister Cell Pair for Proper Allocation
of Blastomeres

The abovementioned studies of signaling for asymmetric cell fate allocation have

suggested that the polarity of asymmetric cell division is determined by the

direction from which the inducing or antagonizing signal is presented. Because

the division plane of the notochord/nerve cord mother cell is parallel to the previous

one, this cell division does not follow Sach’s rule, suggesting the presence of some

form of division plane control (Figs. 12.2a, 12.6a, b and 12.7a) (Conklin 1905;

Kumano and Nishida 2007). In the asymmetric division of the EMS cell of the

C. elegans 4-cell embryo, the Wnt signal as an extrinsic cue from the adjacent

posterior cells controls both the specification of cell fate and orientation of the

mitotic spindle (Goldstein 1995; Rocheleau et al. 1997; Thorpe et al. 1997). In

ascidians, however, depletion of FGF and ephrin signaling does not alter the

direction of cell division (Kim and Nishida 2001; Kumano et al. 2006; Kim et al.

2007; Picco et al. 2007). Thus, cell fates and the division plane are regulated

independently in the notochord/nerve mother cell. The mechanism of spindle

orientation has been investigated using Phallusia, which has a transparent egg

and embryo, and is able to efficiently translate mRNA injected into unfertilized

eggs, making it a suitable organism for live imaging (Prodon et al. 2010). This

approach has revealed that the mitotic spindle in the notochord/nerve mother cell
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Fig. 12.7 Oriented cell division of the medial NN and E cells. (a) Drawings of the 32- and 64-cell-

stage embryos highlighting the cell lineage of the sister cells. Embryos are in vegetal pole view

with the anterior side up. Asymmetric cell division produces notochord/nerve cord mother cells

(NN cell, in gray) and endodermal precursors (E cell in yellow) at the 32-cell stage. The first

division axis is parallel to the anterior–posterior axis. These two daughter cells then divide again

along the anterior–posterior axis to generate one nerve cord precursor (purple), one notochord

precursor (magenta), and two endoderm precursors (yellow) at the 64-cell stage. Green bars
indicate a pair of sister blastomeres. (b) Model of the mechanisms of spindle orientation in NN

and E cells. Time is indicated with 0 min corresponding to the beginning of anaphase. In the NN

cell, the centrosome is duplicated on the anterior side of the nucleus. The centrosomes migrate 90�

in opposite directions and result in formation of the mitotic spindle orthogonal to the A–P axis. In
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(NN cell in Fig. 12.7a) rotates 90� to align along the animal–vegetal axis

(Fig. 12.7b) (Negishi and Yasuo 2015). This spindle rotation is coupled with

segregation of the mitochondria toward the marginal end (Zalokar and Sardet

1984; Takatori et al. 2010; Kobayashi et al. 2013). It is likely that the dynein

motor protein accumulated in the mitochondria-rich region exerts pulling force on

both poles of the spindle via microtubules (Fig. 12.7b, arrows in NN cell) (Negishi

and Yasuo 2015). This idea is supported by a series of inhibitor treatments: (1) low

doses of the microtubule inhibitor (nocodazole) impairs the rotation of spindle,

while allowing normal segregation of mitochondria; and (2) treatment with the two

dynein inhibitors (erythro-9-[3-(2-hy-droxynonyl)]adenine and Ciliobrevin A) after

mitochondrial segregation blocks the spindle rotation (Negishi and Yasuo 2015).

The eventual selection of which of the two spindle poles is actually pulled is merely

random. In addition, the spindle orientation is cell-autonomous process because

segregation of mitochondria and the spindle rotation occur in the isolated cells from

embryos (Negishi and Yasuo 2015).

The anterior midline endoderm precursor cell of the 32-cell embryo (E cell in

Fig. 12.7a), which is a sister cell of the notochord/nerve mother cell, also divides

contrary to Sach’s rule. During this cell division, the duplicated centrosomes show

asymmetric migration in interphase and then the mitotic spindle forms along the

animal–vegetal axis from the beginning of M phase (Fig. 12.7b) (Negishi and

Yasuo 2015). After duplication, one centrosome stays on the vegetal side and the

other migrates to the animal side of the nucleus. This contrasts with the notochord/

nerve cord mother cell, where the duplicated centrosomes migrate symmetrically

and the spindle rotates to align along the animal–vegetal axis. This asymmetric

centrosome behavior is reminiscent of that in male germline stem cells and in

neuroblasts of Drosophila (Yamashita et al. 2003; Rebollo et al. 2007; Yamashita

and Fuller 2008), and indeed, in the ascidian anterior midline endoderm precursor

cell, the centrosome with a larger aster becomes immotile, similar to these exam-

ples in Drosophila. Interestingly, ablation of the neighboring cells of ascidian

embryos suggests that cell shape may direct asymmetric centrosome migration

(Negishi and Yasuo 2015). Although both daughter cells of the anterior midline

endoderm precursor cell assume the same endodermal fate, proper spatial arrange-

ment of endodermal cells may be important for gastrulation when these cells play a

major role in morphogenesis (Sherrard et al. 2010).

Fig. 12.7 (continued) this cell, cytoplasmic dynein and mitochondria, which are initially distrib-

uted around the nucleus, segregate toward the anterior side in an actomyosin-dependent manner.

This enrichment of cytoplasmic dynein exerts the pulling force for rotation of the spindle in the NN

cell. In the E cell, the duplicated centrosomes are first positioned at the posterior side of the

nucleus. After duplication, the centrosome having a larger aster shows less movement, and the

other migrates to the opposite side of the nucleus. The spindle then forms along the A–P axis from

the beginning of M phase. Images have been reproduced with permission from Negishi and Yasuo

(2015)
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12.5 Perspectives

Ascidian early embryogenesis involves several unequal and asymmetric cell divi-

sions, with or without regulation of division plane control. In some cases,

prelocalized maternal factors are involved. In endoderm and mesoderm segrega-

tion, nuclear migration and asymmetric partitioning of the transcript play a role.

These are controlled by the intrinsic and cell-autonomous factors. In other cases,

directed extracellular signals induce asymmetric allocation of cell fates. In unequal

divisions of germline lineage cells, cell fate specification and division plane

orientation are coupled by the CAB. In endoderm and mesoderm segregation,

there is no specific regulation of the division plane. In other cases, cell fate

specification and division plane orientation are regulated independently. Thus,

various modes of asymmetric cell division may operate, even in the early develop-

mental stages of any single organism. A specific series of the stereotypic asymmet-

ric cell divisions allows ascidian embryos to establish reproducible cell fates from a

small number of constituent cells.

In ascidian embryos, the functions of the two major protein complexes involved

in asymmetric cell division and orientation of the division axis in a wide range of

animals have not been elucidated. Although the aPKC–PAR3–PAR6 complex

(Kemphues et al. 1988; Tabuse et al. 1998; Kemphues 2000; Ohno 2001; Macara

2004) is conserved in bilaterians and is localized to the CAB in ascidians (Patalano

et al. 2006), its function is still unclear. It has only been confirmed recently that this

complex has a role in the tubulogenesis of ascidian notochord cells (Denker et al.

2013). Another major complex, LGN–NuMA–Gαi, has also been shown to have a

highly conserved role in asymmetric cell division and spindle orientation in many

animals (Schaefer et al. 2000; Du and Macara 2004; Couwenbergs et al. 2007;

Nguyen-Ngoc et al. 2007). In ascidians, however, its role has not yet been eluci-

dated. Although LGN and Gαi are apparently present in ascidian genomes, a simple

BLAST search fails to identify NuMA ortholog because of low degree of conser-

vation in the sequences of NuMA proteins across taxa.

In addition to the three kinds of asymmetric cell divisions described in this

chapter, there are two other examples that have been investigated in ascidian

embryos. Both of them involved unequal cell divisions and the two daughter cells

assume distinct cell fate. First, precursors of the secondary notochord cell are

generated at the 110-cell stage. The precursor is smaller than its sister cell that

assumes mesenchyme fate. FGF and BMP sequentially induce the secondary

notochord in Halocynthia, while Nodal and Notch are players in the relay in

Ciona (Darras and Nishida 2001; Hudson and Yasuo 2006). However, it is not

known whether these extracellular signals polarize the mother cell prior to cell

division and promote genuine asymmetric cell division. Unlike notochord and

mesenchyme induction described in the fourth section in this chapter, the system

is not a simple binary cell fate switch because the notochord progenitor does not

adopt its sister fate (mesenchyme) in Nodal or Notch signaling-inhibited embryos

in Ciona (Hudson and Yasuo 2006). It is currently not known whether the unequal
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cleavage is affected in those embryos. Second, asymmetric cell divisions that

generate heart precursor cells take place at late neurula stage. Each of four cardiac

founder cells divides into a smaller daughter (heart precursor) and a large daughter

(tail muscle precursor). The mother cells are exposed uniformly to FGF, which is

required for heart precursor fate, but matrix adhesion on ventral side of the cell

polarizes the cell. In free plasma membrane, FGF receptors are internalized and

degraded, while these processes are suppressed in adherent membrane, resulting in

elevated levels of FGF signaling. In addition, membrane remodeling mediated by

Caveolin enhances the receptor enrichment at the adherent membrane. The mech-

anism mediates both asymmetric fate specification and positioning of cell division

plane (Davidson et al. 2006; Cooley et al. 2011; Cota and Davidson 2015). On the

other hand, detailed quantification of the volume of every blastomere at each stage

of Ciona embryo development has revealed other cases of unequal cell division,

which do not involve the CAB (Tassy et al. 2006). Further investigation of the

mechanisms and functions of these newly found unequal cell divisions would be

intriguing.

References

Arvanitis D, Davy A (2008) Eph/ephrin signaling: networks. Genes Dev 22:416–429. doi:10.1101/

gad.1630408

Bowerman B, Draper BW, Mello CC, Priess JR (1993) The maternal gene skn-1 encodes a protein

that is distributed unequally in early C. elegans embryos. Cell 74:443–452. doi:10.1016/0092-

8674(93)80046-H

Burgess DJ (2011) Hidden rewiring comes to light. Nat Rev Genet 12:586. doi:10.1038/nrg3060

Chabry L (1887) Contribution �a l’embrologie normale tératologique des ascidies simples. J
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Chapter 13

Asymmetries and Symmetries in the Mouse

Oocyte and Zygote

Agathe Chaigne, Marie-Emilie Terret, and Marie-Hélène Verlhac

Abstract Mammalian oocytes grow periodically after puberty thanks to the dia-

logue with their niche in the follicle. This communication between somatic and

germ cells promotes the accumulation, inside the oocyte, of maternal RNAs, pro-

teins and other molecules that will sustain the two gamete divisions and early

embryo development up to its implantation. In order to preserve their stock of

maternal products, oocytes from all species divide twice minimizing the volume of

their daughter cells to their own benefit. For this, they undergo asymmetric divi-

sions in size where one main objective is to locate the division spindle with its

chromosomes off-centred. In this chapter, we will review how this main objective is

reached with an emphasis on the role of actin microfilaments in this process in

mouse oocytes, the most studied example in mammals. This chapter is subdivided

into three parts: I—General features of asymmetric divisions in mouse oocytes, II—

Mechanism of chromosome positioning by actin in mouse oocytes and III—Switch

from asymmetric to symmetric division at the oocyte-to-embryo transition.

13.1 General Features of Asymmetric Divisions in Mouse

Oocytes

13.1.1 Importance of Asymmetric Divisions in the Female
Gamete

As mentioned in the abstract, asymmetrically dividing in terms of size is a con-

served feature of oocytes from all organisms. The products of the two asymmetric

divisions of oocytes are so uneven that the daughter cells have been named polar
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bodies. Even though some species can use polar bodies as protective or nutritive

tissues (Schmerler and Wessel 2011), in most organisms polar bodies contain so

little cytoplasm that they degenerate. Drosophila oocytes do not even undergo

cytokinesis during meiotic divisions and thus do not extrude polar bodies. Instead,

they specifically degrade three products out of four coming from the two rounds of

DNA segregation during female meiosis. These asymmetries in size are very

important for these huge cells (ranging from 100 μm to 1 mm) to preserve important

sources of energy, maternal RNAs and proteins to sustain early development. In

mammals, oocytes are enclosed in a matrix of glycoproteins, called the zona

pellucida (pale beige layer ensheathing the oocyte on all figures), which protects

them until the embryo hatches and can implant in the uterus. When oocytes are

artificially prevented to undergo asymmetric divisions, and instead cleave symmet-

rically, each of their halves can be fertilized by a different sperm, producing

chimeric embryos (Otsuki et al. 2012). Chimeras result from the fusion of two

fertlilized oocytes, and as such they carry two populations of genetically distinct

cells originated from each zygote. A significant portion of the population might be

affected by chimerism, with repercussions for transfusion and transplantation

medicine as chimeras have a higher risk of graft rejection and transfusion incom-

patibility (Wolinsky 2007). This strongly argues that dividing asymmetrically is

essential for oocytes.

After their growth in the follicle, oocytes are arrested in Prophase I of meiosis. In

the mouse, meiosis resumption takes place in the ovary, in response to the LH pic

and starts with nuclear envelope breakdown (NEBD; Fig. 13.1). The first meiotic

spindle forms where the nucleus was more or less at the oocyte centre (Fig. 13.1). It

will then migrate to the periphery of the cell to allow asymmetry in size of the

division. Indeed, as cytokinesis is initiated by signals coming from the central

spindle, the meiotic spindle has to be off-centred for cleavage to be unequal

(Rappaport and Rappaport 1974; Green et al. 2012). After anaphase I, the second

meiotic spindle forms parallel to the oocyte cortex (Fig. 13.1). Oocytes are arrested

in metaphase II, waiting for the sperm. After fertilization, the second meiotic

Meiotic divisions Fertilization Early Development

Oocyte Ovulated 
Oocyte / 
Egg  

One Cell
Zygote

Prophase I

NEBD

10 µm

Fig. 13.1 Scheme of meiotic maturation and early steps of mouse development. Meiotic matu-

ration starts from NEBD up to the arrest in metaphase II. The zona pellucida of oocytes is in pale
beige, oocytes are grey, chromatin in pink (nucleolus dark pink) and microtubules in green
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spindle rotates and the second polar body is extruded. Spindle migration to the

cortex is thus a specificity of meiosis I. Interestingly, this is the case for many

species, such as starfish, nematodes, Drosophila and Xenopus, where the position-

ing of the first meiotic spindle is also actively regulated by motion of either the

oocyte nucleus or its spindle, whereas the second meiotic spindle is anchored to the

cortex and is maintained there, ensuring the asymmetry of the second meiotic

division.

13.1.2 Chromosome Positioning Depends on Actin

Importantly, in most somatic cells, spindle positioning is mediated by astral micro-

tubules nucleated at the centrosomes (G€onczy 2002; Roubinet and Cabernard

2014). By interacting with the cell cortex, astral microtubules orient the mitotic

spindle. Mouse oocytes, like many oocytes, lose their centrioles during oogenesis

and therefore do not assemble their meiotic spindle in the presence of canonical

centrosomes nor with astral microtubules (Szollosi et al. 1972). It is actually known

for a long time that chromosome positioning during mouse meiosis I is microtubule

independent but requires actin microfilaments (Longo and Chen 1985). Complete

depolymerization of microtubules does not prevent the migration of the mass of

chromosomes from the oocyte centre to its periphery (Verlhac et al. 2000). In this

respect, mouse oocytes are very different from nematodes where the first meiotic

spindle motion to the cortex depends on microtubules. Recently, it was also shown

that nucleus centration in mouse oocytes does not require the presence of microtu-

bules (Almonacid et al. 2015). Therefore, it seems that actin filaments are the main

drivers of chromosome positioning in fully grown mouse oocytes.

In this chapter, we will detail the properties of actin filaments mediating chro-

mosome positioning and which permit opposite types of movement, from centring

to off-centring (Fig. 13.2).

Follicle growth Meiosis I

Nucleus centration

Fig. 13.2 Scheme of chromosome motion in Prophase I and Meiosis I. The red arrow indicates

the directionality of chromosome movement
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13.2 Mechanism for Chromosome Positioning by Actin

in Mouse Oocytes

13.2.1 Nucleus Centring in Prophase I

Mouse oocytes start their growth in the follicle with off-centred nuclei. When they

are fully grown, their nucleus is central (Luksza et al. 2013). Interestingly, in both

mouse and human oocytes, a failure to put the nucleus at the oocyte centre

correlates with poor developmental outcome, suggesting that nucleus centration is

actually important prior to meiotic divisions (Brunet and Maro 2007; Levi et al.

2013). This situation is peculiar if compared to most oocytes where nucleus

position is often asymmetric and is translated into embryo polarity. This is the

case in Drosophila oocytes, where the nucleus migrates to the dorsal side of the

oocyte and defines the future dorso–ventral axis of the embryo and then of the adult

(Roth and Lynch 2009; Zhao et al. 2012). Mammals could be an exception since

oocyte polarity is acquired during meiotic divisions, and there is no correlation

between egg polarity and early embryo polarity (Hiiragi and Solter 2004; Motosugi

et al. 2005; Halet and Carroll 2007).

Surprisingly, most mouse oocytes have central nuclei, except oocytes from the

formin 2 knockout mice (Leader et al. 2002; Dumont et al. 2007a; Azoury et al.

2011). Formin 2 is a straight F-actin nucleator and functions as a polymerase

promoting actin monomer addition at the barbed end of filaments (Romero et al.

2004, 2007; Kovar 2006; Renault et al. 2008). It is an essential maternal gene, since

females invalidated for Formin 2 are sterile producing aneuploid eggs (Leader et al.

2002). In its absence, oocyte does not display a cytoplasmic mesh of actin filaments

(Azoury et al. 2008; Schuh and Ellenberg 2008). The cytoplasmic mesh present in

oocytes is extremely dynamic, organized from Rab11a-positive vesicles and actu-

ally contains two nucleators: Formin 2 as well as Spire 1/2 (Azoury et al. 2008;

Pfender et al. 2011; Schuh 2011). The nucleators are anchored into these vesicles

thanks to the presence of N-myristoyl and poly-basic stretches in their N-terminal

sequences. In Drosophila oocytes, there is also an actin cytoplasmic mesh, which

has to disappear by late Prophase I for oocyte polarity to develop and which also

depends on two types of nucleators, a Formin, Cappucino and Spire (Quinlan et al.

2005, 2007; Quinlan 2013; Yoo et al. 2015). Importantly, the vesicles that nucleate

filaments are cargos for the Myosin Vb motor (Schuh 2011; Holubcová et al. 2013).

Interestingly, reintroducing Formin 2 into formin 2 knockout oocytes restores

the actin mesh presence as well as nucleus central position (Fig. 13.3). The

mechanism of Formin 2-dependent nucleus centration is very original since it is

due to a gradient of pressure decreasing towards the oocyte centre, exerted by actin-

positive vesicles on the nucleus. Furthermore, the viscosity of the cytoplasm is

decreased by global cytoplasmic vesicle motion due to Myosin Vb activity

(Almonacid et al. 2015). Hence, a non-specific pressure gradient coupled to a

global reduction in viscosity allows the moving of a big object (the mouse oocyte

nucleus is 30 μm wide) in a directed manner towards the cell centre.
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Importantly, this cytoplasmic actin mesh will be dismantled at NEBD, allowing

the formation of a new mesh now able to off-centre the chromosomes in meiosis I

(Fig. 13.4; Azoury et al. 2011).

13.2.2 Meiosis I Spindle Off-Centring

Oocytes are expelled from the ovary inside their niche of follicular cells as an entity

called the cumulus. Despite an important chemical dialogue between the oocyte and

their niche which is essential for optimal gamete fitness (Chen et al. 2013; Cakmak

et al. 2016), mouse oocytes undergoing meiotic divisions can be considered as

physically isolated cells. This situtation is unique compared to most somatic cells

embedded in a tissue and as such in close physical contact with other cells. Indeed,

upon meiosis resumption, most physical contacts between the oocyte and its niche

of follicular cells are abolished (Gilula et al. 1978; Sela-Abramovich et al. 2006;

Norris et al. 2008). As a result, the symmetry-breaking event initiating spindle

migration comes from within the oocyte.

In mitotic cells, spindle positioning relies on interactions between astral micro-

tubules emanating from the centrosomes at spindle poles and the cortex (Théry

et al. 2007; Fink et al. 2011; Kwon et al. 2015). In order for these interactions to be

efficient in transmitting forces, the cortex has to be stiff, a consequence of the

Fmn2 -/- Fmn2 -/-  + Formin2 

Prophase IFig. 13.3 Scheme of

chromosome motion

promoted by Formin 2 in

Prophase I. Cytoplasmic

actin filaments nucleated by

Formin 2 (Fmn2) are in red

Metaphase IFig. 13.4 Scheme of

chromosome motion by two

actin networks in

Metaphase I. Cytoplasmic

actin filaments are in red.
Cortex thickening is

highlighted in a thick red
circle outlining the oocyte

contour
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increase of cortical tension following mitosis entry (Stewart et al. 2011). The

increase in cortical tension is important to ensure correct spindle positioning but

also for correct spindle morphogenesis (Kunda et al. 2008; Lancaster et al. 2013;

Lancaster and Baum 2014; Cadart et al. 2014). Since mouse oocytes lack true

centrosomes and their associated astral microtubules, their spindle positioning

depends only on microfilaments whose nucleation is regulated by the spatial

location of F-actin nucleators as well as force generating elements (Myosin-II)

(Clift and Schuh 2013; Almonacid et al. 2014). More precisely, meiotic spindle

off-centring depends on F-actin, organized in two networks. Each network is

required for spindle migration since when one is missing spindle motion is

abolished.

The first one is a dynamic cytoplasmic actin meshwork comparable to the one

present in Prophase I. It is nucleated by Formin 2 and Spire 1/2, both anchored into

Rab11a-and Myosin Vb-positive vesicles. These vesicles organize the cytoplasmic

F-actin meshwork as in Prophase I (Schuh 2011; Holubcová et al. 2013). In

addition, an F-actin cage surrounds the microtubule spindle (Fig. 13.4; (Azoury

et al. 2008; Schuh and Ellenberg 2008; Pfender et al. 2011). Thus, this meshwork

replaces astral microtubules and connects the spindle poles to the cell cortex. It is

progressively nucleated after NEBD once the Prophase I meshwork is dismantled

(Azoury et al. 2011). This meshwork is not contractile by itself as in starfish oocytes

(Mori et al. 2011). Instead, it requires a motor, Myosin-II, located at both poles of

the actin cage surrounding the microtubule spindle to generate the forces required

for spindle migration (Simerly et al. 1998; Schuh and Ellenberg 2008; Chaigne

et al. 2013).

The second one is a cortical F-actin thickening nucleated by the Arp2/3 com-

plex, a branched actin nucleator (Chaigne et al. 2013). Indeed, the Arp2/3 complex

(Sun et al. 2011a) and many of its activators, the Nucleation Promoting Factors

NPFs (such as Wave2, JMY, WHAMM), are implicated in spindle migration (Liu

et al. 2012; Sun et al. 2011a, b; Huang et al. 2013). This network is progressively

homogeneously nucleated after NEBD under the cortex. It is only at the end of

spindle migration that it starts deforming in the region where the spindle is reaching

it. The Mos/. . ./MAPK pathway is necessary and sufficient for the nucleation of this

F-actin cortical thickening. Mos is a MAPKKK specifically expressed in the oocyte

(Propst et al. 1987). It is synthesized progressively after NEBD and induces ERK1/

2 activation around NEBD þ 3 h (Verlhac et al. 1993, 1996), triggering the

nucleation of the cortical F-actin thickening. Indeed, the Mos/. . ./MAPK pathway

probably activates the Arp2/3 complex by regulation of its NPF Wave2 (Chaigne

et al. 2013). Arp2/3, Wave2 and Mos inhibitions all lead to similar phenotypes,

namely an absence of spindle migration (Verlhac et al. 2000; Sun et al. 2011a, b).

The nucleation of the cortical F-actin thickening excludes Myosin-II from the

cortex, (Fig. 13.4), decreasing cortical tension (Larson et al. 2010; Chaigne et al.

2013, 2015). This change in cortex mechanics amplifies an initial imbalance of

pulling forces exerted by Myosin-II at the poles of the actin cage, the forces being

stronger at the pole closest to the cortex because of the initial slight asymmetry of

290 A. Chaigne et al.



nuclear position (Verlhac et al. 2000; Maro and Verlhac 2002; Brunet and Maro

2007; Brunet and Verlhac 2011). The motion is very slow but is amplified by the

deformation of the cortex, which is rendered possible by the lowering of cortical

tension, allowing recruitment of more filaments between the cortex and the spindle

and therefore amplifying the initial forces. Although the drop in cortical tension is

required for spindle migration in oocytes, as artificial stiffening of the cortex

impairs spindle off-centring (Chaigne et al. 2013), spindle migration is also

impaired by a too low tension (Chaigne et al. 2015). Thus, the geometry of the

division of mouse oocytes depends on a narrow window of cortical tension,

regulated by Myosin-II cortical localization, itself fine-tuned by actin nucleation.

Towards the end of spindle migration, when the chromosomes and their

Ran-GTP associated gradient reach (Dumont et al. 2007b) and differentiate the

cortex, actin flows mediated by the Arp2/3 complex generate a cytoplasmic stream-

ing that accelerates spindle motion and finishes the process of spindle off-centring

(Yi et al. 2011). This mechanism is reminiscent of the one responsible for spindle

maintenance at the cortex in metaphase II and is described below.

13.2.3 Spindle Maintenance at the Cortex in Metaphase II

After anaphase I and first polar body extrusion, oocytes enter directly into their

second meiotic division without going through a replicative phase. The spindle

reforms parallel to the cortex and can be maintained there for days since oocytes

arrest in metaphase II until fertilization. The chromosomes being near the cortex,

their Ran-GTP-associated gradient differentiates the cortex above them, leading to

actin accumulation and microvilli inhibition in a zone overlooking the spindle

named actin cap, as at the end of the first meiotic division. One target of the

Ran-GTP gradient is a Rho GTPase, Cdc42, that will activate N-WASP, an NPF

of the Arp2/3 complex (Dehapiot et al. 2013). As a result, the Arp2/3 complex is

activated and localized to the actin cap, promoting actin nucleation in this region

(Yi et al. 2011). Another Rho GTPase, Rac, is the target of the Ran-GTP gradient

(Dehapiot et al. 2013; Halet and Carroll 2007). It probably activates Wave2,

another NPF of the Arp2/3 complex, resulting also in Arp2/3 complex activation

and localization to the actin cap region (Yi et al. 2011). This pathway may serve as a

parallel pathway to activate the Arp2/3 complex locally. Actin filaments nucleated

by the Arp2/3 complex in this restricted region flow inwardly towards the cell

interior. These actin flows drive cytoplasmic streaming in the oocyte, generating a

pushing force responsible for spindle maintenance at the cortex in metaphase II

(Yi et al. 2011). Interestingly, the same mechanism is at play at the end of the first

meiotic division to push completely the spindle towards the cortex (Yi et al. 2013).

Hence, the chromosomes are responsible for establishing the cortical actin cap,

but actin polymerization in this region, in turn, impacts chromosome positioning

(Yi et al. 2011). A positive feedback therefore exists between chromosome posi-

tioning and cortical polarization.
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13.3 Switch from Asymmetric to Symmetric Divisions at

the Oocyte-to-Embryo Transition

While the two meiotic divisions are highly asymmetric, the first mitotic division is

symmetric (Fig. 13.1). For this, it is essential that the first mitotic spindle be

positioned at the perfect embryo centre so that the cleavage furrow starts forming

in the middle of the zygote. However, contrary to human zygotes where the sperm

brings a centrosome that contributes to the mitotic spindle, in mice the centrosome

is gradually lost during spermatogenesis and is only nucleated de novo after the

32-cell stage (Calarco-Gillam et al. 1983; Gueth-Hallonet et al. 1993). Hence,

spindle positioning cannot be ensured by centrosome and their associated astral

microtubules.

13.3.1 Coarse Pronuclei Centring

After fertilization and the second meiotic division, the two pronuclei containing

maternal and paternal sister chromatids form at the cortex of the embryo around

4–5 h after addition of the sperm in in vitro fertilization (Maro et al. 1984). A

fertilization cone enriched in actin filaments transiently assembles at the site of

sperm entry; subcortical actin, at the site of sperm entry, persists and gradually

disappears while the two pronuclei slowly migrate towards the centre of the embryo

(Maro et al. 1984; Chaigne et al. 2016). Importantly, the first cleavage plane

coincides with the plane defined by the two apposing pronuclei once they have

moved to the centre of the egg (Hiiragi and Solter 2004).

Even though microtubule nucleating foci are often apposed to the two pronuclei,

these foci are never nucleating astral microtubules and do not seem involved in

pronuclei migration (Schatten et al. 1985; Courtois et al. 2012). Differently, a dense

actin meshwork that depends on Cofilin and the Subcortical Maternal Complex

(a complex of at least four proteins expressed only in the mammalian oocyte and

embryo) fills the cytoplasm (Yu et al. 2014; Chaigne et al. 2016), and depolymer-

ization of actin filaments strongly impairs pronuclei migration (Maro et al. 1984;

Chaigne et al. 2016). The dynamics of this mesh depends on the molecular motor

Myosin Vb as in Prophase I and is crucial for the migration of the two pronuclei to

the centre of the zygote (Fig. 13.5) (Almonacid et al. 2015; Chaigne et al. 2016).

However, centring of the two pronuclei is rather coarse and needs to be followed by

precise mitotic spindle centration to allow symmetric division of the zygote

(Chaigne et al. 2016).
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13.3.2 Precise Spindle Positioning

The first mitotic division is peculiar because it involves not only building a

metaphase spindle but also merging the two sets of parental chromosomes together.

Similar to oocytes, a multipolar spindle progressively forms around the chromo-

somes facilitated by the presence of Ran-GTP (Schatten et al. 1985; Dumont et al.

2007b; Courtois et al. 2012). Kinesin-5 and Dynein are also crucial for subsequent

bipolarization of the first mitotic spindle (Fitzharris 2009; Courtois et al. 2012). The

formation of the spindle is required to bring the parental sets of DNA together

(Chaigne et al. 2016).

The cytoplasmic actin meshwork gets extensively remodelled during NEBD and

spindle formation, and an actin cage forms surrounding the microtubule spindle as

in oocytes (Azoury et al. 2008, 2011; Chaigne et al. 2016; Schuh and Ellenberg

2008). This actin cage is crucial to centre the spindle because it relays the increase

in tension experienced by the cell cortex (Fig. 13.5). Indeed, when cortical tension

is artificially decreased or when actin is depolymerized at the onset of mitosis, the

spindle is no longer properly centred (Chaigne et al. 2016). Similarly, when the

spindle is artificially pushed off-centre in the absence of F-actin, the spindle does

not reposition and the division is asymmetric (Chew et al. 2012).

Interestingly, during the duration of the following metaphase (around 1 h), the

spindle does not experience extensive motion, but maintenance of its central

position does not depend on actin, cortical tension or microtubules but might

depend on a massive increase in cytoplasmic viscosity that remains to be investi-

gated (Chaigne et al. 2016). At anaphase, the elongation of spindle or anaphase B is

reduced and chromosomes are as a result positioned close to the centre of the future

2-cell embryo, which might also be a mechanism to ensure that the division is

symmetric. Indeed, it has been suggested that a short spindle midzone would

prevent mislocalization of the cleavage furrow (Yamagata and FitzHarris 2013).

