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Abstract 
During development, oriented cell divisions are crucial for correctly 

organizing and shaping a tissue. Mitotic spindle orientation can be coupled with 

cell fate decisions to provide cellular diversity through asymmetric cell divisions 

(ACDs), in which the division of a progenitor cell results in two daughters with 

different cell fates. Proper tissue morphogenesis relies on the coupling of these 

two phenomena being highly regulated. The development of the mouse 

epidermis provides a powerful system in which to study the many levels that 

regulate ACDs.  Within the basal layer of the epidermis, both symmetric and 

asymmetric cell divisions occur.  While symmetric divisions allow for an increase 

in surface area and progenitor cell number, asymmetric divisions drive the 

stratification of the epidermis, directly contributing additional cell layers (Lechler 

and Fuchs 2005; Poulson and Lechler 2010; Williams, Beronja et al. 2011).   

Utilizing genetic lineage tracing to label individual basal cells I show that 

individual basal cells can undergo both symmetric and asymmetric divisions. 

Therefore, the balance of symmetric:asymmetric divisions is provided by the sum 

of individual cells’ choices.  In addition, I define two control points for determining 

a cell’s mode of division.  First is the expression of the mInscuteable gene, which 

is sufficient to drive ACDs.  However, there is robust control of division 

orientation as excessive ACDs are prevented by a change in the localization of 

NuMA, an effector of spindle orientation.  Finally, I show that p63, a 
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transcriptional regulator of stratification, does not control either of these 

processes, rather it controls ACD indirectly by promoting cell polarity.  

Given the robust control on NuMA localization to prevent excess ACDs, I 

sought to determine how targeting of NuMA to the cortex is regulated. First, I 

determined which regions within the protein were necessary and sufficient for 

cortical localization.  NuMA is a large coiled- coil protein that binds many factors 

important for ACDs, which include but are not limited to: microtubules, 4.1, and 

LGN. Interestingly, while the LGN binding domain was necessary, it was not 

sufficient for proper NuMA localization at the cortex.  However, a fragment of 

NuMA containing both the 4.1 and LGN binding domains was able to localize to 

the cortex.  Additionally, the NuMA-binding domain of 4.1 was able to specifically 

disrupt NuMA localization at the cortex.  These data suggested an important role 

for a NuMA-4.1 interaction at the cortex.  While the 4.1 binding domain was not 

necessary for the cortical localization of NuMA, it was important for the overall 

stability of NuMA at the cortex.  I hypothesize that 4.1 acts to anchor/stabilize 

NuMA at the cortex to provide resistance against pulling forces on the mitotic 

spindle to ensure proper spindle orientation. 

Finally, to determine if post-translational modifications of NuMA could 

regulate its localization I tested the importance of a conserved Cdk-1 

phosphorylation site.  Interestingly, a non-phosphorylatable form of NuMA 

localized predominately to the cortex while the phosphomimetic protein localized 
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strongly to spindle poles. In agreement with these data, use of a CDK-1 inhibitor 

was able to enhance the cortical localization of NuMA.  Unexpectedly, the non-

phosphorylatable form of NuMA did not require LGN to localize to the cortex.  

Additionally, restoration of cortical localization of the phosphomimetic form of 

NuMA was accomplished by the overexpression of either LGN or 4.1.  Thus, 

phosphorylation of NuMA may alter its overall affinity for the cortex.  

Overall, my studies highlight two important regulatory mechanisms 

controlling asymmetric cell division in the epidermis. Additionally, I show a novel 

role for the interaction between NuMA and 4.1 in providing stability at the cortex. 

This will ultimately provide a framework for analysis of how external cues control 

the important choice between asymmetric and symmetric cell divisions. 
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1. Asymmetric Cell Divisions in the Epidermis 
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1.1 Oriented cell divisions drive morphogenic processes 

During development, the formation of tissues must be highly regulated to 

ensure proper shape, size and cell fate specifications.  Oriented cell divisions are 

a highly conserved mechanism used to properly pattern and shape a tissue. 

Described below are various developmental and homeostatic processes across 

diverse species and cell types which rely on oriented cell divisions.  

1.1.1 Shaping a Tissue 

Oriented cell divisions can function to drive morphogenesis by shaping 

tissues. A diversity of tissue architectures are generated and/or maintained by 

oriented spindles.  These include the elongation of tissues, branching 

morphogenesis and maintenance of single lumens within epithelial tubes. In fact, 

evidence for oriented cell divisions directing these processes can be seen 

throughout development and evolution.  

When cell divisions are oriented along a preferred axis, tissue elongation 

results (Figure 1.1 panel A, page 3).  This simple mode of morphogenesis is 

seen throughout evolution. Even unicellular organisms such as some yeasts 

exploit spindle orientation to grow as hyphae (Li, Wang et al. 2005; Finley, 

Bouchonville et al. 2008). During gastrulation in zebrafish, the embryo elongates 

along the animal-vegetal axis. In vivo imaging of mitotic divisions during zebrafish 

gastrulation revealed that a majority of cells orient their spindle along the animal-

vegetal axis. Inhibition of the planar cell polarity pathway led to altered spindle  
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Figure 1.1: Oriented cell divisions drive morphogenic processes. 

(A)  Tissue elongation is driven through oriented cell divisions along the 
axis of elongation.   The overall affect of dividing in the same direction results in 

an elongation of the tissue.  (B)  Branching may occur through cell divisions 
oriented perpendicular to the plane of a tissue.  (C).  Stratification of a tissue is 
driven through oriented cell divisions perpendicular to an underlying basement 
membrane.  The resulting apical daughters cell will go on to form the stratified 

layers of the tissue. 
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orientation as well as defects in elongation indicating a requirement for oriented 

cell divisions in this process (Gong, Mo et al. 2004). Additionally, cell 

rearrangement studies in marine shrimp have shown that spindle orientation 

drives the process of elongation (Wang, Hertzler et al. 2008). 

Oriented cell divisions also play a role in the proximal-distal lengthening of 

the fly wing.  In this case, tension within the wing causes cells to align their long 

axis along the proximal-distal axis.  The mitotic spindles align along this axis 

(Aigouy, Farhadifar et al. 2010).  This provides a good example in which cell 

shape is correlated with division orientation (Luxenburg, Pasolli et al. 2011; 

Wildwater, Sander et al. 2011).  Additional evidence for the correlation between 

tissue lengthening and spindle orientation came from the analysis of labeled cell 

clones within the eye and wing imaginal disc (Baena-Lopez, Baonza et al. 2005; 

Mao, Tournier et al. 2011).   

Branching of tubes is also a common phenomenon that occurs in tissues 

as diverse as the vasculature, the mammary gland and the lung.  While different 

mechanisms may drive branching, recent work has highlighted a role for spindle 

orientation in morphogenesis of the mouse lung (Figure 1.1 panel B, page3).  

Early in development, the lung consists of two primary buds with an inner 

epithelial cell layer surrounded by mesenchyme.  Subsequently, a highly 

regulated process of outgrowth and branching gives rise to the final lung 

structure (Metzger, Klein et al. 2008). During outgrowth, there is enrichment for 

spindles oriented along the airway longitudinal axis, i.e. ones that promote 



 

5 

outgrowth.  If proper spindle orientation is lost, as is found in Sprouty loss of 

function and Kras gain of function mutant lung, the normal architecture and 

branching of the lung is disrupted (Tang, Marshall et al. 2011).   This 

demonstrates the importance of oriented cell divisions in establishing the precise 

structure of the lung.  

In addition to the role of oriented cell divisions in lung outgrowth, they may 

also play a role later in development.  Studies looking at the spindle orientation in 

the distal epithelium of the lung revealed that a majority of cells divide 

perpendicular to the basement membrane.  The protein Eya1 was shown to be 

required for cell polarity and proper spindle orientation (El-Hashash, Turcatel et 

al. 2011).  Whether these divisions are functionally asymmetric and their role in 

tissue patterning is not yet clear. Taken together, these two types of oriented cell 

divisions in the lung demonstrate the ability of the tissue to regulate division 

orientation in diverse ways to control its final structure.   

In addition to driving developmental processes, control of division 

orientation is also required to maintain existing structures. For example, in the 

adult hydra, the body column exists in a dynamic state in which the ectodermal 

cells are in a constant mitotic cycle. Cells are continuously displaced along the 

longitudinal axis but never in the circumferential direction (Shimizu, Bode et al. 

1995).  These divisions do not lengthen the body column as cells are displaced 

at the top and bottom of the column, but they do appear to maintain the tissue 

architecture.  
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In simple epithelia, mitotic spindles orient within the plane of the epithelia 

(parallel to the underlying substratum) (Fleming, Zajac et al. 2007; Casaletto, 

Saotome et al. 2011).  Their divisions therefore promote tissue expansion in two-

dimensions.  The importance of this organization has recently been 

demonstrated in cultured cells, though the in vivo equivalent has not yet been 

reported.  When epithelial cells (often Caco2 or MDCK cells) are grown in 

Matrigel matrices, they form three-dimensional structures in which a simple 

epithelium surrounds a central lumen.  Disruption of normal lateral divisions in 

these cells results in the formation of multiple lumens (Jaffe, Kaji et al. 2008; Qin, 

Meisen et al. 2010).  This suggests that both the developmental generation and 

homeostatic maintenance of single-lumened tubes (which includes the digestive 

tract, the airways and the urinary system, to name a few) require control of cell 

division orientation. 

1.1.2 Generating Cellular Diversity 

In addition to driving changes in morphology, oriented cell divisions 

function to generate cellular diversity in a tissue. Two non-mutually exclusive 

mechanisms can drive cell fate differences in asymmetric cell divisions.  These 

are defined by whether the asymmetry is present during mitosis in the dividing 

cell (intrinsic), or whether it is provided by an asymmetry in the environment of 

the daughters (extrinsic) (Figure 1.2 panels A-B, page 7). 
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Figure 1.2: Intrinsic and extrinsic signals generate cellular diversity. 
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Figure 1.2 cont. from page 7 
(A) Intrinsic signals rely on cell fate determinants being localized to one 

side of a cell.  The mitotic spindle can then align the division so that there is an 
unequal inheritance of these factors.  The unequal inheritance can drive different 

cell fates in each daughter cell.  (B) Extrinsic cells rely on either attachment or 
proximity to a niche.  The niche provides signals to nearby cells to maintain a 

particular cell fate.   By dividing away from the niche, a daughter cell can enter a 
new environment and take on a different cell fate.  (C) Both intrinsic cues and 

extrinsic cues determine cell fate in the epidermis. One of the best-studied 
examples of an extrinsic cue is through the attachment of basal cells to the 
underlying basement membrane through beta1-integrin.  This attachment is 

required to maintain the proliferative capacity of the basal cell.  Asymmetrically 
dividing basal cells also localize EGFR basally.  Asymmetric inheritance of EGFR 

is thought to specify the basal cell fate.  Conversely, apically inherited factors 
could specify the spinous cell fate. It is currently unknown if there are any apical 

cell fate determinants. 
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1.1.2.1 Extrinsic ACD’s  

In extrinsic ACDs, cells divide away from an environmental niche so that 

one of the two daughter cells leaves the niche and can take on a new fate 

(Figure 1.2 panel B, page 7) (Betschinger and Knoblich 2004). An excellent 

example of an extrinsic ACD is found in the Drosophila germline stem cell (GSC) 

niche in the testis. A group of ~10-15 closely packed non-dividing stromal cells, 

referred to as the hub, are located at the apical tip of the testes surrounded by 6-

9 GSCs (Hardy, Tokuyasu et al. 1979).  Local secretion of Unpaired (Upp) from 

the hub cells activates the JAK-STAT pathway in adjacent GSCs.  GSCs orient 

their mitotic spindle so that one of the spindle poles is closely apposed to the hub 

cell contact site.  Thus, when the GSC divides, one daughter remains in contact 

with the hub and continues to receive its signals, while the other daughter is 

unable to receive sufficient levels of Upp, and thus, the JAK-STAT pathway is 

turned off (Kiger, Jones et al. 2001; Tulina and Matunis 2001).  In addition to the 

Upp signal, the hub cells secrete bone morphogenic proteins (BMPs) (Kawase, 

Wong et al. 2004). Activation of the BMP pathway in the GSCs is required to 

repress the transcription of the differentiation factor bag of marbles (bam)(Schulz, 

Kiger et al. 2004). As a result, GSCs must remain in close contact with the hub to 

retain their self-renewing capacity and to inhibit differentiation.  

Recent live imaging studies of the Drosophila testis have revealed that 

GSCs can undergo direct differentiation by detaching from the hub (Sheng and 

Matunis 2011).  While this supports the interaction with the hub as a signal for 
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maintaining self-renewing ability, it also indicates that oriented cell divisions are 

not the only mechanism by which GSCs can differentiate. In addition, by dividing 

parallel to the niche, progenitor cells can generate two self-renewing daughter 

cells, thereby increasing the progenitor cell number.  

1.1.2.2 Intrinsic ACD’s  

 In intrinsic ACDs, cell-fate determinants are localized asymmetrically so 

that they are inherited by only one of the two daughter cells (Figure 1.2 panel A, 

page 7) (Betschinger and Knoblich 2004). The Drosophila sensory organ 

precursor and neuroblasts provide two of the most well studied examples of 

intrinsic ACDs (Strain, Mustafa et al.).  The SOP cells ultimately give rise to the 

external sensory organs of the fly. SOPs divide asymmetrically to generate an 

anterior pIIa and posterior pIIb cell.  After this first division, the pIIb and pIIa cell 

divide once more to produce the four terminally differentiated cells of the organ 

(the socket, hair, sheath and neuron cells). The asymmetrically localized cell fate 

determinant Numb was first identified in SOP cells. Normally, the posterior pIIb 

cell inherits Numb. In Numb mutants, both SOP daughter cells take on the pIIa 

cell fate, which normally does not inherit Numb. Conversely, when Numb is 

overexpressed, both SOP daughter cells take on the opposite cell fate (Rhyu, 

Jan et al. 1994). Numb ultimately exerts its affects through repressing the Notch 

pathway within the cell in which it is inherited (Berdnik, Torok et al. 2002). Thus, 

by orienting the spindle along the anterior-posterior axis only one resulting 

daughter cell will inherit Numb and repress Notch signaling.  
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Unlike the SOP cells that undergo only two rounds of division, Drosophila 

neuroblasts undergo multiple ACDs. The neuroblast cells align their mitotic 

spindle along the apical/basal axis of the cell, with the apical cortex being marked 

by the Par3 homolog Bazooka. Accompanying this alignment, cell fate 

determinants such as Brat, Prospero, and Numb localize to the basal cortex of 

the neuroblast. The resulting division produces an apical neuroblast progenitor 

and a basal differentiating ganglion mother cell (GMC)(Doe 2008; Knoblich 

2010).  Prospero is a transcription factor that acts to both inhibit neuroblast self-

renewal and activate differentiation genes. Neuroblasts lacking Prospero produce 

GMCs that continue to proliferate and express neuroblast markers (Choksi, 

Southall et al. 2006). In contrast to Numb and Prospero, the effect of Brat on cell 

fate specification is currently unknown.   

Genetic manipulations that altered spindle orientation of the neuroblasts 

without altering the cells’ intrinsic polarity were used to address the importance of 

spindle orientation in the inheritance of these cell fate determinants. Live imaging 

to follow of both wildtype and mutant neuroblasts indicated that apical-basal 

spindle orientation was required for the inheritance of the proper ratio of cell fate 

determinants. In neuroblasts where the spindle aligned perpendicular to the 

apical-basal axis, both daughter cells took on a neuroblast fate (Cabernard and 

Doe 2009). These studies revealed the importance of spindle orientation in 

correctly partitioning the basal cell fate determinants and properly specifying both 

neuroblast and GMC identity.  
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In addition to cell types like the Drosophila SOP and neuroblast cells, 

which rely on their intrinsic polarity to establish asymmetry of cell fate 

determinants, other cell types rely on external cues to establish intrinsic 

asymmetry. In response to a cue resulting from its fertilization, the C. elegans 

embryo becomes polarized (Goldstein and Hird 1996).  Polarity proteins become 

polarized to the anterior or posterior and the mitotic spindle aligns along this axis 

(Gonczy and Rose 2005).This is accompanied by the localization of  the cell fate 

determinants MEX-5/MEX-6 to the anterior and MEX-1, PIE-1, and POS-1 

posteriorly (Mello, Schubert et al. 1996; Guedes and Priess 1997; Tabara, Hill et 

al. 1999; Schubert, Lin et al. 2000).  In addition, P-granules serve as markers for 

the posterior, although they do not appear to act as cell fate determinants 

themselves (Gallo, Wang et al. 2010).  The resulting division gives rise to an 

anterior AB-cell and a posterior P1-cell.  The AB-cell will give rise to the 

ectoderm, while the P1-cell will give rise to the germline, endoderm, and 

mesoderm.  These cells have different sizes due to displacement of the mitotic 

spindle as well as different fates because of inheritance of different determinants.  