Most zygotes, except rodents, do possess canonical centrioles, yet the mecha-

nism previously described could be more general as for example in fish and frog

early embryos, which are gigantic, and where the astral microtubules are too short

to connect with the cortex (Wühr et al. 2010). Similarly, whereas centrioles are

detectable at the poles of the spindle of human zygotes (Manandhar et al. 2006),

Coarse pronuclei centring Fine spindle centring

Fig. 13.5 Scheme of chromosome motion in two steps in the zygote. The black arrows indicate
the directionality of pronuclei movement
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parthenogenetic eggs can develop up to the blastocyst stage, suggesting that the

centrioles might not be necessary for the first divisions (Clift and Schuh 2013).

13.3.3 Symmetries and Ruptures of Symmetry

How are the switches from symmetric to asymmetric and back to symmetric

realized during mouse early development? Before spindle migration, the oocyte

does not harbour any obvious polarity, none of the traditional proteins involved in

cell polarity such as Par-3, Par-6, aPKC (Vinot et al. 2004), cytoskeleton determi-

nants (Halet and Carroll 2007) or organelles (FitzHarris et al. 2007; Dalton and

Carroll 2013) presenting an asymmetric distribution. The only asymmetry resides in

the slight off-centring of the Prophase I nucleus (Brunet and Maro 2007; Brunet and

Verlhac 2011), which is crucial for asymmetric spindle positioning (Chaigne et al.

2013, 2015). Interestingly, as discussed before, an F-actin/Myosin Vb meshwork is

responsible for precise positioning of the nucleus at the geometrical centre of this

huge cell (Almonacid et al. 2015). The fact that the spindles always end up slightly

off-centred (either because the nucleus itself oscillates around an equilibrium

position or because the spindle, being slightly smaller than the nucleus, will always

form with one pole closer to the cortex) could thus represent an example of

biological noise with strong biological relevance, since any slight asymmetry

would be amplified and lead to a very asymmetric division.

Furthermore, another way to ensure the switch between asymmetric and sym-

metric division could be to control the duration of the division. Indeed, meiosis I is a

very long division (8–10 h from meiosis resumption to polar body extrusion); any

slight asymmetry due to the instable equilibrium mentioned before could be

amplified and would lead to an asymmetric division. In contrast, the first mitosis

is relatively short (2–3 h), which may not be sufficient to amplify any slight

unbalance of forces that might exist.

In oocytes, the asymmetric division is controlled by the Mos/. . ./MAPK path-

way, which ensures cortex thickening required for the drop in cortical tension and

spindle migration to the cortex. However, the Mos/. . ./MAPK pathway is not

present in the mouse zygote (Weber et al. 1991; Verlhac et al. 1994) which could

explain the switch from asymmetric to symmetric division (Fig. 13.6). Indeed, this

transition is fast and occurs in the absence of transcription; in oocytes and early

embryos, spindle positioning is controlled by the same players (namely F-actin,

Myosin Vb and Myosin-II). The Mos/. . ./MAPK signalling pathway could thus act

as on/off switch allowing to shift quickly from an asymmetric to a symmetric mode

of centrosome-independent spindle positioning.

Cortical actin mechanics, by regulating cortical tension and thus cell stiffness,

are essential for spindle positioning in mouse oocytes and zygotes. Similar mech-

anisms may play important roles in humans. Indeed, it has been shown very

recently that human oocytes’ developmental potential is predicted (very accurately)

by mechanical properties within hours after fertilization. Their stiffness, as for
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mouse oocytes, has to be tightly gated in order for them to develop into blastocysts,

if they are too stiff or too soft they will arrest (Yanez et al. 2016). These mechanical

properties were measured using a micropipette aspiration technique, as performed

before on mouse oocytes and embryos (Larson et al. 2010; Chaigne et al. 2013,

2015, 2016). This technique is not invasive and could very easily be used in IVF

clinics where up to now embryo selection consists of highly subjective morpholog-

ical assessments (Yanez et al. 2016).
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Chapter 14

Symmetry Does not Come for Free: Cellular

Mechanisms to Achieve a Symmetric Cell

Division

Damian Dudka and Patrick Meraldi

Abstract During mitosis cells can divide symmetrically to proliferate or asym-

metrically to generate tissue diversity. While the mechanisms that ensure asym-

metric cell division have been extensively studied, it is often assumed that a

symmetric cell division is the default outcome of mitosis. Recent studies, however,

imply that the symmetric nature of cell division is actively controlled, as they reveal

numerous mechanisms that ensure the formation of equal-sized daughter cells as

cells progress through cell division. Here we review our current knowledge of these

mechanisms and highlight possible key questions in the field.

14.1 Introduction

To build an organism, cells have to divide both asymmetrically, to increase

diversity of the tissue, and symmetrically, to increase specific cell populations

(Morin and Bellaiche 2011). The equilibrium between these two types of divisions

shapes tissue architecture, and any imbalance may lead to developmental abnor-

malities or favour cancer formation in adult tissues (reviewed in Noatynska et al.

2012; Yamashita et al. 2010; Bajaj et al. 2015; Pease and Tirnauer 2011). A

symmetric cell division is defined by the equal inheritance of cell-fate determinants

and the equal size of the daughter cells (Knoblich 2008; Tzur et al. 2009; Sung et al.

2013), since cell size influences the behaviour and survival of daughter cells.

Prescott observed already over 50 years ago that the products of an amoeba cell

division will only divide again after reaching the size of their parental cell; an

asymmetric cell division will thus lead to daughter cells that differ in their cell cycle

timing (Prescott 1955, 1956). A more recent study on Drosophila melanogaster
stem cells demonstrated that abnormally small daughter neuroblasts become
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dormant faster, resulting in developmental abnormalities due to insufficient number

of neuronal progenitors (Kitajima et al. 2010). Similarly, in human tissue culture

cells the bigger cell arising from an unequal cell division will enter the subsequent

mitosis faster, while the smaller cell will undergo apoptosis more often (Kiyomitsu

and Cheeseman 2013). Differences in daughter cell volumes may also lead to the

unequal distribution of various organelles, since they are fragmented and uniformly

partitioned within the cytoplasm as cells enter mitosis (reviewed in Jongsma et al.

2015). Even though it has been long assumed that symmetric cell divisions are a

default state and that asymmetric divisions arise by breaking the symmetry of the

spindle apparatus, recent studies uncovered cellular mechanisms that correct poten-

tial asymmetries in spindle or chromosome position and ensure symmetric cell

division (Kiyomitsu and Cheeseman 2013; Tan et al. 2015). This implies that the

symmetry of the cell division is not a default state, but rather that it needs to be

actively established. Once symmetry is set, cells can either divide symmetrically or

break the symmetry to obtain daughter cells of different cell size. Consistent with

this hypothesis, the sizes of daughter cells in symmetric divisions do not differ by

more than 15%, indicating a low variability that might be the result of mechanisms

that favour symmetric cell division (Tzur et al. 2009; Sung et al. 2013). Here, we

review these mechanisms, in order of their time of action, and explore key future

questions.

14.2 The Bipolar Spindle Determines the Position

of the Cytokinetic Furrow

The size of daughter cells is determined by the position of the cleavage furrow

during cytokinesis. This position is in turn controlled by several elements of the

mitotic spindle in the preceding mitosis. Rappaport first demonstrated in 1961 with

his groundbreaking sand dollar egg experiments that the location of the two

centrosomes at spindle poles plays a key role in positioning the cleavage furrow

(Rappaport 1961). When he confined sand dollar eggs with a glass bead to obtain a

toroid-shaped cell, he obtained a binucleate horseshoe-like cell after the first cell

division. As this cell divided a second time, it yielded two spindles but four

cleavage furrows—two between opposite spindle poles within a spindle and two

between spindle poles of neighbouring spindles. Later experiments performed

again in sand dollar eggs (Shuster and Burgess 2002), C. elegans (Baruni et al.

2008) and mammalian somatic cells (Rieder et al. 1997) confirmed that the cleav-

age furrow builds up in between adjacent centrosomes of two separate spindles.

More recent studies demonstrated that the position of the cytokinetic furrow is,

beyond centrosomes, also influenced by the position of the spindle mid-zone and of

chromosomes (see below and Tan et al. 2015; Canman et al. 2003; Bringmann and

Hyman 2005). The key role of centrosomes and of the bipolar spindle in positioning

the cleavage furrow is reflected by the behaviour of cells possessing more than two
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centrosomes, which tend to form multipolar spindles. If cells with multipolar

spindles proceed to anaphase, it will lead to the mispositioning of the furrow and

to aberrant asymmetric cell divisions (Ganem et al. 2009) (Fig. 14.1). Such multi-

polar divisions are rare and most of the time lethal; instead, cells often cluster their

centrosomes into two poles using the activity of microtubule motors such as dynein

and HSET or more rarely inactivate some of their centrosomes (Ganem et al. 2009;

Basto et al. 2008; Sabino et al. 2015; Quintyne et al. 2005; Kwon et al. 2008; Leber

et al. 2010). While centrosome clustering allows the formation of a bipolar spindle,

it nevertheless frequently causes chromosome segregation errors (Ganem et al.

2009). Furthermore in Drosophila neuroblasts, which normally divide in an asym-

metric manner, supernumerary centrosome clustering leads to spindle orientation

defects (see below) and the appearance of symmetric cell divisions that favour

tumour formation (Basto et al. 2008). Overall this indicates that the formation and

organization of the bipolar spindle is a key determinant for the (a)symmetric nature

of cell division.

14.3 Cell Shape Influences the Symmetry of Cell Division

A first factor that influences the bipolar spindle and the outcome of cell division is

cell shape. The rounding of mitotic cells is a key feature that is conserved in

virtually all metazoans, pointing to an evolutionary important role (McConnell

1930; Harris 1973; Cramer and Mitchison 1997; Kunda et al. 2008; Luxenburg et al.

2011; Cadart et al. 2014). Cell rounding favours the formation of a bipolar spindle,

as shown by experiments in which it was prevented genetically or by mechanical

constraints (Fig. 14.2; Lancaster et al. 2013). A failure in cell rounding leads to

spindle pole splitting, which may cause asymmetric cell divisions via the formation

of multipolar spindles. The symmetry of cell division is also influenced by the cell

shape in the preceding interphase, as shown by experimental manipulations and in

silico modelling (Fink et al. 2011; Gibson et al. 2011; Minc et al. 2011). By placing

urchin eggs in micro-chambers of different shapes, Minc and colleagues proved that

the nucleus is positioned in the centre of the cell mass and is able to “perceive” cell

shape. Similarly placing human culture cells in micro-channels resulted in frequent

asymmetric cell division due to the displacement of nuclei. This displacement led to

a spindle mispositioning that could not be corrected most likely because the cell

cortex was beyond the reach of the astral microtubules (Cadart et al. 2014; Lan-

caster et al. 2013; Fig. 14.2). Computational modelling showed that nuclear posi-

tioning depends on microtubules that stretch and position the nucleus along the axis

of the future mitotic spindle and thus determine the position of the cleavage furrow

(Gibson et al. 2011). These studies indicate that cells normally sense their shape

with the aim to position their nucleus in the centre of the cells, thus favouring a

future symmetric position of the cytokinetic furrow.
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a

two centrosomes bipolar spindle symmetric division

asymmetric division

b

multiple centrosomes centrosome clustering

multiple centrosomes multipolar spindle

multiple centrosomes centrosome inactivation

symmetric division

symmetric division

Fig. 14.1 Bipolar spindle assembly is a prerequisite of the symmetric cell division. (a) Cells with

two centrosomes build a symmetric bipolar spindle and divide into two equal-sized daughter cells.

Centrosomes are depicted in black, spindle microtubules in green, chromosomes in blue and

kinetochores in red. (b) Cells with multiple centrosomes can also form a symmetric bipolar spindle

by either centrosome clustering (top panel) or centrosome inactivation (middle panel) and divide

symmetrically, or alternatively they can build an asymmetric, multipolar spindle (lower panel) and
give rise to progeny of different size
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cell rounding

cell confined cell confined

spindle pole splittingspindle misplacement

asymmetric divisionsymmetric division

cell entering mitosis

asymmetric division

Fig. 14.2 Cell rounding combined with a central position of the nucleus at mitotic entry ensures a

symmetric cell division. In a normal cell division (left panel), the nucleus has a central position,
and mitotic rounding allows the formation of a bipolar spindle formation in the middle of the cell.

In case mitotic rounding is prevented, cells might displace the nucleus (middle panel) or split the
spindle poles leading to a multipolar spindles (right panel), two conditions that are each associated
with asymmetric cell divisions
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14.4 Controlling Spindle Positioning in Metaphase

Once a bipolar spindle is formed, it has to maintain a central positioning, as any

displacement of the mitotic spindle might influence the plane of division, as shown

almost 100 years ago by Conklin, who observed asymmetric division of centrifuged

eggs of Crepidula in which the spindle had been displaced (Conklin 1917). Obser-

vation made 50 years later revealed that the mitotic spindle does not occupy a fix

position within the cell, but instead is constantly moving around the centre of the

cells; the mechanisms controlling this behaviour, however, remained unclear

(Hughes 1952; Sato 1974). These movements, which consist of rapid back and

forth displacements along the spindle axis, are called “spindle rocking”. They are

part of a mechanism that senses and actively corrects spindle positioning in meta-

phase. O’Connell and Wang first proposed this concept, after showing that cell

deformations caused by micromanipulations lead to spindle movements and the

repositioning of the spindle. This correction movement was blocked by injection of

the anti-dynein antibodies, pointing to a central role of this microtubule motor

protein in spindle positioning (O’Connell and Wang 2000). More recent work

confirmed that spindle positioning and orientation is a readout of dynein-dependent

pulling forces that emanate from the cell cortex via astral microtubules. Cytoplasmic

dynein is recruited at the cell cortex by a tripartite complex comprised of Gα, LGN
and NuMA (Kiyomitsu and Cheeseman 2013, 2012; Nguyen-Ngoc et al. 2007;

Kotak et al. 2013). The cortical forces and spindle positioning are fine-tuned by a

number of microtubule-associated proteins, such as EB1, LIS1, CLIP170 or NuDE,

which interact with dynein complex on spindle microtubules (reviewed in Kardon

and Vale 2009). Spindle rocking and dynein localization at the cell cortex is under

the control of Polo-like kinase 1 (PLK1), a protein kinase that accumulates on

centrosomes: PLK1 disrupts the interaction between dynein and the NuMA–LGN

complex through phosphorylation and releases it from the cortex when the centro-

some is in close proximity (Fig. 14.3a). This results in an asymmetric localization of

dynein that creates a force imbalance, which pulls the mitotic spindle back towards

the cell centre when it is positioned in an off-centred manner. As a result, the spindle

undergoes the stereotypical rocking movements, which overall centre the position of

the spindle during metaphase and favour symmetric cell divisions.

14.5 Spindle Positioning in Acentrosomal Cells

Spindle positioning also determines the (a)symmetry of acentrosomal cell divi-

sions. Meiotic mouse oocytes are a classical example of how an asymmetric spindle

position leads to an asymmetric cell division yielding a big oocyte and a small polar

body (reviewed in Chaigne et al. 2012). The first mitotic division of the mouse

embryo, however, is symmetric. In mice, the early embryos do not have centrioles;
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c PKC kinase binds Lgl to the cortex
(interphase)

Aurora A kinase releases Lgl
(mitotic onset)

Dlg/Pins/Mud/dynein complex 
binds astral microtubules 

(metaphase)

dynein/astral microtubules-dependent 
centrosomal spindle rocking

actomyosin-dependent 
acentrosomal spindle positioning

astral microtubules and actomyosin-dependent 
spindle positioning

PKC kinase

Dlg
Lgl

PKC phosphorylation

Aurora A kinase
Aurora A kinase phosphorylation Pins

Mud

Dynein

actomyosin-dependent 
apical pulling

microtubules-dependent 
basal pulling

PLK1 kinase
PLK1 kinase phosphorylation actin filaments

MTOC
F-actin meshwork

fate determinants

apico-basal astral microtubule-dependent 
spindle orientation

cortical LGN

symmetric division (proliferation) asymmetric division (differentation)

a

d e

b

LGN
NuMA

DyneinGα

Fig. 14.3 Precise spindle positioning is essential for symmetric cell division in multiple contexts.

(a) Spindle rocking in metaphase depends on the centrosomal kinase PLK1, which disrupts the

interaction between dynein and the NuMA/LGN complex at the proximal cell cortex. This

negative regulatory loop creates a differential dynein pulling gradient that centres the mitotic

spindle. (b) Spindle positioning in acentrosomal mouse zygote depends on tension created by

actomyosin cytoskeleton and F-actin cage surrounding the spindle, thus guiding it to the central

position of the cell and ensuring symmetric cell division. In both meiosis and mitosis, myosin X

mediates spindle orientation by directly linking cortical actin and astral microtubules. (c) To define

the mitotic spindle axis, polarized epithelial cells break the PKC kinase-dependent polarity at the

mitotic entry as Aurora A kinase phosphorylates Dlg protein to release it from Lgl. This allows the

formation of the Dlg/Pins/Mud complex at the cell cortex, which will position the spindle in the

centre of a cell via dynein-dependent microtubule pulling. (d) During gastrulation of frog embryos,
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hence, the spindle poles lack centrosomes and astral microtubules. Instead, spindle

poles form by clustering of microtubule-organizing centres (MTOCs; Schuh and

Ellenberg 2007; Courtois et al. 2012). Symmetric division of the mouse zygote

relays on two processes that both depend on the F-actin cytoskeleton: pronuclei

meeting at the centre of the cell and the centralization of the mitotic spindle itself

(Fig. 14.3b). Indeed, F-actin depolymerisation with Cytochalasin D results in

asymmetric cell division and yields two blastomeres of unequal size (Chew et al.

2012). Moreover, Cytochalasin D-treated cells cannot restore the central position of

the spindle, if it has been moved towards the cell cortex by a micromanipulation

needle. At the molecular level, it was found that a F-actin/Myosin Vb-mediated

cytoplasmic flow first drives a centred pronuclei meeting (Almonacid et al. 2015).

In the second step, a spindle pole-localized pool of myosin II exerts tension on an

F-actin cage surrounding the spindle and thus ensures the precise position of the

spindle in the centre of a cell. The organization of the F-actin cage requires the

presence of the Subcortical Maternal Complex (SCMC), which is composed of

Mater, Filia, Floped and Tle6 (human NLRP5, KHDC3L, OOEP and TLE6) and is

present only in oocytes and early embryos. Embryonic cells with a disrupted SCMC

divide asymmetrically and die at the cleavage stage (Yu et al. 2014). Once centred,

the symmetric position of the spindle does not depend on F-actin anymore as

instead it relies on passive forces such as friction and the viscosity of the cytosol

(Chaigne et al. 2016).

14.6 Controlling Spindle Orientation

In polarized tissues, symmetric cell divisions do not only rely on the central

positioning of the spindle but also on its proper orientation in three dimensions.

Polarized cells will divide in an asymmetric manner if the spindle axis and the

polarity axis coincide, as fate determinants will be selectively inherited by one

daughter cell; however, if these two axes are perpendicular to each other, a

symmetric cell division will ensue (Haydar et al. 2003; Kosodo et al. 2004). Spindle

orientation in polarized epithelial cells depends on cell-to-cell adhesion and cortical

polarity proteins, which control astral microtubules and the spindle position via

microtubule associated proteins (Reinsch and Karsenti 1994; Lu et al. 2001; den

Elzen et al. 2009; Lu and Johnston 2013). Misorientation of the spindle changes the

axis of division, which may cause developmental defects or tissue deformations, as

shown in neuronal stem cells (Godin et al. 2010) and in skeletal muscle stem cells

Fig. 14.3 (continued) actomyosin cytoskeleton and astral microtubules pull the spindle in opposite

sites, and this interplay leads to precise spindle positioning, to symmetric cell division and

ultimately to the tissue thickening. (e) Neuronal progenitors relay on proper spindle orientation

as a specific pool of astral microtubules stabilizes the spindle perpendicularly to the basal lamina,

which secures the equal partitioning of the fate determinants and therefore symmetric cell division
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(Dumont et al. 2015), which can all divide asymmetrically or symmetrically. Such

cells must strictly regulate spindle orientation, in particular in the z-axis, to divide

symmetrically, as any alteration in spindle orientation may result in asymmetric cell

division.

Cells have developed various strategies to control the orientation of the spindle

in the z-axis. A first mechanism relies on altering cell polarity at mitotic onset.

Studies in flies have shown that the symmetric division in polarized epithelial cells

is regulated via the localization of the Lgl protein (LLGL1 in human), which in

polarized interphase cells is bound to the cortical Dlg protein (hDLG in human)

(Guilgur et al. 2012). At mitotic onset, the aPKC kinase clears the apical cortex

from Lgl protein and the Aurora A kinase relocates it to the cytoplasm (Fig. 14.3c).

This alters the polarization of the cell and allows Pins protein (LGN in human) to

bind to the cortical protein Dlg, which is no longer occupied by Lgl. In turn, Pins

binds to spindle pole protein Mud (related to NuMA in human; Merdes et al. 1996),

which itself recruits dynein. Cortical dynein then pulls onto the astral microtubules

to stabilize the spindle in the planar position (Bell et al. 2015; Carvalho et al. 2015).

Such a mechanism of phosphorylation-driven polarity breakage is not specific to

flies, as it has been also seen in mammals (Jaffe et al. 2008; Hao et al. 2010; Durgan

et al. 2011).

Another model of control over symmetric cell division in polarized cells was

found in frog embryos. During Xenopus laevis early embryo gastrulation the

polarized epithelial cells divide symmetrically to spread the epithelial tissue. An

uncontrolled positioning of the spindle in these cells would lead to random changes

in the division axis, impairing efficient tissue spreading and instead promoting

tissue thickening. The mitotic spindle of these epithelial cells display dynamic

movements along the x and y axis, allowing spreading of the epithelium; however

the z-axis is fixed by pushing forces emanating from astral microtubules at the

apical membrane and from the actomyosin cytoskeleton at the basal membrane to

avoid tissue thickening (Fig. 14.3d; Woolner and Papalopulu 2012). Cooperation of

astral microtubules and actin cytoskeleton is mediated by myosin X, which is a

motor protein that links microtubules to actin and promote the bipolar spindle

assembly in meiosis (Weber et al. 2004). Myosin X was also showed to help

position the mitotic spindle in polarized and non-polarized cells by directly cou-

pling centrosome-anchored astral microtubules to the subcortical actin clouds and

retraction fibres (Kwon et al. 2015; Toyoshima and Nishida 2007; Liu et al. 2012).

Finally, during mammalian neurogenesis there is a pool of neuroepithelial cells,

which proliferate and expand via symmetric division or differentiate into neurons

upon asymmetric divisions (reviewed in Gotz and Huttner 2005; Martynoga et al.

2012). Several studies suggested that a subtle misorientation of the mitotic spindle

may decide about the symmetry of the division during neurogenesis (Haydar et al.

2003; Kosodo et al. 2004), implying that cells had to develop mechanisms to keep

the spindle orientation in check in order to preserve homeostasis of the tissue

(Fig. 14.3e). These results should, however, be interpreted with caution, since

other studies failed to find a correlation between spindle misorientation and tissue

malformation (Konno et al. 2008; Noctor et al. 2008; Insolera et al. 2014). Spindle
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pole proteins such as ASPM (Fish et al. 2006) and Huntingtin (Godin et al. 2010), as

well as cortical proteins LGN (Konno et al. 2008) and Inscutable (INSC in human;

Postiglione et al. 2011) control spindle orientation during neurogenesis. Recently,

using fixed and live cell imaging Mora-Bermudez et al. distinguished a specific

subset of astral microtubules reaching the apical and basal part of the cell cortex in

mouse neuronal progenitors. These microtubules anchor the spindle in a planar

position, and their numbers correlate with abundance of LGN at the cell cortex.

Consistently, neuronal progenitors of mice lacking LGN protein or overexpressing

a dominant-negative form of LGN (which prevents microtubule binding to the

cortex) had fewer apico-basal microtubules, while the number of central astral

microtubules was not changed. Stabilization or destabilization of these microtu-

bules by pico-molar concentrations of taxol or nocodazole resulted in asymmetric

cell division, suggesting that the spindle orientation controls via cortical LGN and

apico-basal microtubules an essential regulatory mechanism to ensure symmetric

cell divisions (Mora-Bermudez et al. 2014).

14.7 Controlling Chromosome Positioning

Although centrosomes play a key role in determining the position of the cytokinetic

furrow, other elements of the spindle, such as the chromosomes themselves, exert

an influence (Fig. 14.4a). In Ptk2 cells that were forced into anaphase with

monopolar spindles, chromosome-derived signals influenced cleavage furrow posi-

tioning by fortifying adjacent microtubules that reached the cell cortex (Fig. 14.4b;

Canman et al. 2003). A more recent study in human cells confirmed that position of

chromosomes in bipolar spindles could also influence the symmetry of the cell

division (Tan et al. 2015). A partial impairment of centrosome duplication led to

bipolar spindles with an unequal number of centrioles at each spindle pole, resulting

in an asymmetric position of the chromosomes within the spindle. This asymmetry

was normally corrected prior to anaphase via changes in microtubule dynamics.

However, if cells with an asymmetric chromosome position were forced to enter

anaphase, e.g. after inactivation of the spindle assembly checkpoint, an asymmetric

cell division would ensue even if the mitotic spindle itself was positioned symmet-

rically. This indicated that the symmetry of the chromosome position provides an

important cue for symmetric cell divisions (Fig. 14.4c). This work also postulated

that the initial symmetry of the chromosome position and therefore the symmetry of

the two half-spindles may provide a reference point, from which cells develop an

asymmetry to develop an asymmetric cell division. While this hypothesis remains

to be proven, there is anecdotal evidence supporting it. In Drosophila
melanogaster, the asymmetric cell division of neuroblasts is driven by the asym-

metry of the bipolar spindle. The symmetry is broken in anaphase as one of the half-

spindles elongates faster than the other; this displaces the cleavage furrow from the

equator of the cell and leads to an asymmetric cell division (Kaltschmidt et al.

2000). Furthermore, Ren and colleagues demonstrated that the first asymmetric

310 D. Dudka and P. Meraldi



division in leech Helobdella robusta relies on breaking the symmetry of the mitotic

spindle in metaphase, by downregulating the levels of γ-tubulin on one of the two

spindle poles (Ren and Weisblat 2006). This downregulation results in unequal

lengths of two half-spindles leading to the asymmetric cell division. Such asym-

metry in half-spindle lengths can also occur in neural precursors of the mouse

neural cortex, which divide asymmetrically yielding one progenitor and one dif-

ferentiated cell (Delaunay et al. 2014). Neurons preferentially originated from cells

formed from larger half-spindles, which raises the possibility that spindle asym-

metry may direct the fate of daughter cells. This asymmetry depends on moesin,

which is affected by the Wnt/planar cell polarity pathway, as moesin depletion

enhances spindle asymmetry and altered the fate of daughter cells. Based on these

observations, we conclude that the symmetry of the mitotic spindle provides an

additional level of the control over the symmetry of the division.

symmetric cleavage

asymmetric cleavagemonopolar spindle

bipolar symmetric spindleprometaphase

prometaphase

asymmetric cleavagebipolar asymmetric spindleprometaphase

a

b

c
single centriole single centriole single centriole

Fig. 14.4 Chromosome position within the mitotic spindle influences the symmetry of the cell

division. (a) In normal conditions, mitotic cells put the metaphase plate in the middle of the mitotic

spindle. (b and c) In cases cells are allowed to enter anaphase with (b) a monopolar spindle due to

inhibition of Eg5 kinesin (Canman et al. 2003) or (c) with an asymmetrically positioned metaphase

plate, which may arise if the centriole numbers in each spindle pole is not the same (Tan et al.

2015), chromosome position will modify the positioning of the cleavage furrow resulting in an

asymmetric cell division
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14.8 Spindle Positioning in Anaphase

While cells have a dynein-dependent spindle-centring mechanism in metaphase,

they do not monitor the position of the spindle before anaphase. Therefore exces-

sive spindle motion in metaphase may lead to improper spindle positioning at

anaphase onset (Kiyomitsu and Cheeseman 2013; Collins et al. 2012). The spindle

asymmetry can also be corrected in anaphase in a dynein-dependent manner, as this

correction was abolished when cells were microinjected with anti-dynein anti-

bodies or treated with low doses of nocodazole (Collins et al. 2012). Several

mechanisms have been proposed to control this dynein-dependent movements:

first it has been proposed that dynein pulls harder on longer astral microtubules

attached to the distal part of the cell, as those long astral microtubules would recruit

more motor proteins (Collins et al. 2012; Tolic-Norrelykke 2010); second dynein is

recruited to the cell cortex through LGN-independent pathways specifically in

anaphase. This includes a pathway that requires the 4.1 cortical protein and a

pathway that depends on the phospholipid PIP2, which recruits NuMA to the cell

cortex once CDK1 kinase (the main mitotic-entry regulator) activity drops allowing

the PP2A phosphatase to dephosphorylate NuMA (Fig. 14.5a; Kiyomitsu and

Cheeseman 2013; Kotak et al. 2013). Therefore, even after sister chromatids started

to segregate to the prospective future daughter cells, dynein-mediated mechanisms

monitor and reinforce the symmetry of the dividing cell.

14.9 Balancing Cortical Forces in Late Mitosis

Assembly of the cytokinetic furrow depends on the position of the centrosomes, the

spindle mid-zone and chromosomes. However, the cortical forces also contribute to

the furrow positioning. Symmetrically dividing cells depleted of Anillin, an acto-

myosin cytoskeleton protein involved in blebs formation (Charras et al. 2006), fail

to keep the furrow at the equatorial position of the cell due to improper polar

contractions (Piekny and Glotzer 2008). More recent findings show that tension

imbalance at the polar cortex in cytokinetic cells may lead to abnormal cell shape

oscillations resulting in the furrow displacement and possibly to aneuploidy

(Sedzinski et al. 2011). This study observed minor shape oscillations caused by

cytoplasmic flow in early cytokinesis in mammalian cells that could be enhanced by

local actin depolymerization or laser ablation of the cortex. These results implied

that enhanced polar contractility is responsible for shape oscillations and that to

prevent them, cells balance the tension on the poles during cytokinesis. Previous

observations suggested that bleb formation at the poles of the dividing cell could

serve as a release valve for polar tension (Charras et al. 2005; Tinevez et al. 2009).

Consistent with this hypothesis, induction of blebs by laser ablation was sufficient

to counterbalance polar contractions; moreover, inhibition of blebbing led to major

shape oscillations (Sedzinski et al. 2011). Overall, this indicates that bleb formation
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Ran-GTP gradient-dependent 
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membrane elongation
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cortical NuMA
Ran-GTP gradient

cortical Anillin cortical p-moesin (active form)
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PP1-Sds22 phosphatase-dependent 
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a
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LGN

Dynein

Dynein

Dynein

Dynein

Gα

4.1 protein / PIP2 phospholipid

Fig. 14.5 Anaphase mechanisms correct asymmetries in spindle positioning to ensure symmetric

cell division. (a) In anaphase, the dephosphorylation of CDK1 sites on NuMA and the binding to

the 4.1 proteins allow an enhanced recruitment to the cell cortex generating dynein-dependent

pulling forces that re-centre the mitotic spindle. (b) Cortical blebbing works as a polar pressure-

releasing mechanism that stabilizes cell size oscillations and enables symmetric cell division. (c)

Chromosome-associated Ran-GTP gradient stabilizes the spindle in metaphase by clearing LGN

and NuMA from the equatorial cortex; later in anaphase, it causes membrane elongation by

clearing Anilin from the lateral cortex in a proximity-dependent manner. (d) Finally, we hypoth-

esize that similar to Ran-GTP gradient, the kinetochore-associated PP1-Sds22 phosphatase may

also enable membrane elongation by dephosphorylating cortical moesin at the mitotic exit and thus

provide a final mechanism for symmetric cell division
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at the cell poles allows cell to compensate for shape oscillations during cytokinesis

to ensure a stable position of the cytokinetic furrow and the symmetry of cell

division (Fig. 14.5b).

14.10 Membrane Elongation in Anaphase

A final mechanism that ensures the symmetry of cell division is the chromatin-

bound Ran gradient, which links the position of the mitotic spindle to the regulation

of the cell cortex. Ran is a small GTPase, which forms a gradient around the

chromatin in mitotic cells, due to the binding of its guanine exchange factor,

RCC1, on chromosomes. The Ran-GTP gradient orchestrates bipolar spindle for-

mation in acentrosomal mitoses, as originally found in Xenopus egg extracts

(Carazo-Salas et al. 1999; Kalab et al. 1999; Ohba et al. 1999; Wilde and Zheng

1999; Zhang et al. 1999) and may contribute to spindle formation in somatic cells

(Gruss et al. 2002; Moore et al. 2002). Ran-GTP releases spindle-supporting pro-

teins from α- and β-importin to promote spindle formation (Gruss et al. 2001;

Nachury et al. 2001; Wiese et al. 2001). The Ran-GTP gradient is also thought to

polarize actin in mouse oocytes to ensure the asymmetric meiotic division by

regulating localization of the cortical actomyosin proteins, such as myosin II

(Deng et al. 2007; Yi et al. 2011; Dehapiot et al. 2013), Arp2/3 complex and the

Cdc42 GTPase. It further controls spindle orientation by regulating the cortical

localization of Pins and Mud in Drosophila neural stem cells (Wee et al. 2011; Bird

et al. 2013) and their orthologs LGN and NuMA in human cells (Bird et al. 2013). In

metaphase the Ran-GTP gradient specifically restricts the localization of LGN and

NuMA to the lateral cortex by clearing them from the apical and basal membrane,

which helps to maintain a correct axis of division (Fig. 14.5c; Kiyomitsu and

Cheeseman 2012). Finally, the Ran-GTP gradient plays a role in anaphase if the

chromosome masses are closer to one cell membrane, as it will reduce the cortical

levels of Anilin (Silverman-Gavrila et al. 2008). This will cause a membrane

relaxation and elongation that will compensate for the asymmetry of the anaphase

spindle and yield equal-sized daughter cells (Kiyomitsu and Cheeseman 2013).

14.11 Conclusions and Outlook

The presence of numerous cellular mechanisms at the level of the mitotic spindle,

chromosomes and the cell cortex ensuring the formation of equal-sized daughter

cells indicates that cells actively impose symmetric cell divisions. Many of these

mechanisms involve negative spatial regulatory systems, reminiscent of the Min

system controlling the position of the FtsZ cytokinesis ring in prokaryotes, pointing

to common strategies (Adams and Errington 2009; Kiekebusch and Thanbichler

2014; Haeusser and Margolin 2016). The principles of other mechanisms, such as
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the forces that ensure the symmetric position of the chromosomes within the

spindle, remain to be precisely defined (Dumont and Mitchison 2009). Beyond

these detailed mechanistic aspects, there are a number of general questions to

address in the future. First, we postulate that the study of mechanisms ensuring

symmetric cell division is also relevant to understand asymmetric cell division, as

cells may use symmetricity as an initial reference point to break symmetry and

thereafter impose a controlled asymmetry. Strikingly, many asymmetric cell divi-

sions emerge from an initially symmetric configuration, be at the level of the

spindle, such as D. melanogaster neuroblasts, or at the level of spindle positioning,
such as C. elegans embryos. Such a hypothesis needs, however, to be proven;

moreover, it will be essential to identify the mechanistic switches that break the

symmetry during cell division.

A second key point will be to study how known mechanisms might work in other

contexts. For example, it might be worthwhile to explore how F-actin cytoskeleton-

mediated cortical tension, which is essential in acentrosomal cells, influences

symmetric cell divisions in centrosomal cells. Since myosin X helps to position

the spindle by linking actin and microtubules in centrosomal cells, it is possible that

the actomyosin cytoskeleton provides redundancy to the astral microtubule/dynein-

driven spindle positioning. Indeed, Drosophila embryos devoid of centrioles have

only mild developmental defects probably due to the lack of cilia (Basto et al.

2008). One could speculate that the F-actin cytoskeleton provides centrosome-free

flies sufficient compensatory mechanics to ensure symmetric cell divisions and

develop a whole organism (N.B. these flies nevertheless fail at the asymmetric

neuroblast divisions). Such an approach might be particularly relevant, since

centrosomes have been found to also nucleate actin filaments (Farina et al. 2016).

Another example could be membrane blebbing, which so far has been only studied

in the context of non-polarized cells. It is tempting to hypothesize that this mech-

anism could also contribute to regulate the symmetric cell division in polarized

cells. Therefore, it would be interesting to explore if the cortical tension release by

blebs also contributes to cytokinetic furrow positioning in symmetrically dividing

epithelial cells, where spindle position plays a major role in defining the size of

daughter cells (Bell et al. 2015; Carvalho et al. 2015; Woolner and Papalopulu

2012).

Finally, it is likely that new mechanisms controlling the symmetricity of cell

division might emerge. For example, it was recently found that segregating chro-

mosomes induce polar relaxation during late anaphase (Rodrigues et al. 2015). This

relaxation was known to be caused by the clearing of actin and phosphorylated

ezrin/radixin/moesin (ERM) complex from the poles before cleavage furrow for-

mation (Hickson et al. 2006). This recent study demonstrated that the proximity to

chromatin in late anaphase is the key signal for relaxation and membrane blebbing

at the poles. This pathway depends on the regulatory PP1 phosphatase subunit

Sds22, which specifically binds to kinetochores until late anaphase. Depletion of

Sds22 delays anaphase cell elongation and causes cytokinesis defects (Kunda et al.

2012). Even though PP1-Sds22-dependent polar relaxation has not been linked to

symmetric cell division, it would be exciting to test whether it contributes to
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symmetric cell divisions in cases where the anaphase spindle is positioned asym-

metrically. Such a mechanism would again link spindle positioning to the control of

the cortical organization, providing an additional feedback loop to ensure symmet-

ric cell division at every step of mitotic progression.
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Chapter 15

A Comparative Perspective

on Wnt/β-Catenin Signalling in Cell Fate

Determination

Clare L. Garcin and Shukry J. Habib

Abstract The Wnt/β-catenin pathway is an ancient and highly conserved signal-

ling pathway that plays fundamental roles in the regulation of embryonic develop-

ment and adult homeostasis. This pathway has been implicated in numerous cellular

processes, including cell proliferation, differentiation, migration, morphological

changes and apoptosis. In this chapter, we aim to illustrate with specific examples

the involvement of Wnt/β-catenin signalling in cell fate determination. We discuss

the roles of the Wnt/β-catenin pathway in specifying cell fate throughout evolution,
how its function in patterning during development is often reactivated during

regeneration and how perturbation of this pathway has negative consequences for

the control of cell fate.

The origin of all life was a single cell that had the capacity to respond to cues

from the environment. With evolution, multicellular organisms emerged, and as a

result, subsets of cells arose to form tissues able to respond to specific instructive

signals and perform specialised functions. This complexity and specialisation

required two types of messages to direct cell fate: intra- and intercellular. A

fundamental question in developmental biology is to understand the underlying

mechanisms of cell fate choice. Amongst the numerous external cues involved in

the generation of cellular diversity, a prominent pathway is the Wnt signalling

pathway in all its forms.

15.1 The Wnt Pathway

Nineteen known Wnt ligands have been identified in mammalian cells to date

(Widelitz 2005). Wnt ligands are secreted signalling molecules of approximately

350 amino acids (Janda et al. 2012) that have several key shared features including

multiple cysteine residues, a peptide directing the protein for secretion and
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numerous glycosylation sites (Janda et al. 2012; Barker 2008). Wnt ligands are

subject to post-translational modifications, including the addition of a palmitate

molecule to a conserved serine residue (e.g. Ser209 in Wnt3a) (Takada et al. 2006;

Willert et al. 2003), which confers hydrophobicity and is essential for activity.

Wnt proteins are often secreted locally and presented to responsive cells in a

spatially restricted manner. Specific instances where this has been clearly demon-

strated include during homeostasis of mammalian intestinal epithelium (Farin et al.

2016; Sato et al. 2011), embryonic and post-embryonic cell polarity in C. elegans
(Goldstein et al. 2006) and the developing Drosophila embryo (van den Heuvel

et al. 1989; Strand and Micchelli 2011; Alexandre et al. 2014), reviewed in Clevers

et al. (2014). Wnt ligand availability is mediated by a number of proteins

(Table 15.1), followed by binding to the cell surface receptor Frizzled (Fz) in

association with the low-density-lipoprotein-receptor-related proteins 5 and

6 (Lrp5/6) (Niehrs 2012). Frizzled proteins are seven-pass transmembrane receptors

that possess a cysteine-rich domain at the N-terminus, to which Wnt binds (Janda

et al. 2012). Recently, the crystallisation of Xenopus Wnt8 (XWnt8) in complex

with the mouse Frizzled 8 receptor revealed that the ligand-associated palmitate and

Frizzled receptor cysteine-rich domain are largely responsible for the interaction of

Wnt ligands with their receptors (Janda et al. 2012). Additionally, Chu et al. (2013)

demonstrated that the N-terminal domain linker region in WntD (Drosophila),
which contains six α-helices and two antiparallel β strands that form a hairpin, is

an Lrp6 binding site. Lrp6 binds via its β-propeller region, where Dickkopf

1 (Dkk1) can also bind (Chu et al. 2013).

The (canonical) Wnt/β-catenin pathway (Fig. 15.1) centres around the accumu-

lation or degradation of β-catenin. The translocation of β-catenin to the nucleus

appears to be a critical step for the transduction of Wnt signals. In the absence of a

Wnt ligand, β-catenin is phosphorylated by two kinases, which are part of the

‘destruction complex’: casein kinase-1 (CK-1) and glycogen synthase kinase-3

(GSK-3) (Rubinfeld et al. 1996; Behrens et al. 1998; Aberle et al. 1997). Also in

the ‘destruction complex’ are Axin and adenomatous polyposis coli (APC), which

are thought to act as scaffold proteins to facilitate the interaction between CK-1,

GSK-3 and β-catenin (Ikeda et al. 1998; Ha et al. 2004). Whilst traditionally it was

thought that the destruction complex sequestered β-catenin, more recently it has

been suggested that it cycles β-catenin. It has been suggested that GSK-3 and CK1

first phosphorylate β-catenin and subsequently phosphorylate APC. This allows

APC to displace Axin from β-catenin, freeing Axin to interact with another

β-catenin molecule (Xing et al. 2003). However, the precise mechanism of

β-catenin destruction remains unclear, as there is no direct evidence that

β-catenin must dissociate from the complex in order to be degraded (Li et al.

2012). Future research will help to elucidate the mechanisms underlying the precise

control of cellular β-catenin levels.

Once phosphorylated β-catenin is a target for ubiquitination by the E3 ubiquitin

ligase βTrCP, which may act within the ‘destruction complex’ and facilitate the

direct removal of β-catenin via proteasomal degradation (Li et al. 2012). Recently,

it has been shown that Hippo transducers YAP/TAZ bind directly to Axin and are
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essential for βTrCP recruitment to the ‘destruction complex’ and subsequent inac-

tivation (Azzolin et al. 2012, 2014).

Disruption of the ‘destruction complex’ occurs when a Wnt/Fz/LRP complex

forms. The intracellular tail of Lrp6 becomes phosphorylated along with Dishev-

elled (Dsh), a protein that can interact with APC, and is important for signal

transduction (MacDonald and He 2012; Gao and Chen 2010; Metcalfe et al.

2010). Axin is also recruited to this complex at the cell membrane via Dsh

(He 2004; Tolwinski and Wieschaus 2004; Cliffe et al. 2003). Although the

recruitment of APC and Axin to the cell membrane is presumably sufficient to

prevent GSK3-mediated phosphorylation of β-catenin (Li et al. 2012), it has been

suggested that this in turn leads to inhibition of β-catenin ubiquitination (Hernández
et al. 2012; Li et al. 2012). Therefore, β-catenin accumulates in the cytoplasm,

Table 15.1 Wnt signalling inhibitors/enhancers

Inhibitor Mode of action Selected references

Secreted

Frizzled-

Related Proteins

(sFRPs)

Interact with ligands via the cysteine-

rich domain to prevent receptor

binding to Wnt ligands

Lin et al. (1997)

Dickkopfs

(DKKs)

High-affinity ligands for Lrp6. Bind

to Lrp6 and disrupt Wnt-induced

Frizzled–Lrp complexes. Does not

bind Wnt or Frizzled

Moon et al. (2004) and Semënov

et al. (2001)

Notum Removes palmitate moiety from Wnt

ligands, preventing Wnt from

interacting with Frizzled receptors

Kakugawa et al. (2015)

Wnt inhibitory

factor (WIF)

Disrupts interaction between Wnt

and Frizzled by binding to Wnt

ligands

Hsieh et al. (1999)

Wise/SOST

(Sclerostin)

Wise: In vitro has been shown to

block Wnt3a and Wnt1 by competing

with Wnt ligands for Lrp6 binding.

Can also reduce cell surface Lrp6.

Binds Lrp6 receptor to modulate

Lrp5/6-mediated Wnt signalling

SOST: Binds to the first YWTD-EGF

repeat domains of Lrp5/6. Can also

disrupt the Fz8–Lrp6 complex

Yanagita et al. (2004), Blish et al.

(2008), Guidato and Itasaki (2007),

Semënov et al. (2005) and Li et al.

(2005)

Enhancer Mode of action Selected references

R-spondins Inhibition of E3 ubiquitin ligases,

reduction of β-catenin degradation.

Lgr5–Rspondin complexes also

neutralise Znrf3 and Rnf43, which

remove receptors from the cell

surface. Therefore, this complex

increases receptor availability

de Lau et al. (2014) and Snippert

et al. (2010a)

Norrin Binds to Frizzled4/Lrp5 and initiates

gene transcription

Xu et al. (2004)
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allowing it to translocate to the nucleus, where it can interact with the DNA-binding

proteins lymphoid enhancer factor/T cell factor (Lef/Tcf) and initiate the transcrip-

tion of target genes. This infers that a fold change in the level of β-catenin (pre-

vs. post-Wnt) can control a β-catenin-dependent binary ‘on/off’ switch for gene

transcription. Since β-catenin is very sensitive to small fluctuations in the levels of

other pathway components, this allows for β-catenin levels to act as a signalling

buffer (Goentoro and Kirschner 2009).

Apart from signalling through β-catenin, Wnt ligands are also thought to signal

via a number of alternative pathways, termed ‘non-canonical’. With time and

increasing research into these pathways, it has become less easy to separate them

so linearly: Wnt5a, classically considered a ‘non-canonical’ ligand, can in fact

activate β-catenin (van Amerongen et al. 2008; Mikels and Nusse 2006). An

example of ‘non-canonical’ Wnt signalling is Wnt/Ca2+ signalling, during which

Wnt binding activates phospholipase C (PLC) and initiates calcium efflux from the

APC
Axin

Β-catenin

GSK3 CK-1

P

Proteasome

Wnt

Dsh
P
P

APC

PAxin

Β-catenin

Β-catenin
Β-catenin

Β-catenin

TCF/LEF

Dsh

βTrCP

LRP5/6

LRP5/6Frizzled
Frizzled

Degraded 
β-catenin

a b

Fig. 15.1 The basics of Wnt/β catenin signalling. (a) In the absence of Wnt binding to the

receptors, β-catenin is phosphorylated by GSK-3 and CK1, kinases present in the ‘destruction
complex’, which also contains the scaffolding proteins APC and Axin. Phosphorylation targets

β-catenin for ubiquitination by βTrCP. βTrCP may act directly within the destruction complex to

facilitate the removal of β-catenin and its subsequent destruction by the proteasome. (b) Wnt

binding causes the formation of a Wnt–Frizzled–LRP5/6 complex. The intracellular tail of LRP5/6

and Dsh become phosphorylated and Axin and APC are recruited to the cell membrane, causing

disruption of the ‘destruction complex’. β-catenin can now accumulate in the cytoplasm and

translocate to the nucleus, where it associates with Tcf/Lef and can initiate target gene

transcription
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endoplasmic reticulum (ER). This initiates the activity of protein kinase C effectors

(Lien and Fuchs 2014), such as calcium–calmodulin-dependent kinase II (CamKII)

or calcium-dependent phosphatase calcineurin (CaN) (Clevers 2006; Ma and Wang

2007). Downstream of this, Lef/Tcf become phosphorylated, preventing β-catenin
binding and, ultimately, gene transcription (Liu et al. 2011). More recently, it has

been suggested that β-catenin and Ca2+ may coordinate signalling downstream of

Wnt ligand binding, interdependently (Thrasivoulou et al. 2013).

Wnt/Planar cell polarity (PCP) signalling is also considered to be ‘non-canonical’.
Here, for example, a Wnt/Fz/Ror2 complex forms, which results in Dishevelled being

targeted to the membrane. This pathway largely activates proteins involved in the

organisation of actin filaments, such as the GTPases Rho and Rac, Jun and Cdc42

(Camilli and Weeraratna 2010). This interaction was first described in Drosophila,
where there is a possibility that noWnt ligand is involved (van Amerongen et al. 2008;

Chen et al. 2008; Lawrence et al. 2002). During zebrafish gastrulation, Wnt/PCP

signalling is important for the orientation of cell divisions in specification of the

body axis (Gong et al. 2004).

15.2 Wnt/β-Catenin Pathway: From Body Axes

Specification to Cell Fate Determination,

an Evolutionary Perspective

From the simplest, single-celled origins, evolution has generated complex,

multicellular organisms with varying degrees of asymmetry. Single-celled eukary-

otic organisms, commonly termed protozoa, are largely symmetric around a central

axis. Despite this, it has been demonstrated that some Wnt/β-catenin pathway

components are asymmetrically distributed across the axis, including β-catenin,
indicating some degree of polarity (Petersen and Reddien 2009a). Although

individual pathway components (β-catenin, GSK and Frizzleds) are present in

protozoans (Harwood 2008a, b), Wnt signalling centres appear to have evolved at

the transition from unicellular to multicellular eukaryotes. Indeed, in early meta-

zoan organisms such as Cnidarians and Poriferans, the beginnings of a Wnt

signalling pathway can be found: Wnt ligands, Frizzled, sFRPs, Lrp5/6, Dishev-

elled, Axin, GSK-3, β-catenin, TCF and CK1 (Adamska et al. 2007, 2010; Pang

et al. 2010). APC protein, on the other hand, appeared later in evolution and can be

found in organisms with secondary body axes (Adamska et al. 2010; Petersen and

Reddien 2009a). Body axes are used to describe the position and orientation of body

structures. During development, embryos polarise along two axes, defining head

and tail (anterio-posterior axis) and front and back (dorsoventral) (Petersen and

Reddien 2009a). Throughout evolution, Wnt signals have provided positional cues

required for the orientation and proper establishment of body axes and tissue

patterning (Fig. 15.2a–c). This is evident during embryogenesis, development,

adult homeostasis and tissue regeneration. In this section, we aim to illustrate
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some examples of this role of the pathway from various developmental stages

across different organisms.

15.2.1 Wnt Signalling in Cell Fate During Embryogenesis
and Axis Formation

The cell has a remarkable ability to confer polarity cues, such as members of the

Wnt pathway, into instructive signals for cell fate specification. Throughout

evolution, the Wnt pathway has shown restricted spatial distribution that appears

essential for the specification of cell fate along an axis. In early metazoans such as

Cnidarians and Poriferans, Wnt ligands and/or β-catenin have a polarised

VegetalAnimal

Animal

Vegetal

Dorsal

Ventral

Anterior Posterior

a

b

c

d
Wnt/β-
catenin

Wnt
inhibitors

N
iche

Key

Juxtacrine Wnt
signalling from niche
Autocrine and/or 
Paracrine Wnt signalling
between stem cells

Stem cells

Differentiating cells

Wnt

β-catenin
Wnt inhibitors

Fig. 15.2 Examples of components of Wnt/β catenin signalling in establishing body axes, cell

polarisation and cell fate during development. (a) At the 16-cell stage in the sea urchin embryo,

β-catenin localises to the vegetal pole, specifying endoderm cell fate. (b) Sperm entry in the

Xenopus egg establishes the dorsal–ventral axis, with Dishevelled and β-catenin localising to the

dorsal ‘organising centre’. (c) In many examples in evolution, Wnt also specifies the anterior–

posterior axis, shown here in Planaria. Wnt is present in the posterior, whereas Wnt inhibitors are

found at the anterior. (d) Potential mechanism of action of Wnt signalling for stem cell mainte-

nance in adult niches
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distribution along the oral–aboral axis during development (Wikramanayake et al.

2003; Leclère et al. 2016; Momose et al. 2008; Kusserow et al. 2005; Adamska

et al. 2010). The importance of this localised distribution is evident in experiments

in which the spatial orientation of Wnt components is disrupted. For example,

disruption of Wnt signalling in Cnidarians causes alterations to oral–aboral tissue

specification (Momose et al. 2008; Wikramanayake et al. 2003). Specifically,

forced localised expression of Wnt3 in the cnidarian Clytia hemisphaerica resulted

in the appearance of ectopic oral poles, indicating its importance in directing cell

fate (Momose et al. 2008).

In bilaterian organisms, β-catenin is also important in establishing embryonic

polarity, including axis specification: β-catenin is localised asymmetrically along

the animal–vegetal axis of the developing Platynereis dumerilii (Schneider and
Bowerman 2007). From the 8-cell stage to 16-cell stage, β-catenin expression is low
in animal-pole tissues, and high in vegetal-pole tissues, which will form cells of the

endoderm lineage (Schneider and Bowerman 2007). In the widely studied bilaterian

nematode Caenorhabditis elegans, both Wnt and β-catenin show polarised expres-

sion to influence cell fate along the anterior–posterior axis. Specifically, the

β-catenin homologues WRM-1 and SYS1 localise to the posterior side of the cell

and, following division, are specific to the posterior daughter cell (Petersen and

Reddien 2009b; Nakamura et al. 2005; Takeshita and Sawa 2005; Huang et al.

2007b). This is particularly important in the division of the EMS cell, which divides

asymmetrically in response to a polarised exposure to Wnt (MOM-2). The anterior

daughter is Wntlo and will adopt a mesodermal fate, whereas the posterior Wnthi

cell forms the endoderm. Here, spatially localised MOM-2 orients the mitotic

spindle in the EMS cell and induces asymmetric cell division to produce different

cell fates along an axis (Goldstein et al. 2006).

In the developing Sea Urchin Strongylocentrotus purpuratus, β-catenin becomes

localised to the nucleus of cells in the vegetal region of the embryo at the 16-cell

stage (Wikramanayake et al. 2004). Dishevelled was found to be critical for

β-catenin stabilisation, and its localisation to the vegetal pole may occur as early

as fertilisation (Weitzel et al. 2004). Nuclear localisation of β-catenin in cells at the
vegetal pole has been shown to be required for the establishment of all vegetal cell

fates (Logan et al. 1999). Wnt8 is thought to control the vegetally localised

β-catenin during gastrulation and endoderm specification (Wikramanayake et al.

2004).

In Drosophila, the Wnt homologue Wingless (Wg) has multiple roles during

development, including patterning the imaginal disc, the future wing. Expression of

Wg is initially ubiquitous across the imaginal disc, until it becomes localised to a

narrow stripe along the dorsoventral boundary (Zecca et al. 1996). Wg proteins

continue to control gene expression and growth by spreading in a gradient from the

producing cells up to 15–20 cell diameters away (Morata and Struhl 2014). Wg
gradients are thought to be dependent on Wg ligand-associated vesicles. For

example, Wg ligands that associate with lipoprotein particles or secreted

Wingless-interacting molecule (SWIM) have long-range signal capacities

(Mulligan et al. 2012; Holstein 2012). It was originally thought that a Wg gradient
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allowed for differential gene expression (Neumann and Cohen 1997): high-level

signalling initiates wing margin cell fate at the boundary (Couso et al. 1994; Nolo

et al. 2000), whereas low-level signalling further from the source initiates expres-

sion of other patterning genes such as Vestigial, Distal-less and Frizzled (Zecca

et al. 1996; Neumann and Cohen 1997; Sivasankaran et al. 2000; Alexandre et al.

2014). Importantly, it has also been shown that Wg signals are presented locally to

the target cells (van den Heuvel et al. 1989). More recently, it has been demon-

strated through a series of elegant studies involving the restriction ofWg to the cell
membrane that Wg gradients were not essential for wing patterning (Alexandre

et al. 2014). The authors suggest that an initial ubiquitous expression of Wg
throughout the wing provides a sufficient signal to initiate further patterning of

the wing.

Another important example of Wnt/β-catenin pathway activity during early

development is in the specification of the Xenopus dorsoventral body axis, which

is specified following fertilisation. Here, sperm entry causes accumulation of

β-catenin and Dishevelled at the dorsal side of the early embryo, creating the

Spemann organiser (Funayama et al. 1995; Sokol et al. 1995; Larabell et al.

1997; Schneider et al. 1996). Localised activity of Wnt/β-catenin mediates

microtubule-dependent relocalisation of some cortical components to the future

dorsal side of the egg, thus specifying distinct fates along the dorsoventral body axis

(Heasman et al. 1994; Smith and Harland 1991; Sokol et al. 1991). Wnt/β-catenin is
also involved at the late blastula stage of Xenopus development. In the ectoderm,

Lrp6 localises to the basolateral domain of ectodermal cells, causing this pathway

component to be preferentially inherited by ‘deep’ ectodermal cells. These cells

display higher β-catenin signalling than superficial ‘outer’ cells and acquire a

distinct cell fate: outer cells differentiate to goblet cells, which are responsible for

mucus secretion, whereas deep cells differentiate to ciliated cells. Importantly,

Dishevelled appears to be required for Lrp6 localisation, as in its absence, Lrp6

does not display polarisation (Huang and Niehrs 2014). It has also been shown that

polarisation of atypical protein kinase C (aPKC) (mediated by external Wnt cues)

and an oriented mitotic spindle is responsible for the generation of deep and

superficial cells (Chalmers et al. 2003; Ohno 2007). This is an elegant example of

polarised Wnt pathway components leading to inheritance of different cell fates in

daughter cells.

Wnt signalling is implicated during mouse gastrulation. Here, Wnt becomes

localised to the posterior region of the embryo and is crucial for patterning along the

anterior–posterior axis (Fossat et al. 2011). Although contentious, Wnt signalling

potentially plays a role in mammalian pre-implantation embryogenesis (Lloyd et al.

2003; Kemp et al. 2005; Mohamed et al. 2004; Wang et al. 2004; De Vries et al.

2004; Biechele et al. 2013; Haegel et al. 1995; Huelsken and Birchmeier 2001; Xie

et al. 2008). It is probable that Wnt signalling is responsible for specifying the

primitive streak, as Wnt3a and β-catenin knockout mice fail to form this structure,

which is critical for the process of gastrulation (Haegel et al. 1995; Liu et al. 1999;

Huelsken et al. 2000).
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Overall, a large body of evidence across a variety of organisms implicates the

Wnt/β-catenin pathway in the specification of cell fate throughout development,

from setting up polarisation of the embryo in the earliest stages of development, to

establishing the body axes, to specifying the identity of specific subsets of cells later

during development. In this sense, the Wnt/β-catenin pathway can be seen to

facilitate the variety of cell types that have evolved within metazoan organisms.

This role appears to be evolutionarily conserved in adult organisms during tissue

homeostasis and tissue regeneration. For example, head regeneration in Hydra,
which are simple Cnidarians, involves Wnt/β-catenin from very early in the process

(Hobmayer et al. 2000; Lengfeld et al. 2009). Removal of the head causes apoptosis

in the remaining tissue, which results in caspase-mediatedWnt3a release from these

cells. This serves to promote proliferation and regeneration (Chera et al. 2009).

Mutants that are incapable of head regeneration do not display Wnt or β-catenin
within the same time frame as wild-type Hydra, suggesting that upregulation of this
pathway within a specific window is critical for complete regeneration (Hobmayer

et al. 2000). Spatio-temporal localisation of Wnt ligands is also observed during

regeneration following injury in planarians (Herman et al. 1995; Petersen and

Reddien 2009a). Aberrant expression of Wnt/β-catenin pathway components can

prevent regeneration; ectopic expression ofWnt in the anterior of several planarians

prevents regeneration, but inhibition of the pathway can rescue this effect (Liu et al.

2013; Sikes and Newmark 2013). Posteriorly expressed Wnts are balanced with

anteriorly expressed extracellular signal-related kinase (ERK) during regeneration

to ensure formation of a complete anterior–posterior axis (Lander and Petersen

2016; Umesono et al. 2013; Sureda-Gómez et al. 2015).

Tissue maintenance and regeneration in vertebrates often involves the activation

of the stem cell compartment to produce differentiated cells required to replenish

the tissue in homeostasis or replace the damaged tissue upon injury. However,

mechanisms to maintain regenerative capacity of tissues require the maintenance of

a stem cell population within the tissue. Recently, a clear role for Wnt/β-catenin
signalling has emerged in controlling stem cell activity and function.

15.2.2 Regulation of the Stem Cell Identity by Wnt/β-Catenin
Pathway

Stem cells have the unique capacity to both self-renew and produce differentiated

daughter cells to contribute to tissue maintenance. Stem cells reside in specialised

environments referred to as ‘niches’, which are thought to provide the signals

necessary to support their function. Signals arising from the niche must be spatially

restricted in order to strictly control the number and distribution of stem cells

(Losick et al. 2011). A tethered ligand or a molecule with short-range signalling

fits this purpose. Upon cell division one daughter cell will move out of range of the

signal that maintains ‘stemness’ and begin to differentiate. A large body of
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evidence suggest that localised Wnt ligands fulfil these criteria and Wnt/β-catenin
signalling plays a crucial part in stem cell maintenance and differentiation. Impor-

tantly, stem cells can produce Wnt ligands to regulate their function in an autocrine

manner or/and receive it from neighbouring cells (paracrine), reviewed in Clevers

et al. (2014). A potential mechanism for Wnt/β-catenin signalling in the adult stem

cell niche is depicted in Fig. 15.2d.

The microenvironment is particularly important in adult stem cell systems, such

as the skin and the intestine, where rapid turnover takes place. The intestinal stem

cell niche has been most extensively investigated with regard to Wnt signalling.

The intestine comprises crypts, which house the least differentiated cells at the

base, and display a degree of differentiation upwards. Within the crypts are Paneth

cells, believed to act as niche cells and provide essential signals to intestinal stem

cells (Tan and Barker 2014). A subpopulation of intestinal stem cells is marked by

Lgr5 (Barker et al. 2007; Haegebarth and Clevers 2009), a Wnt target gene that also

interacts with the Wnt agonist R-spondin (de Lau et al. 2011). It has recently been

demonstrated that Lgr5+ve cells respond to Wnt signals through the Frizzled7

receptor (Flanagan et al. 2015). Expression of Lgr5 has also been correlated with

cell cycle stage and level of ‘stemness’, with the continuously cycling Lgr5 + ve

cells being considered higher up in stem cell hierarchy (Basak et al. 2014). Wnt

signals appear to be presented only to specific cells within the intestinal stem cell

niche, suggesting a role in cell identity control. This has been contested by other

suggestions: that Lgr5 + ve cells undergo symmetric cell division and compete with

niche cells to maintain crypt homeostasis (Snippert et al. 2010b). More recently, it

has been demonstrated that a local Wnt3 signal (from Paneth cells) coordinates

‘stemness’ by distributing membrane-tetheredWnt ligands through cell division, up

to a 2-cell radius from the source. Using an N-terminal haemagglutinin-tagged

Wnt3, Farin and colleagues show that Paneth cells at the base of the crypt can

transfer Wnt3 to adjacent Lgr5 + ve stem cells, much like the juxtacrine signalling

described in the Drosophila imaginal disc (Alexandre et al. 2014). The authors

proposed a model in which Frizzled receptors tether Wnt3 to the membranes of

stem cells. Wnt3 is then distributed through stem cell divisions, generating a

decreased Wnt response as the amount received by subsequent daughters decreases

(Farin et al. 2016). This implies a ‘dose-dependent’ effect of Wnt on the daughter

cells and mirrors the distribution of Wnt signals during development, with

localisation at a specific point along a body axis. The technique of successfully

‘tagging’Wnt proteins has also been performed byMacDonald and colleagues, who

found that the addition of a V5 tag to the carboxyl terminus of Wnt3 did not reduce

its activity (MacDonald et al. 2014). Given the difficulty of detecting Wnt proteins

in mammalian systems, it is encouraging that tagging at either terminal does not

disrupt protein activity. Employing these techniques as a means of visualisation will

be invaluable.