Another example of extrinsic cues directing intrinsic asymmetric cell 

divisions occurs during the activation of T-cells. T-cells have the potential to 

develop into both effectors and memory T-cells.  Under normal conditions, T-cells 

have no intrinsic polarity cues to specify an axis of division. However, interactions 

between antigen presenting cells (APCs) and T-cells result in a polarized patch 

forming between these cells.  The mitotic spindle aligns with this patch so that 
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one daughter cell remains associated while the other one does not. Thus, in 

response to the APC, an axis of division is established so that an oriented cell 

division can generate two distinct daughter cells with different potentials to 

produce either effectors or memory T-cells (Oliaro, Van Ham et al. 2010).   The 

transcription factor T-bet is asymmetrically inherited because of its polarization 

proximal to the APC and may drive, at least in part, functional differences 

between daughters (Chang, Ciocca et al. 2011).  Thus, oriented cell divisions 

that generate diversity are not limited to polarized cell types, but can also be 

established through induced cell polarity via external cues. 

The key aspect of both intrinsic and extrinsic ACDs is the importance of a 

properly oriented mitotic spindle. The spindle must correctly orient and either 

divide in such a way to ensure the segregation of the cell-fate determinants or so 

that one of the daughter cells leaves the niche. Thus, the tight regulation of 

oriented cell divisions is crucial for proper ACD.  

In addition to generating various cell types within a tissue, oriented cell 

divisions are common within stem cell populations to give rise to differentiated 

cell types as well as to renew a stem cell population.  The Drosophila neuroblast 

is a good example of this. The apical neuroblast resulting from the division will 

maintain it’s proliferative capacity. Conversely, the basal GMC will divide only 

once more to give rise to two neurons.  In this way, the neuroblasts can 

continuously divide and contribute to neuron development without depleting their 

overall number(Doe 2008). These types of oriented stem cell divisions are seen 
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in a variety of contexts including the Drosophila germ line, mammalian neuronal 

development, hematopoiesis, and stratification of the epidermis (Chenn and 

McConnell 1995; Kiger, Jones et al. 2001; Lechler and Fuchs 2005; Wu, Kwon et 

al. 2007).  However, it is important to note that for many adult stem cells, there is 

no evidence for ACDs. 

1.1.2.3 Spindle Orientation and Loss of Basement Membrane Attachment  

Environmental (extrinsic) factors that are frequently asymmetric in oriented 

cell divisions are signals from the underlying basement membrane.  In divisions 

in which the mitotic spindle is oriented perpendicular to the basement membrane, 

one of the resulting daughter cells loses its attachment to the extracellular matrix 

(ECM).  Conversely, divisions parallel to a basement membrane can serve to 

renew and increase the population of cells.  As a result, precise coordination of 

each division orientation is required for proper development and/or homeostasis 

of a tissue.  

The mouse epicardium is composed of a single layer of cells that attach to 

the basement membrane overlying the myocardium. During heart 

morphogenesis, some of these cells undergo an epithelial to mesenchymal 

transition (EMT) and migrate into the subepicardial space.  This phenomenon is 

correlated with the epicardial cells dividing perpendicular to their basement 

membrane and giving rise to one cell that remains in the epicardial layer and 

another that enters the myocardium.  In addition to divisions perpendicular to the 

basement membrane, there are a subset of epicardial cells that divide parallel to 
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the basement membrane (Wu, Smith et al. 2010).  While it is clear that the 

perpendicular divisions contribute to epicardial EMT, it is not known how the 

balance of each division orientation is regulated.  

The development of the mouse epidermis also involves divisions 

perpendicular and parallel to the underlying basement membrane (discussed in 

detail below). Like in the epicardium, the regulation of these divisions directs the 

morphologic process of shaping the tissue as well as generating cellular 

diversity.  

1.2 Development and Stratification of the Epidermis 

The development of the epidermis serves as a model to study how 

oriented cell divisions function to both shape a tissue and generate cellular 

diversity. The skin is the largest organ of the body and provides a protective 

outer covering in mammals.  Primarily, the skin functions to control the 

evaporation of water by creating a semi-impermeable barrier to water loss.  

Additionally, this tissue acts to protect us from external pathogens, regulate heat, 

and provide the sensation of touch.  The epidermis, the outermost layer of our 

bodies, is essential for providing the waterproofing and barrier aspects of the 

skin.  This protective function is established during development through the 

process of stratification in which the epidermis becomes a multi-layered 

squamous epithelium. 

In the mouse, the epidermis develops over a period of approximately 10 

days, starting at embryonic day (e) 8.5 and completing around e18.5, just prior to 
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birth.  At e8.5, unspecified surface ectoderm cells overlying a basement 

membrane convert to an epidermal cell identity.  While little is known about the 

mechanism driving this change, recombination experiments resulting in the 

transdifferention of one type of epithelium into another suggest that the 

underlying dermis provides the initial cue for epidermal specification (Ferraris, 

Chevalier et al. 2000; Pearton, Yang et al. 2005). This change in cell fate is 

accompanied by a change in keratin differentiation markers.  Surface ectoderm 

cells express keratins 8 and 18, while epidermal basal cells express keratin 5 

and 14 (Moll, Franke et al. 1982; Byrne, Tainsky et al. 1994). This transition 

requires the transcription factor p63, which is expressed in the 

ectoderm/epidermis.  In the absence of p63, stratification and the switch to 

keratin 5/14 do not occur (Mills, Zheng et al. 1999; Yang, Schweitzer et al. 1999). 

Epidermal basal cells comprise the first layer of the epidermis known as the 

basal layer (Figure 1.3 panel A, page 17).  The basal cell layer contains 

progenitors for the terminally differentiated post-mitotic outer layers of the 

epidermis and thus promotes the process of stratification.  Additionally, basal 

cells must maintain their proliferative capacity and self-renew to replenish the 

loss of outer skin cells.   
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Figure 1.3: The epidermis is a stratified squamous epithelium.   
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Figure 1.3 cont. from page 17 

(A) At 9.5, a monolayer of basal cells attached to an underlying basement 
membrane makes up the proliferative compartment of the tissue.  (B) At 13.5, 

stratification begins with the increase in divisions perpendicular to the basement 
membrane.  These divisions are asymmetric and give rise to one basal cell and 

one differentiated suprabasal.  Once a cell enters the suprabasal layer it begins a 
terminal differentiation program first becoming part of the spinous layer and then 

proceeding to the granular cell fate. Conversely, divisions parallel to the 
basement membrane are symmetric and give rise to two basal daughter cells.  

(C) Finally, a cornified layer is formed that ultimately provides the barrier function 
of the tissue.  Each layer can be distinguished through various markers such as 

those listed. 
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The process of stratification begins around e13.5 with the appearance of 

the first suprabasal cells (Figure 1.3 panel B page 17). Similar to basal cells, 

these first suprabasal cells maintain the ability to divide. However, this 

proliferative ability is lost when these cells mature into the spinous layer (Smart 

1970). Stratification and the appearance of suprabasal cells are accompanied by 

a change in keratin expression.  The suprabasal cells express keratin 1 and 10  

(Fuchs and Green 1980). Now destined towards a terminal differentiation 

pathway, spinous cells differentiate into the granular layer of the epidermis.  

Finally, the epidermal barrier is formed by an increase in cell adhesion through 

formation of tight junctions (Furuse, Hata et al. 2002). Additionally, the formation 

of cornified envelopes, composed of lipids and cross-linked proteins, function to 

provide the final seal from the outside environment (Figure 1.3 panel C, page 17) 

(Steven and Steinert 1994). 

While the formation and characteristics of each of the epidermal layers 

has been well described, little is known about what drives/initiates the process of 

stratification. Recently, a link between division orientation and stratification of the 

epidermis has been established. Prior to stratification (between E9.5 and E13.5) 

when the epidermis is a single monolayer of basal cells, most mitotic basal cells 

divide symmetrically, or parallel to the basement membrane (Figure 1.3 panel A, 

page 17) (Smart 1970; Lechler and Fuchs 2005). However, at e14.5 when 

stratification begins to occur, there is a dramatic shift in spindle orientation and 

70% of mitotic basal cells now divide asymmetrically, or perpendicular to the 



 

20 

basement membrane (Lechler and Fuchs 2005). By coupling the proliferative 

capacity of the basal cells with spindle orientation, these progenitors can directly 

contribute to stratification.  Symmetric divisions increase the basal progenitor cell 

number and increase surface area.  Asymmetric divisions promote stratification 

and produce cells of the differentiated layers (Figure 1.3 panel B, page 17). This 

is in contrast to alternative models in which delamination from the basement 

membrane would result in stratification.  

These oriented cell divisions are required for proper stratification of the 

epidermis.  Studies that have perturbed division orientation resulted in the 

inability to properly stratify the epidermis (Williams, Beronja et al. 2011). Taken 

together, oriented cell divisions contribute not only to the cellular diversity of the 

epidermis, but also drive the morphogenic process of stratification that is required 

for the epidermis to act as a barrier.  That said, disruption of ACDs in epidermis 

did not lead to a complete loss of stratification.  This is likely due both to the 

incomplete nature of the disruption of ACDs (knockdown verses null), as well as 

additional mechanisms to drive stratification, which may include both alternative 

ways to orient the mitotic spindle and also delamination of cells.  The importance 

of spindle orientation in the adult mouse skin is also unclear.  While many fewer 

divisions are clearly asymmetric, the basal cells are more squamous and many 

divisions are oblique with respect to the basement membrane (Clayton, Doupe et 

al. 2007). Whether these result in functionally asymmetric divisions is not known.  
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During homeostasis, delamination may drive a significant portion of the turnover 

of cells, though this has never been directly imaged. 

Loss of asymmetric cell divisions can lead to the formation of tumors in 

some experimental contexts.  It has not yet been conclusively demonstrated that 

loss of ACDs in mammals can promote tumorigenesis, but the epidermis will be a 

valuable model system to test the possible pathological consequences. VEGF 

has been known to play a role in regulating skin tumour initiation. Recent studies 

have demonstrated that autocrine VEGF expression in tumor epithelial cells 

regulates spindle orientation to increase symmetric divisions and thus 

proliferation and renewal (Beck, Driessens et al. 2011).   

1.2.1 Cell Fate and ACD in the Epidermis 

Unlike the invertebrate model systems described above, we do not yet 

have a molecular handle on the connection between ACD and cell fate 

specification in the epidermis. However, studies suggest that both intrinsic cues 

and extrinsic cues are responsible for generating cellular diversity in the tissue 

(Figure 1.2, page 7).  An excellent candidate for an extrinsic factor that controls 

cell proliferation and fate is the basement membrane. In culture, keratinocytes 

grown in suspension withdraw from the cell cycle and undergo terminal 

differentiation (Green 1977). This phenomenon is due to the negative regulation 

of differentiation that results from the adherence of the keratinocytes to the ECM 

(Watt, Kubler et al. 1993).  In vivo, integrin expression within the basal cells 

facilitates their attachment to the underlying ECM (Watt 2002). Conditional 
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knockout of β1 integrin within basal cells resulted in reduced proliferation of the 

epidermis (Brakebusch, Grose et al. 2000; Raghavan, Bauer et al. 2000).  In 

contrast, misexpression of β1 integrin in the differentiated cells of the epidermis 

caused them to proliferate inappropriately (Carroll, Romero et al. 1995). In 

addition, other integrins and ECM ligands may also contribute to the 

proliferation/differentiation decision of keratinocytes (Owens, Romero et al. 2003; 

Owens, Broad et al. 2005).  Finally, basement membranes can also serve as 

reservoirs for growth factors and their accessory molecules (such as HSPGs), 

and thus may mediate effects on basal cells other than through direct adhesion.  

Whether specific factors generated by dermal fibroblasts or other skin resident 

cells are required for this specification is also still an active area of investigation.  

Taken together, current data are consistent with the hypothesis that the 

basement membrane serves as a niche that supports the self-renewing capacity 

of basal cell progenitors (Figure 1.2 panel C, page 7).  Thus, ACDs, which result 

in the detachment of a daughter cell from the basement membrane would 

promote cell differentiation.  

In addition to extrinsic signaling, intrinsic factors such as EGFR and Notch 

have been implicated in controlling cell fate in the epidermis (Figure 1.2 panel C, 

page 7). EGFR is asymmetrically distributed in dividing human keratinocytes. We 

have also noted an asymmetric accumulation of EGFR in both developing mouse 

epidermis and cultured mouse keratinocytes (unpublished data). The EGFR- 

population remained mainly quiescent while the EGFR+ population demonstrated 
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a greater cycling activity (Le Roy, Zuliani et al. 2010). The EGFR+ population is 

hypothesized to be transit-amplifying cells, which could be equivalent to basal 

cells undergoing ACDs in the mouse epidermis. Consistent with these findings, 

mice overexpressing rat EGFR in the basal layer of the epidermis exhibit 

hyperproliferation and a possible delay in differentiation (Kiguchi, Bol et al. 2000).  

Loss of EGFR resulted in a hypoplastic epidermis (Hansen, Alexander et al. 

1997).  While these studies primarily illustrate the ability of EGFR to maintain 

proliferation, it has also been shown to inhibit differentiation.  Inhibition of the 

EGFR pathway in human keratinocytes led to the induction of the differentiation 

markers K1 and K10 (Peus, Hamacher et al. 1997).   

Unlike EGFR, Notch acts to repress proliferation and induce terminal 

differentiation. Notch loss-of-function resulted in the complete loss of the spinous 

layer and hyperplasia.  Conversely, Notch gain-of-function expanded the spinous 

layer and induced the expression of early differentiation markers (Rangarajan, 

Talora et al. 2001; Blanpain, Lowry et al. 2006).   Interestingly, EGFR has been 

shown to be a negative regulator of Notch signaling.  The induction of 

differentiation markers in response to EGFR inhibition in human keratinocytes 

required Notch activity (Kolev, Mandinova et al. 2008).  Taken together, these 

data indicate that EGFR acts in the basal layer to promote proliferation and 

repress Notch activity, and thus, differentiation. In the absence of EGFR, 

suprabasal cells are then able to activate Notch, which in turn, can promote the 

first stages of terminal differentiation.  However, this is likely to be only part of the 
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story, as there appears to be significant redundancy in the important choice of 

differentiation in the epidermis.   

Loss of function studies by shRNA of genes required for ACD in the 

epidermis has also suggested a link to Notch (Williams, Beronja et al. 2011).  

When ACDs were disrupted, normal Notch signaling did not occur in the 

differentiated cells of the epidermis.  Neither a Notch reporter construct, nor the 

Notch-target gene Hes1 was expressed.  However, it remains unknown whether 

this is a relatively direct or indirect effect.  The most well studied mechanism to 

control Notch activation – through inhibition by Numb – does not appear to be 

required for correct epidermal differentiation (Williams, Beronja et al. 2011).  

1.3 How to Establish an Axis of Division 

To ensure the segregation of cell fate determinants, the spindle must 

correctly align itself to correspond with their asymmetric localization.  Similarly, to 

ensure the removal of one daughter cell from a niche environment, the spindle 

must align to divide away from the niche (Figure 1.2, page 7).  The mechanisms 

that mediate proper spindle alignment are conserved pathways utilized between 

various species and cell types.  

Neural plate cells in zebrafish and Xenopus undergo spindle rotation to 

reach the final axis of division(Geldmacher-Voss, Reugels et al. 2003; Kieserman 

and Wallingford 2009).  While spindle rotation is one mechanism to orient the 

mitotic spindle, another mechanism involves the migration of one of the 

centrosomes (Yamashita, Jones et al. 2003; Rebollo, Sampaio et al. 2007; 
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Rusan and Peifer 2007; Rebollo, Roldan et al. 2009).  While both of these 

mechanisms result in the same final state they have important differences in the 

timing of when the axis of division is established (Figure 1.4, page 26). 

Interestingly, in at least some cases, the same molecular machinery required for 

proper alignment can direct either spindle rotation or centrosome migration to 

control the final spindle orientation (Izumi, Ohta et al. 2006; Siller, Cabernard et 

al. 2006; Poulson and Lechler 2010; Williams, Beronja et al. 2011).  Some 

divisions that are asymmetric by cell fate are also asymmetric by daughter cell 

size.  In addition to their roles in directing spindle alignment, some of the same 

proteins are also used to generate asymmetries in cell size (Kemphues, Priess et 

al. 1988; Cheng, Kirby et al. 1995; Lorson, Horvitz et al. 2000; Srinivasan, Fisk et 

al. 2003). The mechanisms of generating size asymmetry are also diverse, but 

thus far there is no evidence that epidermal ACDs involve size asymmetry.  
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Figure 1.4: Centrosome migration vs. spindle rotation. 

(A) Centrosome migration after centrosome duplication in S phase, one of 
the centrosomes remains apically anchored while the other migrates towards the 
basal end of the cell.  This results in an axis of division being established prior to 
the onset of mitosis and nuclear envelope breakdown (Heald, Tournebize et al.). 

(B) Spindle Rotation After centrosome duplication, both centrosomes remain 
apically anchored. Upon NEB, the spindle begins to elongate and rotate until a 

final axis of division is established. 
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Both its large size and the advantages in genetics and imaging, has made 

the C. elegans zygote an important model for understanding how spindle 

alignment and displacement occurs.  As discussed, the first cell division of the C. 

elegans zygote produces an AB-cell and a P1-cell. In addition to their different 

fates, the anterior AB-cell is larger in size.  This is achieved through proper 

positioning of the mitotic spindle, which undergoes a two-step process to reach 

its final placement. First, as the pronuclei migrate towards the center of the 

embryo, the centrosome-pronuclear complex undergoes a 90° rotation to align 

the spindle along the anterior-posterior axis. Subsequently, during anaphase, the 

mitotic spindle becomes displaced from the center of the cell and moves towards 

the posterior (Albertson 1984). The displacement of the spindle results in the 

unequal size of the resulting daughter cells.  Spindle and centrosome 

ablation/severing experiments have demonstrated that, during displacement, 

there are asymmetric forces pulling on astral microtubules at the anterior and 

posterior ends of the spindle (Grill, Gonczy et al. 2001).  The asymmetry of 

forces and spindle repositioning depend on correct embryo polarity, which is 

defined by the Par proteins (Kemphues, Priess et al. 1988; Cheng, Kirby et al. 

1995).  Thus, the cortical polarity of the embryo is an important cue that directs 

the displacement of the spindle.  The polarity cue is relayed to the spindle 

through contact of astral microtubules with the cortex.  Mutations that perturb 

astral microtubules so that they are unable to contact the cortex also prevent 
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spindle positioning (Albertson 1984; Bellanger and Gonczy 2003; Le Bot, Tsai et 

al. 2003; Srayko, Quintin et al. 2003).  To date, the observation of spindle forces 

by laser ablation approaches has only been performed during spindle 

displacement, but has not been examined during spindle rotation in any system.  

It will be important to determine in smaller cells and in cells undergoing active 

spindle rotation whether forces are generated in the same positions and in the 

same way.  For example, in small cells the ability of microtubules to generate 

force by pushing rather than pulling, is increased (Tolic-Norrelykke, Sacconi et al. 

2004).  That said, the conservation of machinery suggests conservation of 

mechanism.   

In the initial division of the Drosophila neuroblast, just subsequent to its 

delamination from the neuroepithelium, rotation of the spindle allows its 

alignment with the apical/basal axis of the cell.  In vivo imaging of neuroblast 

spindles using the microtubule-binding protein tau-GFP demonstrated that the 

spindle initially forms parallel to the epithelial layer.  However, during metaphase, 

the spindle undergoes a 90° rotation to align itself along the apical-basal axis 

(Kaltschmidt, Davidson et al. 2000). Like in the C. elegans embryo, this rotation 

requires cortical cues (Schober, Schaefer et al. 1999).  In addition to the proper 

alignment of the spindle, the neuroblast must produce daughter cells of unequal 

size. The division results in an apical neuroblast that is larger than the basal 

GMC.  While in C. elegans this is achieved through spindle displacement, 

Drosophila neuroblasts rely on both an asymmetric spindle and a spindle-
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independent mechanism to basally displace the cleavage furrow. Tau-GFP 

visualization of spindles has revealed that, during anaphase, apical microtubules 

began to elongate, while basal microtubules began to shorten. The asymmetric 

spindle moves the midbody closer to the resulting GMC (Kaltschmidt, Davidson 

et al. 2000).  In addition, some components of the asymmetric division machinery 

(including Pins, discussed below) acts to displace myosin basally resulting in 

unequal partitioning of the cytoplasm (Cabernard, Prehoda et al. 2010).  

Recent studies have shown that spindle rotation only occurs during the 

first cell cycle in the neuroblast.  Subsequently, spindle alignment is achieved 

without rotation but rather by centrosome migration.  Two-photo microscopy of 

embryos with fluorescent centrosomes and microtubules demonstrated that one 

centrosome remained apical throughout interphase and maintained its ability to 

organize microtubules (Rebollo, Roldan et al. 2009).   The other centrosome had 

little microtubule-organizing ability and moved extensively throughout the 

cytoplasm during interphase.  By prophase, this centrosome had settled at the 

basal side of the cell and began to regain its ability to generate microtubules 

(Rebollo, Roldan et al. 2009).  As a result, an apical-basal axis of division is 

established prior to the onset of mitosis. Spindle orientation in the Drosophila 

testis utilizes the same process, but the mechanism has yet to be elucidated 

(Yamashita, Mahowald et al. 2007). These studies confirmed previous results 

that described centrosome migration in Drosophila larval neuroblasts (Rebollo, 
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Sampaio et al. 2007; Rusan and Peifer 2007).  It still remains unclear why the 

neuroblast uses two different mechanisms to establish its axis of division.  

Use of spindle rotation versus centrosome migration results in different 

cell cycle timing for alignment of the spindle.  In centrosome migration, the axis of 

division is predetermined prior to nuclear envelope breakdown and the entry into 

mitosis (Figure 1.4 panel A, page 26) (Rebollo, Sampaio et al. 2007; Rusan and 

Peifer 2007; Rebollo, Roldan et al. 2009).  Conversely, during spindle rotation, 

the axis of division is established after nuclear envelope breakdown and as late 

as anaphase (Figure 1.4 panel B, page 26) (Kaltschmidt, Davidson et al. 2000; 

Poulson and Lechler 2010).   

1.4 Molecular Mechanisms Controlling Spindle Orientation 

Whether a cell undergoes spindle rotation or centrosome migration to 

properly align its spindle, it is clear that polarity cues at the cortex play a key role.  

This is the case in the C. elegans zygote, as discussed previously.  It is also true 

in both the Drosophila neuroblast and in the epidermis, though the requirements 

for cell polarization are distinct. Like the factors controlling cell fate, cell polarity 

can be acquired through extrinsic and/or intrinsic means.   

1.4.1 Par/Inscuteable-Dependent Pathway 

Drosophila neuroblasts have the ability to orient their mitotic spindle even 

in the absence of extracellular cues.  When cultured and removed from their 

normal environment, mitotic neuroblasts were still able to localize the key 

components required for spindle orientation.  Furthermore, the resulting divisions 
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were asymmetric, producing one neuroblast and one GMC (Broadus and Doe 

1997).  This process is achieved through the intrinsic polarization of the 

neuroblast.  However, extrinsic cues are required to refine this process.  Only 

when in contact with epithelial cells are the neuroblasts able to maintain proper 

positioning of the centrosome and polarize the Par complex at prophase (Siegrist 

and Doe 2006).  Additionally, it has been shown that extrinsic GPCR signaling 

determines cortical polarity and thus spindle orientation in neuroblasts (Yoshiura, 

Ohta et al. 2012).  The initial polarity of these cells comes from the polarized 

neuroectoderm from which the neuroblasts are derived.  In the neuroectoderm, 

the polarity proteins Par-3/6 are localized apically just above the adherens 

junction.  Neuroblasts then delaminate from the epithelium and, in the process, 

inherit their polarity cues.  Par-3/6 can be found in the stalk that extends into the 

epithelium as delamination occurs (Betschinger and Knoblich 2004).  The result 

is a specified neuroblast cell with a clear apical-basal axis along which the 

spindle can align. 

How does a mitotic spindle align along a predetermined polarity axis?  A 

core component that connects the polarity cues to the mitotic spindle in the 

neuroblast is the protein Inscuteable (Insc).  Insc is not expressed in the 

neuroectoderm, but during neuroblast delamination, Insc colocalizes with Par3/6 

in the stalk.   When the stalk is retracted and delamination is complete, Insc 

forms an apical crescent at the cortex (Knoblich 2001). This localization is 

achieved through Insc directly binding to Par3.  In neuroblasts lacking Par3, 
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Inscuteable remains cytoplasmic and is not recruited to the apical cortex 

(Schober, Schaefer et al. 1999).  Interestingly, when misexpressed in the 

neuroepithelium, Insc was sufficient to orient spindles along the apical-basal axis 

(Kraut, Chia et al. 1996).  

Once at the cortex, Inscuteable recruits the adaptor protein Partner of 

Inscuteable (Pins).  Pins is characterized by the presence of N-terminal TPR 

repeats and C-terminal Goloco domains (Yu, Morin et al. 2000).  The Goloco 

domains facilitate the binding of Pins to the heterotrimeric G protein subunit Gαi.  

This interaction targets Pins to the plasma membrane, while its interaction with 

Insc through its TPR repeats allows for its apical accumulation (Yu, Ong et al. 

2002).  During interphase, Pins is found in an inactive conformation in which the 

Goloco domains interact with the TPR repeats.  During mitosis, binding to Gαi 

releases this inhibition and lead to its recruitment to the membrane (Du and 

Macara 2004).  At the apical cortex where Gαi levels are above threshold, Pins is 

able to efficiently recruit Mud (Smith and Prehoda 2011).  Interestingly, after their 

initial recruitment, both Insc and Pins are required to maintain each other’s 

localization at the apical cortex (Yu, Morin et al. 2000).  While this range of 

interactions is clear, and the crystal structures of some of the interactions have 

been solved, we still do not have a complete accounting of all the molecular 

players nor their dynamic interactions throughout the spindle orientation process.  

The recruitment of Mud by Pins provides a link between the polarity cues 

and the mitotic spindle.  This interaction is achieved through the Pins TPR 
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repeats and a Pins binding domain in the C-terminal tail of Mud (Bowman, 

Neumuller et al. 2006; Izumi, Ohta et al. 2006; Siller, Cabernard et al. 2006).  

This resulted in a very simple model of linear recruitment (Bazooka- Insc – 

Gα/Pins – Mud) to recruit Mud to the apical cortex. By homology, this would give 

a Par3-Insc-LGN-NuMA complex in mammals (Figure 1.5 panel B, page 34).  

However, recent structural and biochemical data have clearly demonstrated that 

isolated LGN-binding domains of Insc and NuMA compete with one another for 

binding to LGN (Zhu, Wen et al. 2011). This suggests that they exist in two 

distinct complexes – perhaps an Insc-LGN complex is required for recruitment to 

the apical cortex while a LGN-NuMA complex mediates effects on the mitotic 

spindle.  However, it is also important to note that either in the context of the full-

length proteins or in the presence of additional factors, these proteins could exist 

in a single complex. In this case, the regulation of binding partners wouldn’t affect 

the integrity/localization of the complex, but could affect its activity.  
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Figure 1.5: Conserved asymmetric cell division machinery. 
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Figure 1.5 cont. from page 34 
(A) Molecular machinery at the apical cortex of an asymmetrically dividing 

basal cell function to properly orient the mitotic spindle.  Par3 localizes to and 
specifies the apical membrane.  Par3 binds to Inscuteable, which in turn recruits 
LGN to the apical cortex through binding its N-terminal TPR domains.  LGN is 
also anchored to the membrane through the binding of Gai to its C-terminal 

Goloco Domains.  Once at the cortex, LGN recruits NuMA apically.  NuMA, a 
microtubule binding protein, is thought to function through dynein to direct force 
on the mitotic spindle.  Through minus ended directed movement along astral 

microtubules, dynein could create next pulling forces on the spindle towards the 
apical cortex.  (B) This molecular mechanism is conserved across many species 

including Drosophila and C. elegans. 
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NuMA (Mud in Drosophila) is a large coiled-coiled protein that, in addition 

to binding LGN, can also directly bind microtubules through a region in its C-

terminal tail.  Interestingly, there is a small region of overlap between the 

microtubule- and LGN-binding domains (Du, Stukenberg et al. 2001; Du, Taylor 

et al. 2002).  This again results in mutually exclusive binding.  While the 

functional relevance of this overlap is still not understood, one possibility is that 

LGN acts to recruit NuMA to the cortex where it is then offloaded so it can 

interact with the astral microtubules of the mitotic spindle.  However, because 

NuMA can exist as a dodecamer, it is also possible that in the context of the 

native proteins multiple binding domains allow simultaneous binding of both 

microtubules and LGN (Harborth, Wang et al. 1999).  Alternatively, the presence 

of additional cortical binding partners could function to anchor NuMA at the 

cortex in the absence of LGN binding. Nevertheless, the relevance of the NuMA-

microtubule interaction and how it directs the orientation of the mitotic spindle 

has yet to be tested.  In mice, specific genetic loss of the microtubule-binding 

domain causes early embryonic lethality (Silk, Holland et al. 2009).  Therefore, 

this domain may have an essential role in mitosis as work in cultured cells has 

strongly demonstrated (Heald, Tournebize et al. 1996; Merdes, Heald et al. 

2000).  However, results in vivo have been less clear and therefore, the 

microtubule-binding domain could be essential for proper spindle orientation 

during early development.     
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It remains clear that the Insc/Gα/LGN/NuMA proteins are at least partially 

required for proper spindle alignment. Neuroblasts mutant for components of the 

complex show partial randomization of spindle orientation (Bowman, Neumuller 

et al. 2006; Izumi, Ohta et al. 2006; Siller, Cabernard et al. 2006). The partial 

requirement of the Insc/Gα/Pins/Mud complex could likely be explained by a 

second pathway that contributes to spindle orientation.  In an S2 Drosophila cell 

culture system, studies revealed that a domain within Pins could recruit Dlg to the 

cortex (Johnston, Hirono et al. 2009).  Dlg can bind to the kinesin Khc-73, which 

can ultimately interact with astral microtubules and direct spindle orientation.  

Both the relative contributions of each of these pathways to spindle orientation as 

well as the conservation of the Dlg/Khc-73 pathway in other cell types remain 

unclear. 

 As previously discussed, polarity in the C. elegans zygote is established 

by the site of sperm entry.  In response to this cue, intrinsic polarity is established 

within the cell through the localization of the Par proteins.  Par3 and Par 6 

localize to the anterior cortex, while Par2 and Par1 localize to the posterior 

cortex(Cuenca, Schetter et al. 2003).  This intrinsic polarity allows for the 

asymmetric localization of a ternary complex consisting of Gα, GPR-1/2 (LGN), 

and Lin-5(NuMA) to the posterior cortex. This complex is homologous to the 

Gα/Pins/Mud complex described in Drosophila, differing only in the absence of 

Insc. Like the Par proteins, the Gα/GPR-1/2/Lin-5 complex is required for proper 
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spindle displacement (Kemphues, Priess et al. 1988; Cheng, Kirby et al. 1995; 

Lorson, Horvitz et al. 2000; Srinivasan, Fisk et al. 2003).  

The large size of the C. elegans zygote and the robust displacement of the 

spindle towards the posterior during the first cell division has provided insight into 

how the Gα/GPR-1/2/Lin-5 complex interacts with and controls the mitotic 

spindle.  The laser severing experiments described previously have 

demonstrated that there are greater pulling forces on astral microtubules in the 

posterior region of the cell (Grill, Gonczy et al. 2001). While it still remains 

uncertain how the Gα/GPR-1/2/Lin-5 complex works to direct force on the mitotic 

spindle, experiments have implicated the minus-end motor protein dynein in the 

process.  Co-immunoprecipitation experiments with various components of the 

Gα/GPR-1/2/Lin-5 complex showed that they are able interact with members of 

the dynein complex.  Furthermore, evidence indicates that this interaction occurs 

through Lin-5.  A Lin-5/dynein interaction could result in the cortical anchoring of 

dynein, where it could generate pulling forces on astral microtubules (Figure 1.5 

panel A, page 34). Consistent with this, various mutations resulting in an inactive 

dynein complex show reduced pulling forces (Nguyen-Ngoc, Afshar et al. 2007).  

In addition to the work in C. elegans, dynein has been shown to be necessary for 

proper spindle orientation a variety of cell types in vitro, yeast and the epidermis 

(Li, Yeh et al. 1993; Williams, Beronja et al. 2011; Kiyomitsu and Cheeseman 

2012).  
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While dynein is strongly implicated as a force generator in spindle 

displacement, there is still much to be learned about how the force is generated 

and transduced.  In addition to molecular motors, microtubule dynamics 

themselves can generate forces that can be harnessed by the cell.  These 

include both pushing forces (for relatively short microtubules) and coupling the 

forces of depolymerization to movement.  In the C. elegans zygote, microtubule 

dynamics have been directly quantified.  On the anterior end, the residence time 

of microtubule plus ends is higher than on the posterior end (where forces are 

higher) (Labbe, Maddox et al. 2003).  Thus microtubule dynamics are positively 

correlated with force production.  In support of this, local application of taxol at 

the anterior or posterior end of the embryo caused a significant drop in force 

production at that site (Nguyen-Ngoc, Afshar et al. 2007).  Thus a combination of 

forces from dynein motors and microtubule depolymerization may control spindle 

positioning.  It will be important to determine how these work together and/or are 

coordinated with each other. 

In conclusion, while there is conserved machinery that drives spindle 

reorientation in many cell types, there are many variations on the theme of how 

and when they are localized and functioning.  There are also additional ways to 

place spindles, such as the actin and formin-dependent localization of meiotic 

spindles observes in oocytes (Pfender, Kuznetsov et al. 2011; Yi, Unruh et al. 

2011). The PCP pathway has also been shown to regulated spindle orientation in 

Drosophila SOP cells (Bellaiche, Gho et al. 2001; Bellaiche, Radovic et al. 2001; 
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Segalen, Johnston et al. 2010) While the mechanisms controlling each of the 

ACDs differs somewhat between species and cell type, it is clear that the proper 

orientation of the mitotic spindle is a key aspect in forming and shaping, tissues 

as well as generating cellular diversity. The development of the mouse epidermis 

provides an attractive system for studying how oriented cell divisions couple with 

ACDs to drive the morphogenic process of stratification.   