Whilst Lgr5 marks a population of Wnt-responsive stem cells within the intes-

tine, Axin2 (Behrens et al. 1998) has become a widely used reporter of Wnt activity.

It was first used as an inducible lineage tracing reporter of Wnt activity to identify

Wnt-responsive stem cells in the mammary gland (van Amerongen et al. 2012) and

has since been adapted to a number of systems, including the intestine (Li et al.
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2016), liver (Wang et al. 2015a), brain (Kalani et al. 2008), prostate (Lee et al.

2015), testis (Takase and Nusse 2016), kidney (Rinkevich et al. 2014a) and skin

(Lim et al. 2013) (see Table 15.2).

Skin renewal occurs in the interfollicular epidermis, which is comprised of

numerous keratinocyte layers, the outermost of which is a cornified layer called

the stratum corneum. Cells from the stratum corneum are continually sloughed off

and are periodically replaced by epidermal stem cells, which reside in the basal

layer of the epidermis. For a comprehensive review on skin structure, see Blanpain

and Fuchs (2009). In the skin, undifferentiated cells in the basal layer of the

Table 15.2 Summary of Wnt-responsive stem cells in murine tissues

Tissue Stem cell

Reporter mouse for linage

tracing Selected references

Intestine Intestinal crypt

base cell

Lgr5-lacZ mice, Wnt3HA

allele

Farin et al. (2016), Jaks

et al. (2008) and Barker

et al. (2007)

Skin—

interfollicular

epidermis

Basal cells Axin2-CreERT2 Lim et al. (2013),

Haegebarth and Clevers

(2009)

Hair follicle Outer bulge cell Lgr5-EGFP-Ires-CreERT2

Axin2-CreERT2

Lim et al. (2016) and

Jaks et al. (2008)

Brain Sub-ventricular

zone neural stem

cells

Axin2-LacZ reporter

Axin2CreERT2/+;

R26RmTmG/+

Kalani et al. (2008) and

Bowman et al. (2013)

Prostate Luminal epithe-

lial cells

Axin2-CreERT2;Rosa26-

mTmGflox

Lee et al. (2015)

Testis Spermatogonial

stem cell

Axin2-CreERT2;Rosa26-

mTmGflox

Takase and Nusse (2016)

Mammary

gland

Basal cell Axin2CreERT2/+;R26RlacZ/

+ or Axin2CreERT2/+;

R26RmTmG/+

ProcrCreERT2-IRES-

tdTomato

van Amerongen et al.

(2012) and Wang et al.

(2015b)

Kidney Renal precursor Axin2CreERT2/+;

R26RmTmG/+

Rinkevich et al. (2014a)

Liver Peri-central

hepatocyte

Axin2-CreERT2;Rosa26-

mTmGflox

Wang et al. (2015a) and

Planas-Paz et al. (2016)

Ear Tympanic border

cell (cochlea)

Axin2lacZ Wnt reporter

mouse

Lgr5-GFP-IRES-Cre-ER

Jan et al. (2013) and Shi

et al. (2013)

Eye Ciliary marginal

zone (retina)

TCF/Lef-LacZ Liu et al. (2003, 2006,

2007)

Bone Osteoblast Axin2CreERT2;Rosa26-STOP
fl/flZsGreen

Tan et al. (2014)

Stomach Basal pyloric cell Lgr5-EGFP-ires-CreERT2 Barker et al. (2010)

Tongue Taste progenitors Lgr5+/�, Rosa26-LacZ+/�
and Lgr5+/�, Rosa26-

tdTomato+/�

Yee et al. (2013)
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epidermis express the Wnt-reporter Axin2 (Behrens et al. 1998) and are also a

source of Wnt in the skin. Lim and colleagues showed that Wnt activity is

responsible for maintaining the stem cell population within the basal layer of the

skin: labelled clones were observed throughout the interfollicular epidermis and

persisted for up to 1 year (Lim et al. 2013; van Amerongen et al. 2012). Further

support for Wnt as a niche signal in the skin is provided by experiments in which

β-catenin is inactivated, leading to an increase in differentiation, and the detection

of Dkk3 (Wnt inhibitor) in the supra-basal layers by immunofluorescence, which

may restrict Wnt responsiveness to the basal niche. This bears similarity to

patterning events during development, where Wnt proteins are expressed posteri-

orly, and inhibitors are expressed anteriorly, restricting activity of the pathway

(Kusserow et al. 2005). Wnt as a niche signal has also recently been discussed in the

context of hair follicle niche formation; within the Wnt-expressing placode, initial

divisions are perpendicular to the basement membrane, positioning one daughter

outside of the Wnt–signal range and generating two separate cell fates

(Ouspenskaia et al. 2016). Axin2 has also been shown to mark a population of

Wnt-responsive stem cells in the hair follicle bulge (Lim et al. 2016). Importantly,

activation of β-catenin in interfollicular epidermal stem cells can alter the fate of

these cells from epidermal cells to hair follicle and sebaceous lineages (Lo Celso

et al. 2004).

Recently, Axin2+Wnt-responsive liver cells were shown to reside adjacent to the

central vein, of which the endothelial cells appear to be a Wnt source (Wang et al.

2015a). Under homeostasis, the Axin2+ cells possess the ability to self-renew and

produce more differentiated progeny.Wang and colleagues showed that peri-central

Axin2+ cells produced populations of hepatocytes that could persist within the liver

for up to a year. Interestingly, whilst peri-central Axin2+ cells maintained expres-

sion ofWnt target genes, their descendants acquired a new expression pattern as they

moved away from theWnt source, indicating a degree of differentiation (Wang et al.

2015a). R-spondins and Lgr4 (see Table 15.1) are also important regulators of

Wnt-responsive liver cells. Lgr4 expression mirrors that of Axin2, and Lgr4 knock-

out mice showed reduced Axin2 expression in peri-central hepatocytes, leading to a

reduction in liver weight that suggests reduced cell turnover (Planas-Paz et al. 2016).

The identification of Wnt-responsive stem cells in vivo allowed researchers to

isolate these stem cells from various tissues and expand them in vitro in the

presence of purified Wnt ligands, which act as self-renewing signals. These include

haematopoietic stem cells (Reya et al. 2003; Huang et al. 2012), mammary gland

(Zeng and Nusse 2010; Shackleton et al. 2006), neuroprogenitors (Bowman et al.

2013; Kalani et al. 2008) and embryonic stem cells (ten Berge et al. 2011).

Culturing primary stem cells in vitro provided unique opportunities to genetically

profile them (e.g. Wang et al. 2015b) and study their differentiation potential.

Additionally it paved the way to develop protocols to generate organoids.

Organoids represent mini-organs that can form from a population of stem cells

in vitro and display a similar level of intricacy and complexity to in vivo niches of

organs. Organoids have a promising potential to be used for human disease model-

ling, drug testing, gene editing and regenerative medicine (Clevers 2016). This is
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important because the majority of organs in mammals have limited regenerative

capacity upon severe injuries. Notably, the liver has a remarkable ability to regen-

erate even after losing ca. 75% of its original size (Fausto 2000). Although the

involvement of a stem cell compartment in liver regeneration is not entirely clear

(Fausto 2000; Huch et al. 2013; also see review Kopp et al. 2016), murine studies

have revealed a key role for Wnt/β-catenin signalling in liver regeneration. For

example, following partial hepatectomy, liver-specific β-catenin knock-out as well

as Lrp5/6 (Wnt co-receptors) knock-out mice showed reduced regenerative capac-

ity (Yang et al. 2014).

The liver appears to be unique in its ability to regenerate extensively amongst all

vertebrates (Stoick-Cooper et al. 2007a). Limb regeneration is another conserved

example, but it is more limited in mammals to digits (Takeo et al. 2013). For

example, in the mouse digit, Wnt signals produced by the nail epithelium in

response to amputation stabilise β-catenin and are essential for attracting nerves

(Takeo et al. 2013) to the injured area that are involved in tissue patterning and

subsequent regeneration (Rinkevich et al. 2014b). Wnt signalling may also be

required for the specification of the various tissues that comprise the regenerating

digit inducing bone, nail and muscle (Lehoczky and Tabin 2015).

Lower vertebrates such as Salamander and Xenopus are capable of full limb

regeneration (Yokoyama et al. 2007; Kawakami et al. 2006), which is mediated by

committed tissue-specific stem cells. In Xenopus, Wnt3a expression has been

observed specifically in the apical epithelium of the regenerating limb bud, and

its inhibition by inducible Dkk (Yokoyama et al. 2007) or the expression of Axin

(Kawakami et al. 2006) during the early stages following amputation resulted in

reduced limb regeneration. Accordingly, it is postulated that Wnt signalling

provides positional information as well as promoting growth. Interestingly, this

was also observed in Zebrafish, where several Wnt pathway components are

upregulated during fin regeneration (Poss et al. 2000; Kawakami et al. 2006;

Stoick-Cooper et al. 2007b). Comparative analysis of the spatio-temporal activation

of Wnt/β-catenin signalling in tissue stem cells from salamanders, fish, mice and

human during appendage regeneration might reveal some molecular aspects that

underlie the observed differences in regenerative capacities between various taxon

groups.

The Wnt pathway has a clear role in regulating stem cell fate, and in some cases,

it can be linked to the evolutionarily conserved role for Wnt signalling in control of

cell division. A number of studies have linked Wnt signalling to several crucial

processes during mitosis (Niehrs and Acebron 2012). In particular, Wnt signalling

has been suggested to promote entry to G1 phase, by upregulating Cyclin D1 and

c-myc, a β-catenin target gene (He et al. 1998; Shtutman et al. 1999; Tetsu and

McCormick 1999). As discussed previously, Wnt-responsive Lgr5 + ve intestine

stem cells have been shown to be continuously cycling, further illustrating a link

between this pathway and cell division (Basak et al. 2014). In addition, several Wnt

pathway components directly bind to the mitotic machinery: Axin2, GSK3 and

β-catenin accumulate at the centrosome and are involved in the regulation of

microtubule growth (Huang et al. 2007a). APC and Dishevelled have been
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suggested to facilitate mitotic spindle binding to the kinetochores, which is critical

for controlling the appropriate segregation of chromosomes (Fodde et al. 2001a, b).

Axin2 has also been implicated in this process, and disruptions to these proteins can

be particularly detrimental for aberrant chromosomal inheritance (Hadjihannas

et al. 2006, 2010). Orientation of the spindle is also critical for determining the

plane of cell division, and often this can determine whether a cell remains within a

particular environment, such as the niche, or exits it. Dishevelled has been impli-

cated in controlling spindle orientation, providing further strong evidence that the

Wnt pathway may play a critical role in controlling the mechanics of cell division

and thus cell fate determination (Kikuchi et al. 2010).

To date, there is no in vivo study in mammals clearly linking Wnt signalling, the

maintenance of stem cell fate and control of the plane of cell division. However,

Wnt3a immobilised to a bead has demonstrated that a localised Wnt signal can

orient the mitotic spindle and direct cell fate in vitro (Habib et al. 2013). Here,

mouse embryonic stem cells in contact with Wnt3a beads showed polarisation of

Wnt pathway components towards the bead: β-catenin, LRP6, Frizzled and APC.

Following an oriented cell division based on bead location, the Wnt-proximal cell

retained an embryonic stem cell fate (with higher levels of Wnt components and

pluripotency markers), whilst the Wnt-distal cell exhibited a more ‘primed’ signa-
ture, similar to epiblast-like stem cells.

Habib et al. (2013) also showed the asymmetric inheritance of centrosomes in

relation to the Wnt bead: the Wnt-proximal stem cell inherited the ‘mother’
centrosome, whereas the Wnt-distal cell inherited the daughter centrosome.

Centrosomes have previously been linked to cell fate, with asymmetric centrosome

inheritance having been shown in the mouse neocortex. Older, ‘mother’ centro-
somes are inherited by neural progenitor cells, and daughters that inherit the newer

centrosome exit the niche and begin to differentiate (Wang et al. 2009). In this

system, it appears that asymmetric centrosome inheritance is essential for cell fate

choice. Interestingly, Wnt pathway components have been linked to centrosome

segregation in Drosophila male germline stem cells. Accordingly, it has been

reported that centrosomes and APC orient the spindle perpendicular to the stem

cell niche (Yamashita et al. 2003).

Whilst it is clear from current literature that Wnt/β-catenin signalling plays an

important role in the maintenance of ‘stemness’, future studies will help to elucidate
the precise roles of the various Wnt/β-catenin pathway components in the specific

mechanics of cell polarisation, spindle orientation and ultimately cell fate. Trans-

lating these mechanistic studies to an in vitro system that mirrors proper localised

Wnt signals, as during development and adult tissue homeostasis, is invaluable for

tissue engineering and an accurate representation of the stem cell niche. By

immobilising Wnt proteins onto a functionalised platform, Lowndes et al. (2016)

produced a stable Wnt surface that can be adapted accordingly to mimic various

tissue microenvironments. The authors demonstrate that the Wnt platform can

enrich and maintain embryonic and adult stem cells in 2D culture. Additionally,

in 3D culture the Wnt platform can direct the formation of a human osteogenic-like

tissue from human mesenchymal stem cells within 1 week, whilst maintaining a

stem cell population (Lowndes et al. 2016).
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Collectively, Wnt/β-catenin signalling plays a crucial role in instructing cell fate
in a wide range of organisms. Accordingly, Wnt signals provide critical instructive

cues during development, tissue homeostasis and regeneration. Future technologies

that aim to deliver purified Wnt proteins to specific cell populations within tissues

in a controlled manner will have benefits for tissue regeneration. Additionally, Wnt

ligands can be used in vitro as positional cues to engineer tissues for wide appli-

cations including pharmaceutical testing and regenerative medicine. Therefore, the

spatio-temporal presentation of Wnt ligands and the controlled activation of

Wnt/β-catenin are crucial so as not to result in incorrect acquisition of cell fate

and/or aberrant growth

15.3 Dysregulation of the Wnt/β-Catenin Pathway:

Acquisition of a Tumorigenic State

Wnt/β-catenin signalling plays critical roles in controlling cell division and cell

fate, and therefore, it is essential for tissue homeostasis. Mutations that cause either

constitutive or dysregulated activation of the Wnt pathway lead to a loss of this

control and potentially tumour development. In fact, a starting point of theWnt field

was the discovery that mice that developed mammary tumours following infection

with the murine mammary tumour virus (MMTV) also often displayed activation of

the murine int-1 gene, later called Wnt1 (Nusse and Varmus 1982). There are a

number of examples of mutated Wnt pathway components playing a major role in

tumour development (Polakis 2012).

The involvement of the Wnt pathway has been best defined in colon cancer,

where epithelial cells often acquire early mutations in a number of Wnt pathway

components, including β-catenin and APC (Fearon and Vogelstein 1990), resulting

in increased tumorigenesis. Mutations in β-catenin have been shown in other cancer
types, including cutaneous and blood cancers (Vermeulen et al. 2010; Malanchi

et al. 2008; Reya et al. 2003). Increased β-catenin levels have been reported to

increase cell ‘stemness’ and their likelihood to undergo epithelial–mesenchymal

transition (EMT), i.e. a change in cell fate (Brabletz et al. 2001; Jung et al. 2001).

However, this transition may be largely due to a loss of E-cadherin, to which

β-catenin binds at adherens junctions and which is also frequently associated with

cancers (Huels et al. 2015). In the skin, β-catenin-stabilising mutations lead to the

development of pilomatricomas, which are characterised by high expression of

Lef1. In this context, the constitutive activation of β-catenin results in keratinocytes
acquiring a highly proliferative nature not normally associated with their cell type

(Chan et al. 1999). Aberrant β-catenin in epidermal stem cells was shown not only

to change the properties of this cell type but could also induce niche remodelling

through paracrine signalling in the stroma (Lichtenberger et al. 2016). Indeed, in

some cancers, such as breast cancer and colon cancer, β-catenin is being considered
a prognostic marker for tumours, with high levels of β-catenin correlating with poor
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patient prognosis or increased tumour severity (Lin et al. 2000; Martinez et al.

2010).

Similar to β-catenin, APC has many cellular functions, including interactions

with microtubules and the microtubule-binding protein EB-1, which regulates the

cytoskeleton (Green et al. 2005). Importantly, specific mutations to APC can result

in a dominant negative form of this protein that prevents wild-type APC from

making these interactions. This may represent a mechanism by which the spindle

checkpoint is overridden, and tumour cells do not respond appropriately to errors in

chromosome segregation (Green et al. 2005). Mutations in APC also cause loss of

stem cell divisional control within the niche, specifically altered spindle alignment.

In normal intestinal stem cells, spindle alignment is mostly perpendicular to the

niche, whereas spindle alignment appears random in precancerous and cancerous

tissues. This appeared to correlate with a loss of asymmetric inheritance of

un-replicated DNA (Quyn et al. 2010).

Wnt is also proposed to play a role in generating the ‘hallmark’ metabolic

features of cancer cells: high dependency on glycolysis, little involvement of

oxidative phosphorylation and the Warburg effect (Warburg 1956). This may be

achieved through the differential segregation of Wnt pathway components during

division, or indeed, the metabolic organelles themselves. One kinase found to be a

direct Wnt-target gene, pyruvate dehydrogenase kinase (PDK) is elevated in a

number of different cancers (Pate et al. 2014; Koukourakis et al. 2006; Wigfield

et al. 2008; Baumunk et al. 2013) and may promote respiration through glycolysis.

Pate and colleagues suggest that aberrant Wnt signalling may promote respiration

through the glycolytic pathway by upregulating key components in this pathway

including cytochrome c oxidase (Lee et al. 2012) and pyruvate dehydrogenase

kinase 1 (PDK1) (Esen et al. 2013). Thus, cancer cells would be more able to

survive in different environments (Pate et al. 2014). More recently, it was also

shown that mammary cancer cells overexpressing Wnt1 in vitro display elevated

levels of mitochondrial proteins and glycolytic enzymes and showed elevated

mitochondrial mass and activity. This suggests that Wnt can regulate the metabolic

status of a cell, and this is often coupled with the cause of pre-malignancy (Lamb

et al. 2015). In further support of this, APC has been shown to bind to components

of the mitochondrial motor complex, promoting their traffic to the cell membrane

that may provide energy for processes like cell migration, a key feature of malig-

nancy (Mills et al. 2016).

Interestingly, but perhaps not surprisingly, embryonic stem cells display a

number of the same features as cancerous cells with regard to metabolism. For

example, whilst ESCs have low respiratory capacity, they display a higher mito-

chondrial membrane potential (Jang et al. 2015; Shyh-Chang et al. 2013). The

metabolism of ESCs, like cancer cells, must also be highly adaptable: these cells

must be able to survive in low oxygen conditions upon implantation (Ryall et al.

2015; Houghton et al. 1996; Leese and Barton 1984; Leese 2012). The metabolic

status of a cell has also been shown to influence its epigenetic status, through post-

translational modifications of both DNA and transcription factors (Ryall et al. 2015;

Moussaieff et al. 2015); thus, metabolism may be directly related to cell fate. In

338 C.L. Garcin and S.J. Habib



addition, the kind of metabolism that occurs in stem cells may reduce the accumu-

lation of reactive oxygen species, which can damage the genome, and stem cell

metabolism may therefore serve as a protective mechanism (Jang et al. 2015). It

remains to be seen whether Wnt signalling plays a direct role in the control of stem

cell metabolism, but much evidence suggests that it may.

The vast involvement of the Wnt/β-catenin pathway in cellular processes means

that pathway dysregulation can be disastrous. Recent research into the metabolic

status of tumorigenic cells in relation to Wnt/β-catenin signalling may reveal novel

targets for future therapies and elucidate the parallels that can be drawn between

stem cells and cancer cells.

As described, Wnt/β-catenin signalling can influence numerous biological

processes that regulate cell fate. The emergence of new techniques enabling more

targeted administration of Wnt signals and better visualisation of pathway compo-

nents in vivo will greatly assist in dissecting the influence of Wnt/β-catenin
signalling on intra- and intercellular processes in health and disease. Understanding

the specific mechanisms will also facilitate advances in tissue bioengineering with

the goal of using the in vitro studies to reveal promising targets for improving

in vivo tissue regeneration. A deeper understanding of how Wnt/β-catenin signal-

ling can influence cell fate in tumorigenesis may also present means of restricting

the growth of cancerous cells, potentially by promoting their differentiation.
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Chapter 16

Extracellular Regulation of the Mitotic

Spindle and Fate Determinants Driving

Asymmetric Cell Division

Prestina Smith, Mark Azzam, and Lindsay Hinck

Abstract Stem cells use mode of cell division, symmetric (SCD) versus asym-

metric (ACD), to balance expansion with self-renewal and the generation of

daughter cells with different cell fates. Studies in model organisms have identified

intrinsic mechanisms that govern this process, which involves partitioning molec-

ular components between daughter cells, frequently through the regulation of the

mitotic spindle. Research performed in vertebrate tissues is revealing both conser-

vation of these intrinsic mechanisms and crucial roles for extrinsic cues in regulat-

ing the frequency of these divisions. Morphogens and positional cues, including

planar cell polarity proteins and guidance molecules, regulate key signaling path-

ways required to organize cell/ECM contacts and spindle pole dynamics.

Noncanonical WNT7A/VANGL2 signaling governs asymmetric cell division and

the acquisition of cell fates through spindle pole orientation in satellite stem cells of

regenerating muscle fibers. During cortical neurogenesis, the same pathway regu-

lates glial cell fate determination by regulating spindle size, independent of its

orientation. Sonic hedgehog (SHH) stimulates the symmetric expansion of cortical

stem and cerebellar progenitor cells and contributes to cell fate acquisition in

collaboration with Notch and Wnt signaling pathways. SLIT2 also contributes to

stem cell homeostasis by restricting ACD frequency through the regulation of

spindle orientation. The capacity to influence stem cells makes these secreted

factors excellent targets for therapeutic strategies designed to enhance cell

populations in degenerative disease or restrict cell proliferation in different types

of cancers.
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16.1 Introduction

Key characteristics of stem/progenitor cells are their long-term capacity to expand,

self-renew, and differentiate, attributes that serve as the foundation for the contri-

bution of stem cells to tissue growth during morphogenesis, the maintenance of

tissue homeostasis over time, and response to injury under critical circumstances. In

accomplishing these tasks, stem cells undergo different modes of cell division.

With asymmetric cell divisions (ACDs), stem cells self-renew, reproducing the

stem cell while also generating a daughter progenitor that will adopt a different cell

fate. In contrast, symmetric cell divisions (SCDs) result in identical daughters,

either two stem cells or two differentiating daughter cells.

The largest range of stem cell responses occurs when population dynamics

control stem cell behavior and stem cells divide via both SCD and ACD to maintain

homeostasis or respond to injury depending on intrinsic and extrinsic cues. The

intrinsic ability of stem cells to drive ACD was initially defined in model organisms

(Morin and Bellaiche 2011). In these systems, the intrinsic nature of cell fate

specification varies among stem/progenitor cell types based on their location and

history of cell contacts. For example, in studies in which individual Drosophila
central nervous system progenitors were isolated and cultured, differences were

observed in the capacity of cells to self-renew and generate appropriate progeny

based on their origin in the embryo (Ceron et al. 2006; Luer and Technau 2009).

This suggests that cells are primed for cell fate acquisition during development

based on environment cues. Thus, even in model organisms, intrinsic fate determi-

nation is influenced by extrinsic factors.

Mechanisms underlying intrinsic ACD depend on the acquisition of cellular

asymmetry during interphase, which is subsequently used in mitosis to polarize the

distribution of proteins that determine cell fate. The mitotic spindle is reoriented in

reference to this polarity axis to produce an asymmetric division. The molecular

requirements for these intrinsic ACDs have been determined and include the Par3/

Par6/atypical protein kinase C complex that establishes and maintains apico-basal

polarity and the microtubule-associated nuclear mitotic apparatus protein (NuMA)/

LGN/Gαi complex that reorients the mitotic spindle along this apico-basal axis.

The basic process of spindle reorientation is conserved in mammalian tissues;

however, there is mounting evidence that the increased complexity of higher

organisms generates additional regulatory requirements. This includes extrinsic

mechanisms in the form of secreted cues to regulate the mode of stem and

progenitor cell division. Here, we describe recent studies identifying such cues

and how they govern the crucial balance between SCD and ACD. These extracel-

lular cues govern the choice between cell expansion and differentiation during

development and in response to injury.
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16.2 WNTs Function in Planar Cell Polarity

WNTs are secreted proteins that regulate various aspects of development and signal

through canonical and noncanonical pathways. The canonical pathway, which is

responsible for the regulation and subcellular localization of the transcription factor

β-catenin (CTNNB1), is being covered elsewhere in this volume. Here, we describe

WNT signaling in governing ACD through one of the two noncanonical pathways.

The second of these noncanonical pathways results in the release of intracellular

calcium, which is, in turn, associated with the activation of various enzymes such as

Ca2+/calmodulin-dependent (CamKII) protein kinase and Protein Kinase C (PKC)

(De 2011). This pathway has not been implicated in ACD. Instead, the

noncanonical WNT pathway regulating ACD is the planar cell polarity (PCP)

pathway that is activated by noncanonical WNTs (WNT7 or WNT5A). Tradition-

ally, this pathway functions to uniformly orient cells in a sheet of epithelium by

establishing proximal–distal polarity in each cell (Devenport 2014). This is

achieved by regulation of both cytoplasmic and membrane proteins. Originally

characterized in Drosophila and later found in mammals, the core PCP genes

include Van Gogh (Vang), Flamingo (Fmi) (Celsr in mammals), Frizzled (Fzd),
Prickled (Pk), and Disheveled (Dsh). Van Gogh and Frizzled encode multi-pass

transmembrane proteins, while Disheveled and Prickled encode cytoplasmic pro-

teins. PCP protein localization follows a stereotypic pattern in postmitotic cells and

is characterized by the asymmetric localization of these core PCP proteins. Within

each individual epithelial cell, VANG and PK partition to the proximal side, while

FZD and DSH localize to the cell’s distal region (Fig. 16.1a). At the membrane of

this cell, a proximal complex forms between VANG and FMI, whereas FZD and

FMI interact on the opposite membrane. Across adjacent cells, junctions form when

FMI of each complex binds to the other, bringing VANG and FZD into close

proximity (Devenport 2014). The result of this repetitive patterning of PCP com-

ponents in sheets of epithelia is the uniform orientation of global directional cues

that can be employed to produce locally polarized cell behaviors. One of these

polarized behaviors occurs in mitotic cells when noncanonical extracellular WNTs

regulate the orientation of cell division and consequently the fate of daughter cells

through the PCP pathway. WNTs take advantage of the asymmetric localization of

these core PCP proteins to drive ACD by two major interrelated mechanisms:

(1) cooperation with cell fate determinants and (2) regulation of the spindle pole.

16.2.1 Noncanonical WNT/PCP Governs the Balance
Between SCD and ACD in Muscle Satellite Stem Cells

Noncanonical WNTs have the capacity to drive ACD through the PCP pathway by

regulating spindle orientation. Specifically, studies on satellite cells in adult muscle

have identified a mechanism by which WNT7A, VANGL2, and FZD control ACD
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versus SCD in satellite stem cells by orienting the plane of cell division. Satellite

cells are a well-characterized, mixed population of stem and progenitor cells that

are present in the adult tissue and are responsible for muscle repair. They are

located between the basal lamina and sarcolemmal membranes of a muscle fiber

and contained within small membrane depressions (Dumont et al. 2015)

(Fig. 16.2a, b). In order to maintain their number, the cells remain quiescent
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Fig. 16.1 PCP and SHH Signaling pathways. (a) Core planar cell polarity proteins asymmetri-

cally distributed in two epithelial cells. Epithelial cells in contact with each other partition one

group of proteins (FZD, DSH shown in blue) to the proximal side of the cell and another group

(VANG, PK shown in orange) to the distal. FMI (shown in pink) forms a complex with FZD at the

proximal surface of the membrane and VANG on the distal. Across cell junctions, FMI from one

cell binds to FMI on the adjacent cell, which connects each cell within a sheet of epithelium. DSH

and PK maintain asymmetry in a cell by functioning as inhibitors of each other. (b) In the absence

of SHH, the pathway is in an “off” state in which PTCH (purple) inhibits SMO (green) at the cell
membrane. SMO is then held captive on the membrane of vesicles (not depicted). This activates a

complex of FUSED, SUFU, KIF7, and microtubules to process GLI into its transcriptional

repressive form. The result is the repression of Hedgehog target genes. (c) In the “on” state,

Sonic Hedgehog (pink) binds to PTCH, which relieves the repression on SMO. After SMO

activation, GLI is left unprocessed and is able to enter the nucleus to stimulate Hedgehog target

gene expression
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until activated. Once activated, a process that is initiated by either traumatic injury

or daily wear and tear, muscle satellite stem cells proliferate via ACD or SCD.

ACDs allow self-renewal and population maintenance, whereas SCDs generate

precursor cells that undergo multiple rounds of division before terminally differ-

entiating and fusing onto host fibers. Repeat injury models reveal a remarkable

ability of these cells to balance these processes to ensure lifelong upkeep of muscle

(Dumont et al. 2015). Recent studies have focused on understanding how these

satellite stem cells divide via ACD to self-renew, while producing progenitors that

maintain the heterogeneity of the satellite cell population. During an ACD, satellite

stem cells divide in the apical–basal plane, with one daughter cell self-renewing in

contact with the basal lamina and the other daughter becoming a progenitor cell in

contact with the sarcolemma. In contrast during SCD, which occurs in response to

injury, the dividing satellite stem cell maintains a connection to the basal lamina;

both daughters maintain their stem cell identity, resulting in expansion of the stem

cell population (Dumont et al. 2015). Le Grand and colleagues have recently

demonstrated that this symmetric expansion occurs via PCP signaling (Le Grand

et al. 2009). PCP proteins regulate the plane of stem cell division so that both

daughters maintain their contact with the basal lamina, thereby preserving their

niche and supporting SCD.

The authors investigated SCD in the satellite cell population by isolating genes

specifically expressed in satellite stem cells (Le Grand et al. 2009). One identified

gene was the WNT receptor Fzd7, and subsequent immunohistochemistry experi-

ments on fixed muscle tissue showed FZD7 specifically expressed in a subpopula-

tion of quiescent satellite cells. To determine whether FZD7 is regulated when

satellite stem cells are stimulated, the authors injured myofibers in culture using

cardiotoxin. In response to this damage, Fzd7 was upregulated along withWnt7a, a
known ligand, suggesting a role for this signaling pathway in regulating the

regeneration of muscle fibers in response to injury. This result supported previous

research demonstrating the expression and activity of WNTs and their FZD recep-

tors in the satellite stem cell population during muscle regeneration (Polesskaya

et al. 2003). However, these previously published studies did not address the

underlying mechanism of WNT signaling in this context.