1.4.2 ACD machinery in the epidermis 

Asymmetrically dividing basal cells of the mouse epidermis express many 

of the genes required for asymmetric cell division in neuroblasts (Lechler and 

Fuchs 2005).  The epidermal Insc/LGN/NuMA proteins are homologous to the 

Insc/Pins/Mud proteins described previously (Figure 1.5 panel B, page 34). 

Knockdown of LGN and NuMA in the developing epidermis result in spindle 

orientation defects, as well as stratification defects, providing the clearest 

evidence that ACDs in the epidermis drive stratification (Williams, Beronja et al. 

2011).  Additionally, short-term lineage tracing experiments have provided direct 

evidence that these oriented cell divisions are accompanied by cell fate changes 

(Poulson and Lechler 2010).  Labeled cells from a perpendicular (asymmetric) 

division gave rise to one basal cell expressing keratin-14 and one suprabasal cell 

expressing keratin-10.  In combination, these studies provided a functional link 

between asymmetric cell divisions and the development of the epidermis.  
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2. Robust control of mitotic spindle orientation in the 
developing epidermis 
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2.1 Introduction 

During development of the epidermis, basal progenitor cells undergo both 

symmetric cell divisions (SCDs) to increase surface area and asymmetric cell 

divisions (ACDs) to increase thickness of the tissue (Lechler and Fuchs 2005) 

(Smart 1970).  In SCD, mitotic spindles are oriented parallel to the underlying 

basement membrane, while ACDs have spindles perpendicular to it (Figure 2.1 

panel A, page 45).  A primary role for the perpendicular spindles is to directly 

drive the morphogenesis (stratification) of this tissue.  These divisions are also 

associated with a change in cell fate, as they produce one daughter cell in the 

proliferative basal layer of the epidermis and another daughter committed to 

differentiation in the suprabasal cell layer.  Little is known about how the balance 

of SCD/ACD is controlled to allow proper development.    

Two extreme models make predictions on how the SCD/ACD ratio could 

be balanced.  First, basal cells could be pre-programmed to divide in a given 

orientation (either symmetric or asymmetric).  This would suggest the existence 

of a stem-like cell that divides symmetrically and a transit-amplifying cell that 

divides asymmetrically.  The different proliferation rates of each cell type could 

then be regulated, as various cell types are needed.  An alternative model 

suggests that every basal cell is equivalent and has the ability to divide in either 

orientation.  Environmental cues would then be responsible for informing 

individual cells which way to divide.  As a result, the ratio of SCDs/ACDs would 
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be the sum of individual cell choices.  While these two models present the 

extremes, it is possible that the reality lies somewhere in between. Nevertheless, 

it remains unclear whether or not all basal cells are functionally equivalent or not. 

On a molecular level, a conserved complex of proteins (including Par3, 

mInscuteable, LGN and NuMA) localizes to the apical cell cortex during ACDs 

(Kraut, Chia et al. 1996; Schober, Schaefer et al. 1999; Parmentier, Woods et al. 

2000; Lechler and Fuchs 2005; Siller, Cabernard et al. 2006). While knockdown 

studies have shown that both LGN and NuMA are required for ACDs, little is 

known about how the proper balance between symmetric and asymmetric 

divisions is controlled (Williams, Beronja et al. 2011).  One interesting candidate 

is the protein Insc, which links the cortical polarity complex with the ACD 

machinery. Insc expression in restricted to those cells undergoing asymmetric 

cell divisions. In Drosophila, Insc is specifically expressed in the asymmetrically 

dividing neuroblasts, but not in the symmetrically dividing neuroectoderm.  In the 

absence of Insc, the neuroblasts fail to properly orient their spindles.  Second, 

when Insc is ectopically expressed in the neuroectoderm, it can induce 

reorientation of the spindle (Kraut, Chia et al. 1996).  Similar studies in the 

Drosophila SOP, where Insc is not normally present, reveal that Insc is sufficient 

to reverse the polarity of the cell (Bellaiche, Radovic et al. 2001).  These data 

reveal that Insc is both necessary and sufficient to drive ACDs.  Finally, Insc is an 

ideal candidate for promoting stratification by recruiting the general spindle 

orientation machinery to the apical cortex. In this chapter, I explore the ability of 
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basal cells to divide either asymmetrically and/or symmetrically. Further, by 

overexpressing Insc in the basal cells of the epidermis, I uncover two molecular 

control mechanisms that function to regulate the ratio of SCDs/ACDs. 

2.2 Results 

2.2.1 Basal cells can divide along two axes 

To determine whether epidermal progenitors are committed to a single 

division orientation we used genetic lineage tracing to mark and follow individual 

cells after division. We injected pregnant K14-CreER; Rosa-lox-stop-lox-GFP 

dams with a low-dose of tamoxifen to achieve limited recombination, allowing 

expression of GFP in a small subset of epidermal progenitors (∼3%) (Figure 2.1 

panel B, page 45).   Embryos were examined at embryonic day (e) 15.5, 16-20 

hours after injection.   Clones of 2 cells were easily distinguishable and were well 

separated from each other, suggesting they are the result of a single 

recombination event.  If this assumption is true, we would expect to see two 

types of two-cell clones.  One type would consist of two basal cells, generated 

from a SCD of a labeled progenitor.  The other would consist of one basal and 

one suprabasal cell, the result of an ACD (Figure 2.1 panel C, page 45).  67% of 

clones were of the basal:suprabasal type, while 33% were composed of two 

basal cells (n=100) (Figure 2.1 panel C, page 45).   These results are in close 

agreement with the ratio of spindles perpendicular or parallel to the basement 

membrane (∼70% perpendicular:30% parallel) (Lechler and Fuchs 2005).  To  
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Figure 2.1: Most epidermal progenitors can divide both 
symmetrically and asymmetrically. 

(A) Diagram of the epidermis showing a SCD and an ACD.  (B) Genetics 
of short-term lineage tracing experiments.  K14-CreER mice were mated to 

Rosa-lox-stop-lox-GFP.  (C) A single labeled cell (green) resulting from 
recombination at the Rosa locus (middle) can divide symmetrically to generate 
two basal cells, or asymmetrically to yield one basal and one suprabasal cell.   
Quantitation of the percentage of clones 16-20 hours after tamoxifen-induced 

recombination is listed next to the diagram (n=100).  D,E.  Examples of two-cell 
clones resulting from an ACD (D) and a SCD (E).  GFP (green) marks the clones, 
while K10 (red) marks cells committed to differentiation.  Asterisks highlight the 

GFP-labeled cells.  Hoeschst labels nuclei (blue).  Dashed line indicates the 
basement membrane separating epidermis from dermis.  F.  Resulting 3-cell 

clones and their prevalence if cells are unipotential in their division orientation 
(solid arrows) or if they are bipotential (solid and dashed arrows).  G-I. Examples 

of three types of three-cell clones – two SCD (G), one SCD and one ACD (H) 
and two ACD (I).  n=100 3 cell clones.  Scale bar, 10 µm. 
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demonstrate that the ACD results in cell fate changes, we stained cryosections of 

these embryos for the differentiation marker, keratin 10 (K10).  K10 is expressed 

in almost all suprabasal cells (>97%, n=167), and is excluded from the 

proliferative basal compartment (Figure 2.2 panel A, B, page 47).   In the two cell 

clones with one basal and one suprabasal cell, the suprabasal cell was always 

K10 positive, while the basal cell was K10 negative (n=61) (Figure 2.1 panel D, 

page 45).  In clones of two basal cells (n=42), all cells were K10 negative (Figure 

2.1 panel E, page 45).  Thus, short term lineage tracing is a feasible method to 

track division orientations and cell fates of epidermal progenitors and supports a 

direct relationship between division orientation and cell fate.  
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Figure 2.2: Keratin 10 expression in the epidermis.   

(A) Keratin 10 (red) labels suprabasal cells of e15.5 epidermis. Basal cells 
are negative.  b4-integrin (green) marks the junction of basal cells and the 

basement membrane.  Hoechst labels the nuclei (blue).  Scale bar is 10 mm.  (B) 
Quantitation of numbers of basal cells and suprabasal cells that stain for the 

differentiation marker, keratin 10 (n>150). 
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We next examined the organization of cells in 3 cell clones, resulting from 

two progenitor divisions.   If cells are committed to their division orientation 

(unipotent), then clones would consist of three basal cells (for SCD) or one basal 

cell with two suprabasal cells (for ACD) (Figure 2.1 panel F, page 45).  However, 

our analysis demonstrated that 3 cell clones consisting of two basal cells and one 

suprabasal cell were frequently seen (37% of clones, n=100) (Figure 2.1 panel H, 

page 45).  These results are inconsistent with cells being committed to their 

division orientations.  Only if orientations are relatively independent at each 

division would so many clones of this type exist (see Methods).  These data 

suggest that the majority of basal cells have the capability to divide both 

symmetrically and asymmetrically.    

2.2.2 Spindle rotation establishes division orientation 

The finding that individual cells can divide in either orientation raised an 

intriguing question about the timing and mechanism of establishment of cell 

division orientation.  In many invertebrate models for ACD, the orientation of the 

mitotic spindle results from centrosome migration during interphase (Yamashita, 

Jones et al. 2003; Rebollo, Sampaio et al. 2007; Rusan and Peifer 2007).  

However, in the studied cell types, cells divide exclusively asymmetrically and do 

not have the ability to divide symmetrically.  We wanted to determine when 

epidermal cells establish their division orientation and whether the ability to divide 

in both orientations results in differences in the mechanism of spindle positioning. 
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To determine whether centrosome splitting and migration occurs during 

interphase in epidermal progenitors, we examined the localization of centrioles in 

these cells using centrin-GFP expressing mice (Lechler and Fuchs 2005).  We 

examined over 1000 interphase cells in e14.5 epidermis and did not find any in 

which centrosomes have migrated away from each other (Figure 2.3 panel A, 

page 50).  Additionally, in 37% of prometaphase cells, centrosomes have not yet 

separated (n=98 cells)(Figure 2.3 panel B, page 50).   Without a bipolar spindle, 

these cells, by definition, cannot have established their division orientation.   

To determine whether the same behavior is seen when visualizing a 

spindle pole marker, we generated mice expressing NuMA-GFP under the 

control of K14 promoter (Figure 2.4 panel A, page 51).  NuMA-GFP localizes to 

the nucleus in interphase cells and to spindle poles during mitosis (Figure 2.4 

panel B-D, page 51).  Importantly, NuMA-GFP mice displayed wild-type ratios of 

spindle orientations (Figure 2.3 panel E, page 50).  32% of prometaphase cells 

(n=132) have monopolar NuMA-GFP localization, demonstrating that a bipolar 

mitotic spindle has not yet formed (Figure 2.3 panel B, page 50).  Similar 

localization was found when staining for endogenous NuMA (data not shown). 
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Figure 2.3: Cell division orientation is established during metaphase.   

(A) Quantification of basal epidermal cells in interphase with unseparated 
and separated centrosomes, as marked by centrin (n=1012 cells).  (B) 

Quantification of basal epidermal cells in prometaphase with unseparated and 
separated centrosomes/spindle poles.  Centrosomes were identified by centrin-

GFP localization, spindle poles by NuMA-GFP localization (n=98 cells for centrin-
GFP; 132 for NuMA-GFP).  (C-E)  Spindle orientation was determined in cells 
with bipolar spindles as visualized with centrin-GFP in prometaphase (C), with 
NuMA-GFP in prometaphase (D) and with NuMA-GFP at late metaphase (E).  

Angles are relative to the basement membrane.  F, G.  Rotation of mitotic 
spindles in cultured keratinocytes as visualized with centrin-GFP (F) and with 

NuMA-GFP (G).  Diagrams on right indicate the angle of rotation of the spindle.  
Scale bar, 2.5 µm. 
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Figure 2.4: Characterization of K14-NuMA-GFP transgenic mice.  

(A) Diagram of the construct used to generate K14-NuMA-GFP transgenic 
mice.  (B-D) Localization of NuMA-GFP (green) in interphase (B), asymmetrically 
dividing (C) and symmetrically dividing (D) cells.  Nuclei are labeled with Hoechst 

(red).  Dashed line indicates the basement membrane.  Scale bar is 2.5 µm. 
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Together, these data demonstrate that spindle orientation is not pre-

determined by interphase centrosome positioning but rather is established during 

mitosis.  To determine whether spindles elongate along their future axis or rotate 

into it, we examined the orientation of mitotic spindles in the population of 

prometaphase cells that had already formed bipolar spindles.  Using both centrin-

GFP and NuMA-GFP as markers, we found that spindle orientation was 

essentially random in cells during prometaphase (Figure 2.3 panel C, D, page 

50).  However, during late metaphase/anaphase the ratio of perpendicular and 

parallel spindles was similar to those previously published, 73%: 27% (n=106 

cells)(Figure 2.3 panel E, page 50).  These data suggest that mitotic spindles 

form and then rotate into their final position during metaphase.  

To determine whether spindle rotation also occurs in cultured 

keratinocytes, we performed time-lapse imaging of centrin-GFP and NuMA-GFP 

expressing cells.  Cultured keratinocytes behave somewhat differently from their 

in vivo counterparts.  While centrioles remain closely apposed in vivo, they do not 

do so in culture.  Despite this difference there is a pronounced rotation of the 

mitotic spindle in some dividing cells, which occurs after nuclear envelope 

breakdown and spindle elongation (Figure 2.3 panel F, G, page 50).   Therefore, 

the dynamics of spindle orientation in epidermal progenitors is mechanistically 

distinct from what has been reported in a number of invertebrate model systems.  

Altogether, the above data demonstrate that individual progenitor cells can divide 
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either asymmetrically or symmetrically, and that this orientation is achieved in 

metaphase through spindle rotation.   

2.2.3 Inscuteable drives ACDs in the epidermis 

What determines whether a cell divides symmetrically or asymmetrically?  

We hypothesized that either the expression or localization/activity of the 

machinery that directs spindle reorientation regulates this decision.  While Par3 is 

expressed and apically localized in most, if not all, polarized epithelia, mouse 

Inscuteable (mInsc) is much more restricted in its expression pattern.   Loss of 

Insc results in loss of ACD in Drosophila neuroblasts while mis-expression of 

Insc in symmetrically dividing neuroepithelial cells forces these cells to reorient 

their mitotic spindles along the apical-basal axis (Kraut, Chia et al. 1996).   

To determine whether the presence of mInsc directly leads to ACD in the 

epidermis, we generated mice that allow inducible expression of mInsc from a 

tetracycline/doxycycline responsive promoter (Streuber, Knoblich et al.).  The 

TRE-mInsc-HA mice include an epitope-tag to visualize the resulting protein.  We 

mated these mice to a K14-promoter-rtTA mouse line to allow for controlled 

expression in the epidermis (Figure 2.5 panel A, page 54).   Transgene 

expression was dependent on the TRE-mInsc-HA and K14-rtTA alleles, as well 

as doxycycline (data not shown).  
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Figure 2.5 mInsc expression is sufficient for transient but not long-
term increases in ACD. 

(A) Diagram of genetic induction system.  K14-rtTA mice were mated to 
mice expressing mInsc-HA under the control of a tetracycline-responsive element 
(Streuber, Knoblich et al.).  With both alleles and doxycycline present, mInsc-HA 
(green) is expressed in the epidermis (B).   Arrows indicate apical accumulation 
of mInsc-HA in mitotic cells.  Hoeschst labels nuclei (blue).  (C) Quantification of 
mitotic spindles oriented perpendicular to the basement membrane in embryos 
induced to express mInsc-HA for 8 hours.  Expression of mInsc-HA was mosaic 
so data is presented for all cells (induced (all)), only cells with detectable apical 
mInsc-HA (Induced (w/Insc)), and cells without detectable mInsc-HA (Induced 

(w/o Insc)).  p values for wild-type vs. induced (all) is 0.017, wild-type vs. induced 
(w/mInsc) is 0.0002, and induced (w/mInsc) vs. induced (w/o mInsc) is 0.0005.   
(D) Quantification of mitotic spindles oriented perpendicular to the basement 

membrane in embryos induced to express mInsc-HA for 3 days.  p values are:  
0.017 for wild-type vs. Induced (all) and 0.003 for wild-type vs. induced (w/ 

mInsc).  There was no statistically significant difference between either Induced 
(w/o mInsc) and Induced (w/mInsc) or wild-type cells.  Data for C and D 

represents mean ± SEM.  (E, F)  Co-localization of mInsc-HA (green) and LGN 
(red) at the apical cortex of mitotic cells dividing either asymmetrically (E) or 

symmetrically (F).  Dashed line indicates the basement membrane.  (G) mInsc-
HA (green) co-localizes with NuMA (red) at the apical cortex of an asymmetrically 
dividing cell.  (H) Lack of co-localization of mInsc-HA (green) and NuMA (red) in 

a symmetrically dividing cell.  Scale bars are 10 µm. 



 

55 

K14-rtTA;TRE-mInsc-HA (mInscIND ) mice were injected with a single 

dose of doxycycline and embryos harvested 8 hours later, at e14.5.  mInsc-HA 

was expressed in 50-70% of  cells of the epidermis, depending on the specific 

embryo.  Most importantly, we found that mInsc-HA localizes normally and tightly 

to the apical region of mitotic basal cells (Figure 2.5 panel B, page 54).  

Importantly, mInsc-HA expression affected spindle orientation. While 70% of 

divisions were perpendicular in control mice, 80-89% were perpendicular in 

mInscIND mice (Figure 2.5 panel C, page 54).  Because there was mosaicism in 

mInsc-HA expression, we determined the frequency of division orientation in cells 

expressing the transgene.  After the 8 hour induction, the cells not expressing 

mInsc-HA showed a normal 70%perpendicular:30%parallel ratio (n=50 cells).  In 

cells expressing mInsc-HA, 90% of divisions were perpendicular (n=102 from 3 

embryos)(Figure 2.5 panel C, page 54).  This change is highly statistically 

significant (p=0.0002).  Thus, transient forced expression of mInsc-HA is 

sufficient to increase perpendicular spindle orientation in the epidermis and 

suggests that regulation of mInsc expression is a key control point in the decision 

between SCD/ACD.   Consistent with this, in mInscIND embryos, 78% of lineage-

traced 2-cell clones were composed of one basal and one suprabasal cell 

(n=115; compared to 67% in control mice.  p<0.05).   We did not find any 

perturbation in the pattern of K10 expression in these mice. Therefore, both by 

analysis of spindle orientation and resulting cell clones, mInsc-HA resulted in an 

increase in ACDs. 
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To determine the longer-term effects of misexpression, we collected 

embryos after three days of induction of mInsc-HA.  To our surprise, these mice 

did not demonstrate changes in epidermal architecture as compared to littermate 

controls.  We thus determined the percentage of perpendicular spindles and 

found them to be significantly decreased to 53% (n=95 cells from 2 embryos) 

(Figure 2.5 panel D, page 54).  Thus, while short-term induction of mInsc-HA 

results in increased ACDs, this is not sustained, demonstrating a robust control 

of division orientation.  

To determine why there is a decrease in perpendicular spindles, we 

analyzed the expression and localization of mInsc-HA.   As shown in Figure 2.5 

panel E, mInsc-HA was present at levels comparable to the 8 hour induction, and 

it still localized to the apical region of mitotic cells.  Furthermore, LGN clearly co-

localized with mInsc-HA at the apical membrane of mitotic cells (Figure 2.5 panel 

E, page 54).  Unexpectedly, we also observed mInsc-HA and LGN colocalization 

in some cells dividing symmetrically (Figure 2.5 panel F, page 54).  Thus, while 

mInsc/LGN complexes have been a useful marker for perpendicular spindles, 

their localization can clearly be uncoupled from spindle orientation.  LGN directly 

binds to NuMA which is an important effector for spindle orientation (Du, 

Stukenberg et al. 2001; Srinivasan, Fisk et al. 2003; Bowman, Neumuller et al. 

2006; Izumi, Ohta et al. 2006; Siller, Cabernard et al. 2006).  NuMA localizes to 

spindle poles in all mitotic cells and to the apical cell cortex in cells with spindles 

perpendicular to the basement membrane (Lechler and Fuchs 2005)(Figure 2.5 
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panel G, page 54).  However, NuMA did not co-localize with mInsc-HA in 

symmetrically dividing cells (Figure 2.5 panel H, page 54).   These data reveal a 

control point downstream of mInsc expression, which regulates the localization of 

the machinery driving spindle reorientation.   In addition to the uncoupling of 

mInsc from spindle orientation, we also saw an increase in cells dividing at 

oblique angles relative to the basement membrane.  This effect was much more 

common in cells expressing mInsc-HA (21%, n=48) than surrounding cells which 

did not (4%, n=47).   While further investigation into these divisions is required, 

these results are consistent with competition between machinery for SCD and 

ACD or with external tissue forces altering division orientation. 

Uncoupling of Insc from spindle orientation was also found in transgenic 

embryos constitutively expressing GFP-mInsc from the K14 promoter (Figure 2.6 

panel A-C, page 58). During SCDs, GFP-mInsc colocalized with LGN, but not 

with NuMA (Figure 2.6 panel C, E, page 58). 

To determine whether mInsc/LGN can be uncoupled from division 

orientation in wild-type embryos we examined cells with parallel spindles to 

determine whether any of them had apically localized LGN.  A small percentage 

of these cells (∼5% of cells with parallel spindles, n=41) had apical LGN, 

suggesting that mInsc/LGN can be functionally uncoupled from the mitotic 

spindle under normal conditions. Thus, uncoupling increases from 5% in WT 

embryos, to 9% after 8 h mInsc induction to almost 40% at three days induction. 
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Figure 2.6: Characterization of K14-GFP-mInscuteable mice.  

(A) Low magnification view of an e18.5 K14-GFP-mInsc backskin 
demonstrating its uniform expression in the basal layer of the epidermis.  Asterisk 

indicates autofluorescence in the stratum corneum.  (B) GFP-mInsc (green) 
colocalizes with LGN (red) at the apical cell cortex of mitotic epidermal cells.   (C) 
Cell with a parallel spindle and apical GFP-mInsc (green) colocalizing with LGN 

(red).   (D) Cell with a perpendicular spindle and apical GFP-mInsc (green) 
colocalizing with NuMA (red).  Panels below show individual channels where 

apical NuMA (arrows) can be seen along with NuMA at the spindle pole, asterisk.  
(E) Symmetrically dividing cell with GFP-mInsc (green) and NuMA (red).  Note 

the lack of apical cortical NuMA. 
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The above data implicate a regulated recruitment of NuMA by mInsc/LGN 

in controlling spindle orientation and reveal that events downstream of mInsc 

transcription can alter division orientation.  We suggest that cells use expression 

of mInsc as a set point for ACDs, but can quickly alter division orientation by 

controlling NuMA recruitment.  This may be important to allow cells to quickly 

respond to environmental changes, allowing them to choose the correct division 

orientation as circumstances change. 

Because mInsc expression controls division orientation later in 

development, we wanted to determine whether its expression is regulated in the 

commitment to stratification that occurs around e13.5.  Before this time, the 

majority of cell divisions occur parallel to the basement membrane (about 75%).  

We prepared epidermal extracts from e11.5 and e13.5 mice and compared levels 

of Par3, mInsc and LGN by western blotting (Lechler and Fuchs 2005).  Levels of 

Par3 and LGN did not vary at the two time points.  In contrast, mInsc levels were 

low in e11.5 epidermis, and increased markedly by e13.5 (Figure 2.7 panel A, 

page 60).  The temporal expression pattern as well as the inducible mInsc-HA 

expression results  suggest that the control of mInsc expression is one important 

factor contributing to commitment to stratification.   
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Figure 2.7: p63 does not control mInsc expression, but is required 
for proper cell division orientation.  
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Figure 2.7 cont. from page 60 
(A) Western blot analysis of e11.5 and e13.5 epidermis.  (B) Western blot 

of e14.5 wild-type and p63-null epidermis.  (C) Mitotic spindle orientations in 
e14.5 p63-null epidermis.  D-F.  Localization of LGN (green) in anaphase wild-

type (D) and p63-null epidermal cells (E, F).  (G, H) Localization of Par3 (green) 
in wild-type (G) and p63-null (H) epidermis.  Arrows denote apical accumulation 
of Par3.  (I, J)  Localization of β1-integrin (green) in wild-type (I) and p63-null (J) 
epidermis.  (K, L) Localization of laminin (green) in wild-type (K) and p63-null (L) 

epidermis.  Scale bar is 10 µm. 
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2.2.4 p63 does not regulate Insc expression 

An excellent candidate for a regulator of mInsc expression is p63, a 

transcription factor required for epidermal stratification (Mills, Zheng et al. 1999; 

Yang, Schweitzer et al. 1999).  To determine whether p63-null mice are able to 

express mInsc, we prepared protein extracts from wild-type and littermate p63-

null embryos at e14.5.  These samples had equivalent expression of mInsc, 

demonstrating that p63 is not essential for mInsc expression (Figure 2.7 panel B, 

page 60).   However, e14.5 p63-null embryos displayed random division 

orientation (Figure 2.7 panel C, page 60).  Although LGN remains polarized at 

the cell cortex, it is no longer exclusively found apically (Figure 2.7 panel D-F, 

page 60). Phenotypically, this is very similar to mutations in β1-integrin, which 

lead to loss of cell-matrix interactions and cell polarity (Lechler and Fuchs 2005).   

To directly determine whether polarity markers are altered, we examined the 

localization of Par3.  In wild-type epidermis Par3 was weakly enriched at the 

apical end of the basal cells (Figure 2.7 panel G, page 60).  In p63-null mice, 

Par3 was present at cell-cell junctions all around the cell (Figure 2.7 panel H, 

page 60).  While levels of Par3 and aPKC were normal, phosphorylation of 

aPKC, reflective of its activation, was considerably diminished in p63-null 

epidermis (Figure 2.7 panel B, page 60). 

Published work has demonstrated that p63 controls cell-matrix interactions 

by regulating the expression of a number of integrins and extracellular matrix 

components (Carroll, Carroll et al. 2006).  In support of this, β1-integrin was 
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mislocalized around the cell and there was no enrichment for laminin in the 

basement membrane of the p63-null epidermis (Figure 2.7 panel I-L, page 60).  

These data are consistent with polarity defects in p63-null epidermis being 

secondary to defects in cell-substratum adhesion.  However, we cannot rule out 

the possibility that p63 plays more direct roles in controlling epithelial polarity.  

Regardless, these data strongly suggest that p63 does not directly control mInsc 

expression.    

We have demonstrated that epidermal progenitors choose between 

SCD/ACD.   As division orientation directly controls morphogenesis, this decision 

is tightly regulated. Two control points have been identified– expression of 

mInscuteable and recruitment of NuMA to the apical cell cortex.  The 

physiological factors that control these are likely to be key regulators of 

epidermal development.  In addition, understanding how environmental signals 

impinge on these control points will be an important area of future investigation. 

2.3 Discussion 

We have demonstrated that epidermal progenitors choose between 

SCD/ACD.   As division orientation directly controls morphogenesis, this decision 

is tightly regulated. Two control points have been identified: expression of 

mInscuteable and recruitment of NuMA to the apical cell cortex.  The 

physiological factors that control these are likely to be key regulators of 

epidermal development.  In addition, understanding how environmental signals 

impinge on these control points will be an important area of future investigation. 
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The observation that basal cells can divide both asymmetrically and 

symmetrically provides new insight into how the ratio of ACDs/SCDs during 

stratification of the epidermis can be regulated.  However, this short-term lineage 

tracing approach does not specifically address the level of homo/heterogenteity 

of cells in the basal layer.  In addition to the main population of basal cells, there 

also appeared to be a small population that was biased towards dividing 

symmetrically.  It is possible that this represents a small population of basal cells 

that is preprogrammed to undergo symmetric divisions, but it is impossible to 

conclude from the given data. As we learn more about the basal layer and its 

composition, these experiments may need to be revisited.  

While these studies indicate that basal cells have a choice in which way to 

divide, long term imaging through multiple cell cycles in vivo would be ideal.  With 

lineage tracing experiments, it is always possible that adjacent recombination 

events could affect the result. Additionally, we could have selectively labeled one 

subpopulation of basal cells. However, given the prevalence of single cells that 

underwent asymmetric and symmetric divisions, it is unlikely that many cells are 

hardwired in terms of division orientation. 

The above studies suggest that during stratification, individual cells must 

respond to environmental cues to decide upon a division orientation. This is 

unique compared to the invertebrate models described above which obligately 

undergo ACDs.  This makes the epidermis an interesting model to study the 

mechanisms that direct a cell to undergo an asymmetric division. Spindle 
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orientation driven by rotation might allow cells to respond to environmental cues 

to quickly alter the final axis of division. This could be particularly beneficial in a 

tissue like the mouse epidermis, which must maintain a proper balance between 

two distinct orientations of division.  It may also be a consequence of a cell 

having two pathways for orienting the mitotic spindle.  For example, epithelial 

cells have both lateral membranes and apical-basal polarity that can be used to 

orient a spindle.  Spindle rotation in the neuroblast only occurs immediately after 

delamination where the neuroblast retains some of its epithelial character.  After 

this, it relies on a positional cue – the apical centrosome as a marker. 

On a more molecular level, it is interesting that both basal cells and 

neuroblasts require the apical Insc/LGN/NuMA complex to orient ACDs, yet they 

use completely different mechanisms to establish the axis of division.  This is 

most likely due to the cell cycle regulation of the complex. In basal cells, NuMA 

remains nuclear during interphase, while in neuroblasts NuMA is not nuclear and 

can accumulate at the apical cortex prior to nuclear envelope breakdown 

(Lechler and Fuchs 2005; Izumi, Ohta et al. 2006). As a result, NuMA could act 

as an apical anchor for one of the centrosomes while the other centrosome 

migrates basally in neuroblasts.  Conversely, in basal cells, by recruiting NuMA 

to the cortex during mitosis, there is an additional opportunity to respond to 

environmental cues and alter the orientation of division.  

Overexpression of Insc in the basal cells of the epidermis led us to 

uncover two important regulatory points controlling the ratio of ACDs/SCDs.  
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First, like in Drosophila, Insc expression is sufficient to drive the apical 

localization of the ACD machinery and thereby promote asymmetric divisions. 

While these studies reveal that Insc is sufficient to drive ACDs in the epidermis, it 

is still unclear whether Insc is necessary. Recent work in neural stem cells has 

demonstrated a requirement for Insc in spindle orientation in those cells 

(Postiglione, Juschke et al. 2011).  Nevertheless, the sufficiency of Insc to drive 

ACDs in the epidermis implicates Insc expression as a key regulatory point that 

can drive the morphogenic process of stratification. In support of this, Insc levels 

are low at e11.5 but increase around e13.5, coinciding with the onset of the 

stratification process 

Despite the ability of Insc to drive ACDs in the short-term, over a three day 

period, the increase in ACDs that was seen in the short term inductions was not 

maintained. Under these conditions, the percentage of ACDs showed a slight 

decrease. Further analysis of the ACD machinery in these mice revealed the 

cause of this change.  Apical crescents of both Insc and LGN were still observed.  

However, while they are normally exclusively seen in ACDs, these apical 

crescents were observed in symmetrically dividing cells as well.  Thus, division 

orientation can become uncoupled from the apical Insc/LGN complex.  Even 

though Insc/LGN remained apical under these conditions, NuMA was noticeably 

absent from the cortex in symmetrically dividing cells.  

One interpretation of these results is that the epidermis was able to sense 

an imbalance in the proper ratio and correct for it.  Another possibility is that 
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excess Insc competes with NuMA for binding to LGN (Zhu, Wen et al. 2011).  

Without apical NuMA, the cells cannot divide asymmetrically.  Neither of these 

answers fully satisfies our expectations.  For example, it has been reported that 

LGN is required for planar spindle orientation in epithelial cells in culture (Peyre, 

Jaouen et al. 2011).  This appears not to be the case in the epidermis as: a) cells 

that have apical LGN in the Insc-induced mice undergo symmetric divisions, and 

b) knockdown of LGN in epidermis resulted in loss of asymmetric divisions, not a 

complete randomization of division orientation (Williams, Beronja et al. 2011).  In 

addition, the inability of Insc/LGN complexes to recruit NuMA has also been 

observed in wild-type epidermis, where Insc is not being misexpressed.  At a low 

rate, there is a disconnect between apical Insc/LGN and NuMA.  In these cells, 

symmetric divisions occur.  Additionally, mice over-expressing Insc-GFP are 

normal and do not have stratification defects. Therefore, NuMA can be 

functionally uncoupled from LGN in natural conditions (Poulson and Lechler 

2010).  Taken together, these Insc studies have been important in revealing two 

key regulatory points in controlling ACDs. The level of Inscuteable expression 

controls the onset of ACDs, but this signal can be overridden by regulating NuMA 

targeting to the cortex.  

2.4 Materials and Methods 

Lineage Tracing Experiments   

K14-CreER mice (gift from Elaine Fuchs, Rockefeller University) were 

mated with either Rosa-lox-stop-lox-GFP (gift from Fan Wang, Duke University) 
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or Rosa mT/mG mice (Jackson Labs) (Muzumdar, Tasic et al. 2007).  When 

embryos were e14.5, the pregnant dams were injected intraperitoneally with 

tamoxifen.  For Rosa-lox-stop-lox-GFP mice, a dose of 10µg/gram of the dam 

was used.  For Rosa mT/mG mice a dose of 5µg/gram of the dam was used.   

After 16-20 hours embryos were harvested, cryo-embedded, sectioned and then 

analyzed via immunofluorescence. 