Bringing new insight into the role of WNTs in regulating satellite stem cell in

response to injury, Le Grand and colleagues show that FZD7 forms a complex with

co-expressed PCP pathway component, VANGL2 (Le Grand et al. 2009). To

further address the intersection between noncanonical WNT and PCP signaling,

the authors stimulated the proliferation of quiescent stem cells in culture using

WNT7A and examined the outcome of the first division by immunostaining. They

assayed both cell fate by quantifying Myf5 expression and the plane of division by

investigating whether cell doublets were oriented parallel (SCD) or perpendicular

(ACD) to each other with respect to the surrounding myofiber. Upon WNT7A

stimulation, satellite cells divided primarily via SCD, with spindle poles oriented

parallel to the basal lamina. These dividing satellite cells also contained increased

VANGL2 that was localized at opposite poles of each daughter cell (Fig. 16.2c).
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Loss of Fzd7 or knockdown of Vangl2 impaired the ability of WNT7A to

stimulate SCDs.

Taken together, this study supports a model in which satellite cells employ a

classic PCP pathway, WNT7A signaling via FZD7 to VANGL2 that controls the

orientation of satellite cell division and, as a result, their cell fate within the

niche. This is achieved by polarizing VANGL2 to the opposite ends of daughter

cells as they undergo SCD, an organization of VANGL2 that is distinct from the

planar asymmetry of VANGL2 in sheets of cells. This finding suggests that

VANGL2 localizes differently, depending on whether a cell is contacted on

both sides or, in the case of a lone dividing satellite stem cell, along only one

side. VANGL2 is distributed to the same cellular side in cells aligned in sheet

(Fig. 16.1a) but to the side of no cell contact in cells that share a single border

(Fig. 16.2c). Opposite polarization of VANGL2 in a couplet of satellite stem cells

ensures a continuous border with the basal lamina and preserves their localization

WNT5A

a

c

b

FZD7

VANGL2
SCD ACD

Basal Lamina

Fascicle

Muscle Fiber

Myofibril

Satellite 
Cell

Fig. 16.2 WNT/PCP signals during SCD in satellite stem cells. (a) Cartoon of a limb comprising

skeletal muscle and bone. (b) Skeletal muscle composed of seven fascicles, each of which contains

muscle fibers (seven depicted here). Within each muscle fiber are multiple myofibrils. The satellite

stem cells (red) reside in between the encapsulating basal lamina and the sarcolemma (not shown)

of each muscle fiber. (c) Satellite stem cells undergo both SCD and ACD. The left arrow indicates

the outcome of an SCD where both daughter cells are in contact with the sarcolemma anchored by

VANGL2 (green). The right arrow indicates an ACD in which only one daughter cell is in contact

with the sarcolemma, remaining a satellite stem cell (red), and the other daughter contacts the

basal lamina, becoming a progenitor cell (blue). The enlarged inset depicts WNT5A (yellow)
bound to FZD7 (blue) during an SCD, triggering the accumulation of VANGL2 on opposite poles

of the daughter cells

356 P. Smith et al.



relative to the niche (Fig. 16.2c). Thus, differential orientation of VANGL2 to

distinct cell membranes generates cellular contacts required to stabilize cells in

orientations that regulate the fundamental process of stem cell division.

16.2.2 Noncanonical WNT/PCP Regulates ACD and Cell
Fate Acquisition During Cortical Neurogenesis
Through Spindle Size

The ability of WNT7A to regulate ACD frequency and cell fate through the PCP

pathway is not limited to the cells of the regenerating muscle. In a process called

spindle size asymmetry, the same combination of factors also functions during

corticogenesis to regulate the relative size and shape of the mitotic spindle

(Delaunay et al. 2014). The cerebral cortex is stratified into layers, with each

layer containing a characteristic distribution of neuronal cell types (Fig. 16.3a).

During embryogenesis, many precursor cells in the cortex are responsible for

generating this diverse array of differentiated cells. One of these precursors, called

the apical precursor, is a major type of radial glial cell that resides along the

ventricular surface (Fig. 16.3b). During cortical neurogenesis, apical precursors

undergo ACD to self-renew while generating a cell fate restricted neuron. While

spindle pole orientation during apical precursor ACD may provide one level of

regulation (Gauthier-Fisher et al. 2009), PCP does not appear to determine the axis

of cell division in this context. Instead, PCP governs cell fate determination in these

ACDs by signaling through WNT7A/VANGL2 to regulate the position of the

metaphase plate and consequently the relative size of each spindle (Fig. 16.3c).

The result of this spindle size asymmetry is that the daughter cell issued from the

larger spindle becomes a neuron, whereas the daughter generated from the smaller

spindle maintains its status as an apical progenitor cell.

In the murine cortex, apical precursors undergo the bulk of their ACDs from

embryonic day (E) E11.5–E16.5 (Delaunay et al. 2014). To track spindles in apical

precursors at metaphase, Delaunay and colleagues used confocal imaging to

acquire high-resolution images of spindle poles. Examining different stages of

cortical neurogenesis, they found that spindle size asymmetry was initially mini-

mal, peaked at mid-corticogenesis, and decreased at the close of this developmental

period, a time course in which the peak of ACD is correlated with the highest level

of spindle size asymmetry. To investigate the mechanism underlying this asymme-

try, the authors examined apical precursors, isolated from E14.5 embryos and

grown in conditioned media containing either WNT7A or control WNT3A. Apical

precursors that were treated with WNT7A, but not those treated with WNT3A,

showed a reduced frequency of spindle size asymmetry. To understand how

WNT7A regulates this behavior, the authors knocked down Vangl2 using RNAi

in cultured apical precursors and observed an increase in spindle size asymmetry

frequency that was rescued by Vangl2 overexpression. These results suggest that
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spindle size asymmetry is associated with ACD and that noncanonical WNT

signaling through PCP proteins maintains symmetrical spindles in dividing apical

precursors.

In order to understand how WNT7A/VANGL2 signaling maintains spindle pole

symmetry, the authors investigated the role of ezrin, radixin, and moesin (ERM)

proteins that are associated with actin microtubules (Delaunay et al. 2014). ERM

proteins act as scaffolding proteins during cell division and when phosphorylated

can tether actin filaments to the cell membrane (Clucas and Valderrama 2014).

Using an antibody specific to the phosphorylated versions of ERM proteins

(P-ERM), a high level of P-ERM was observed during metaphase in a ringlike

structure on the inner face of the plasma membrane of apical precursors. Focusing

on moesin, the authors knocked down this ERM using RNAi, dissolving P-ERM

immunostaining, while significantly increasing the frequency of spindle size asym-

metry. Loss of Vangl2 also decreased P-ERM immunostaining, whereas treatment

with WNT7A increased P-ERM immunostaining. Taken together, the data demon-

strate a role for WNT7/VANGL2/P-MOESIN in preserving spindle pole symmetry,

possibly by anchoring astral microtubules to the cell cortex.

Next, Delaunay and colleagues addressed the consequences of Vangl2

downregulation on division mode using an ex vivo clonal analysis on brain slices

VZ

SVZ

Low VANGL2

High VANGL2

VZ

VZ

E10

E14.5

a b c

Fig. 16.3 Spindle size asymmetry and PCP in the cortex. (a) Cartoon of a section through a

neonatal cortex. The ventricular zone (VZ) is in blue, the subventricular zone (SVZ) is in green,
and the mature cortical layer is in yellow. (b) Enlarged view of the boxed area in (a) showing that

each layer is composed of different cell types. Residing in the VZ are the apical precursors (red)
and glial cells (green). The apical precursors remain quiescent or undergo cell division while the

glial cells serve as a migratory scaffold for neurons moving up to the mature cortical layer. The

SVZ contains precursor cells (red). The cortical plate (CP) in yellow houses mature neurons. (c) In

the VZ, the level of VANGL2 expression determines ACD versus SCD. At embryonic day 10.5,

high VANGL2 in dividing apical precursors leads to spindles with equal size resulting in an SCD.

This generates two apical precursor cells. By embryonic day 14.5, VANGL2 expression decreases,

leading to spindle size asymmetry and an increase in ACDs. This produces a precursor and a

neuron
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to track both spindle size and cell fate over time. Embryonic (E14) cortices were

electroporated with plasmids encoding GFP along with either Vangl2 or

Vangl2Lp/Lp. The latter construct, Vangl2Lp/Lp, encodes a mutant protein

lacking VANGL2 function due to a point mutation that causes mistargeting

of the protein (Kibar et al. 2001). Individual daughter cells were tracked and

their fate determined on the basis of their behavior and location. Expression of

Vangl2 reduced the frequency of ACDs, resulting in a higher proportion of

SCDs yielding two neurons. In contrast, expression of Vangl2Lp/Lp increased

the proportion of cells undergoing ACD, favoring divisions that yielded an

apical precursor cell and a neuron. To further explore the events occurring

during these ACDs, the daughter closest to the ventricle was denoted the lower

cell, whereas the basally located cell was denoted the upper cell. Under the

condition of Vangl2Lp/Lp overexpression, the majority of lower cells became

APs, whereas upper cells became neurons. This is reverse of the results

under wild-type (WT) conditions. Significant to the analysis of spindle size

asymmetry, this change in identity under the mutant condition was associated

with a concomitant change in the size and shape of the spindle; the smaller

spindle consistently correlated with the generation of an apical precursor cell.

In contrast, neurons arose from the larger spindle, suggesting that cell fate

outcomes are regulated by spindle pole size.

There is a well-studied link between the mode of division and the plane of

division. Indeed, the previously described paper by Le Grande and colleagues

demonstrated such a role for WNT7A/FZD7/VANGL2 in specifying spindle pole

orientation during the division of muscle satellite stem cells, a process that directed

cell fate determination by tethering either both or only one daughter cell to the

basal lamina. In this vein, Delauney and colleagues also examined the conse-

quences of Vangl2 downregulation on the plane of division of individual apical

precursors during cortical neurogenesis (Delaunay et al. 2014). Early studies on

this topic indicated that during corticogenesis, divisions of cortical progenitors

perpendicular to the ventricular surface usually result in SCDs, whereas horizon-

tally shifted division planes lead to asymmetric outcomes and neurogenic differ-

entiation (Ang et al. 2003; Chenn and McConnell 1995). Since then, however, it

has become clear that a key determinant of spindle orientation is whether it results

in a cleavage plane that bisects the dividing cell in ways that influence inheritance

of the apical membrane that attaches the daughter to the ventricular surface (Konno

et al. 2008; Kosodo et al. 2008; Noctor et al. 2008). Thus, symmetric divisions that

result in both daughters inheriting apical attachments to the ventricular surface are

self-renewing, whereas asymmetric divisions, even just slightly asymmetric, in

which only a single daughter inherits the small apical attachment, result in

differentiative divisions with one daughter adopting neuronal cell fate.

With this in mind, Delauney examined division plane orientation of apical pre-

cursors at E11.5 and E14.5 in WT Vangl2 knockdown and Vangl2Lp/Lp mice

(Delaunay et al. 2014). In all genotypes, the majority of cell divisions occurred

with the spindle aligned parallel to the ventricular surface and the division plane

within 15 degrees of vertical, although loss of Vangl2 slightly randomized the

16 Extracellular Regulation of the Mitotic Spindle and Fate Determinants. . . 359



divisions. This result indicated that spindle size asymmetry, which is regulated by

WNT7A/VANGL2 signaling, regulates cell fate acquisition independent of division

plane, although it is important to note that the apical attachment of cells was not

directly monitored. Nevertheless, this was a surprising result and was further

investigated by examining the relationship between spindle pole orientation/divi-

sion plane and spindle size asymmetry using a dominant negative form of LGN.

LGN regulates spindle positioning during asymmetric cell divisions. Loss of LGN
randomizes the plane of division (Konno et al. 2008), a result that was also observed

by Delaunay and colleagues, who further showed that this randomization did not

alter spindle size asymmetry (Delaunay et al. 2014). Taken together, these results

show that spindle size asymmetry is independent of division plane because loss of

Vangl2 does not substantially affect the latter while dramatically impacting the

former, whereas the opposite is true for LGN.

Taken together, current studies on noncanonical WNT signaling demonstrate

distinct roles in influencing cell fate determination by regulating ACD. In the

muscle, WNT7A/FZD7/VANGL2 signals to orient the plane of satellite stem cell

division, fostering SCD at the expense of ACD. In contrast, during cortical

neurogenesis, WNT7/VANGL2/MOESIN regulates spindle size asymmetry and

governs cell fate determination independent of cell division plane or spindle

orientation. These examples reveal tissue-specific deployment of signals affecting

differential outcomes. From current knowledge, it seems likely that upstream

activators such as different ECM components, as well as downstream effectors,

such as various cytoskeletal proteins, may be the key to generating specific signal-

ing outcomes. Additional examples of how this core noncanonical signaling path-

way functions during stem cell division will be required to fully understand how

WNT7/VANGL2 governs tissue morphogenesis and homeostasis.

16.3 Hedgehog Signals Regulate Cell Fate via Oriented

Cell Division

WNTs are not the only family of extracellular cues presiding over stem cell division

and cell fate acquisition during development. The Hedgehog signaling pathway

also functions to control developmental programs in this manner (Alman 2015).

The pathway is composed of secreted ligands, receptors, and transcription factors

and exists in an “on or off” state (Fig. 16.1b). In mammals, when the pathway is off,

the inhibitory receptor, Patched (PTCH), prevents the signaling receptor, Smooth-

ened (SMO), from reaching the plasma membrane; instead, inactive SMO is held

inside the cytoplasm within a vesicle. This results in the transcription factor GLI

being processed into its repressive form by the FUSED/SUFU/KIF complex. GLI

then travels to the nucleus to act as a transcriptional repressor of hedgehog target

genes. When the pathway is in the “on,” state, one of the Hedgehog ligands binds

the PTCH receptor, which then gets degraded, and releases SMO from vesicles,
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allowing it to carry out signaling at the plasma membrane. SMO signaling halts the

processing of GLI, leaving it in its active form. Uncleaved GLI then translocates to

the nucleus where it promotes the expression of Hedgehog target genes (Fig. 16.1c).

Hedgehog, well known for establishing embryonic patterning, has recently been

shown to enhance proliferation in the developing cortex and cerebellum by stimu-

lating nonterminal SCD of stem and progenitor cells. In performing this function,

mounting evidence shows that SHH influences the subcellular localization of cell

fate determinants by acting together with collaborating pathways such as those

mediated by NOTCH (NOTC) and WNT. The ability to sequester intracellular

proteins, for example, cell fate determinants to a single daughter cell, may require

the precise deployment of these ligands via targeted, rather than global, delivery

mechanisms that restrict the interaction between the extracellular cue and their cell

surface receptor. This, in turn, has the potential to localize the influence of these

signals to distinct regions of the receiving cell’s cytoplasm.

16.3.1 Sonic Hedgehog Signaling Regulates Cell Fate by
Promoting Neuronal SCD in Radial Glial Cells
During Cortical Neurogenesis

Hedgehog signaling, specifically sonic hedgehog (SHH), promotes cortical

neurogenesis by stimulating SCD in radial glial cells (Dave et al. 2011). It has

been long understood that SHH is important for cortical development (Palma and

Ruiz i Altaba 2004). As described above, radial glial cells serve as neural pre-

cursors, in addition to their role as migratory scaffolds, and can either undergo one

of two different modes of SCD or ACD. To expand their pool, radial glial cells

divide via SCD to generate two radial glial cells. Radial glial cells, however, can

also undergo a differentiative, neurogenic SCD that results in two neurons. In

contrast during ACD, radial glial cells produce one neuron and one radial glial

cell (Fig. 16.4a). Therefore, by regulating both the type of SCD (proliferative versus

neurogenic) and the mode of division (SCD versus ACD), these cells have the

capacity to regulate the number of multiple cell types in the ventricular zone. In

recent studies, Dave and colleagues investigated the role of SHH signaling in this

process by examining the consequences of Ptch deletion (Ptch1lox/lox mice), and

thus activation of SHH signaling, using a clonal pair cell assay. This assay monitors

the division of single radial glial cells using immunocytochemistry to track the

production of either radial glial cells (GLAST-positive) or postmitotic neurons

(TuJ-1-positive). An SCD yields two GLAST-positive cells (proliferative SCD)

or two TuJ-1-positive cells (neurogenic SCD), whereas an ACD results in one

GLAST and one TuJ-1 positive cell. The authors observed that cortical cells from

Ptc1lox/lox animals, in which SHH signaling is derepressed due to the absence of this

negative regulator, divided primarily via SCD, generating either two radial glial
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cells or two neurons (Fig. 16.4b). In contrast, WT control cells divided mainly by

neurogenic SCD that promoted differentiation. In both cases, the frequency of ACD

was low and remained unchanged in WT control and Ptc1lox/lox cells. Thus, SHH
signaling stimulates proliferative SCD of radial glial neurons at the expense of

neurogenic SCD.

To further understand the link between extracellular HH signaling in regulating

division mode, the authors examined Notch signaling. This pathway has been

previously implicated in regulating the balance between SCD/ACD in neural

stem and progenitor cells, with activation of NOTC1 and NOTC3 found to promote

radial glia cell identity (Gaiano et al. 2000). Indeed, Dave and colleagues showed

that activation of SHH signaling, via Ptch1 deletion, resulted in an upregulation of

Notch effector proteins HES1 and BLBP, a result that connects extracellular

Hedgehog with the cytoplasmic components of Notch signaling during SCD. The

authors further explored the interaction between Notch and Hedgehog signaling

during cortical neogenesis by deleting Rbpj, which encodes a DNA binding protein

that acts with cleaved Notch intracellular domain to regulate the transcription of

Notch target genes. Performing the clonal pair assay, the authors found that loss of

Rbpj in an SHH-signaling environment significantly increased the number of cells

undergoing neurogenic SCD, compared to the proliferative SCD that occurs in

response to SHH when Notch signaling is intact. These results suggest that SHH

and NOTCH signaling pathways cooperate to enhance symmetric proliferative

divisions of neocortical stem cells.

SHH activation (Ptch -/-)
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VZ
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Proliferative 
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Fig. 16.4 SHH and cell division in the VZ of a neocortex. (a) In a wild-type brain, radial glial

cells (red) divide via proliferative SCD (left) to generate two radial glial cells, neurogenic SCD

(middle) to create two neurons (blue) or ACD (right) to produce a radial glial cell and a neuron. (b)
Upon SHH activation in a Ptch�/� mutant, radial glial cells increase the frequency of proliferative

SCD. The frequency of each division type is indicated
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16.3.2 Global Sonic Hedgehog Promotes SCD
in the Developing Cerebellum: Targeted Sonic
Hedgehog Promotes ACD

In addition to promoting SCD in the cortex, recent studies demonstrate that SHH

also stimulates this mode of division to expand the population of granule neuron

progenitors (GNPs) in the cerebellum. There are multiple proliferative zones in the

embryonic and early postnatal brain; one is the ventricular zone (discussed in the

previous section) and another is the external granule layer (EGL) of the cerebellum.

Granule neurons are a large class of neurons with a unique pattern of differentiation,

occurring in two migratory phases that are divided by a proliferative phase. During

the first phase, GNPs arise from the rhombic lip located next to the ventricular zone

and migrate to the surface of the cerebellum, forming the EGL (Miale and Sidman

1961). In this layer, GNPs are highly proliferative. The second phase of migration

begins when the GNPs become postmitotic and migrate from the EGL inwards on

Bergmann glial fibers through the Purkinje cell layer to form mature granule

neurons of the internal granule layer (IGL) (Komuro et al. 2001). Studies have

shown that a variety of factors affect the thickness of the EGL, including SHH,

which increases EGL thickness by fostering GNP proliferation (Wechsler-Reya and

Scott 1999). GNPs, like muscle satellite and other types of stem cells, divide into

two orientations with respect to the pial or outer surface of the cerebellum: parallel

or perpendicular. Yet, it is unclear whether factors like SHH, which stimulate GNP

proliferation, also regulate spindle pole orientation and cell fate determination.

Increasingly clear, however, is the fact that networks of local signals, both

soluble and membrane-bound niche factors, regulate these stem cell divisions. It

is no surprise, then, that SHH and WNT/β-catenin signaling pathways have

emerged as two such intertwined pathways governing spindle pole orientation

and cell fate determination (Haldipur et al. 2015). In their recent paper, Haldipur

and colleagues used immunohistochemistry with antibodies against

phosphohistone-3 to examine the division plane of mitotic GNPs, from which

spindle orientation can be determined. The authors found that between postnatal

days 0 and 4, half of GNPs divided with spindle poles parallel and half with spindle

poles perpendicular to the pial surface. The number of cell division with spindles

perpendicular to the pial surface rose gradually between postnatal days 5 and

14 (Fig. 16.5a). Next, the authors investigated the effect of SHH on division

orientation by treating pups with cyclopamine, a drug that inhibits SHH signaling,

or an agonist of smoothened (SAG), which stimulates the pathway. The EGL of

cyclopamine treated animals was thinner compared to control and a significantly

higher percentage of cells divided with spindles perpendicular to the pial surface,

corresponding to an increase in cells expressing the differentiation marker

NeuroD1. In contrast, SAG-treated animals displayed a concordant increase in

the percentage of parallel spindles and a reduced number of NeuroD1-positive

cells. Thus, SHH appears to favor symmetric GNP divisions in which both cells

are aligned along the outer pial surface and retain their progenitor status. This is the
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same SHH effect observed in the cortex (Dave et al. 2011) and similar to the effect

of noncanonical WNT7A signaling on muscle satellite stem cells in which aligned

cell divisions maintain stem cell contact to the outer tissue surface, resulting in

population expansion via SCD.

In order to elucidate a possible mechanism for the influence of SHH on GNP

oriented division, the authors first probed for β-catenin in anaphase cells of the EGL
(Haldipur et al. 2015). They observed an asymmetric cellular distribution of

β-catenin but no correlation between this asymmetric distribution and the plane

of cell division. A recent study in murine embryonic stem cells, however, has

showed that an asymmetric distribution of β-catenin can be produced by contact

of the cell with a point source of WNT3A (Habib et al. 2013). To investigate

whether GNPs are similarly influenced by focal contact with WNT3A or SHH, the

authors seeded GNPs at low density on coverslips that were printed with stripes of

either SHH orWNT3A and immunostained for β-catenin. Paired cells, in which one
cell was in contact with the stripe and the other was outside the striped region, were

examined for the intracellular distribution of β-catenin. Similar to the previous

results (Habib et al. 2013), the authors found that β-catenin preferentially and

asymmetrically localized to the cell that was in contact with WNT3A stripe. In

contrast, when both cell nuclei were in contact with the stripe, β-catenin was

symmetrically distributed in both daughters. SHH stripes produced similar, but

not as dramatic, results. Taken together, these experiments indicate that SHH,

locally and asymmetrically presented, may intersect with WNT signaling and

have the capacity to regulate the subcellular localization of β-catenin and generate

ACDs. However, as observed in the developing cortex, global stimulation by SHH

enhances expansion of GNPs via SCD.

Terminal SCD

Parallel Division Perpendicular 
Division

Non-Terminal SCD 

pial surface
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Fig. 16.5 Model for regulation of cell division and fate specification by SHH in the cerebellum. In

the cerebellum, GNPs can divide so that their spindles are parallel to the pial surface (left of dashed
line) or perpendicular to the pial surface (right). (a) During a parallel division, both daughter cells
are exposed to the same level of SHH (blue circles) and retain their GNP fate, resulting in a

nonterminal SCD (green cells). In the absence of SHH, both daughter cells undergo a fate change,
causing terminal SCD (yellow cells). (b) During a perpendicular division, SHH is exposed locally

to one daughter cell and not the other, resulting in an ACD that produces daughter cells with

different cell fates (yellow versus green)
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16.3.3 Sonic Hedgehog Signaling Determines Granule
Neuron Progenitor Fate by Maintaining the Balance
Between SCD and ACD in the Cerebellum

The studies by Haldipur and colleagues demonstrated the importance of SHH in

favoring GNP expansion via SCD and showed how reduced or focal delivery of

SHH shifted the division balance toward differentiation. However, these experi-

ments did not track the acquisition of cell fate by individual GNPs as they

proliferate in response to SHH. This investigation was recently tackled by Yang

and colleagues using mice that express dual reporters: progenitor specific (Math1-
GFP) and neuronal specific (Dcx-DsRed) (Yang et al. 2015). In this model,

daughter cells that fluoresce the same color were the product of an SCD as

evidenced by the production of two cells expressing the same fate determinant,

whereas daughter cells of different colors were generated via ACD and have

different cell fates (Fig. 16.5). In order to explore the role of SHH signaling on

GNP fate acquisition, the authors first established a baseline by quantifying theWT
frequency of SCD/ACD. The authors visualized GNPs, both in dissociated culture

and in freshly dissected whole-mounted cerebella using time-lapsed imaging. This

analysis defined three different cell fate outcomes produced by two division modes.

There were two types of SCD; one produced two progenitor cells (both cells

positive for Math1-GFP) and was therefore considered nonterminal. The second

type of SCD was considered terminal because it produced two intermediate cells

(both positive for bothMath1-GFP and Dcx-DsRed) that subsequently differentiate
into granule cells. In addition, ACD was observed, producing one terminal inter-

mediate cell (Math1-GFP/Dcx-DsRed positive) and one nonterminal progenitor

(only Math1-GFP positive) (Fig. 16.5). At P4, corresponding to an early stage of

neurogenesis, the vast majority of divisions were SCD and expansive, producing

two progenitor cells. However, at a later stage (P10), the balance shifted to terminal

SCD, producing two intermediate cells that differentiated into granule cells. A

minority (<5%) of cells underwent ACD, renewing the progenitor cell while also

forming an intermediate cell that will differentiate into a granule cell. Taken

together, these data show that GNPs divide primarily by SCD and differentiation

to granule cells occurs through an intermediate cell that expresses both progenitor

and neuronal markers.

The authors used two methods to stimulate SHH signaling in the dual reporter

mice (Math1-GFP;Dcx-DsRed) (Yang et al. 2015). They either activated SHH

signaling in culture using recombinant SHH (C25II) or they crossed the reporter

mice to a Ptch1�/� line in which SHH signaling is enhanced. In response to SHH

activation, the number of Math-GFP progenitors increased in proportion to the

other cell types (intermediate and differentiated cells) over the time course of

neurogenesis, suggesting an increase in progenitor SCD that delays cerebellar

neurogenesis. Blockade of the SHH pathway, by either adding cyclopamine to

GNP cultures or injecting it into Math1-GFP;Dcx-DsRed;Ptch+/� mice, reversed

the expansive division mode, increasing both ACD and the terminal type of SCD
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that produces granule cells, at the expense of expansive, nonterminal SCDs that

produce progenitor cells. Analysis of division planes by phosphohistone-3

immunostaining in WT versus Ptch1+/� mice revealed a decrease in parallel

divisions (i.e., with spindle poles perpendicular to the pial surface). This result is

consistent with the increase in SCD observed by these authors and by Halipur and

colleagues who stimulated SHH signaling using SAG treatment. Together, the data

demonstrate that SHH enhances proliferation by regulating both division mode

(ACD/SCD) and type (nonterminal/terminal).

These examples of SHH activity in the cortex and cerebellum show how

widespread SHH stimulation expands stem and progenitor populations by favoring

SCD. However, the mechanism by which SHH controls the ratio of cells undergo-

ing SCD versus ACD and how it contributes to cell fate acquisition is still

mysterious. Conceivably, division mode and type may be regulated by the concen-

tration and localization of SHH in the proliferative zone of the neocortex and in the

EGL of the cerebellum (Komada et al. 2008; Martinez et al. 2013; Wallace 1999).

During secretion, SHH is modified by palmitoylation as well as by a cholesterol

modification, which occurs during an autoprocessing cleavage event. These mod-

ifications ensure that the extracellular movement of SHH is highly regulated as it is

trafficked to the plasma membrane, stabilized on the cell surface, transferred to

carrier lipoproteins, and released from the cell in large soluble lipoprotein com-

plexes or spread by filopodia-like extensions (Briscoe and Therond 2013). This

raises the possibility that Hedgehog, rather than globally bathing GNPs, is delivered

in a highly regulated manner that governs division mode and type. In this model,

regulated release would be developmentally controlled to provide for ample SHH

distribution during GNP expansion via SCD at early time periods. In contrast,

highly localized delivery at later stages of development would specify differentia-

tion. These events may occur in collaboration with WNT and NOTCH signaling to

further refine the ways stem and progenitor cells divide and acquire cell fates by

regulating the subcellular localization of fate determinants.

16.4 Axon Guidance Molecules Driving ACD Through

the Spindle

Neural development is complex and numerous secreted factors are likely to

regulate the proliferation and cell fate acquisition of neurons as well as their

migration to new environments. One type of signaling involves cues that were

originally identified as axon guidance molecules, directing neurons and their

growth cones to proper targets in the embryo. These guidance cues govern

migration by regulating cytoskeletal dynamics, but more recently they have a

newly respected role in regulating cell proliferation, including ACD, not only

during neural development (Borrell et al. 2012) but also in epithelial organs such

as the breast (Ballard et al. 2015).
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SLITs are secreted ligands that bind to ROBO receptors to regulate multiple

developmental programs. There are three SLIT ligands (Slits 1–3) and four ROBO

receptors (Robo 1–4). Activation of the SLIT/ROBO pathway leads to a cascade of

signaling events that range from axon guidance to cell proliferation (Ballard and

Hinck 2012). Recently, SLIT/ROBO signaling has been implicated in the mainte-

nance of mammary stem cells. The mammary gland is a dynamic organ that

undergoes many rounds of growth and expansion with each estrus cycle and

pregnancy (Macias and Hinck 2012). At the onset of puberty, the mammary

gland grows from a rudimentary ductal structure to a fully arborized tree over a

span of 6 weeks. Fueling this growth are the highly proliferative cells in the

terminal end buds that generate ductal cells as they push through the fat pad,

directing growth toward the unfilled space (Fig. 16.6a). Once the terminal end

buds reach the outer edge of the fat pad, they dissolve leaving behind a bilayered

ductal structure containing a heterogeneous luminal population and a basal layer,

which contains stem cells. To fuel proliferative cycles, the mammary gland main-

tains a reserve of stem cells into adulthood. The inside of a terminal end bud serves

as the hub for stem and progenitor cells during development and is made of inner

body cells and an outer layer of cap cells (Fig. 16.6b). It is in the terminal end buds

where the vast majority of ACD occurs (Ballard et al. 2015). Mammary stem cells

utilize ACD to both self-renew and differentiate into the various cell types that

compose the mammary duct. Stem cell self-renewal is fundamental to the function

WT Insc KI/KI 
Robo1-/-

ACD SCD

Luminal cell

Basal cell
Cap cell

Body cell

cba

Fig. 16.6 SLIT2/ROBO1 signaling in the mammary gland. (a) Cartoon of developing mammary

gland. Mammary ducts (black) grow postnatally from the nipple into the fat pad (beige) and at

5.5 weeks reach the lymph node (pink circle). Capping each duct is a terminal end bud, which

serves as a site of cell proliferation. (b) Longitudinal section through a terminal end bud and

subtending duct. Each duct is bilayered with an outer layer of basal cells and an inner layer of

luminal cells. The terminal end bud is a spherical structure with an outer layer of cap cells and

inner layers of luminal body cells. (c) SLIT2/ROBO1 signaling in the cap cells of the terminal end

bud regulates cell division. In a WT terminal end bud, cap cells undergo ACD and are renewed

(blue) while generating a progenitor cell (green). This is due to the expression of INSC (green
circles) that accumulates on one side of the dividing cell. Loss of Robo1 (Robo1�/�) or

overexpression of Insc (InscKI/KI), both of which increase INSC levels in the cell, results in a

switch in division mode from ACD to SCD
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of the mammary gland, and recent evidence shows that SLIT/ROBO signaling

plays a role in regulating this process.

In a study by Ballard and colleagues, SLIT2/ROBO1 signaling was shown to

regulate the expression of Inscuteable (INSC), which in turn governs the balance

between ACD and SCD (Ballard et al. 2015). INSC is a central component of the

spindle orientation complex and is initially recruited by the PAR complex and

engages with LGN. Acting as a molecular baton, INSC hands off LGN to NuMA,

resulting in the asymmetric co-localization of LGN and NuMA at the apical pole

(Mapelli and Gonzalez 2012). This LGN/NuMA complex facilitates spindle pole

tethering, thereby contributing to the unequal distribution of cell fate determinants.

The authors first showed that loss of Robo1 increases Insc levels, with no change in
the expression of Lgn or NuMA. SLIT/ROBO signaling regulates Insc expression by
governing the subcellular localization of the transcription factor Snail (SNAI1)

through the PI3kinase/AKT/GSK-3β pathway. Loss of Robo1 sends SNAI1 to the

nucleus where it directly enhances Insc transcription.
Ballard and colleagues used two assays to demonstrate how excess INSC,

generated by either loss of Robo1 (Robo1�/�) or transgenic overexpression of

Insc (InscKI/KI), decreases the frequency of ACDs in mammary end buds (Ballard

et al. 2015). In the first assay, the stem cell containing basal population of mammary

cells was isolated by fluorescence activated cell sorting (FACS), labeled with a

membrane permeable dye, PKH26, and plated at single cell density in Matrigel.

PKH26 binds to cell membranes and is distributed to daughter cells upon division.

ACDs generate a quiescent daughter stem cell, which maintains its fluorescence,

and a progenitor cell that continues to divide and dilute the dye, resulting in a

colony with a single labeled cell. In contrast, SCDs dilute the dye with each

division, resulting in unlabeled colonies. Excess INSC resulted in more unlabeled

colonies, indicating fewer ACDs. In the second assay, immunohistochemistry was

used to visualize the co-localization of NuMA and LGN in crescent-like structures

asymmetrically located over one spindle pole in mammary end bud cells. Excess

INSC resulted in fewer of these crescent-like structures, again suggesting that fewer

ACDs occurred in Robo1�/� and InscKI/KI tissue.
The consequences of excess INSC expression on the mammary gland were

investigated by serial passaging and limiting dilution assays that measure the

robustness and number of mammary stem cells (Ballard et al. 2015). Mammary

stem cells were enriched using FACS to isolate basal cells. For serial passaging,

cells were plated at single cell density in Matrigel and passaged every 7 days. Cells

expressing elevated levels of Insc generated larger colonies that passage longer

compared to WT cells. For limiting dilution assays, a serially reduced number of

enriched basal cells were transplanted into precleared mammary fat pads. After

8 weeks, the frequency and size of mammary outgrowths were measured, allowing

an estimation of mammary stem cell number. Cells containing excess Insc,
harvested from either Robo1�/� or InscKI/KI mammary tissue, contained threefold

more mammary stem cells compared to WT tissue. Together, these experiments

demonstrate that SLIT/ROBO/SNAI1 signaling through INSC promotes ACD, with

368 P. Smith et al.



the loss of Robo1 shifting the balance toward SCD due to upregulated Insc
expression, which interferes with correct spindle pole positioning (Fig. 16.6c).

With this example, a number of themes come into focus in vertebrate tissue.

Increasingly, evidence suggests that extracellular cues send signals to the mitotic

spindle to regulate its orientation and size. These changes in the mitotic spindle

govern the asymmetric distribution of cell fate determinants. Focal, rather than

global, extrinsic signaling may be required to regulate spindle orientation and

generate disproportionate signaling in daughter cells. For example, in the satellite

stem cell niche, rotation of the spindle places one daughter in contact with the

sarcolemma and the other in contact with the basal lamina of the muscle fiber. One

explanation is that each location provides a distinct niche characterized by a

different set of extracellular factors. Not all stem cell niches, however, are as

geometrically constrained and allow for such discrete daughter cell interactions.

This means that elaborate, and still largely unknown, mechanisms are likely

required to regulate the extracellular distributions of extrinsic factors. Like WNT

and Hedgehog proteins, the extracellular availability of SLIT is regulated by a

number of extracellular matrix components, for example, heparin sulfate proteo-

glycans (Ballard and Hinck 2012). Such control has the capacity to create discrete

niches and govern the delivery and differential activation of these ligands in

temporally and spatially restricted manners. Future studies to improve our under-

standing of the extracellular environments governing the availability of signaling

molecules that function in controlling stem cell division will further our knowledge

of stem cell population dynamics in vertebrate tissues.

16.5 Conclusion: Implications of Extracellular Cues that

Govern the Mode of Stem Cell Division in Medicine

In this chapter, we reviewed current research that describes the extracellular cues—

WNT, SHH, and SLIT—and how they regulate cell division mode in the muscle,

brain, and breast. Due to their critical role in regulating stem cell renewal and

homeostasis, these extracellular cues and morphogens may be specific therapeutic

targets for the development of treatments for diseases characterized by aberrant cell

division mode. For example, WNT7A promotes expansion of the stem cell pool and

therefore should be explored for developing novel therapies to combat degenerative

diseases. In contrast, the loss of Slit2 drives tumor proliferation, making SLIT2

pathway components potential therapeutic targets for translational efforts to fight

cancer.
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16.5.1 WNT7A as a Useful Agent in Duchenne Muscular
Dystrophy

The studies performed by Le Grand, Delauney, and colleagues demonstrate the role

of WNT7A signaling in regulating ACD through the PCP pathway. Specifically, Le

Grand showed that WNT7A drives the expansion of satellite stem cells in skeletal

muscle, thereby demonstrating its property as a growth factor. There is now

emerging evidence for WNT7A in treating Duchenne Muscular Dystrophy

(DMD), a genetic childhood disorder that results in progressive muscle weakness

leading to death by age 30. In a recent study by Maltzahn and colleagues, WNT7A

was used as a treatment agent in a mouse model of DMD (von Maltzahn et al.

2012). Animals treated with WNT7A increased their satellite stem cell number,

which subsequently resulted in increased muscle strength and reduced damage in

response to injury. These positive results make WNT7A a prime candidate for

DMD therapeutics.

16.5.2 SLIT2 as a Therapeutic Breast Cancer Agent

Another molecule with promising therapeutic uses is SLIT2 in the treatment of

breast cancer. In the study done by Ballard and colleagues, SLIT2 signaling through

ROBO1 maintained the balance between ACD and SCD. Loss of SLIT2 signaling

resulted in both an increase in SCD (Ballard et al. 2015) and the formation of

hyperplastic lesions in normal breast tissue (Marlow et al. 2008). Taken together,

these data suggest that loss of Slit2, which occurs in 40% percent of basal breast

tumors (Cancer Genome Atlas 2012), may lead to increased proliferation due to the

symmetric expansion of cancer stem/progenitor cells. To this end, a recent review

by Gu and colleagues outlines multiple studies that use SLIT2 in cultured breast

cancer cells or mouse tumor models to prevent the proliferation and metastasis of

breast tumors (Gu et al. 2015).

16.5.3 SHH as a Target in Medulloblastoma

SHH, like SLIT, has signaling properties that can be exploited in cancer treatment.

Overactivation of SHH signaling in the cerebellum leads to expansion of progenitor

cells and cancers such as medulloblastoma (Kieran 2014; Yang et al. 2015);

therefore, drugs inhibiting SHH signaling have garnered a great deal of attention

and may represent promising therapeutic agents. Medulloblastoma is a pediatric

cancer that affects the cerebellum and presents as four distinct subtypes. SHH

overexpression is a marker for one subtype characterized by an intermediate

prognosis. Recent efforts in drug design have been aimed at developing inhibitors
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that block SHH signaling in this subtype. Robinson and colleagues show that

treatment of patients with the SHH inhibitor, Vismodegib, prevented cancer recur-

rence in a phase II clinical trial (Robinson et al. 2015). These results demonstrate

that silencing the SHH pathway may halt cancer progression.

In conclusion, SHH, WNT, and SLIT are extracellular cues that have important

developmental roles in multiple tissues and represent promising targets in drug

discovery. Furthermore, these molecules are examples of how understanding the

function of proteins during development leads to progress in combating disease.
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Chapter 17

Regulation of Asymmetric Cell Division

in Mammalian Neural Stem and Cancer

Precursor Cells

Mathieu Daynac and Claudia K. Petritsch

Abstract Stem and progenitor cells are characterized by their abilities to self-

renew and produce differentiated progeny. The balance between self-renewal and

differentiation is achieved through control of cell division mode, which can be

either asymmetric or symmetric. Failure to properly control cell division mode may

result in premature depletion of the stem/progenitor cell pool or abnormal growth

and impaired differentiation. In many tissues, including the brain, stem cells and

progenitor cells undergo asymmetric cell division through the establishment of cell

polarity. Cell polarity proteins are therefore potentially critical regulators of asym-

metric cell division. Decrease or loss of asymmetric cell division can be associated

with reduced differentiation common during aging or impaired remyelination as

seen in demyelinating diseases. Progenitor-like glioma precursor cells show

decreased asymmetric cell division rates and increased symmetric divisions,

which suggests that asymmetric cell division suppresses brain tumor formation.

Cancer stem cells, on the other hand, still undergo low rates of asymmetric cell

division, which may provide them with a survival advantage during therapy. These

findings led to the hypotheses that asymmetric cell divisions are not always tumor

suppressive but can also be utilized to maintain a cancer stem cell population.

Proper control of cell division mode is therefore not only deemed necessary to

generate cellular diversity during development and to maintain adult tissue homeo-

stasis but may also prevent disease and determine disease progression. Since brain
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cancer is most common in the adult and aging population, we review here the

current knowledge on molecular mechanisms that regulate asymmetric cell divi-

sions in the neural and oligodendroglial lineage during development and in the

adult brain.

17.1 Developmental and Temporal Dynamics of Cell

Division Mode in Neural Stem and Progenitor Cells

From embryonic stages to adult, the development of the mammalian cortex relies on

a temporal and tight control of cell division mode. Stem and progenitor cells across

species undergo symmetric self-renewing divisions (SSD) to expand their pool,

symmetric differentiating divisions (SDD) to generate two differentiated progeny,

or asymmetric cell divisions (ACD) to generate one self-renewing and one differ-

entiating progeny in a single division (Florio and Huttner 2014) (Fig. 17.1). The

control of cell division mode affects development and size of the brain and sustains

the formation of new neurons and oligodendrocytes in the adult brain. The regulation

of ACD has been intensively studied in Drosophila neuroblasts (NBs), showing that
deregulation of ACD leads to aberrant proliferation and genomic instability and thus

might be causal to tumor formation (Gomez-Lopez et al. 2013). Recent evidence

shows that adult neural stem cells (NSCs) and oligodendrocyte precursor cells

(OPCs), which are cells of origin of glioma in mouse models, undergo ACD (Noctor

et al. 2004). As decreased ACD has been evidenced in stem and progenitor cells

during aging, in brain tumorigenesis (Sugiarto et al. 2011), and in other types of

cancers (Cicalese et al. 2009; Wu et al. 2007), the studies of ACD will undoubtedly

improve our understanding of cancerogenesis (for review see Gomez-Lopez et al.

2013). The study of the regulation of ACD in mammalian cells is at very early stages

and in order to understand how cell division mode changes affect disease, it is

critical to elucidate the function, regulation, and significance of ACD during normal

development and in tissue homeostasis. Cell division modes of stem and progenitor

cells during neurodevelopment have been well characterized, whereas less is known

about the role of ACD in the adult and aging brain. In the following paragraphs, we

will first describe cell division mode of neural stem cells during embryonic

neurogenesis, followed by a discussion of adult neurogenesis in the hippocampus

and subventricular zone of the lateral ventricle. We will then describe cell division

mode of OPCs. In the following paragraphs, we will discuss the changes that neural

stem and progenitor cells undergo during aging and how these may predispose them

to contribute to diseases such as brain tumors and multiple sclerosis. Lastly, we will

discuss how cell polarity is regulated and how it affects ACD and whether cell

polarity proteins can act as cell fate determinants.

376 M. Daynac and C.K. Petritsch



Fig. 17.1 Evolution of cell division mode of neuronal and oligodendrocyte precursors throughout

life in the rodent brain. (a, b) RG cells from the ventral hippocampus migrate from the temporal to

septal poles and remain as NSCs at adult ages (purple) (Li et al. 2013), while NSCs in the adult

SVZ emerge from the embryonic lateral ganglionic eminences (LGE; green) (Fuentealba et al.

2015). Adult OPCs from the CC are first formed in the developing cortex (blue) (Kessaris et al.
2006). (c) Neuroepithelial (NE) cells, before the onset of neurogenesis (E11–E12), divide sym-

metrically to amplify the pool of NE cells. As the developing brain gets thicker, NE processes

elongate and transform into radial glia cells (RGs). Around E12.5, RGs divide asymmetrically to

generate oligodendrocytes through oligodendrocyte precursor cells (OPCs) or neurons through

intermediate progenitor cells (IPCs). Around birth, most RGs convert into astrocytes while OPC

production continues. (d) Between E13.5 and E15.5, RGs become the origin of quiescent NSCs in the

adult SVZ. These quiescent NSCs have the ability to re-enter proliferation and transform into
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17.2 Division Mode of NSPCs During Embryonic Brain

Development

In the mammalian developing neocortex, neural stem cells (NSCs) are the source for

the three functional cell types that will populate and shape the adult brain: neurons,

astrocytes, and oligodendrocytes (Alvarez-Buylla et al. 2001; Doetsch et al. 1999).

Before the onset of neurogenesis (E � 11–12 in mice), NSCs are located in the

monolayer epithelium that constitutes the neural plate and are therefore called

neuroepithelial cells (NECs). To expand their pool, NECs will first undergo symmet-

ric, self-renewing divisions, resulting in a fast thickening of the neuroepithelium

(Rakic 1995). At E11–12, NECs switch their division mode from symmetric to

asymmetric and they divide to generate one NEC and one radial glia cell (RG) (Gao

et al. 2014; Gotz and Huttner 2005). At peak neurogenesis (E13-E18), RGs undergo

symmetric self-renewing cell divisions at first but progressively switch to ACDs,

producing a self-renewing RG and either a postmitotic neuron or an intermediate

progenitor (IP) cell (Noctor et al. 2008). Some IPCs can undergo one or more rounds

of symmetric self-renewing divisions to increase their pool and enlarge the SVZ and

form the intermediate zone (IZ), but most of them will divide and differentiate into

two neurons that will form the upper cortical layers (Hansen et al. 2010; Noctor et al.

2004). All these steps are schematically represented in Fig. 17.1c.

Recent clonal analyses using the MADM (Mosaic Analysis withDoubleMarkers)

technique give an unprecedented look into the remarkably tight and predictable

control of the cell division mode of RG progenitors in the formation of the neocortex

(Gao et al. 2014). These more recent studies confirm that RGs in the developing

mouse cortex transit from symmetric, self-renewing (SSD) division to asymmetric

neurogenic division around E11–E12. These data further show that RGs produce a

defined number of neurons at the onset of neurogenesis, under a tight control by the

transcription factor OTX1 (Gao et al. 2014; Greig et al. 2013).

Fig. 17.1 (continued) activated NSCs, which give rise to transit-amplifying neuronal progenitors

(TACs). After an amplification of neuronal progenitors by 3–4 symmetrical TAC divisions and

1–2 symmetrical immature neuroblast divisions, the latter differentiate into migrating neuroblasts

that will reach the olfactory bulbs (OB) to produce neurons. Ten percent of the NSCs have an

oligodendrocyte fate (Ortega et al. 2013) and produce OPCs that will migrate to the corpus

callosum (CC). In the corpus callosum, OPCs divide symmetrically or asymmetrically depending

on intrinsic and extrinsic factors (Boda et al. 2015; Sugiarto et al. 2011). (e) In the aging brain, the

number of NSCs and OPCs stays unchanged (Capilla-Gonzalez et al. 2013, 2014; Daynac et al.

2014). However, aNSCs lengthen their G1 phase and produce less TACs, reducing the number of

neuroblasts reaching the olfactory bulbs (Daynac et al. 2016). OPCs also undergo a dramatic

age-related cell cycle lengthening (Young et al. 2013), and a slight reduction of OPC ACD was

detected with age (Boda et al. 2015). Further studies are needed to elucidate the mechanisms for

age-related changes of ACD. LGE Lateral ganglionic eminence, OPC oligodendrocyte progenitor

cell, IPC intermediate progenitor cell, qNSC quiescent neural stem cell, aNSC activated neural

stem cell, TAC Transit-amplifying cell, Im. Nbs immature neuroblasts, Mig. Nbs Migrating

Neuroblasts, SVZ subventricular zone, CC corpus callosum, SGZ subgranular zone
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The generation of new neurons is amplified by a more recently identified type of

progenitor, the outer radial glial cells (oRGs) situated in the outer SVZ (oSVZ) of

mammals (Fietz et al. 2010; Hansen et al. 2010; Wang et al. 2011a, b, c). In both

humans and rodents, oRGs are produced by ACD of radial glia and will continue

dividing asymmetrically during the peak of neurogenesis (E13–18) to produce new

lineage of progenitor cells and a large number of neurons (Hansen et al. 2010;

Wang et al. 2011a, b, c). In summary, neurodevelopment is based on dynamic

switches between asymmetric and symmetric cell division mode, the regulation of

which remains to be fully unraveled.

17.3 ACD in the Subgranular Zone of the Adult

Hippocampus

Whether adult NSCs similar to their embryonic counterparts divide asymmetrically

or symmetrically is the topic of ongoing controversial research, which will be

discussed here. These investigations are frequently tackled in the context of the

questions of whether NSCs descend from embryonic RG divisions and whether

adult NSC division patterns change with age. New neurons continue to be produced

in the neonatal brain (Luskin 1993) and in the adult rodent brain in two main

neurogenic niches: the SVZ along the lateral ventricles (Doetsch et al. 1999; Lois

and Alvarez-Buylla 1993) and the subgranular zone (SGZ) of the dentate gyrus of

the hippocampus (Gage et al. 1998; Kaplan and Hinds 1977). Several recent studies

point to an embryonic origin or adult NSC (Fuentealba et al. 2015; Furutachi et al.

2015; Li et al. 2013). In the developing brain, RGs from the ventral hippocampus

migrate from the temporal to septal poles and are retained as NSCs in the adult SGZ

(Fig. 17.1a, b). NSCs in the SGZ exhibit a polarized morphology with a long

process extending from the SGZ toward the molecular layer (Mignone et al.

2004). Pulse labeling with thymidine analog 5-bromo-2-deoxyuridine, BrdU, in a

nestin-cyan fluorescent protein (CFP) reporter transgenic mouse revealed that

NSCs proliferate very little and they were therefore called quiescent neural pro-

genitors (QNP). In situ analyses of BrdU-labeled, GFAP-immunostained reporter

transgenic mice further revealed that QNPs divide asymmetrically to generate a

GFAP-positive NSC and a transient-amplifying cell, also called amplifying neural

progenitors (ANPs). The long process and Gfap are inherited by the QNP and not

the ANP, which makes it possible to identify the two different daughter cells by

morphologic criteria as well as by GFAP immunoreactivity. In subsequent divi-

sions, ANPs generate neuronal progenitor cells or neuroblasts, which will ulti-

mately differentiate into granule neurons (Encinas et al. 2006). A subsequent report

by Bonaguidi et al. used a clonal labeling strategy to genetically mark single cells in

Nestin-CreERT2; Z/EG mice and to trace the fate of dividing cells (Bonaguidi et al.

2011). In addition, they applied mosaic analysis with double markers (MADM) to

label clones with two colors. Cell pairs were identified based on the close proximity
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of two cells, and cell fate of daughter cells was determined by morphology and

costaining for GFAP, neuronal progenitor marker Tbr2, neuronal marker Prox1,

and astrocyte marker S100β as well as proliferation marker MCM2. Both

approaches gave similar results and mostly corroborated earlier studies, showing

that QNPs predominantly divide asymmetrically. Symmetric self-renewing divi-

sions yielding two QNP cells were found at low rates and of the progeny of these

divisions, one either differentiated or continued to self-renew or both cells differ-

entiated. The majority of divisions generated QNP/Neuronal lineage cell pairs,

whereby the QNP reentered quiescence and the non-QNP cell was either an

ANP/intermediated progenitor, which continued to proliferate symmetrically, or

an immature neuron. Surprisingly, this study also found QNP/mature astroglia

pairs, whereby both the QNP and the astroglia cells cease to proliferate (Bonaguidi

et al. 2011). Taken together, several conclusions can be drawn from Bonaguidi

et al. and earlier studies, including the conclusion that NSCs in the adult brain are

largely quiescent and when they divide, they undergo mostly ACD to generate one

proliferative progeny and one NSC that reenters quiescence. Moreover, NSCs exhibit

the capacity for multi-lineage differentiation and long-term self-renewal through

ACD. These advances in identifying ACD in the dentate gyrus, and correlating it

with cell fate, pave the way for further studies of how cell division mode is regulated.

Interestingly, several environmental factors and stimuli have been identified that

negatively and positively influence hippocampal neurogenesis. These factors

include environmental enrichment in mice (Kempermann et al. 1997), glucocorti-

coid treatment during Kainate-induced injury in the adult rat brain (Stein-Behrens

et al. 1994) and prolonged treatment with the antidepressant drug and serotonin

reuptake inhibitor (SSRI) fluoxetine (Malberg et al. 2000). A subsequent study

found increased symmetric divisions of ANP in fluoxetine-treated rodents,

suggesting that ANPs and not QNPs are the fluoxetine target population in the

brain (Encinas et al. 2006). Collectively, these studies underline that adult NSCs in

the hippocampus use both asymmetric and symmetric division modes to control

their fate and that cell division mode is altered by extrinsic factors, such as

medication. A better understanding of how the medication affects ACD and thereby

alters neurogenesis is needed.

17.4 Cell Division Mode in the Adult Subventricular Zone

In this paragraph, we discuss division mode of NSC in the adult subventricular zone

(SVZ), which encompasses the ventricle with cerebrospinal fluid, ependymal cells,

NSC, NSC progeny, and capillaries (Mirzadeh et al. 2008; Shen et al. 2008). In the

SVZ, only a fraction of the NSCs (8.6% according to Ponti et al. 2013) are actively

proliferating (Furutachi et al. 2013; Ponti et al. 2013).

Adult SVZ NSCs, frequently referred to as B1 cells, divide to generate transit-

amplifying progenitors (TACs; Doetsch et al. 1997; Fig. 17.1). TACs in turn produce

postmitotic progeny, including neuroblasts, also called type A cells (Doetsch et al.

380 M. Daynac and C.K. Petritsch



1999), and, to a lesser extent, oligodendrocytes (Menn et al. 2006). Until recently, it

was proposed that RGs in the SVZ retract their processes and differentiate into

astrocytes and ependymal cells at embryonic stages (Spassky et al. 2005; Voigt

1989). The origin of adult NSC was elusive until a recent lineage tracing study

(Furutachi et al. 2015) and another study using a retroviral library to track the progeny

of embryonic NSCs (Fuentealba et al. 2015) identified a slow-dividing population of

embryonic NSCs as an origin of the majority of young adult SVZ NSCs. The majority

of the future adult NSCs are produced between E13.5 and E15.5 and enter quiescence

until their eventual reactivation in the adult brain (Fig. 17.1c, d).

Due to the embryonic origin and some morphologic similarities, such as intrinsic

cell polarity (Mirzadeh et al. 2008), it could be assumed that adult NSCs undergo

ACD in the adult brain. However, given the complexity of their niche and their high

level of quiescence, it has been challenging to assess the cell division mode of adult

NSCs in situ. Live imaging of SVZ-derived cells ex vivo has revealed that slow-

dividing NSCs from the adult SVZ have an extended cell cycle (�36 h) and

undergo one or two symmetric divisions to give rise to proliferating “activated”

NSCs (aNSCs; Fig. 17.1c; Costa et al. 2011). The progeny of this symmetric

division went on to generate an asymmetric lineage tree, with one branch retaining

astro-glial fate and eventually entering quiescence and the second branch

expressing neuronal markers. The slow-dividing founder cells of these asymmetric

clones were identified as Gfap+ cells with the help of a transgenic Gfap-RFP line

and were considered to be NSCs. The model arising from these data is that NSCs

exit quiescence, whereby they upregulate Gfap and divide symmetrically to give

rise to two activated, fast-proliferating NSCs (aNSC), which in turn divide asym-

metrically into aNSC/TAC pairs. TACs downregulate Gfap expression and divide

typically two to three (up to five) times symmetrically to give rise to mostly

neurons, whereas aNSCs divide up to two times, before reentering quiescence.

This suggests that a reservoir of quiescent NSC is maintained after a bout of

divisions. The data also suggest that aNSCs use ACD to undergo unlimited self-

renewal and to generate TACs at the same time. However, due to the limitations of

the experimental approach, it cannot be ruled out that aNSCs terminally differen-

tiate and become permanently postmitotic in vivo, similar to what has been

proposed in QNP or the dentate gyrus (Encinas et al. 2006). Subsequent in situ

analyses used serial injections of thymidine analogs into mice, followed by detec-

tion of specific cell fate by immunofluorescence in the brain of injected mice. These

data for the most part corroborated ex vivo findings of the cell division rate of NSCs

and their direct progeny (aNSC: one TAC: three amplifying divisions, Nbs: one or

two divisions). These analyses however did not unequivocally distinguish between

asymmetric and symmetric cell division mode of activated NSCs (Ponti et al. 2013).

More recently, Calzolari et al. have used clonal analyses with a mouse line

targeting NSCs (GLASTCreERT2) crossed with the “Confetti” multicolor reporter

to show that a single activated NSC generates multiple subsequent subclones by

supposedly undergoing two to three rounds of ACD (Calzolari et al. 2015). These

subclone analyses are consistent with the earlier study by Ponti et al. (2013), showing

3–4 rounds of symmetrical divisions of TACs before giving rise to neuroblasts, which
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symmetrically divide 1–2 times before migrating to the OBs. Long-term clonal

analyses carried out over the course of 4–6 months indicated that aNSCs continue

to generate new progeny once activated through multiple (2–3) rounds of divisions,

and then they terminally differentiate or die, rather than enter quiescence as NSCs

(Calzolari et al. 2015). This study together with an earlier report (Balordi and Fishell

2007a) indicates that the self-renewal potential of aNSC is limited. Further studies are

needed to unequivocally determine whether the cell division mode of q/aNSC in the

adult SVZ is asymmetric or symmetric.

One hallmark of a classic ACD is that cell fate markers and determinants

distribute unequally during mitosis. Cell fate determinants that are proposed to

segregate asymmetrically during aNSC mitosis in the adult SVZ include epidermal

growth factor receptor (EGFR; Sun et al. 2005), dual specificity kinase 1 (Dyrk1;

Ferron et al. 2010), and Delta-like ligand1 (Dll1; Kawaguchi et al. 2013). Further

proof that cell fate markers and determinants segregate asymmetric may come from

time-lapse imaging of mitoses of aNSC, which express fluorescence-tagged cell fate

determinants such as Dll1. This approach has so far been unattainable for the adult

brain although it is feasible for tissue sections isolated from embryonic neocortex

(Kawaguchi et al. 2013; Noctor et al. 2004). It is likely that ACDs of adult NSC are

rather rare in the SVZ, and yet it is deemed an important puzzle to solve. One reason

for distinguishing between asymmetric and symmetric cell division mode is that

they are regulated very differently. A better understanding of the regulatory mech-

anism behind asymmetric aNSC divisions, should they exist, will pave the way for

therapeutic approaches utilizing aNSC for regenerative purposes. On the other hand,

aNSCs are putative cells of origin of adult gliomas (Zong et al. 2015). Unraveling the

mechanism by which aNSCs are activated and divide might lead to insights into

neoplastic transformation and tumorigenesis and is expected to provide novel points

of disruption to which anti-glioma therapies can be targeted.

17.5 The Origin of Oligodendrocytes in the Central

Nervous System

In the following two paragraphs, we discuss evidence for ACD during gliogenesis,

and in particular, during oligodendrogenesis, which starts at late embryonic stages

and continues throughout adulthood. Oligodendrocytes are specialized myelin

producing cells that form a myelin sheath around axons and thereby enable them

to carry action potentials by saltatory conduction. Oligodendrocytes arise from

multiple pools of oligodendrocyte precursor cells (OPCs) present in the developing

brain and spinal cord. The production of OPC in mice starts in the spinal cord and

occurs in three distinct phases. It starts at E12.5 at the ventral neural tube, then at

E15.5 at the dorsal neural tube, and after birth at the central canal subependyma

(Gallo and Deneen 2014; Lu et al. 2000; Orentas et al. 1999; Rowitch and

Kriegstein 2010; Vallstedt et al. 2005). Similarly, genetic fate mapping using
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three different transgenic mice each expressing Cre recombinase from a different

cell type-specific promoter has shown that OPCs arise in three distinct phases in the

mouse forebrain, and these are characterized by the selective expression of tran-

scription factors (Kessaris et al. 2006). Upon reaching their final destination in the

adult brain at perinatal stages, OPCs will proliferate locally and expand and some

will exit the cell cycle and produce myelinating oligodendrocytes, the majority of

which are generated within the first 3–4 postnatal weeks (Miller 2002). In addition

to their embryonic origin, OPCs arise from NSCs in the dorsal/ventral SVZ in the

adult brain (Gonzalez-Perez et al. 2009; Menn et al. 2006; Ortega et al. 2013),

whereby around one in ten adult NSCs is capable of giving rise to oligodendrogenic

lineage cells (Fig. 17.1c) (Ortega et al. 2013). Single cell tracking in vitro suggested

that aNSCs generate distinct neuronal and oligodendroglial clones. Within the

clone, TACs undergo two to three rounds of symmetrical expansion. A subpopula-

tion of TACs produces OPCs (Ortega et al. 2013). Whether OPCs can arise from

cells other than TACs and whether resident and SVZ-derived OPCs are functionally

distinct are open questions, which will be addressed by future research.

17.6 ACD of Oligodendrocyte Progenitor Cells in the Adult

Brain

Postnatal and adult OPCs express the chondroitin sulfate proteoglycan NG2 and

generate oligodendrocytes. OPCs also proliferate to self-renew in the adult brain

and continue to do so with age, albeit at decreased rates (Dimou et al. 2008;

Psachoulia et al. 2009; Kang et al. 2010; Zhu et al. 2011). Time-lapse imaging in

adult cortex showed that OPCs are lost either during normal turnover or through

injury. OPC loss triggered rapid migration and proliferation of adjacent cells to

achieve homeostasis (Hughes et al. 2013). Studies of isolated rat optic nerve pro-

genitors, called O-2A, conducted by Wren and Noble first suggested that OPCs

might undergo ACD. They discovered that clones derived from single adult O-2A

cells and grown under adherent conditions contained both differentiated postmitotic

oligodendrocytes and proliferating progenitor cells. These observations led them to

speculate that O-2A cells undergo ACD to self-renew and generate mature cells.

They also found oligodendrocyte-only and progenitor-only clones, albeit at low

frequency, which would indicate that O-2A cells occasionally undergo symmetric,

self-renewing as well as symmetric, differentiating divisions (Wren et al. 1992).