Analysis of Mitotic Spindle Orientation  

Centrin-GFP and NuMA-GFP embryos were sacrificed at e14.5, cryo-

embedded and sectioned for analysis.  After staining, sections were covered with 

VWR coverslips, No. 1.5.  Images were collected using a Zeiss AxioImager Z1 

microscope with Apotome attachment, 63X 1.4 NA Plan Apochromat objective, 

and Axiovision software.  Zeiss Immersol 518F immersion oil was used.  Images 

were collected at room temperature using a Zeis AxioCam MRm camera.  

Maximum intensity projections are presented for tissue images.  Photoshop was 

used for post-acquisition processing of brightness and contrast.  Spindle angles 

were measured with respect to the basement membrane using ImageJ 1.40G.  

Angles within 30° of the basement membrane were counted as symmetric 

divisions.  Similarly, angles greater than 60° with respect to the basement 

membrane were counted as asymmetric divisions.   

mInscuteable Induction   

K14-rtTA mice (gift from Elaine Fuchs, Rockefeller University) were mated 

with TRE-mInsc-HA mice (Nguyen, Rendl et al. 2006).  When embryos were 
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e14.5, pregnant dams were injected with 200µg of doxycycline.  For short-term 

induction of mInsc-HA, a single injection was given and the embryos were taken 

8 hours later.  For long-term induction the pregnant dam was injected daily in 

addition to being fed doxycycline-chow (LabDiet PicoLab Rodent Diet with 0.1% 

Doxycycline).  Timing of induction did not alter results, as an 8 hour induction at 

e16.5 led to an increase in ACDs (86%, n=50).  In addition, 3-day treatment with 

doxycycline did not cause changes in proliferation rate or apoptosis (data not 

shown).   

Time-Lapse Imaging  

Cultured centrin-GFP or NuMA-GFP expressing cells were grown in 

MatTek glass bottom dishes with No. 1.5 coverglass.  They were imaged with an 

VT-Infinity swept-field confocal (Visitech) mounted on a Leica DMI6000 

microscope with 63X, 1.4 NA Plan Apo objective.  Leica Immersion Oil and a 

Hamamatsu OrcaER camera were used.  Cells were maintained at 37°C and 6% 

CO2.  Simple PCI software was used for image acquisition.   Post-acquisition 

modification was performed with Photoshop. 

Immunofluorescence and Western blot analysis  

The following primary antibodies were used: rabbit anti-GFP (Invitrogen), 

mouse anti-Keratin10 (Thermo-Scientific), rabbit anti-NuMA (Abcam), rat anti-HA 

(Roche), rabbit anti-LGN (gift from William Chia), rabbit anti-Par3 (Upstate),  

rabbit anti-β1-Integrin (Millipore), rabbit anti-Laminin, rabbit anti-aPKC (Santa 

Cruz), rabbit anti-Phospho aPKC (Cell Signalling Research), mouse anti-p63  
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(Santa Cruz), and rabbit anti-Insc (lab generated).  Secondary antibodies 

included Alexa 488 conjugated antibodies from Invitrogen and Rhodamine Red- 

and horseradish-peroxidase-conjugated antibodies from Jackson 

ImmunoResearch.  TIF images were imported into Photoshop where they were 

modified for brightness and contrast. 

Predicting Ratios of 3-cells in Lineage Tracing Studies 

Of the two-cell clones analyzed, 67% were asymmetric, while 33% were 

symmetric.  If all cells are unipotential in their division orientation we would 

expect to see no clones consisting of two basal cells and one suprabasal cell.  If 

division orientation is essentially random at each division than we would expect: 

0.33 X 0.33 X 100% = 11% of clones as three basal cells (2 SCD) 

0.67 X 0.67 X 100% = 45% of clones with one basal cell:two suprabasal 

cells (2 ACD) 

2(0.67 X 0.33) X 100% = 44% of clones with two basal cells:one 

suprabasal (1ACD:1 SCD).  This population occurs not only from an ACD 

followed by a SCD, but also the converse.   

For clarity, four cell clones were not quantitated.  While this may bias the 

results, it does not alter the basic conclusions of this experiment. 

Initially, a Pearson χ2 goodness of fit test was used to test whether the 

observed data deviated from the predicted.  A 1-sample z-test was then 

performed and indicated that there is no evidence for a statistically significant 

difference between the observed and predicted numbers of clones resulting from 
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2 ACD or from 1 ACD and 1 SCD (based on randomness in division orientation).  

However, a statistically significant increase in clones resulting from 2 SCD 

(p=0.00003) was noted.  This may reflect either a preference for a cell that has 

divided symmetrically to divide symmetrically again, or the presence of a small 

population of cells that divide exclusively symmetrically.  However, it most likely 

results, at least in part, from a small percentage of cells where recombination 

occurred in adjacent cells. 
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3. Regulation of the cortical targeting of NuMA 
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3.1 Introduction 

The uncoupling of spindle orientation from Insc/LGN complexes suggests 

an additional mode of regulation of ACDs.  Mechanistically this was due to the 

loss of NuMA from the apical cortex resulting in symmetric divisions even though 

Insc/LGN were still apical (Poulson and Lechler 2010). How is the machinery 

required for ACDs localized to specific regions in the cell?  While there have 

been significant advances in identifying proteins involved in spindle orientation, 

we still do not have the full complement of players.  In addition, large holes in our 

understanding of how these proteins are recruited to specific sites at the cell 

cortex still exist.  New information is coming out quickly about additional binding 

partners for spindle orientation proteins and/or new requirements for their 

localization.  While there is considerable cell type specificity in the upstream 

players, in most cases these pathways appear to converge on LGN, NuMA and 

dynein/dynactin as major players in controlling spindle orientation.  In this 

chapter, I explore two ways in which NuMA localization at the cortex is regulated.  

First, I uncover a novel role for 4.1 in stabilizing NuMA at the cortex.  Second, I 

show that the phosphorylation of NuMA, potentially via Cdk-1, can regulate its 

localization.   
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3.2 4.1 Acts as an anchor to stabilize NuMA at the cortex 

3.2.1 Background 

 NuMA localizes to the spindle poles in all mitotic cells and to the apical 

cortex in cells undergoing asymmetric cell divisions (Figure 2.4, page 51) 

(Lechler and Fuchs 2005; Poulson and Lechler 2010).  Additionally, NuMA is 

necessary for proper spindle orientation (Williams, Beronja et al. 2011).  More 

specifically, the pool of NuMA that localizes to the apical cortex provides a link 

between the apical polarity of the cell and the mitotic spindle.  Through 

interacting directly with microtubules and recruitment of the minus end directed 

motor protein dynein, it is hypothesized that NuMA functions to produce pulling 

forces on astral microtubules to ensure proper apical-basal orientation of the 

spindle (Du, Stukenberg et al. 2001; Du, Taylor et al. 2002; Nguyen-Ngoc, Afshar 

et al. 2007; Kiyomitsu and Cheeseman 2012).  

Genetic studies have described a very simple linear model of how NuMA 

is recruited to the apical cortex.  The apical Par complex recruits Inscuteable, 

which in turn recruits LGN to the apical cortex.  Expression of LGN is required for 

apical localization of NuMA (Bowman, Neumuller et al. 2006; Izumi, Ohta et al. 

2006; Siller, Cabernard et al. 2006). However, many of the interactions at the 

cortex are mutually exclusive.  For example, LGN cannot bind Insc and NuMA 

simultaneously (Zhu, Wen et al. 2011).  Additionally, NuMA is unable to bind both 

LGN and microtubules at the same time (Du, Stukenberg et al. 2001; Du, Taylor 

et al. 2002).  Thus, additional factors are likely important for the apical 
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localization of NuMA. Supporting this idea, studies in Drosophila have 

demonstrated that the proteins Rap1, Cut up, and Canoe are required for the 

apical localization of NuMA (Speicher, Fischer et al. 2008; Carmena, Makarova 

et al. 2011; Wang, Li et al. 2011; Wee, Johnston et al. 2011).  However, despite 

the identification of these proteins, it is still unclear how they are connected to the 

Insc/LGN/NuMA pathway.  It is also unknown if their mammalian homologs have 

a conserved function in recruiting NuMA to the cortex.  

Nevertheless, in order for the apically localized NuMA to sufficiently 

transduce pulling forces onto the spindle, it must presumably be anchored to the 

cortex to provide a relatively stable platform at the plasma membrane. Studies in 

C. elegans suggest that the acto-myosin cortex provides such a stable platform 

(Redemann, Pecreaux et al. 2010).  How the actin-myosin cortex links to the 

ACD machinery is still unclear.  However, one possibility is an interaction 

between 4.1 proteins and NuMA at the cortex.  The 4.1 superfamily consists of 

proteins with a conserved FERM domain that allows for binding to 

transmembrane proteins. Additionally, family members contain a spectric-actin 

binding domain, which could provide a link between NuMA and the actin 

cytoskeleton. Finally, a region in the last two exons of 4.1 has been shown to be 

sufficient to bind to NuMA (Figure 3.4 panel A, page 85) (Mattagajasingh, Huang 

et al. 1999).  While the importance of the 4.1-NuMA interaction is still not 

understood, the ability of 4.1 proteins to link NuMA to the actin network could 

play a role in either the localization of NuMA and/or anchoring it at the cortex.  
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We sought to elucidate the requirements/regulation of NuMA localization and 

more specifically address the role of the 4.1-NuMA interaction. 

3.2.2 Results 

3.2.2.1 Actin is required for the cortical localization of NuMA 

Given the interplay between both the microtubule and actin networks in 

generating forces on the spindle, we sought to test the requirement of various 

cytoskeleton components in the cortical localization of NuMA.  To this end, we 

disrupted either the microtubule or actin network with nocadazole or latrunculin 

A, respectively.  Interestingly, actin, but not microtubules were required for the 

cortical localization of NuMA (Figure 3.1 panel C, D page 77).  However, it is 

important to note that disruption of the F-actin network has a broad affect on the 

entire apical complex (data not shown).  While the importance of the actin 

cytoskeleton in the cortical localization of the ACD machinery is not known, it 

does support a functional link between the 4.1 family and NuMA.
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Figure 3.1: Actin is required for NuMA cortical localization  

Localization of endogenous NuMA (green) in WT cell (A), cells treated 
with nocodazole (B), and cells treated with Latrunculin A (C).  Scale bar is 2.5 

uM. 
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3.2.2.2 NuMA 4.1-LGN is sufficient for cortical localization 

To test the function of the 4.1 binding domain of NuMA we sought to 

determine if it was sufficient for cortical localization.  We expressed a GFP-

tagged 4.1 binding domain of NuMA in cultured keratinocytes and assayed for its 

ability to localize to the cortex during mitosis. However, despite the cortical 

localization of 4.1 proteins at the plasma membrane, the 4.1 binding domain of 

NuMA did not localize to the cortex and thus was not sufficient for cortical 

targeting of NuMA  (n=49) (Figure 3.2 panel C-C’’, page 79). Given the inability of 

the NuMA 4.1 binding domain to localize to the cortex, we next tested the binding 

domain of a protein that is known to be required for its cortical localization.  

Genetic studies have demonstrated LGN to be necessary for NuMA’s 

cortical localization (Du, Stukenberg et al. 2001; Izumi, Ohta et al. 2006; Siller, 

Cabernard et al. 2006). In agreement, NuMA localized to the spindle poles but 

not the cortex in keratinocytes with LGN knocked down (Figure 3.3 panel B, page 

81). Given these data, we tested the ability of the NuMA’s LGN binding domain to 

localize to the cortex. Surprisingly, the LGN binding domain of NuMA was largely 

cytoplasmic and was rarely seen at the cortex (4%, n=50) (Figure 3.2 panel B-B’’, 

page 79).  Therefore, NuMA’s interaction with LGN is not sufficient for its cortical 

localization. 
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Figure 3.2: NuMA 4.1-LGN is sufficient for cortical localization 
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Figure 3.2 cont. from page 79 
(A) Diagram of NuMA showing relevant binding domains.  (B-F) 

Keratinocytes expressing various GFP fragments of NuMA: LGN BD (B), 4.1 BD 
(C), 4.1-LGN (D), 4.1-MT (E), or Δ4.1-MT (F).  (B’-F’)  Staining for endogenous 
LGN (red).  (B’’-F’’) Merged images showing the percent of cells in which the 

NuMA fragment localized at the cortex. Scale bar is 5 uM. 
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Figure 3.3: LGN is required for the cortical localization of NuMA 

Localization of endogenous NuMA (green) in WT cell (A) and LGN knock 
down cells (B). Scale bar is 2.5 uM. 
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Studies in Drosophila have identified several additional factors that are 

necessary for the cortical targeting of NuMA.  Thus, while individually these 

binding domains are not sufficient for cortical localization, it is possible that they 

must work cooperatively to recruit NuMA to the cortex.  Additionally, it is possible 

that stabilizing factors are needed to maintain NuMA at the cortex after its initial 

recruitment. To test this, we assessed the ability of a region of NuMA spanning 

both 4.1 and LGN binding domains to localize to the cortex.  Indeed, this 

fragment (NuMA 4.1-LGN) was able to target to the cortex where it colocalized 

with LGN (28%, n=54) (Figure 3.2 D-D’’, page 79).  Additionally, NuMA 4.1-LGN 

was not only able to target to the cortex but also polarized with LGN similar to 

endogenous NuMA localization.   

While each of the individual binding domains alone was unable to localize 

to the cell cortex, the cortical localization of NuMA 4.1-LGN suggests two 

potential models for its recruitment to the cortex. First, both 4.1 and LGN could 

function to recruit NuMA to the cortex and thus the combined activity of both 

domains is required for sufficient localization. Alternatively, LGN could function to 

recruit NuMA to the cortex as previously described (Du, Stukenberg et al. 2001; 

Izumi, Ohta et al. 2006; Siller, Cabernard et al. 2006).  Once at the cortex, 

binding to 4.1 could act to stabilize NuMA at the cortex. Regardless, both models 

implicate a novel function for the 4.1 binding domain in NuMA. In order to further 

examine the importance of the 4.1 binding domain in this process, two additional 

NuMA fragments were tested.  NuMA 4.1-MT spanned from the beginning of the 
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4.1 binding domain through NuMA’s MT binding domain.  This fragment also 

included the LGN binding domain.  NuMA 4.1-MT as expected was able to 

localize to the cortex (40%, n=40) (Figure 3.2 panel E-E’’, page 79).  However, 

NuMA Δ4.1-MT, which lacks the 4.1 binding domain was never seen at the cortex 

(n=50) (Figure 3.2 panel F-F’’, page 79). Therefore, at least in these truncated 

NuMA fragments, the presence of the 4.1 binding domain is important for cortical 

localization.   Full length NuMA-GFP localized at the cortex more frequently than 

NuMA 4.1-MT indicating that there may be additional factors that work to localize 

and/or stabilize NuMA at the cortex (69%, n=55/40%, n=50). The ability of NuMA 

to dimerize through its N-terminal coiled-coil domain could provide one 

explanation for the difference in cortical localization between full length NuMA 

and the truncated constructs. 

3.2.2.3 The NuMA interacting domain of 4.1 can disrupt NuMA cortical 
localization 

Given the importance of the 4.1 domain in localizing fragments of NuMA to the 

cortex, and its potential ability to bridge the actin network and NuMA, we sought 

to disrupt the 4.1-NuMA interaction.  However, because there are four genes 

encoding 4.1 family members, we were unable to take a knockdown approach.  

As an alternative, we overexpressed the 4.1 C-terminal domain (CTD), which has 

been shown to bind NuMA, and assayed for its affect on NuMA localization 

(Mattagajasingh, Huang et al. 1999). Overexpression of the 4.1’s NuMA binding-

domain disrupted the cortical localization of NuMA. However, this was specific to 
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the cortical pool or NuMA as spindle pole localization was unaffected (n=50) 

(Figure 3.4 panel B-B’’, D, page 85).  This effect was not due to disruption of 

other binding partners of NuMA, as LGN localization was unaffected by 

overexpression of the 4.1 CTD (n=50) (Figure 3.4 panel C-C’’, D,  page 85). 

These data suggest that the 4.1-NuMA interaction plays an important role 

specifically with the cortical pool of NuMA. 