Almost two decades later, their predictions were experimentally evaluated and

validated by subjecting acutely isolated murine adult OPC from the corpus

callosum of P60–P90 mice to a detailed analysis of their cell division mode

(Sugiarto et al. 2011). In this study, OPCs were subjected to a cell pair assay,

which has been initially designed to distinguish between symmetric and asymmet-

ric cell divisions of embryonic neural progenitors (Shen et al. 2002; Sun et al.

2005). Immunocytochemical analyses of cell pairs indicated that the proteoglycan
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and known OPC marker NG2 itself was inherited unequally between daughter cells

(Sugiarto et al. 2011). Collectively, ex vivo and in vivo data resulting from this

study indicated that about 50% of mammalian adult OPCs undergo ACD to self-

renew and generate mature oligodendrocytes, whereas the remaining 50% undergo

symmetric divisions predominantly to self-renew. The rates of ACD versus sym-

metric self-renewing (SSD) or symmetric differentiating divisions (SDD) may vary,

depending on the age of the mice, the technique used to image cell divisions, and

the neuro-anatomical location. For example, live imaging of single cells on brain

slices from early postnatal stages of NG2CreBAC transgenic mice, followed by

immunostaining for differentiation marker CC1, reportedly detected ACD but at a

lower frequency than observed by in vivo pair assays (Zhu et al. 2011). Subsequent

in vivo cell pair studies, using thymidine analogs in the adult brain, were consistent

with the study by Sugiarto et al. (Boda et al. 2015). Since numerous studies have

indicated that OPCs are heterogeneous in proliferation and differentiation rate

depending on their neuro-anatomical differences (Hill et al. 2014; Kang et al.

2010; Young et al. 2013) and response to growth factor signaling (Hill et al.

2013), it is feasible that cell division mode shows regional variations. Noteworthy,

studies which report low rates of ACD (Hughes et al. 2013; Zhu et al. 2011) had

some important difference in their technical approach. These studies investigated

distribution of a fluorescent reporter protein dsRed, which was expressed under the

control of the NG2 promoter, rather than distribution of NG2 protein itself. Detec-

tion of OPC markers like NG2 and PDGFRα (Boda et al. 2015; Sugiarto et al. 2011)

in conjunction with detection of mitotic markers such as phospho-histone-H3 and

visualizing incorporation of EdU and BrdU by immunofluorescence (Sugiarto et al.

2011) are additional suitable methods to detect ACD. Lineage tracing experiments

and thymidine analog injections and immunostaining for differentiation markers

further allow to conduct fate analyses of cell pairs, and such studies confirmed that

single OPCs produce daughter cells of distinct cell fate and that asymmetry in cell

fate persists for months. Extrinsic factors such as increased exercise, injury through

stab wounds, or lysolecithin injection increased the proportion of symmetric, self-

renewing divisions at the expense of symmetric, differentiating divisions, but it is

not clear whether they significantly impacted ACD (Boda et al. 2015). Recent

studies using cumulative labeling with EdU showed that all OPCs throughout the

central nervous system are able to undergo at least one cell division and that they

continue to divide throughout adulthood and to generate surviving oligodendro-

cytes. These newly generated oligodendrocytes contribute to de novo myelination

as well as remodeling of existing myelin tracts (Clarke et al. 2012; Young et al.

2013). Important next steps will be to develop advanced reported constructs and

transgenic mice to study OPC divisions live in the healthy and diseased rodent

brain. With such improved ability to image ACD, it will become feasible to

determine the neuroanatomical and temporal aspects and regulations of cell divi-

sion modes of OPC during homeostasis and in disease.
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17.7 Aging and Cell Division Mode

17.7.1 Neural Stem Cells and Aging

In the rodent, the aging brain is subject to a progressive reduction in proliferating

progenitor cells from the SGZ and SVZ, leading to a dramatic drop in the number of

neurons produced during aging (Blackmore et al. 2009; Bouab et al. 2011; Enwere

et al. 2004; Maslov et al. 2004; Tropepe et al. 1997). Accordingly, the number of

TACs and Neuroblasts is strongly decreased with aging (Balordi and Fishell 2007b;

Blackmore et al. 2009; Daynac et al. 2014; Shook et al. 2012). Unexpectedly, the

pools of quiescent and activated NSCs remain stable until middle age in mice

(12 months) (Daynac et al. 2014; Piccin et al. 2014), even though activated NSCs

lose their proliferative capacities (Ahlenius et al. 2009; Capilla-Gonzalez et al.

2014; Daynac et al. 2014, 2016a) and progressively enter into quiescence (Bouab

et al. 2011; Lugert et al. 2010). Clonal analyses with Confetti mice revealed that

activated NSCs undergo self-renewing ACDs, but clone size is progressively

reduced with age, suggesting a limited self-renewal capacity of activated NSCs

(Calzolari et al. 2015). Further recent evidence suggests that activated NSC cell

cycle is altered as early as 6 months of age in mice, due to a G1 phase lengthening in

response to an age-related vascular overproduction of TGFβ1 (Fig. 17.1e) (Daynac

et al. 2014, 2016a; Pineda et al. 2013). The activation process of quiescent NSCs is

controlled by Shh signaling (Daynac et al. 2016b). Indeed, long-term activation of

Shh signaling through Ptc inactivation in NSCs provokes quiescent NSCs to switch

their division mode from ACD to SCD and accumulate at a quiescent, inactive state

(Ferent et al. 2014). Further studies are required to address whether these long-lived

quiescent NSCs can be activated by external stimuli and reproduce a functional

niche, as observed with anti-TGFβ1 treatment in old and irradiated mice (Pineda

et al. 2013). Such studies will have important implications for the human brain,

where both the SGZ of the hippocampus (Knoth et al. 2010) and to a much lesser

extent the SVZ of the lateral ventricle (Sanai et al. 2011) contain proliferating

neuronal precursors. A few mitotically active Dcx+ cells were found in the SVZ

which frequently appeared as doublets, which suggests that neural progenitors

divide symmetrically to generate neuroblasts in the adult brain (Wang et al.

2011a, b, c). Adult neurogenesis appears to be more relevant in the hippocampus,

where breakthrough studies using 14C level analyses in genomic DNA have proved

that nearly all dentate granule neurons turn over in the adult human hippocampus,

with �700 new neurons per day in each hippocampus (Spalding et al. 2013). Adult

neurogenesis is important for learning, emotions, and memory, and abnormal adult

neurogenesis has been linked to brain diseases, including Alzheimer’s disease,

demyelinating disease, depression, and brain tumorigenesis (Liu and Song 2016).

A better understanding of cell division mode of adult NSC will therefore provide

important insights into the normal and abnormal functions of the brain.

17 Regulation of Asymmetric Cell Division in Mammalian Neural Stem and Cancer. . . 385



17.7.2 OPC and Aging

The aged brain reportedly has decreased remyelination which slows recovery from

demyelinating diseases such as multiple sclerosis (Sim et al. 2002). The underlying

causes for this impairment are partially attributable to age-related changes in the

oligodendrocyte lineage, and whether they are caused by loss or impaired differ-

entiation of OPCs is currently being investigated. A switch between cell division

modes could potentially alter OPC numbers and/or alter the rates of differentiation,

since asymmetrical distribution of NG2, EGFR, GPR17, and PDGFRα is required

for the long-term generation of distinct cell fate (Boda et al. 2015; Sugiarto et al.

2011). OPC numbers were found to be stable during aging in mouse, which

suggested that there is no exhaustion of the progenitor pool (Capilla-Gonzalez

et al. 2013; Rivers et al. 2008; van Wijngaarden and Franklin 2013). Importantly,

while OPC numbers are stable, their capacity to differentiate into myelinating

oligodendrocytes significantly decreases with age (from 66% in P62 to only 39%

in P120 mice) (Zhu et al. 2011). This age-related decrease in differentiation

capacity is potentially the underlying cause for impaired remyelination and repair

in old rat brains (Sim et al. 2002). To address whether the ability to generate

daughter cells through ACD changes with age, Boda et al. quantified the asymmet-

ric and symmetric distribution of PDGFRα in OPC cell pairs in mice at different

ages and for up to 1 year. While the rate of ACD of OPC increases significantly

when mice transition from early postnatal to adult stages (between P20 and P60), it

subsequently decreases again in old mice (12 months of age). This age-related

decrease is accompanied by an increase in symmetric, self-renewing divisions and a

significant decline in newly generated OPC pairs (Boda et al. 2015). A separate

study addressed whether OPCs change cell cycle dynamics with age and found a

dramatic increase in cell cycle lengths of NG2+ OPC in postnatal versus middle-

aged mice (Fig. 17.1e) by around 2/3 of a day, every day after birth (cell cycle

lenghts <2 days at P6; ¼ 36 days at P60 and >70 days in P240 mice) (Psachoulia

et al. 2009; Simon et al. 2011; Young et al. 2013). Collectively, these data suggest

that OPCs overall lower their proliferation rate by extending their cell cycle lengths.

With age, OPCs also differentiate less due to increases in symmetric, self-renewing

divisions at the expense of symmetric, differentiating and asymmetric divisions.

Hypothetically, these changes in cell division mode are the underlying cause for

age-related decrease in differentiation and myelin repair, but more research will be

needed to test this notion and to fully elucidate the dynamics of cell division of

OPCs and its functional implications during aging.

17.8 Regulation of ACD by Cell Polarity Proteins

In the final paragraphs, we will discuss how cell polarity is regulated in the model

system Drosophila melanogaster embryonic neuroblasts, how it links to ACD

and cell fate control, and how it compares to regulation of polarity and ACD in
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mammalian neural stem cells. Prokaryotes as well as unicellular and multicellular

eukaryotes utilize an evolutionary conserved mechanism to undergo ACD and

thereby generate cell fate diversity within daughter cells. We glean many hypoth-

eses on ACD in mammalian stem and progenitor cells from the studies in Dro-
sophila.Drosophila melanogaster embryonic neuroblasts (NBs) are stem-like cells,

which undergo several rounds of ACD. During ACD, determinants of differentiat-

ing fate concentrate at the basal cell cortex before mitosis and segregate unequally

during cytokinesis, to generate each time another NB and a more restricted pro-

genitor called ganglion mother cell (GMC). NBs break symmetry in a stepwise

process, which exemplifies the classic, cell-intrinsic type of ACD. Prior to mitosis,

NBs establish cell polarity and as a critical next step align the mitotic spindle along

the axis of polarity and simultaneously organize cell fate determinants in subcellu-

lar compartments near the mitotic spindle poles, such that those cell fate determi-

nants with equal functions segregate together and only into one of the future

daughter cells (Gomez-Lopez et al. 2013). Here, we will focus on the mechanisms

by which cell polarity is established and how it links to the subsequent steps

of ACD.

17.8.1 How Is Cell Polarity Established?

First-generation Drosophila NBs delaminate from the polarized neuro-ectoderm

and from it inherit the partition-defective-3 (Par3) homolog Bazooka (Baz) as an

apical polarity cue. Baz/Par3 assembles a polarity complex in NBs during late

interphase/early prophase (Schaefer et al. 2000). Baz/Par3 binds to and activates

Cdc42, a GTPase of the Rho family (Atwood et al. 2007), which in turn recruits

atypical protein kinase C (aPKC) (Wodarz et al. 2000) and the aPKC inhibitory

subunit Par6 (Atwood et al. 2007; Peterson et al. 2004). The apical complex binds

the adaptor protein Inscuteable (Insc) (Wodarz et al. 1999) and thereby initiates the

assembly of partner of Insc (Pins) and the heterotrimeric G protein-coupled sub-

units Gαι and Gβγ. The WD40 protein lethal giant larvae (Lgl) binds to aPKC/Par6,

which leads to a mutual antagonism of Lgl and aPKC, as demonstrated by loss-of-

function experiments. When bound to the polarity complex, Lgl restricts aPKC

localization to the apical cortex and thereby helps to maintain cell polarity. Genet-

ically enforced reduction of aPKC levels suppresses the NB overproliferation

phenotype of an Lgl hypomorphic mutation. Moreover, aPKC loss-of-function

mutant larval NBs lose the polarized localization of Lgl and cell fate determinant

Miranda, indicating that aPKC—despite its antagonism of Lgl function—is

required for apical binding of Lgl and subsequent asymmetric distribution of cell

fate determinants (Rolls et al. 2003). After first-generation NBs have undergone

cytokinesis, the NB daughter first inherits and subsequently downregulates cell

apical polarity components in interphase. Several studies indicated that to the

contrary the centrosome remains stable and provides spatial memory for proper

spindle axis formation in subsequent NB divisions (Januschke et al. 2011; Rebollo

17 Regulation of Asymmetric Cell Division in Mammalian Neural Stem and Cancer. . . 387



et al. 2007; Siller and Doe 2009). The centrosome also shows asymmetry, when it

duplicates into a newer “daughter” and an older “mother” centriole and distributes

between daughter cells in a nonrandom fashion, with the daughter centriole con-

sistently remaining in the NB (Januschke et al. 2011; for a review, see Conduit

2013). Centrosome asymmetry is regulated by Polo kinase phosphorylation of

human CENTROBIN homolog CnB which promotes the formation of aster micro-

tubules and anchors the centrosome and provides directionality for the mitotic

spindle (Singh et al. 2014; Januschke et al. 2013). More recent studies have

shown that NBs mutant for centrosome asymmetry undergo seemingly normal

ACD (Singh et al. 2014), suggesting that centrosome asymmetry is not the domi-

nant mechanism to establish proper spindle alignment. Noteworthy, mammalian

radial glial cells non-randomly segregate their centrosomes during ACD and

centrosome components control cell fate (Wang et al. 2009), which suggest that

centrosome asymmetry is a conserved feature of asymmetrically dividing cells.

17.8.2 Cortical Cell Polarity as Dominant Mechanism
to Control Mitotic Spindle Alignment

A dynamic cross talk between the apical complexes (Par/aPKC and Pins/G protein)

with centrosomes and astral microtubules is crucial for proper spindle orientation in

Drosophila NBs. In mitosis, the centrioles duplicate and the daughter centrosome

generates large aster microtubules, which bind and link the Drosophila NuMa

homolog and coiled-coiled domain protein mushroom body-defective (Mud) to

Pins/Gαi to form a large apical complex which tethers the mitotic spindle to the

cortex and aligns it along the apicobasal axis (Izumi et al. 2006; Siller et al. 2006;

Bowman et al. 2006). Cortical–microtubule interactions such as binding of the

MAGUK Disc large (Dlg) to kinesin Khc-73 at the microtubule plus ends (Siegrist

and Doe 2005, 2007) further feed back to the cortex and maintain polarity. Spindle

positioning is linked to global control of mitosis by Polo and AurA kinase activities

(Lee et al. 2006a; Wang et al. 2006, 2007). In mammalian neurogenesis, RG

divisions are biased toward aligning the mitotic spindles within 30� of the ventric-
ular surface (Konno et al. 2008). LGN, an ortholog of Pins, is highly expressed in

RG and localizes to the lateral membrane of dividing RG (Du et al. 2001). Genetic

ablation (Konno et al. 2008) or siRNA-mediated knockdown (Shitamukai et al.

2011) of LGN alters the position of the mitotic spindle, which leads to asymmetric

inheritance of the Par polarity complex and impaired differentiation. The function

of mammalian Inscuteable is less clear and appears to be opposite from LGN, which

is different from Drosophila and does not match a conserved function of

Inscuteable as a cellular linker of the Par complex and LGN/Gαι (Wang et al.

2011a; Postiglione et al. 2011). The phosphoprotein Treacle at the centrosome is

critical not only for mitosis but also for correct spindle positioning and mitotic

progression potentially through its interaction with Polo-kinase 1 (Plk1), a
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mammalian Polo homolog (Sakai et al. 2012). A Treacle/Plk1-controlled check-

point that links cell polarity with mitotic progression has been proposed for RG. A

potentially similar polarity checkpoint is relevant in cancer stem cells where it has

been shown the Plk1 activity is critical for ACD and vice versa cell polarity is

required for progression through mitosis (Lerner et al. 2015).

17.8.3 How Does Cell Polarity Link to Cell Fate Control?

Cell polarity is tightly linked with cell fate control. In metaphase, the mitotic kinase

Aurora A (AurA) phosphorylates Par6 and thereby activates aPKC (Ogawa et al.

2009; Wirtz-Peitz et al. 2008). Active aPKC phosphorylates Lgl (Betschinger et al.

2003) and Numb (Smith et al. 2007), thereby releasing those two proteins from the

membrane. Phosphorylated Numb localizes to the basal side of the cell (Smith et al.

2007) by interacting with Polo kinase-activated Partner of Numb (PON) (Lu et al.

1998; Wang et al. 2007) and once inherited by the GMC prevents self-renewal

mainly through antagonizing Notch. A mouse Numb homolog (m-Numb) is asym-

metrically localized during cortical neurogenesis and physically interacts with

mouse Notch-1 (Zhong et al. 1996). Genetically enforced deletion of m-Numb

leads to severe defects in the neural tube and brain, resulting in embryonic lethality

(Zhong et al. 2000). Asymmetric distribution of m-Numb is critical for ACD of

mouse cerebral cortical stem cells (Shen et al. 2002). Deletion of the two mamma-

lian homologs of Drosophila Numb, m-Numb and Numblike (Numbl), during

development depletes neural stem cells, suggesting that both promote self-renewal

(Petersen et al. 2002). Deletion of m-Numb and Numbl in the postnatal SVZ

resulted in defects in lateral wall integrity and impaired neurogenesis. The results

of the mouse double knockout study indicate a conserved role for Numb in

promoting neuronal differentiation, rather than self-renewal (Kuo et al. 2006).

These data suggest that developmental stage and the microenvironment poten-

tially affect Numb function. Interestingly, in vitro studies have shown that in the

murine brain a fraction of adult SVZ-derived NSCs asymmetrically distribute

activated Notch and EGFR between daughter cells. Activated Notch is unequally

distributed during NSC division, and it has been shown to directly regulate Egfr
transcription (Andreu-Agulló et al. 2009). Moreover, Dyrk1a kinase is asymmetri-

cally segregated to the EGFRhigh daughter, where it prevents EGFR degradation

(Ferron et al. 2010). Notch ligand delta-like 1 (Dll1) was found to be expressed in

aNSC and TACs, and Dll1 deletion promotes the activation of qNSC in the adult

SVZ. Dll1 protein segregates asymmetrically in embryonic and adult NSC in vitro

and associates with neuronal progenitor fate. Given that Notch is expressed in

qNSC, the data suggest that Dll1 expression in an NSC and TACs provides a signal

to maintain qNSC by activating Notch receptor (Kawaguchi et al. 2013).

Drosphila NBs have a second adaptor-cell fate determinant system consisting

of Miranda (Mira) and its binding partners which localize asymmetrically and

segregate to the basal GMC (Shen et al. 1998). APKC also phosphorylates Mira
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(Atwood and Prehoda 2009), but the functional significance of aPKC phosphory-

lation for Mira asymmetry is not clear (Lee et al. 2006a; Wang et al. 2006), and

studies imply a range of alternative mechanisms of Mira localization acting

upstream or in parallel to aPKC. These include proteasome-independent mecha-

nism of ubiquitylation and the anaphase-promoting complex (Slack et al. 2007),

MyoVI-directed vesicle transport (Petritsch et al. 2003), and passive diffusion

(Erben et al. 2008). Loss of Miranda function leads to aberrant cell fate specifica-

tion due to mislocalization of cell fate determinants, such as the transcriptional

regulator Prospero (Pros) (Ikeshima-Kataoka et al. 1997; Shen et al. 1997), the

double-stranded (ds) RNA-binding protein Staufen (Stau) (Matsuzaki et al. 1998;

Shen et al. 1998), and the NHL-domain protein Brain tumor (Brat) (Lee et al.

2006b; Betschinger et al. 2006).

Staufen2 (Stau2), the mouse homolog of Staufen, is apically localized in RGs

and preferentially segregates to the progenitor daughter (Kusek et al. 2012; Vessey

et al. 2012). The Stau2 loss-of-function phenotypes cannot entirely be reconciled

with each other in the two studies, making it difficult to pinpoint the exact role of

Stau in the mammalian brain. Importantly, similar to Drosophila Stau, Stau2 is part
of a ribonucleoprotein complex that cargos mRNAs for mammalian homologs of

prospero and brat, Prospero-related homeobox 1 (Prox1) (Vessey et al. 2012) and

Tripartite-motif containing 32 (Trim32) (Kusek et al. 2012), respectively. Prox1 is

known to mediate cell cycle exit and neurogenesis in the neural retina (Dyer et al.

2003) and promotes oligodendrocyte identity of adult NSC in the SVZ (Bunk et al.

2016) and inhibits proliferation and promotes differentiation of NG2+ OPC (Kato

et al. 2015). Trim32 activates miRNA and prevents self-renewal in mouse neural

progenitors (Schwamborn et al. 2009). These data collectively suggest that, similar

to its Drosophila homolog, Stau2 functions by binding and localizing determinants

of differentiation away from the self-renewing daughter. It will be exciting to see

how future studies elucidate the exact function of mRNA localization in ACD and

cell fate specification of mammalian NSC and OPC.

Genome-wide RNAi screens for regulators of NB self-renewal identified sub-

units of the chromatin-remodeling SIW/SNF complex (Neumüller et al. 2011), and
depletion of these subunits in larval brains leads to hyperplasia upon transplanta-

tion. Further functional studies reveal that SWI/SNF components do not regulate

cell polarity but rather prevent dedifferentiation of intermediate neural progenitors,

a transit-amplifying and asymmetrically dividing cell type in the type II lineage of

larval NB. They prevent hyperproliferation in part through transcriptional

upregulation of target gene Hamlet (Eroglu et al. 2014). The SWI/SNF complex

has important functions during mammalian neurogenesis and SWI/SNF compo-

nents are mutated in cancer. These data indicate that chromatin remodeling regu-

lates ACD-associated cell fate decisions.

In summary, Drosophila NB cell polarity is established through two major

mechanisms: the first is the dynamic physical association of scaffold proteins that

activate GTPase and kinase activities. Moreover, the centrosome provides posi-

tional memory during cytokinesis that determines the orientation of subsequent cell

divisions. The integrity of the polarity complex is essential for activating G protein
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signaling in a transmembrane receptor-independent manner (Willard et al. 2004)

and in the absence of nucleotide exchange (Yu et al. 2005). As a result, it restricts

proliferation and proper cell fate determination. Centrosome positioning is a

backup mechanism for cortical polarity to establish proper spindle alignment,

which is the second major mechanism that controls ACD. Noteworthy, the activa-

tion of G protein signaling through Pins occurs cell intrinsically and not only

stabilizes apical polarity but also positions the nascent mitotic spindle along the

apicobasal axis and determines its size asymmetry. Because of cell polarization, the

mitotic spindle aligns such that cell fate determinants with opposing functions are

localized to opposite poles during mitotis and segregate to one daughter cell only.

The unequal inheritance of cell fate determinants probably induces chromatin

remodeling controlled by SWI/SNF in one daughter cell, thereby promoting it to

differentiate rather than proliferate. The specification of fates is irreversible, and no

cases of spontaneous dedifferentiation have been observed in the NB lineage. Many

polarity proteins originally identified in Drosophila are conserved in the mamma-

lian genome, which raises the possibility that they may have similar functions in

mammalian cells.

The comparison of cell fate determinants during ACD in drosophila Nbs and

adult mouse NSC is schematized in Fig. 17.2.

Fig. 17.2 Asymmetric distribution of cell fate determinants in Drosophila neuroblasts andMouse
adult neural stem cells. (a) During metaphase and telophase in drosophila neuroblasts, the mitotic

spindle is anchored along to the apicobasal polarity, and cell fate determinants are asymmetrically

distributed in the self-renewing neuroblast (NB) and the differentiating ganglion mother cells

(GMC). (b) The asymmetric cell division of adult mouse NSCs is not well characterized; still there

is evidence of asymmetrically segregated cell fate determinants between quiescent NSCs and their

proliferating progeny
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17.9 Concluding Remarks

Founding studies in Drosophila have paved the way to a mechanistic understanding

of neural progenitor cell division mode in higher organisms. The elucidation of

neural and glial progenitor cell division mode in mammals is challenging to a large

part due to functional redundancy, neuro-anatomical heterogeneity within stem and

progenitor cell populations (Marques et al. 2016), and dramatic changes during

developmental and with aging. We expect that future studies will further investigate

the existence and function of ACD in adult neural stem cells and will determine

whether deregulation of ACD is causal to diseases, such as brain tumorigenesis.

Improving the understanding of the regulation of ACD such as polarity, and how it

links to cell fate determination, holds the promise to develop new therapeutics

targeting tumors and other degenerative diseases of the brain.
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Chapter 18

Molecular Programs Underlying Asymmetric

Stem Cell Division and Their Disruption

in Malignancy

Subhas Mukherjee and Daniel J. Brat

Abstract Asymmetric division of stem cells is a highly conserved and tightly

regulated process by which a single stem cell produces two unequal daughter

cells. One retains its stem cell identity while the other becomes specialized through

a differentiation program and loses stem cell properties. Coordinating these events

requires control over numerous intra- and extracellular biological processes and

signaling networks. In the initial stages, critical events include the compartmental-

ization of fate determining proteins within the mother cell and their subsequent

passage to the appropriate daughter cell in order to direct their destiny. Disturbance

of these events results in an altered dynamic of self-renewing and differentiation

within the cell population, which is highly relevant to the growth and progression of

cancer. Other critical events include proper asymmetric spindle assembly, extrinsic

regulation through micro-environmental cues, and non-canonical signaling net-

works that impact cell division and fate determination. In this review, we discuss

mechanisms that maintain the delicate balance of asymmetric cell division in

normal tissues and describe the current understanding how some of these mecha-

nisms are deregulated in cancer.

18.1 Introduction

Stem cells are a small, specialized cell population that supports tissue and organ

development, growth, homeostasis, and regeneration through their ability to self-

renew and eventually differentiate along multiple paths into highly specialized cells
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that perform end organ-specific functions. Stem cells are strategically located within

specialized biological tissue niches of developing and mature organisms in order to

carry out this critical role. One fundamental capability is critical to the identity and

proper function of stem cells: the ability to undergo a mitotic division in which one

resultant daughter cell maintains stemness and the capacity to self-renew, while the

other acquires the capability to differentiate. This complex process is known as

asymmetric cell division (Betschinger et al. 2006), a highly specialized stem cell

property that, for good reasons, is tightly regulated by intricate networks of molecular

events. Disruption of these regulatory cascades leads to the generation of two daugh-

ter cells that retain their stemness and cannot fully differentiate (Knoblich 2010; Yong

and Yan 2011), with the ensuing disequilibrium of growth dynamics causing abnor-

mal tissue growth properties with relevance to cancer that is quickly being recognized

(Mukherjee et al. 2015).

Earliest evidence of asymmetric mitotic division came in 1905 by Edwin Conklin

(Conklin 1905) when he observed that certain cells of the invertebrate Ascidian egg

produced daughter cells that were phenotypically distinct. Since then, asymmetric

cell division has been recognized in all living organisms, including invertebrates and

vertebrates. More recently, the understanding of molecular events guiding asymmet-

ric division has improved dramatically, mostly due to studies on specific developing

cell populations in Drosophila, including neuroblasts, intestinal stem cells, and

germline stem cells (Knoblich 2010). Advances have also come from mammalian

systems, through the study of asymmetric cell division in mouse radial glial pro-

genitors during neurogenesis (Chenn and McConnell 1995; Miyata et al. 2004;

Noctor et al. 2004, 2008; Bultje et al. 2009) and muscle satellite cells (Troy et al.

2012). The tumor-like growths that arise when asymmetric cell division is disrupted

in these models naturally sparked curiosity regarding the role of asymmetric cell

division in cancer. At the same time, the stem cell paradigm derived from normal

development and regeneration has been increasingly applied to the study of neo-

plasms, leading to a burgeoning field of cancer stem cell biology. Unlike normal

cells, cancerous populations have oncogenic alterations, disturbed stem–nonstem

equilibria, and differentiation of cells with aggressive biologic properties. Here, we

summarize the current understanding of the molecular cascade that normally directs

asymmetric cell division during development and physiologic homeostasis and also

describe how its pathological disruption may be related to the development and

progression of cancer.

18.2 Mechanisms of Asymmetric Cell Division

Asymmetric cell division and its regulatory mechanisms have been documented in

numerous model systems ranging from C. elegans to mammals, but investigations of

Drosophila have advanced the furthest (Knoblich 2010). Four critical and interdepen-
dent events need to occur properly for this intricate process to succeed: (1) correct lo-

calization and function of protein complexes at apical and basal sides of the division
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plane to ensure appropriate activation of fate determinants, (2) proper asymmetric

spindle orientation and function both to regulate division and to place daughter cells

in the correct orientation to the niche, (3) extrinsic regulation through the stem cell

niche, and (4) influences from noncanonical signaling pathways (Chia et al. 2008).

This process begins at interphase and ends with cytokinesis.

18.2.1 Regulation of Asymmetry Through Localization
of Fate Determinants

Our current understanding of cell-intrinsic regulators of asymmetric cell division is

derived mostly from studies of developing neuroblasts of the Drosophila brain.

Before cell division starts in this cell population, a specific set of proteins form com-

plexes that localize to either the apical or basal side of the cell division plane. On the

apical side, these proteins include atypical protein kinase C (aPKC), Partition defec-

tive 6 (Par-6), and Lethal Giant Larvae [L(2)GL]. On the basal side, a second protein

complex forms fromMiranda, Brat, and Prospero. It is still unclear how these protein

complexes are initiated or guided to the apical or basal side; the ultimate result is that

their positioning directs the identity of the daughter cell containing them.

18.2.1.1 Apical Protein Complex and Localization of Apical

Determinants

Normal Conditions

Once aPKC, Par-6, and L(2)GL have formed a complex on the apical side (Fig. 18.1),

Aurora A, a serine-threonine protein kinase, then initiates signaling, first by phosphor-

ylating Par-6 and then aPKC. Co-immunoprecipitation and [32P]ATP labeling exper-

iments first indicated that Par-6 is phosphorylated at Ser34 (Wirtz-Peitz et al. 2008),

while in vitro kinase assays confirmed the specific phosphorylation and activation of

aPKC (Wirtz-Peitz et al. 2008) by Aurora A. aPKC can also phosphorylate itself in the

presence of Par-6, L(2)GL, and Aurora A (Wirtz-Peitz et al. 2008). Activated aPKC

then proceeds to phosphorylate L(2)GL, thereby reducing L(2)GL affinity to the aPKC–

Par-6–L(2)GL complex. Reduced phosphorylation of L(2)GL by aPKC is responsi-

ble for delayed cortical release of L(2)GL, whereas constitutively active aPKCΔN

redistributes L(2)GL into the cytoplasm during cell cycle (Wirtz-Peitz et al. 2008),

ensuring asymmetric fate of neuroblasts. Under normal conditions, when L(2)GL

dissociates, Par-3 is able to join the complex (Kalmes et al. 1996; Betschinger et al.

2003; Yamanaka et al. 2003), leading to the critical event of phosphorylation of the

fate determinant Numb. Once phosphorylated, Numb becomes inactive and dissoci-

ates from the plasma membrane (Fig. 18.1). Since Numb acts as a major suppressor of

Notch signaling, its inactivation has the effect of activating Notch signaling, providing
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self-renewal properties to the daughter cell emerging from the apical side of division

(Wirtz-Peitz et al. 2008).