3.2.2.4 The NuMA 4.1 binding-domain is not necessary for cortical 
localization of NuMA 

  To directly test the function of the NuMA-4.1 interaction, we created 

various GFP-fusion proteins of NuMA containing deletions in conserved binding 

domains and then assayed their ability to localize to the cortex when expressed 

in cultured keratinocytes. As expected, deletion of the NuMA microtubule-binding 

domain did not affect the ability of NuMA to target to the cortex (n=48) (Figure 3.5 

panel B, page 86).  Additionally, NuMAΔLGN-GFP was able to localize to the 

spindle poles but not the cortex indicating that direct binding between NuMA and 

LGN is required for NuMA’s proper localization only at the cell cortex (n=55) 

(Figure 3.5 panel C, page 86). Surprisingly, NuMAΔ4.1-GFP localized similarly to 

the full-length control (n=60) (Figure 3.5 panel D, page 86).  Given the ability of 

NuMA to exist as a dodecamer, we wanted to verify that the presence of 

endogenous NuMA didn’t adversely affect the experiments above.  We 

generated a keratinocyte NuMA knockdown cell line to further test the  
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Figure 3.4: 4.1 NuMA binding-domain disrupts cortical NuMA 
localization  

(A) Diagrams of 4.1. The C-Terminal Domain (CTD) binds directly to 
NuMA. (B-B’) Endogenous NuMA (red) in cells overexressing the 4.1 CTD 

(green) (C-C’) Endogenous LGN (red) in cells overexpressing the 4.1 CTD. (D) 
Quantification of the percent of cells with either cortical NuMA (blue bar) or 

cortical LGN (green bar) overexpressing either cytoplasmic GFP or the 4.1 CTD.   
Scale bar is 5 uM. 
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Figure 3.5: 4.1 is not necessary for the cortical localization of NuMA 
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Figure 3.5 cont. from page 86 

Cultured keratinocytes expressing NuMA-GFP (A), NuMAΔMT-GFP (B), 
NuMAΔLGN-GFP (C), or NuMAΔ4.1-GFP (B).  (E) Western blot of whole cell 

lysates from WT, LGN KD, and NuMA, KD cells.  (F) Loss of endogenous NuMA 
staining in a NuMA KD cell. (F) Quantification of the percent of cells with cortical 

localization.  Scale bar is 2.5 uM. 
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localization of the NuMA deletion constructs.  The knockdown was verified via 

western blot and immunofluorescence (Figure 3.5 panel E, F, page 86).  With the 

NuMA KD line, we confirmed that endogenous NuMA did not affect the 

localization of the NuMA deletions constructs, as all the constructs localized 

similarly in both wildtype and NuMA knockdown cells (Figure 3.5 panel F, page 

86).  Thus, despite the ability of 4.1 CTD to disrupt cortical NuMA localization, 

binding of NuMA to 4.1 is not required for its cortical localization. 

3.2.2.5 The 4.1-binding domain is required for stabilization of NuMA at the 
cortex 

Although NuMAΔ4.1-GFP was able to localize properly to the cell cortex, 

our previous data suggested that the NuMA-4.1 interaction has a function in 

regulating the cortical pool of NuMA.  One possibility is that rather than aiding in 

localizing NuMA to the cortex, interaction with 4.1 functions to stabilize NuMA at 

the cortex.  This stabilization could act to anchor NuMA at the cortex where it 

provides the resistance needed to exert sufficient forces to orient the mitotic 

spindle.  To test this hypothesis, we conducted fluorescence recovery after 

photobleaching (FRAP) experiments to assay for the stability of NuMAΔ4.1-GFP 

at the cortex compared to full-length NuMA-GFP.  Although the t1/2 was similar, 

NuMAΔ4.1-GFP was able to recover to about 70% of the initial fluorescence 

levels compared to 45% for WT (Figure 3.6 panel A, page 89). Quantification of 

the mobile fractions revealed a significant increase in the amount of NuMA being 

turned over at the cortex as well (Figure 3.6 panel B, page 89). These data 
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Figure 3.6: 4.1 stabilizes NuMA at the cortex 

(A) Fluorescence recovery curves of cortical NuMA-GFP and NuMAΔ4.1-
GFP.  Values are represented as percent of initial recovery. n=5 for NuMA-GFP 
cells and n=7 for NuMAΔ4.1-GFP cells. (B) Quantification of the mobile fraction 

of NuMA-GFP and NuMAΔ4.1-GFP.  Boxes are 25-75% marks, whiskers are 10-
90% marks.  The difference is statistically significant p<.0139.  
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suggest that in the absence of 4.1 binding, NuMA becomes less stable at the cell 

cortex. As a consequence, cortical NuMA may no longer be able to provide the 

resistance needed to generate sufficient pulling forces to rotate the spindle. It will 

be interesting to test this by determining if NuMAΔ4.1-GFP causes a defect in 

spindle orientation. 

3.3 CDK-1 dependent phosphorylation regulates the cortical 
localization of NuMA 

3.3.1 Background 

Asymmetric cell divisions, in a variety of cell types, rely on the apical 

localization of machinery required to properly orient the mitotic spindle.  In 

Drosophila neuroblasts the conserved complex of Insc, LGN, and NuMA 

localizes to the apical cortex during G2 just prior to the onset of mitosis 

(Bowman, Neumuller et al. 2006; Izumi, Ohta et al. 2006; Siller, Cabernard et al. 

2006).  While the timing differs somewhat in the epidermis, with the complex 

becoming apical at the onset of mitosis, the localization of these proteins appears 

to be cell-cycle dependent (Kraut, Chia et al. 1996; Tio, Udolph et al. 2001; 

Poulson and Lechler 2010).  However, while studies have identified kinases that 

regulate the cortical localization of ACD machinery, little is known about how they 

exert this affect.  Polo-like kinase (Plk1) regulates the cortical localization of 

dynein.  It is thought that it does so by disrupting the interaction of dynein with 

the LGN/NuMA complex (Kiyomitsu and Cheeseman 2012). Less clear are the 

Plk1 phosphorylation targets needed to disrupt this interaction. Similarly, Aurora 
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A has been shown to be required for the apical localization of NuMA in 

Drosophila neuroblasts (Wang, Somers et al. 2006).  

One likely candidate in regulating the localization of the ACD machinery is 

Cdk-1.  In Drosophila neuroblasts, Cdk-1 mutants show mislocalization of Insc at 

the cell cortex (Tio, Udolph et al. 2001).  However, as these cells display 

additional polarity defects, it is unclear if Cdk-1 directly regulates the ACD 

machinery. Nevertheless, several lines of evidence indicate Cdk-1 may play a 

role in regulating NuMA localization.  NuMA contains four predicted Cdk-1 sites 

located in the C-terminal tail.  Mass spectrometry analysis has demonstrated that 

these sites are phosphorylated in vivo.  Additionally, mutation of one of these 

sites, threonine residue 2040 to alanine (amino acid 2055 in NuMA NP_006176), 

resulted in strong localization of NuMA at the plasma membrane with little to no 

spindle pole localization (Compton and Luo 1995). Finally, during C. elegans 

meiosis, the meiotic spindle undergoes a precisely timed 90° spindle rotation 

during anaphase. When Cdk-1 activity was inhibited via puravalanol A, the 

meiotic spindle underwent a premature rotation during metaphase that coincided 

with an increase in dynein at the cell cortex (Ellefson and McNally 2011).  

Although NuMA localization was not assessed in this study, others and we have 

demonstrated that, in some contexts, NuMA is required for the cortical 

localization of the dynein-dynactin complex (Figure 3.7, page 92) (Kiyomitsu and 

Cheeseman 2012).  Taken together, these data suggest that Cdk-1 regulates the 

localization of NuMA at the cell cortex.
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Figure 3.7: NuMA is required for the cortical localization of p150 
glued 

Localization of p150 glued (green) in WT keratinocytes (A) and NuMA 
knock down keratinocytes (B).  Scale bar is 2.5 uM. 
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3.3.2 Results 

3.3.2.1 CDK-1 activity regulates localization of NuMA 

To assess the role of Cdk-1 in NuMA localization we treated cultured 

keratinocytes with the Cdk-1 inhibitor puravalanol A (PA) and assayed for NuMA 

localization.  In control DMSO treated samples, NuMA was localized at the cortex 

of 76% of cells (n=25) (Figure 3.8 panel F, page 94).  Conversely, PA treated 

samples showed an increase in the number of cells with cortically localized 

NuMA (96%, n=25) (Figure 3.8 panel F, page 94).  In addition to an increase in 

the number of cells with cortical NuMA, the overall amount of NuMA at the cortex 

appeared higher by immunofluorescence (Figure 3.8 panel A, B, page 94). This 

was confirmed by quantifying the average fluorescence intensity at the cortex, 

the cortical:cytoplasic ratio, and the overall area of the cortical crescent (p<.0363, 

p<.0118, and p<.0003) (Figure 3.8 panel C-F, page 94).  In all cases there was a 

clear increase in the amount of NuMA at the cortex in PA treated cells. 

Interestingly, the most significant increase was in the overall area of NuMA at the 

cortex indicating an increased propensity for targeting to cortical binding sites. 

These data suggest that Cdk-1 activity regulates the localization of the cortical 

pool of NuMA.  Therefore, when NuMA is unable to be phosphorylated it appears 

to have a stronger preference for cortical targeting. 
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Figure 3.8: Cdk-1 phosphorylation regulates NuMA localization 

Endogenous NuMA (red) in cells treated with either DMSO (A) or PA (B). (C) 
Quantification of the area of cortical NuMA expression. (D) Quantification of the 

cortical:cytoplasmic ratio of NuMA expression (E) Percentage of cells with 
cortically localized NuMA. (F) Quantification of fluorescence intensity of NuMA at 

the cortex.  (G, H) Cells expressing a non-phosphorylatable NuMA (G) or a 
phosophomimetic form of NuMA (H). (I) Quantification of the cortical localization 

of WT, T2040A, and T2040D. Scale bar is 2.5 uM.
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To determine directly if phosphorylation of NuMA alters its localization 

pattern we generated single amino acid mutations in a predicted Cdk-1 site in the 

C-terminal tail of NuMA.   Mutation of this threonine residue 2040 to alanine has 

previously been shown to result in strong localization of NuMA at the plasma 

membrane (Compton and Luo 1995).   Similarly, our non-phosphorylatable GFP-

tagged NuMAT2040A robustly targeted to the cell cortex in all cells analyzed 

(n=49) (Figure 3.8 panel G, I, page 94). However, NuMAT2040A still localized to 

the spindle poles. Similar to PA treated cells, NuMAT040A localized to larger 

area at the cortex and appeared nearly uniform. Taken together, this suggests 

that the phophorylation state of NuMA is one of the means by which the two 

different pools of NuMA are regulated. Further, this is likely to be controlled at 

least in part by Cdk-1 activity. 

3.3.2.2 LGN is not necessary for the cortical localization of NuMAT2040A 

Given the strong preference for the non-phosphorylatable form of NuMA to 

localize to the cortex, it is possible that it does so due to the increased affinity for 

cortical binding partners. Our work, as well as that of others, has shown that the 

apical protein LGN is required for the cortical localization of NuMA (Figure 3.3 

panel B, page 81) (Du, Stukenberg et al. 2001; Izumi, Ohta et al. 2006; Siller, 

Cabernard et al. 2006). Therefore, we wanted to test the requirement for LGN in 

the localization of NuMA in the absence of this phosphorylation.  To this end, we 

treated LGN KD keratinocytes with PA and assayed for NuMA localization. 
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Surprisingly, in LGN KD cells treated with PA inhibitor, NuMA was clearly 

localized at the cortex (82%, n=52) compared to control cells in which NuMA was 

rarely seen at the cortex (10%, n=50) (Figure 3.9 panel A, B page 97). Therefore, 

in the absence of Cdk-1 activity, LGN is no longer required for the cortical 

localization of NuMA. However, it is possible that low levels of LGN present in the 

knock down cells are sufficient to localize NuMA to the cortex.  That being said in 

LGN KD cells treated with PA, NuMA was seen uniformly at the cortex and not 

polarized.  Given the polarized localization of LGN, this would suggest against 

low levels of LGN recruiting NuMA to the cortex.    

To further test this in a way that did not rely on the LGN KD cell line, we 

generated a NuMAT2040A construct with the LGN binding domain deleted.  We 

tested the ability of NuMAΔLGN T2040A to localize to the cortex in a NuMA KD 

background to ensure endogenous NuMA didn’t obscure results. NuMAΔLGN 

T2040A, like NuMAT2040A, was able to sufficiently localize to the cell cortex 

(Figure 3.9 panel C, D, page 97).  These results confirm that the 

unphosphorylated form of NuMA has a strong affinity for the cortex that is 

independent of LGN.  One possibility is that the phosphorylation state of NuMA 

alters its conformation in a way that when unphosphorylated it has a higher 

affinity for various cortical binding partners. Therefore, in the absence of LGN, 

the higher affinity for other cortical factors such as 4.1 could be sufficient to 

localize and/or maintain NuMA at the cortex. This is an attractive model given the  
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Figure 3.9: LGN is not required for cortical localization of 
uhphosphorylated NuMA 

(A, B) Endogenous NuMA (red) in LGN  KD cells treated with either 
DMSO (A) or PA (B). (C, D) NuMA KD cells expressing either NuMA T2040A or 

NuMAΔLGN T2040A.  Scale bar is 2.5 uM. 
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non-polarlized localization of unphosphorylated NuMA at the cortex seen in 

several of the experiments above, since unlike LGN, 4.1 is expressed uniformly 

at the cortex in most mitotic cells. 

3.3.2.3 Overexpression of 4.1 or LGN can rescue NuMAT2040D cortical 
localization 

We reasoned that if the unphosphorylated form of NuMA has a higher 

overall propensity to localize to the cortex, then a phosphomimetic version might 

have a low propensity for cortical localization and localize more strongly to the 

spindle poles. To this end, we generated a GFP-tagged phosphomimetic version, 

NuMAT2040D, by mutating the threonine residue to aspartate.  Interestingly, 

NuMAT2040D localized very strongly to the spindle poles and was rarely seen at 

the cortex (n=51)  (Figure 3.8 panel H, I, page 94).  This suggests two possible 

mechanisms by which phosphorylation of NuMA could target it to the spindle 

poles.   First, phosphorylation could alter NuMA in such a way as to prevent it 

from targeting to the cortex at all (e.g. prevent LGN binding). Second, the relative 

affinities for cortical binding partners such as LGN and 4.1 could be lowered so 

that targeting to the spindle poles ultimately wins out. However, the second 

possibility seems unlikely, as treatment with nocodazole was unable to rescue 

the cortical localization of the phosophomimetic form of NuMA (data not shown). 

Nevertheless, to determine if phosphorylated NuMA could still interact with either 

4.1 or LGN, we tried to rescue the cortical localization of NuMAT2040D by 

overexpressing either LGN or 4.1.  Interestingly, both LGN and 4.1 were able to 
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sufficiently recruit NuMAT2040D to the cortex (Figure 3.10, page 100). 

Therefore, the phosphorylation state of NuMA does not simply regulate a 

competition between its spindle pole and cortical localization. Rather, these 

experiments suggest the phosphorylation state of NuMA alters its affinity for its 

cortical binding partners. Additionally, the ability of overexpressed 4.1 to rescue 

the cortical localization of phosphomimetic NuMA further implicates the 

importance of a 4.1-NuMA interaction at the cortex. Biochemical analysis will be 

necessary to address if phosphorylation of NuMA affects its affinity for 4.1 or 

LGN. 
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Figure 3.10: Overexpression of 4.1 or LGN can rescue cortical 
localization of phosphomimetic NuMA 

(A-A’’) Keratinocyte expressing NuMA T2040D-GFP (A) and 4.1 HA (A’). 
(B-B’’) Keratinocyte expressing NuMA T2040D-GFP (B) and LGN-myc (B’). Scale 

bar is 2.5 uM.  
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3.4 Discussion 

These data support a model in which NuMA is first targeted to the cortex 

via binding to LGN.  Given that NuMA binding to LGN and microtubules is 

mutually exclusive, once at the cortex, NuMA would need to disassociate from 

LGN in order for it to interact with astral microtubules. If this mutually exclusive 

binding is true for oligomerized NuMA as it has been shown for the monomer, by 

releasing its attachment to the cortex through LGN, NuMA could lose the ability 

to provide a stable anchor against the pulling forces needed to direct proper 

spindle orientation.  These data suggest that NuMA binds to 4.1 at the cortex and 

that this interaction functions to stabilize NuMA, thus providing a sufficient 

anchor.  Additionally, previous work has implicated the actin cytoskeleton in 

providing an anchor against force-generating machinery (Redemann, Pecreaux 

et al. 2010).  The finding that 4.1 could act as an anchor for NuMA at the cortex 

also provides a possible link that could bridge the ACD machinery with the 

cortical actin network.   

This model does not exclude the possibility that the oligomerization of 

NuMA could allow NuMA to bind both LGN and microtubules at the same time.  

We currently know very little about the need for resistance against pulling forces 

on the spindle.  It may be reasonable for both 4.1 and oligomerization to provide 

stability to NuMA at the cortex.  Nevertheless, the functional importance of 

stabilizing NuMA at the cortex needs to be tested.  Our model suggests that in 
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the absence of sufficient resistance, the overall force on the spindle would be 

reduced and thus we would expect defects in spindle orientation.  We are 

currently testing our NuMAΔ4.1-GFP construct to determine if it results in spindle 

orientation defects.  If 4.1-binding, oligomerization, and/or additional factors 

operate redundantly to anchor NuMA at the cortex it is likely we may only see 

slight spindle defects rather than a complete randomization of orientation.  

In addition to a novel function for the 4.1-NuMA interaction, these data 

implicate Cdk1 phosphorylation of NuMA as a potential regulator of its 

localization.  Preliminary data suggest that the phosphorylation state of NuMA 

alters its interaction with cortical binding partners.  Surprisingly, LGN was not 

required for the cortical localization of NuMA when cells were treated with PA or 

when a Cdk1 site was mutated to alanine.  In addition to being cortical under 

these conditions, NuMA was found uniformly around the cortex rather than 

polarized.  One potential explanation for this could an increased affinity for 4.1.  

Biochemical analysis will be needed to test these hypotheses. While the 

phosphorylation occurs in cells, when or where this occurs in vivo is still 

unknown. Additionally, if this regulation of NuMA does occur in basal cells of the 

epidermis, it will be interesting to determine how Cdk1 functions to regulate 

NuMA.  It is also possible that a cortical phosphatase could be utilized to remove 

NuMA from the cortex.     

3.5 Materials and methods 

Cell Culture 
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Wild type mouse keratinocytes were grown at 37°C and 7.5% CO2 in E 

low Ca2+ media. Cells were transfected using TransIT-LT1 transfection reagent 

(mirus). To induce cell adhesion and increase the number of cells in mitosis, 

when keratinocytes reached 95% confluency, they were transferred to E media 

containing .5mM Ca2+ and 2uM Thymidine for 16 hours.  The cells were then 

released from the Thymidine block for 1.5 hrs.  Cells were arrested in metaphase 

by the addition of 10nM MG132 for an additional 1.5 hours. Puravalanol A was 

used at a concentration of 100uM for 5 minutes.  

Immunostaining and western blot analysis 

After arresting in metaphase, cells were fixed in methanol for 3 minutes at 

-20°C. The following primary antibodies were used in this study: chicken anti-

GFP (abcam), rabbit anti-NuMA (abcam), mouse anti-βtub (Sigma), mouse anti-

c-myc (Zymed), rat anti-HA (Roche), and guinea pig anti-LGN (laboratory 

generated).  Secondary antibodies included Alexa Fluor 488-conjugated 

antibodies (Invitrogen) and Rhodamine red- and horseradish peroxidase-

conjugated antibodies (Jackson Research Laboratories, Inc.) Images were 

collected using a microscope (AxioImager Z1; Carl Zeiss) with ApoTome 

attachement, 63X 1.4 NC Plan Apochromat objective, MRM camera (Axiocam; 

Carl Zeiss), and AxioVision software (Carl Zeiss). The immersion oil used was 

Immersol 518F (Carl Zeiss), and the coverslips used (VWR) were 12-mm-round 

no. 1. TIF images were imported into Photoshop, where they were modified for 
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brightness and contrast. Fluorescence intensity was measured using FIJI and 

calculated as the mean intensity in a given area of interest.  

Production of Lentivirus and gene knockdown 

293FT cells were grown on 10cm-plates at 37°C and 7.5% CO2 in DMEM-

10% FBS without antibiotics to 50-70% confluency.  Cells were transected using 

calcium phosphate with the following vectiors:  pLKO.1 NuMA siRNA (Sigma), 

pMDL g/pRRE, pRSV-Rev, and pMD2.G (Addgene). Five hours after 

transfection, new growth media was added and cells were allowed to grow for 48 

hrs. The 293FT media containing the virus particles was put hrough a .45um filter 

(VWR) and centrifuged through a Amicon Ultra Centrifuge Filter at 4000 rpm for 

15 minutes. The liquid on top of the Amicon Filter was collected containing the 

concentrated virus particles.   

Knockdown cells lines were produced by infecting wildtype mouse 

keratinocytes with the concentrated lentiviral packaged siRNA particles.  Virus 

was diluted in E low Ca2+ media with the addition of 6ug/ml polybrene and added 

to cells when they reached 30-50% confluency.  After 24 hrs, this media was 

replaced with fresh media and the cells were allowed to recover over an 

additional 24 hrs.  2ug/ml puromycin was then added to selected for cells 

expressing the siRNA construct.  Media was changed every three days over a 5-

14 day period and then the cells were passaged.  Gene knockdown was 

confirmed by immunofluorescence and western blot.  

FRAP 
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Mouse keratinocytes were grown on35-mm glass-bottom dishes 

(no1.5;MatTek Corporation).  Cells were transfected and arrested in metaphase 

as outlined above.  Cells were set on a temperature-controlled stage for 

approximately 30 minutes to allow equilibration.  Confocal scanning light 

microscopy was performed using a confocal microscope (LSM; Carl Zeiss) with a 

63x 1.4 NA oil immersion objective. All constructs were excited using the argon 

488-nm laser line and emission gated between 493 and 598 nm.  FRAP 

experiments were performed using the regions, bleaching, and time series 

modules of the ZEN software (Carl Zeiss).  A region of interest to be bleached 

was defined, and 6.5% laser power at the appropriate wavelength for 80 

iterations was used to bleach signals.  After bleaching images were taken within 

the same focal plane at 10 second intervals to monitor recovery. 

Images were adjusted for cell drift with FIJI using the template 

matching/alignment plugin.  The mean fluorescence intensity of each region 

determined for each time point using MetaMorph. Photobleaching was not 

observed, as determined by the fluorescence intensity of an unbleached region 

of the sample.  Additionally, a region outside the transfected cell was used as a 

background control.  The percentage recovery was calculated by normalizing 

fluorescence intensity to background intensity and then normalizing intensity of 

each time point to the initial intensity. The mobile fraction was calculated as 

mf=Imax-I0/1-I0 as previously described. Imax is the maximum fluorescence 
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intensity reached after photobleaching, and I0 is the initial fluorescence intensity 

immediately after photobleaching.  
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4. Concluding remarks and discussion 
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4.1 Introduction 

Oriented cell divisions are crucial for a variety of developmental and 

homeostatic processes ranging from tissue elongation to stratification.  In 

addition to driving changes in shape, oriented divisions are used by many cell 

types to undergo ACDs, generating cellular diversity.  Importantly, some stem 

cells undergo ACDs to promote differentiation while also maintaining the 

progenitor cell population.  While invertebrate model systems have been 

important for understanding the machinery underlying ACDs, the epidermis is an 

important model to study how ACDs are regulated to control proper tissue 

development. 

Because the epidermis must maintain a balance of asymmetric:symmetric 

divisions, it must also regulate the ACD machinery to ensure proper 

development.  Short-term lineage tracing experiments have demonstrated that 

this regulation is not simply due to two unique populations within the basal cell 

layer.  Rather, basal cells have the ability to divide in both orientations.  As a 

result, regulation of the asymmetric cell division machinery is one way in which 

the ACD:SCD ratio may be controlled in the epidermis.  Supporting this 

hypothesis, misexpression of Insc in the stratifying epidermis has both an 

instructive and a regulatory role.   Given that Insc is sufficient to drive ACDs, its 

regulated expression at the onset of stratification is an excellent candidate for the 

trigger for stratification (or ACDs). The uncoupling of spindle orientation from 
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Insc/LGN complexes suggests another level of control of ACDs.  Mechanistically, 

this is due to the loss of NuMA from the apical cortex, resulting in symmetric 

divisions even though Insc/LGN remain still apical. 

While work in both Drosophila and C. elegans has provided great insight 

into the ACD machinery, little is known about the regulation of ACD components 

at the cortex. Use of a Cdk-1 inhibitor and phosphorylation mutants of NuMA 

have uncovered one potential way in which targeting to the cell cortex can be 

regulated. Preliminary results suggest that this effect may be to due to altered 

affinity levels to cortical binding partners.  Biochemical analysis will be crucial to 

address the mechanism by which NuMA phosphorylation regulates its 

localization.   

To further address how the cortical localization of NuMA is regulated, we 

used a structure-function approach to address which regions of NuMA were 

necessary and sufficient for cortical targeting.  Surprisingly, despite being 

necessary, the LGN binding domain of NuMA was not sufficient to localize to the 

cortex. This observation led us to uncover a novel role for the NuMA 4.1 binding 

domain.  While 4.1 binding is not required for the cortical localization of NuMA, it 

is required for the overall stability of NuMA at the cortex.  Further experiments 

are required to test the functional relevance of 4.1’s stabilization of NuMA at the 

cortex.  



 

110 

The study of ACD, and especially ACD in the epidermis, is a relatively 

young field and many exciting questions remain to be answered.  I highlight 

some of these below. 

4.2 Homeostasis in the adult epidermis 

Studies of homeostasis of the epidermis in adult mice and humans have 

indicated the presence of two populations of basal cells.  One is a slow-cycling 

stem cell and the other is a highly proliferative transit-amplifying cell.  The 

resulting model from this work predicts that the epidermis is organized into 

epidermal proliferative units (EPUs).  Each EPU contains a single stem cell that 

supports its surrounding transit-amplifying cells. The transit amplifying cells then 

go on to generate post-mitotic differentiated cells, which migrate vertically, 

forming a column atop the original stem cell (Jones, Simons et al. 2007). 

However, chimeric mice used to look at the clonal organization of the epidermis 

contradict the EPU model.  The mosaic patches do not conform to the predicted 

EPU boundaries as predicted, but rather cut across the border (Schmidt, Blount 

et al. 1987).   

As mentioned earlier, the importance of spindle orientation in the adult 

mouse skin is also unclear.  Overall there are fewer basal cell divisions, and 

many of those observed divide at oblique angles with respect to the basement 

membrane (Clayton, Doupe et al. 2007). It is unclear if these are functionally 

asymmetric divisions leading to changes in cell fate.  Additionally, delamination 

may drive a significant portion of the turnover of cells, though this has never been 
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directly imaged.  It would be interesting to do short –term lineage tracing in adult 

basal cells to test the relative contribution of asymmetric cell division and 

delamination in homeostasis of the adult epidermis.  Furthermore, while these 

experiments would not directly test the EPU model, they could provide at least an 

additional level of insight into the amount of homo/heterogeneity of basal cells in 

the adult. 

4.3 Developmental cues driving stratification 

I have shown that the expression of Insc is a key regulatory cue that can 

commit the epidermis to stratification. While Insc protein levels are increased 

prior to stratification, it is still unclear whether Insc is regulated on the 

transcriptional or translational level.  While our lab has generated an antibody 

against Insc to directly look at its expression and localization during the 

stratification process, it unfortunately has not worked well enough to obtain clear 

answers.  Another way to address this question would be the production of an 

Insc reporter mouse line.  In addition to address when/where Insc transcription is 

occurring, the reporter line would also be a useful tool in screening for candidates 

that regulate Insc expression.   

Although p63 is a critical factor in epidermal commitment and stratification, 

I have shown that it does not play a role in regulating ACDs via Insc expression 

but alters division orientation due to defects in polarity.  It will be important to 

address what other targets in addition to Insc drive stratification. There are a 

couple of ways in which these targets could be identified.  First, using a K5-GFP 
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mouse line, basal cells can be isolated from both e11.5 and e13.5 embryos.  

Comparing differences in mRNA expression between the two stages could 

provide a list of candidates that may promote stratification of the epidermis.  

Additionally, this will address how Insc levels are ultimately regulated during 

stratification. Taken together, this information may also shed light on how the 

balance of symmetric and asymmetric divisions is regulated to yield a normal 

sized and shaped skin. 

4.4 Generation of pulling forces 

While it is clear that the Insc-LGN-NuMA complex is required for proper 

spindle orientation, little is known about how the proteins function to control 

microtubule dynamics and dynein motor activity to generate force.  In addition, 

we are just beginning to elucidate ways to stabilize the force-generating 

machinery at the cell cortex.  While the actin cytoskeleton is implicated in this, 

the connections between the force generators and the cortex are not clear. My 

data suggests that 4.1 acts as a bridge linking cortical actin network to the ACD 

machinery.  Ultimately, I put forth a model in which this link functions to anchor 

NuMA at the cortex to produce a stable platform at the cortex that provides 

resistance against pulling forces.  While it is clear that 4.1 is important to stabilize 

NuMA at the cortex, the functional relevance of this is still unknown.   

Experiments addressing spindle alignment with the ACD machinery in the 

absence of 4.1 binding will be needed to address this question.   
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A lot of what we do know about the generation of pulling forces at the 

cortex comes from work in the C. elegans zygote. It will be interesting to repeat 

the laser severing experiments in the epidermis to determine whether 

asymmetric pulling forces are conserved between various cell types and 

organisms. Although we have yet to directly determine the forces involved in 

spindle orientation in basal cells of the epidermis, it is clear that the dynein-

dynactin complex is required for ACDs (Williams, Beronja et al. 2011). Co-

immunoprecipitation studies have shown that components of the dynein complex 

interact with the ACD machinery and suggest a possible direct interaction with 

NuMA.  Our cultured keratinocyte system provides a nice way to test the NuMA-

dynein interaction because, unlike in other cell types, we can clearly see cortical 

enrichment of components of the dynein-dynactin complex.  Additionally, using 

our NuMA KD cell line, we have demonstrated that NuMA is required for their 

cortical localization.  It will be important to determine if NuMA does indeed 

directly interact with the dynein complex.  This would allow us to narrow down the 

region of binding and specifically test the importance of the interaction.   

Finally, in addition to dynein acting as a force generator, microtubule 

dynamics themselves can also generate forces.  These include both pushing 

forces (for relatively short microtubules) and coupling the forces of 

depolymerization to movement.  Again, work in C. elegans has demonstrated 

asymmetric microtubule dynamics and shown that this asymmetry is correlated 

with force production (Labbe, Maddox et al. 2003; Nguyen-Ngoc, Afshar et al. 
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2007).  Thus, a combination of forces from dynein motors and microtubule 

depolymerization may control spindle positioning.  Given the difference in size 

between a basal cell of the epidermis and the C. elegans zygote, it will be 

important to determine if the same types of forces function to orient the spindle. 

Additionally, the small size of basal cells allows for shorter astral microtubules, 

which could enable the generation of pushing forces.  It appears that in the 

epidermis, forces are used to rotate the spindle, but not displace it like in C. 

elegans. It is possible that pushing forces could be used to balance pulling forces 

to allow for spindle rotation but not displacement in basal cells. Nevertheless, it 

will be important to determine how these microtubule dynamics and molecular 

motors work together and/or are coordinated with each other to generate force. 

All the issues discussed above also hold for symmetric divisions within the 

epidermis and in simple epithelia. Surprisingly, we know much less about how 

spindles align during symmetric divisions.  As discussed above, there is 

conflicting evidence on the role of LGN in symmetric divisions.  Therefore 

identifying this machinery and its regulation will also be paramount to 

understanding how tissue development occurs. 

4.5 Responding to external cues 

During development and homeostasis, the epidermis is constantly under 

stress whether mechanical, environmental, or otherwise.  As we have seen, in 

response to excess ACDs, the epidermis can first detect the imbalance and then 

compensate by uncoupling NuMA from the apical cortex.  How does the 
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epidermis sense stress and relay that information to the cell?  Cells put under 

mechanical constraints have led to our understanding of how 

mechanotransduction can translate into specific cell responses.  While we do not 

know how/if this type of signaling converges on the ACD machinery to regulate 

spindle orientation, preliminary studies in various cultured cell types have 

demonstrated that changes in the microenvironment could direct spindle 

orientation.  Furthermore, the change in spindle orientation correlated with a 

polarization of subcortical actin (Fink, Carpi et al. 2011).  Although it is clear that 

the cells align with the external force, the function of the subcorital actin 

polarization is still unknown.  It will be interesting to see whether the polarization 

of the actin is connected with the ACD machinery.  Cell stretching experiments in 

our lab have indicated that keratinocytes orient the mitotic spindle parallel to the 

stretch axis.  Furthermore, this alignment appears to be dependent on the ACD 

machinery.  This could provide a useful assay for determining how the 

mechanical signal is converted into changes in spindle alignment.   

In addition to identifying how external cues alter spindle orientation, it will 

be important to further examine how the localization of the ACD machinery is 

regulated.  I have shown here that phosphorylation of NuMA is one potential way 

in which the two pools of NuMA are regulated.  However, it is still unclear 

whether it is physiologically relevant.  Nevertheless, it is not the first indication 

that kinase activity can regulate the cortical localization of the ACD machinery. In 

Hela cells, a spindle pole localized polo-like kinase 1 (Plk1) negatively regulated 



 

116 

the cortical localization of dynein.  As the spindle pole moves closer to the cortex 

gets closer, Plk1 activity disrupts the interaction of dynein with the ACD complex, 

thus removing it from the cortex (Kiyomitsu and Cheeseman 2012).  Additionally, 

Plk1 can phosphorylate NuMA in vitro. However, it was not determined whether 

NuMA phosphorylation via Plk1 was directly responsible for the changes in its 

interactions with dynein.  It will be important to take these types of studies in vivo 

to determine how/if they function to regulate ACDs in the context of a tissue.  

Phosphorylation could be used to precisely balance the amount of forces on the 

cortex at any given time to prevent excess spindle rotation or displacement.   

Additionally, external cues could act through these pathways to properly balance 

the ratio of ACDs:SCDs. 

4.6 Concluding remarks 

I have uncovered two regulatory points that control the ratio of 

ACDs:SCDs in the epidermis. First, the expression of Insc is sufficient to drive 

ACDs.  Second, in response to excess ACDs, the epidermis can respond by 

uncoupling NuMA from the apical cortex.  Additionally, I have revealed a novel 

role for 4.1 proteins in stabilizing NuMA at the cortex.  Finally, I have shown that 

the cortical localization of NuMA can be regulated via Cdk1 phosphorylation. 

These studies have provided the groundwork for future experiments in learning 

how the ratio of ACDs:SCDs is precisely regulated to both generate cellular 

diversity and stratify the epidermis.  
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