Mechanisms concordant with those in Drosophila neuroblasts have also been es-

tablished in mammalian systems. During mammalian neurogenesis, neural progenitor

cells undergoing asymmetric cell division also show localization of the aPKC/PAR6/

PAR3 complex to the apical side (Manabe et al. 2002), where it is concentrated at the

adherens junctions, with the help of a small GTP binding protein, CDC42 (Joberty

Fig. 18.1 Distinct apical and basal molecular programs regulating asymmetric cell division. Apical
pole: On the apical side, aPKC/PAR6/PAR3 complex formation initiates during interphase, giving

apical pole the identity of self-renewal. Aurora A protein kinase phosphorylates aPKC leading to its

activation. Active aPKC phosphorylates L(2)GL which releases L(2)GL from the complex and PAR3

enters. This complex phosphorylates Numb releasing it from the apical membrane and increasing

Numb concentration at the basal side. This keeps the Notch signal active on the apical side and

promotes stemness. Wnt signal also takes part in the self-renewal, though the detailed mechanism is

not known. In metaphase and telophase, apical microtubule arrangement is maintained by Inscuteable/

Pins/Gαi complex. Cytoskeletal adapter protein Inscuteable binds with Pins and Gαi, whereas Mud

forms complex with Dlg and Knc73. These two complexes come together that arranges the microtu-

bules attached to Knc73. Basal pole: Adapter protein Miranda on the basal pole binds with Prospero

and Brat. Degradation of Miranda releases transcription factor Prospero that turns on the genes driving

differentiation. Brat, on the other hand, acts as a translational repressor, possibly suppressing protein

production needed for proliferation. Accumulation of Numb on the basal membrane leads to the

degradation of Notch. This suppresses Notch signal and its proliferative effect on the basal side
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et al. 2000). This complex formation guarantees apical adherens junction integrity and

establishes apicobasal polarity (Gomez-Lopez et al. 2013). Protein complexes on the

apical side also ensure NUMB inactivation and NOTCH activation. One function of

NOTCH in the maintenance of the stem cell fate is to bind with active β-catenin and

prevent it from entering the nucleus to initiate its transcriptional program. In this

manner, NOTCH is antagonistic to β-catenin pathway and NOTCH knockdown in

embryonic stem cells (ESCs) leads to transcriptional activation by β-catenin (Kwon

et al. 2011); others have clearly defined the regulation of asymmetric cell division by

β-catenin (Habib et al. 2013).

In Neoplasia

In Drosophila tumor models, disruption of the tightly regulated mechanisms that

control asymmetric division usually generates a highly proliferative population of

stem-like cells with limited capacity to differentiate. One of the earliest findings

was that loss-of-function mutants of Numb, which normally antagonizes Notch in

neuroblasts, result in a neoplastic proliferation of stem-like cells in the developing

brain (Lee et al. 2006a; Wang et al. 2006). Similarly, a delocalized and active form

of Drosophila aPKC protein (Lee et al. 2006b), which activates Notch signaling

throughout the neuroblast by suppressing active Numb, also promotes tumor for-

mation (Knoblich 2010; Liu et al. 2010). Suppression of aPKC, on the other hand,

reduces the number of neuroblasts. Aurora A is a mitotic kinase that promotes cen-

trosome localization and its maturation. Besides its phosphorylation of aPKC and

Par-6, Aurora A is also required for Numb’s asymmetric localization on the basal

side. In Aurora A mutants, inactive Numb is released from basal cortex and drives

overproliferation to generate tumors through the final common pathway of acti-

vated Notch signaling (Chia et al. 2008). Mutants of L(2)GL cause the formation

of nonfunctional aPKC/Par-6/Par-3 complex that promotes symmetric division. In

general, those alterations that lead to inactivation of Numb or promote Notch sig-

naling will cause tumors.

Similar to Drosophila, disruption of apical protein complex aPKCi/PAR6/LGL1 in

mammalian systems also promotes a neoplastic state. aPKC iota (aPKCi), the human

ortholog ofDrosophila aPKC of the apical complex, is both amplified and overactive in

ovarian cancer cells, promoting self-renewal, and is associated with aggressive growth

(Eder et al. 2005). In mice, mutated PAR6 attenuates TGF-β signaling and suppresses

lung metastasis of mammary tumors (Viloria-Petit et al. 2009). In humans, PAR6 is

known to promote epithelial–mesenchymal transition (EMT) in breast cancer through

TGF-β signaling. Loss of LGL1, a mammalian ortholog of fly L(2)GL, promotes over-

proliferation of neural progenitor cells in the ventricular region of the mouse cerebellum

at the expense of their differentiation (Hou et al. 2014). Overexpression of PAR3, an-

other partner of apical protein complex, keeps NUMB inactive, thereby enhancing

Notch signaling (Gaiano et al. 2000) in radial glial cell population. This results in

symmetric division in these cell populations, resulting in retained stem-like properties

of both daughter cells (Bultje et al. 2009). Along these lines, Musashi-2 is an inhibitor
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of NUMB that promotes Notch signaling, and activation ofMusashi-2 in hematopoietic

stem cells leads to leukemia, demonstrating neoplastic growth in myeloid cells fol-

lowing activation of this pathway (Ito et al. 2010).

There are numerous examples of human cancers that harbor mutations or copy num-

ber alterations (CNA) of genes related to asymmetric cell division. For example, human

epithelial neoplasms show frequent deletions in PARD6 (PAR6), PARD3 (PAR3), and

DLG2. Lung and adrenal cancer shows PARD6 deletion, which disrupts cell polarity

and causes neoplastic growths. PARD3 deletion leads to the loss of cell polarity, sym-

metric cell division, and enhanced proliferation in glioblastomas and squamous cell car-

cinomas. DLG2 is deleted most frequently in cervical and lung cancer and phenocopies

PARD3 deletion (Kunnev et al. 2009; Rothenberg et al. 2010). Although inDrosophila,
loss-of-function mutations of Aurora kinase drive overproliferation of neuroblasts,

many human neoplastic diseases such as pancreatic cancer and prostate cancer

show overexpression of its human orthologs AURKA and AURKB (Li et al. 2003;

Chieffi et al. 2006). On the other hand, TCGA provisional data analysis shows that

more than 75% head and neck squamous cell carcinomas carry high frequency deletion

of AURKB(Mukherjee et al. 2015), indicating a unique role of Aurora kinase in

neoplastic growth that demands further studies. Nevertheless, all these data

strongly support a link between neoplastic disease and the disruption of asym-

metric cell division.

18.2.1.2 Basal Protein Complex and Localization of Basal

Determinants

Normal Conditions

The combination of Numb phosphorylation and inactivation on the apical side, together

with Aurora A, mediated localization of unphosphorylated active Numb on the basal

side, leading to inhibition of Notch signaling and directing the emerging basal daughter

toward differentiation. At the same time, during interphase, a highly coil-coiled adapter

protein Miranda also appears specifically on basal side. Immunocytochemical studies

have demonstrated that Miranda binds with two critical fate determining proteins that

guide the transcriptional and translational fate of the basal daughter: (a) Prospero, a

transcription factor, and (b) Brain Tumor (Brat), a translational repressor that may have

other functions as well (Lee et al. 2006c). Once proper localization of Prospero and

Brat is accomplished, Miranda is proteolytically degraded, releasing Prospero to ini-

tiate a transcriptional program that stimulates differentiation (Slack et al. 2007).

Brat, on the other hand, likely works through multiple mechanisms, including ac-

tivity as a translational repressor and by its ability to suppress self-renewing wnt

signaling through β-catenin/Armadillo inhibition (Komori et al. 2014).
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The incomplete understanding of Brat mechanisms on the basal side (Fig. 18.1)

during asymmetric cell division is due in part to its complex structure (Arama et al.

2000). One of its first described functions was as a translational repressor of Hunchback

protein during embryonic development (Sonoda and Wharton 2001). Brat belongs to

the Tripartite Motif Containing Protein family, which includes almost 70 members of

the mammalian TRIM protein family. Based on sequence homology and similar pro-

tein domains, the human ortholog TRIM3 has the closest resemblance (48% identity)

to Drosophila Brat. TRIM3 has already been established as an E3 ubiquitin ligase and

regulates asymmetric cell division in human neural progenitor cells (Chen et al. 2014).

TRIM32, another ubiquitin ligase closely related to TRIM3, has been reported to drive

neurogenesis in a mouse model (Schwamborn et al. 2009). TRIM32 also has several

functions including activation of microRNAs, such as Let-7, and binding of c-MYC to

promote its degradation (Schwamborn et al. 2009).

In parallel to findings inDrosophila, the mammalian ortholog of Prospero, PROX1,

acts as a fate determinant in asymmetric cell division. During neurogenesis in mouse

models, PROX1 (Dyer et al. 2003; Kaltezioti et al. 2010; Vessey et al. 2012) tran-

scriptionally activates differentiation factors that lead to the generation of the differ-

entiated cell from the basal side after division.

In Neoplasia

Loss of proper asymmetric cell division in Drosophila favors an increase in cell di-

vision that is more symmetric, enhancing the stem cell pool and causing neoplastic

growth. Activated Numb serves as a lynchpin on the basal side in its role of sup-

pressing Notch signaling (Fig. 18.1) and promoting differentiation during asymmetric

division. This critical event also depends on the inactivation of Numb on the apical

side through the actions of aPKC and L(2)GL. When aPKC is inhibited, phosphor-

ylation of L(2)GL does not occur (Betschinger et al. 2003, 2005) on the apical side,

thereby reducing Numb phosphorylation on that side and leading to the failure of the

unphosphorylated Numb localization to the basal membrane (Wirtz-Peitz et al. 2008).

Loss of functional Numb in this setting as well as the Numb null mutant allele causes

inappropriate Notch signaling after division (Bowman et al. 2008), leading to disrup-

tion in asymmetric cell division.

Mutations in miranda, prospero, or brat lead to a brain tumor phenotype during

Drosophila development in which there is a massive brain enlargement consisting of

neuroblasts that fail to differentiate. The remarkable similarity of tumor growth fol-

lowing the mutation of any of these three genes points to a common regulatory mech-

anism. In addition to local growth properties, mutant neuroblasts also show invasive

and metastatic property when transplanted into the abdomen of wild-type Drosophila,
indicating they are malignant, rather than benign growths (Caussinus and Gonzalez

2005; Beaucher et al. 2007; Chia et al. 2008; Janic et al. 2010). Recently, Mukherjee

and Brat used brat-RNAi in Drosophila neuroblasts to cause Brat protein downre-

gulation and generated a brain tumor phenotype in adult flies, which showed a short-

ened life expectancy. Brat suppression in these cells led to increased Musashi protein,
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a translational inhibitor of Numb, which in turn generated active Notch. Brat may

regulate the nuclear transport of activated Notch through Ketel (mammalian ortholog,

Importin β), suggesting a novel mechanism by which Notch nuclear transport is re-

gulated in neoplastic diseases (Mukherjee et al. 2016).

Mammalian PROX1, the ortholog of Prospero, is mutated in a large number of

human cancers, including pancreatic, esophageal, and colon cancer, and its func-

tional consequences are thought to cause progression. When PROX1 protein was

ectopically expressed in mice xenograft experiments with pancreatic cancer cells

that harbored PROX1 mutations, a reduction in self-renewal and proliferation was

observed (Takahashi et al. 2006).

In hematologic malignancies, DNAmethylation of PROX1 gene is frequent (56.3%),

suggesting another mechanism for PROX1 transcript suppression (Nagai et al. 2003).

In breast cancer, epigenetic silencing has also been noted, and in hepatocellular malig-

nancies, PROX1 transcription is altered in a manner that promotes disease progression

(Versmold et al. 2007; Dudas et al. 2008). Mutation and deletion of NUMB gene are

hallmarks of many neoplastic diseases, including endometrial carcinoma and adenoid

cystic carcinoma. NUMB protein is also reduced in some subsets of breast cancer

(Colaluca et al. 2008; Ito et al. 2010; Gomez-Lopez et al. 2013).

Human orthologs of Brat are also gaining attention in their relation to human

pathological diseases, such as cancer, and especially in brain tumors. Human TRIM3,

the closest ortholog of Drosophila Brat, is exclusively expressed in the brain. TRIM3
is deleted in about 25% of human glioblastomas with similar deletion frequency in

lower grade gliomas, signifying this mutation as an early event in gliomagenesis

(Boulay et al. 2009). TRIM3 has E3 ubiquitin ligase activity and functions as a tumor

suppressor at least partially through ubiquitination and degradation of p21. However,

in oligodendrogliomas, TRIM3 overexpression suppresses proliferation in both pres-

ence and absence of p21, suggesting contribution of different signaling pathways (Liu

et al. 2014). Although 25% of GBMs have at least one TRIM3 allele deleted, recent

work has suggested that non-deleted gliomas have reduced expression of TRIM3 and

have suggested that other mechanisms, such as TRIM3 promoter methylation, could

account for its lower RNA expression (Chen et al. 2014). Low TRIM3 protein ex-

pression was linked to upregulated Notch signaling in GBM neurospheres, possibly

through reduced expression of the negative regulator NUMB. Reconstitution of TRIM3

in TRIM3-null neurospheres led to Musashi1, the mammalian ortholog of Drosophila
Musashi, which also attenuates NUMB translation. Thus, it has been suggested that

activation of NUMB is the ultimate mechanism responsible for suppressing Notch

signaling. A recent study demonstrated a novel role of TRIM3, in which the protein

binds with Importin β and regulates nuclear transportation of proteins including

NOTCH1 (Mukherjee et al. 2016). TRIM3 reduction was also tightly coupled with

elevated expression and activity of c-MYC in both glioma cell lines and neurospheres.

Functional assays measuring asymmetric cell division have also showed that TRIM3

expression can rescue asymmetric cell division phenotype in GBM neurospheres.

Altogether, it is clear that the Brat mammalian ortholog TRIM3 regulates self-renewal

in human gliomas (Chen et al. 2014). Other TRIM family members, including the

Brat ortholog TRIM32, have also been shown to attenuate proliferation and self-
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renewal during asymmetric cell division in mice through ubiquitination of MYC

protein (Betschinger et al. 2006; Schwamborn et al. 2009).

18.2.2 Asymmetric Spindle Assembly

18.2.2.1 Apical Spindle Orientation

Normal Conditions

After localization of fate determinants during interphase, mitotic spindle formation in

metaphase and telophase takes center stage to support asymmetric division that leads

to unequal daughters and also results in the correct localization of daughter cells with-

in the niche following division. Inscuteable, a cytoskeletal adapter protein (Wodarz

et al. 1999), first localizes apically and binds with Partner of Inscuteable (Pins) and

the G protein receptor substrate Gαi, in a receptor independent manner (Siegrist and

Doe 2005). Another protein, microtubule-bound kinesin Khc73, binds with Disc Large

(Dlg) and forms a complexwithGαi, Pins, andMud (Siller et al. 2006). This large protein

complex together binds with the apical cytoskeleton through Inscuteable, establishing

the correct spindle alignment and the orthogonal cleavage plane along the apical/basal

axis (Fig. 18.1).

The mammalian ortholog of Drosophila Pins is LGN. Studies suggested that

LGN binds with a microtubule-associated protein NuMA as well as Gαi to establish
asymmetric microtubule orientation (Du and Macara 2004). When LGN is absent,

PAR3 exclusively localizes to one cell, which ultimately causes excessive produc-

tion of outer radial glia (Konno et al. 2008).

In Neoplasia

Drosophila mutants of Disc large (Dlg) have a disrupted microfilament and microtu-

bule network that results in loss of localization of basal determinants. Disruption of the

apicobasal polarity in imaginal discs during development drives cellular enlargement,

making Dlg a well-known tumor suppressor (Woods et al. 1996; Knoblich 2010). The

mitotic spindle anchoring protein Inscuteable helps in the localization of basal deter-

minants, such as Miranda and Prospero. Loss of inscuteable causes mislocalization of

Miranda and Prospero and disrupts their ability to direct asymmetric cell division

(Chia et al. 2008). The Partner of Inscuteable (Pins) and Mud act together to establish

proper spindle orientation. Absence of either (or both) results in a lack of spindle align-

ment with the asymmetric fate determinants, causing their random localization and

driving the formation of proliferative neuroblast-like cells (Wodarz and Nathke 2007).

Mouse LGN is an ortholog ofDrosophila Pins that rescues Pins mutants to maintain

asymmetric division. siRNA experiments as well as genetic mutations have shown that

functionally impaired LGN disrupts asymmetry in radial glial cell division and drives
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predominant oblique division as opposed to vertical division (Shitamukai et al. 2011).

NuMA, a mammalian ortholog of Mud, can cause aneuploidy in mouse myeloid cell

(Ota et al. 2003) when overexpressed.

LGN protein is expressed in a large number of human breast cancer cell lines

(Fukukawa et al. 2010), signifying a potential role in tumor development and pro-

gression. Studies have shown that PBK/TOPK phosphorylates and activates LGN,

ultimately favoring symmetric spindle orientation, leading to proliferation and tumor

formation. Adenomatous polyposis coli (APC) is another tumor suppressor that binds

to human DLG1 protein and negatively regulates cell cycle progression (Matsumine

et al. 1996). Mutations in this gene are well described in both familial and sporadic

forms of colorectal cancer. APC also initiates downstream β-catenin ubiquitination

and degradation by binding with β-catenin through GSK-3β and axin complex. This

whole process has the end result of inhibiting the WNT signal and suppressing cell

proliferation (Li et al. 2012).

18.2.2.2 Basal Spindle Orientation

In contrast to apical spindle organization, full descriptions of proper basal spindle

arrangement are not yet available. Studies indicate that Dlg and Pins may promote

basal spindle orientation since basal determinants do not localize in dlg and pins
mutants; however, during telophase, asymmetric cell division can still occur in

these mutants (Ohshiro et al. 2000; Peng et al. 2000).

18.3 Extrinsic Regulators of Asymmetric Cell Division

Recent findings indicate that the stem cell niche, the microenvironment surrounding

stem cell, also significantly participates in the regulation of asymmetric cell division

and the determination of cellular fate. Drosophila germline stem cells have been a

prime model for exploring niche effects, since the surrounding epithelial cells appear

to regulate apical–basal spindle orientation and asymmetric division (Siegrist and Doe

2005; Knoblich 2008). Stem cells in Drosophila ovary and testis have their own niche
known as cap and hub, respectively (Roeder and Lorenz 2006).Within this niche, stem

cells maintain their self-renewal properties as long as they are physically attached;

detachment from the niche initiates differentiation. Signals from Notch ligand Delta

and Jagged and β-catenin ligand Wnt from adjacent cells present at the niche are de-

livered to the apical side of the germline stem cells in order to support stemness to that

side; the basal side that does not contact the niche generates a daughter cell that will

detach and eventually differentiate.

Drosophila germline stem cells are the best studied model for establishing signaling

pathways from the niche to the cells undergoing division. In the ovary, there are two

distinct sets of cells, namely, Germline stem cells (GSCs) and Escort stem cells (ESCs),

that are regulated by the stem cell niche. In each germarium, 2–3 GSCs are surrounded
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by the stem cell niche, which consists of an equal number of cap cells. Cellular ad-

hesion between GSCs and cap cells is the major regulator of asymmetric division in

this niche. GSCs attached to cap cells retain their stemness, whereas the other daughter

cell moves away from the niche and differentiates. Both β-catenin and E-cadherin play
vital roles in maintaining cellular adhesion between GSCs and cap cells and their ab-

sence leads to stem cell loss (Song et al. 2002). Cap cells drive asymmetric division to

GSCs by releasing short burst of BMP ligands Decapentaplegic (Dpp) and Glass bot-

tom boat (Gbb) (Fuller and Spradling 2007), which together activate BMP receptors on

stem cells and repress differentiation by inducing Bag of marbles (Bam). After divi-

sion, one daughter cell, called the cytoblast, moves away from the niche and activates

Bam transcription, resulting in differentiation. Bam mutant cytoblasts fail to differen-

tiate, giving rise to an ovarian tumor.

Escort stem cells (ESCs) surround germarium and are in contact with cap cells

and GSCs. When the cystoblast moves away from the niche after differentiation,

Escort cells (ECs) wrap them with their cytoplasmic projections. Eventually, ECs

undergo apoptosis. ESCs undergo asymmetric division by the influence of

Unpaired, a ligand of the JAK–STAT pathway. Studies have shown that a lack of

STAT depletes the ESC pool, whereas overexpression of Unpaired occasionally

causes germline stem cell tumor (Decotto and Spradling 2005). In Drosophila male

germline stem cells (GSCs), the stem cell niche also regulates the mother cell and

daughter cell centrosomal orientation during asymmetric division. In this process,

the male germline stem cell (GSC) niche called “hub” anchors the astral microtu-

bules present in the mother GSC. These microtubules are already anchored to the

mother centrosomes by a centrosomal integral protein called Centrosomin (Cnn).

This hub-microtubule-centrosome anchoring ensures mother centrosomes to stay

close to the hub than the daughter centrosomes. The homozygous mutant of

centrosomin (cnn) causes random positioning of both mother and daughter centro-

somes. Anchoring of the mother centrosome with the hub helps it stay close to the

niche, whereas it allows the movement of the daughter cell away from the hub

(Yamashita et al. 2007).

Interestingly, in the germarium of aging flies, stem cell loss is a common finding,

but the role of the niche and its signaling in this aging process has not been fully

explored. It has been determined that overexpression of superoxide dismutase (SOD)

can prevent stem cell loss in these aging flies, suggesting that levels of oxidative

stress likely play a major role in maintaining the germline stem cell pool (Pan et al.

2007).

While Wnt is a well-established determinant of cell polarity in C. elegans and
Drosophila (Hilliard and Bargmann 2006; Korkut et al. 2009), more recent studies

have also suggested that it is a regulator of asymmetric cell division. In the case of

embryonic stem (ES) cells, when WNT protein is brought into close proximity of

the external surface of ES cells undergoing division, the daughter cell closest to

WNT will continue to display pluripotency, whereas the distant daughter will even-

tually differentiate (Habib et al. 2013). Dysregulation of Wnt signaling has been

well documented in human cancers, and wnt is an established proto-oncogene fre-

quently linked to breast cancer, specific forms of medulloblastoma, and other forms
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of neoplasia. Upregulated Wnt drives nuclear localization of β-catenin, initiating
target gene expression that favors tumor progression and is associated with poor

prognosis in some cancers. Wnt signaling (Fig. 18.1) is also a key regulator of

epithelial–mesenchymal transition (EMT) (Lamouille et al. 2014), which could at

least partially be an outcome of deregulated asymmetric cell division.

Neural and epidermal stem cells have been ideal models to study comparable niche

phenomena in in vivo mammalian systems. In both models, cells receive intrinsic and

extrinsic (niche driven) cues that leads to asymmetric cell division (Knoblich 2008).

Neural stem cells are attached to ependymal cells that line the ventricular surface

within the subventricular zone of lateral ventricle (Doetsch 2003), serving as the niche

to the neural stem cells. The daughter cell that loses contact with the ependymal niche

after division proceeds to differentiate. Nearby blood vessels and cerebrospinal fluid

provide addition input to the niche by supplying growth factors that promote neural

stem cell proliferation (Shen et al. 2004; Andreu-Agullo et al. 2009; Lehtinen et al.

2011). Similar phenomena can be observed in embryonic epidermal cells, where daugh-

ter cells detach themselves from the basement membrane following division and be-

come differentiated suprabasal cells (Miyata et al. 2004; Noctor et al. 2004). Both EGFR

andNotch signaling play roles in directing self-renewal in these settings (Andreu-Agullo

et al. 2009). Parallels with cancer biology are evident, since both activating EGFR al-

terations and dysregulated Notch signaling are common in cancer (Espinoza et al. 2013).

18.4 Noncanonical Signaling Pathway Influence

on Asymmetric Cell Division

Apical–basal localization of protein complexes and fate determinants along with the

unequal spindle arrangement on two sides of the division plane are central cell-

intrinsic drivers of asymmetric stem cell division. While mechanisms have been

partially established, signals that initiate and regulate the cell-intrinsic asymmet-

ric division are only partially understood. Noncanonical signaling pathways are

such signaling cues that are not a part of conventional apical and basal complexes

and fate determinants during asymmetric division but play a large role in the ini-

tiation or modification protein localization and fate determination, either directly

or indirectly. Here, we will discuss Myc signaling, self-renewal maintaining tran-

scription factors, and mi-RNA signaling.

18.4.1 Myc Regulation

MYC signaling pathways are key regulators of cell growth, proliferation, and devel-

opment and have a strong impact on stem cell maintenance. Constitutively active

c-MYC has been linked with many neoplastic diseases (Zheng et al. 2008).
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dMyc (Drosophila Myc) levels are high in stem cells and drop significantly in dif-

ferentiated daughter cells that arise following asymmetric cell division. Additionally,

dMyc overexpression prevents differentiation of daughter cells in the ovary (Rhiner

et al. 2009). Together these data indicate that dMyc could be a regulator of asymmet-

ric cell division in Drosophila neuroblasts and germline stem cells (Quinn et al. 2013),

as dMyc is linked to stem cell maintenance and is not expressed in the differentiated

daughter. During asymmetric cell division, Drosophila Brat suppresses dMyc expres-

sion posttranscriptionally in neuroblasts (Betschinger et al. 2006) and in germline stem

cells (Harris et al. 2011). This direct control of dMyc by fate determinant Brat is critical

for maintaining a homeostatic balance during asymmetric division (Betschinger et al.

2006).

In mice models, mammalian ortholog of Drosophila Brat, TRIM32, ubiquitinates

c-MYC for its degradation in neural progenitors in neocortex (Fig. 18.2a) (Schwamborn

Fig. 18.2 Noncanonical signaling pathways regulate asymmetric cell division. (a) Various growth

signaling pathways affect the asymmetric cell division balance. Pro-growth regulators such as MYC

shift the asymmetric cell division balance toward self-renewal, through activating CYCLIN D1. On

the basal side, Drosophila Brat or mammalian TRIM32 attenuates MYC function to start differen-

tiation signal. (b) Dysregulation of pluripotency and self-renewal transcription factors such as

NANOG, SOX2, OCT4, and SNAIL also initiates symmetric stem cell proliferation. Transcription

factors such as PROX1, C/EBP alpha, GATA1, and GATA6 express in the differentiated daughter

cell. (c) MicroRNAs also regulate asymmetric cell division by affecting stem cell renewal and

differentiation. miR-146a drives stem cell renewal, whereas miR-34a and Let-7 drive differentiation
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et al. 2009) initiating differentiation. c-MYC regulates an array of cell growth pathways

including cell cycle genes such as Cyclin D1 (Fig. 18.2a) (Mateyak et al. 1999; Kapinas

et al. 2013), chromatin modification, and energy metabolism that promote cell division

and stemness. BothDrosophilaMyc andmammalianMYC bind to the promoter region

of TORC1 target genes (Quinn et al. 2013) and exert control over Insulin/TOR me-

tabolic axis and ribosome synthesis driving self-renewal. Another potential mechanism

is that MYC represses a master regulator of endoderm differentiation, GATA6 (Quinn

et al. 2013) and drives proliferation.

Upon APC (antigen-presenting cell)-mediated activation of T-lymphocytes, these

cells undergo asymmetric division where c-Myc asymmetrically segregates to the pro-

ximal daughter cell and is maintained by mTORC1 (Verbist et al. 2016). In neuroblas-

toma cells, MYCN is abundant, especially in neuroblastoma stem cells that lack

asymmetric division. Suppressing MYCN in those MYCN expressing cells induces

asymmetric division, proving that MYC can regulate asymmetric cell division (Izumi

and Kaneko 2012). The excessive activity of proto-oncogene c-MYC in many cancers

supports a strong relationship between self-renewal program and carcinogenesis (Nesbit

et al. 1999). Evidently, normal cellular safeguards that save cells from aberrant cMYC

activation seem to be broken in cancer. In non-neoplastic follicular basal cells of mice

for example, aberrant c-MYC activation diminishes the stem cell population and ini-

tiates differentiation (Perez-Losada and Balmain 2003), indicating an inherent protective

mechanism against uncontrolled proliferation in normal cells (Perez-Losada and

Balmain 2003).

18.4.2 Self-renewal Transcription Factors and Cell Cycle
Regulation

Transcription factors involved in retaining pluripotency of a stem cell include

NANOG, SOX2, OCT4 (Fig. 18.2b) (Kapinas et al. 2013). These transcription factors

maintain activity in the mother stem cell and in daughter stem cell but not in the

differentiated daughter. It’s unclear whether they localize asymmetrically during

asymmetric division, but they are important for maintaining stem fate. When induced

by WNT3a, these transcription factors accumulate on the self-renewal side of embry-

onic stem cells during asymmetric cell division (Habib et al. 2013). These factors also

regulate cell cycle and microRNA genes to maintain pluripotency. Many human

neoplastic growths harbor copy number alteration of these pluripotent transcription

factors, suggesting a contribution of these factors in the disease.

Cell cycle regulators are the final arbiters in a cell’s commitment to divide and

create progeny, and their defects are known to drive specific diseases, including cancer.

Cyclins and CDKs, the major regulators of cell cycle, determine cell cycle entry and

exit. Active CDC42 localizes on the apical side during asymmetric cell division, keep-

ing cyclin D1 active (Besson et al. 2004) by the aPKC/PAR6/PAR3 complex. Cyclin

D1 interacts with CDK4 and regulates G1–S cell cycle transition through active E2F in
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stem cells (Kondo et al. 2006). High levels of Cyclin-CDK guarantee short cell cycle

length and self-renewal.

18.4.3 microRNA Regulation

In recent years, the role of microRNAs (mi-RNA) in self-renewal (Fig. 18.2c),

pluripotency, asymmetric cell division, and cancer has been a topic of intense investi-

gation. These short, noncoding RNAs target mRNAs in a sequence-specific manner and

attenuate their expression (Kapinas and Delany 2011). Self-renewal transcriptional

factors, such as NANOG, SOX2 and OCT4 are known regulators of mi-RNAs (Kapinas

et al. 2013). In the context of germline asymmetric cell division in Drosophila, protein
Mei-P26 inhibits mi-RNA pathways and mutant mei-P26 flies show germline

overproliferation (Page et al. 2000). A novel microRNA miR-34a suppresses Notch

signaling in differentiated daughter cells by localizing asymmetrically (Lerner and

Petritsch 2014). Another microRNA miR-146a has also been described as an initiator

of self-renewal signal in colorectal cancer stem cells (Lerner and Petritsch 2014) and

asymmetrically distributed in only 10–20% of these cancer stem cells. In those same

types of cells, miR-146a activation phenocopies SNAIL-dependent colorectal cancers,

possibly because SNAIL regulatesmiR-146a through theWnt signaling pathway. Let-7,
another class of microRNA, regulates Ras oncogenic activity. In lung cancer,

downregulation of Let-7 is evident, thus driving the proliferation (Esquela-Kerscher

and Slack 2006).

18.5 Summary

Molecular programs of asymmetric cell division are complex, and much of our cur-

rent understanding stems from Drosophila (Knoblich 2008).

• Localization of apical and basal protein complexes along with fate determinants,

such as Numb, Brat, and Prospero, during early stages of cell cycle directs asym-

metric division, and disruption of these complexes disturbs the bipolar fate, gen-

erating stem cells with potential to form neoplastic masses.

• Asymmetric arrangement of spindles and microtubules during mitosis also plays

a critical role in maintaining apical–basal polarity and ensuring appropriate

asymmetric cell division.

• Both Drosophila and mammalian systems have cell-extrinsic (microenviron-

mental) cues that impact asymmetric cell division.

• Noncanonical pathways that directly and indirectly influence asymmetric cell

division include transcription factors, cell cycle regulators, signaling pathways,

and microRNAs.
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Many cancers display a reduced frequency of asymmetric cell division (Lathia

et al. 2011; Gomez-Lopez et al. 2013), which may be explained by disruption in the

mechanisms above. Further understanding of stem cell division in cancer will pro-

vide opportunities for the development of novel diagnostics and therapies.
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