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Abstract 
Robust regulation of spindle orientation is essential for driving asymmetric 

cell divisions (ACDs), which generate cellular diversity within a tissue. During the 

development of the multilayered mammalian epidermis, mitotic spindle 

orientation in the proliferative basal cells is crucial not only for dictating daughter 

cell fate but also for initiating stratification of the entire tissue. A conserved 

protein complex, including LGN, Nuclear mitotic apparatus (NuMA) and 

dynein/dynactin, plays a key role in establishing proper spindle orientation during 

ACDs. Two of these proteins, NuMA and dynein, interact directly with astral 

microtubules (MTs) that emanate from the mitotic spindle. While the contribution 

of these MT-binding interactions to spindle orientation remains unclear, these 

implicate apical NuMA and dynein as strong candidates for the machinery 

required to transduce pulling forces onto the spindle to drive perpendicular 

spindle orientation.   

In my work, I first investigated the requirements for the cortical recruitment 

of NuMA and dynein, which had never been thoroughly addressed.  I revealed 

that NuMA is required to recruit the dynein/dynactin complex to the cell cortex of 

cultured epidermal cells. In addition, I found that interaction with LGN is 

necessary but not sufficient for cortical NuMA recruitment. This led me to 

examine the role of additional NuMA-interacting proteins in spindle orientation. 

Notably, I identified a role for the 4.1 protein family in stabilizing NuMA’s 
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association with the cell cortex using a FRAP (fluorescence recovery after 

photobleaching)-based approach. I also showed that NuMA’s spindle orientation 

activity is perturbed in the absence of 4.1 interactions. This effect was 

demonstrated in culture using both a cortical NuMA/spindle alignment assay as 

well as a cell stretch assay. Interestingly, I also noted a significant increase in 

cortical NuMA localization as cells enter anaphase. I found that inhibition of Cdk1 

or mutation of a single residue on NuMA mimics this effect. I also revealed that 

this anaphase localization is independent of LGN and 4.1 interactions, thus 

revealing two independent mechanisms responsible for NuMA cortical 

recruitment at different stages of mitosis.  

After gaining a deeper understanding of how NuMA is recruited and 

stabilized at the cell cortex, I then sought to investigate how cortical NuMA 

functions during spindle orientation. NuMA contains binding domains in its N- and 

C-termini that facilitate its interactions with the molecular motor dynein and MTs, 

respectively. In addition to its known role in recruiting dynein, I was interested in 

determining whether NuMA’s ability to interact directly with MTs was critical for its 

function in spindle orientation. Surprisingly, I revealed that direct interactions 

between NuMA and MTs are required for spindle orientation in cultured 

keratinocytes. I also discovered that NuMA can specifically interact with MT ends 

and remain attached to depolymerizing MTs. To test the role of NuMA/MT 

interactions in vivo, I generated mice with an epidermal-specific in-frame deletion 
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of the NuMA MT-binding domain. I determined that this deletion causes 

randomization of spindle orientation in vivo, resulting in defective epidermal 

differentiation and barrier formation, as well as neonatal lethality. In addition, 

conditional deletion of the NuMA MT-binding domain in adult mice results in 

severe hair growth defects. I found that NuMA is required for proper spindle 

positioning in hair follicle matrix cells and that differentiation of matrix-derived 

progeny is disrupted when NuMA is mutated, thus revealing an essential role for 

spindle orientation in hair morphogenesis. Finally, I discovered hyperproliferative 

regions in the interfollicular epidermis of these adult mutant mice, which is 

consistent with a loss of ACDs and perturbed differentiation. Based on these 

data, I propose a novel mechanism for force generation during spindle 

positioning whereby cortically-tethered NuMA plays a critical dynein-independent 

role in coupling MT depolymerization energy with cortical tethering to promote 

robust spindle orientation accuracy.  

Taken together, my work highlights the complexity of NuMA localization 

and demonstrates the importance of NuMA cortical stability for productive force 

generation during spindle orientation. In addition, my findings validate the direct 

role of NuMA in spindle positioning and reveal that spindle orientation is used 

reiteratively in multiple distinct cell populations during epidermal morphogenesis 

and homeostasis.  
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1. Introduction to mitotic spindle orientation in the 
mammalian epidermis 
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1.1 Spindle orientation during asymmetric cell divisions in 
diverse model systems 

Multipotent progenitor stem cell populations typically reside within 

specialized compartments of a tissue and are critical for both providing cell 

diversity and maintaining tissue homeostasis. A remarkably vast array of tissue-

specific stem cell populations have been identified across organisms, which 

include bone marrow hematopoietic stem cells, germ line stem cells, intestinal 

stem cells and neural stem cells, in addition to the stem cells of the epidermis 

and hair follicle. The extensive self-renewing capacity of these distinct 

populations plays a critical role in tissue maintenance by providing a stem cell 

reserve for replenishing cells that have been lost due to turnover or injury. In 

addition, many of these stem cell populations harbor the capacity to divide 

asymmetrically to produce one progenitor stem cell and one committed cell that 

will go on to differentiate and serve a specialized function within the tissue. This 

suggests that prior to undergoing division, these progenitor cells must decide 

whether they will divide symmetrically or asymmetrically, however the extrinsic 

and intrinsic factors that guide this decision-making process remain poorly 

understood. Considering recent indications that a consistent balance between 

symmetric and asymmetric divisions is important for normal tissue homeostasis, 

a more thorough understanding of the signaling and regulation involved in driving 

these types of divisions could have large implications for cancer and stem cell 

therapies.  
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During every cell division, a highly complex and tightly regulated sequence 

of events ensures equal partitioning of identical DNA copies into two daughter 

cells.  Despite the equivalent genome composition in the resulting daughters, 

however, asymmetric cell divisions (ACDs) involve a precise placement of the 

mitotic spindle to dictate a cleavage plane that will ultimately promote the 

generation of disparate daughter progeny. The distinctive characteristics of these 

daughter cells could include their dissimilar sizes, protein compositions and/or 

final locations within the tissue, which are all features that typically induce their 

divergent cell fates. A thorough understanding of the regulators of spindle 

orientation during ACDs is therefore critical for deciphering stem cell behavior. 

Examples of ACDs can be found in a wide range of organisms, spanning 

from mammals and budding yeast to the C. elegans nematode, Drosophila fruit 

fly and Arabidopsis plant. As alluded to previously, one method for achieving an 

asymmetry in stem cell fate is to position the mitotic spindle so that one daughter 

is displaced away from its proliferative niche.  A pertinent example of this exists 

in the Drosophila testes, where a niche composed of stromal hub cells maintains 

germ stem cell self-renewal by sustaining activation of JAK/STAT signaling 

(Tulina and Matunis 2001; Yamashita et al. 2003). Dividing germ stem cells that 

orient their spindles perpendicular to the plane of the niche, however, promote 

the displacement of one daughter away from the hub, ultimately resulting in its 

differentiation into a gonialblast. An additional example of spindle orientation 

promoting daughter cell displacement from the niche occurs in the mammalian 
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epidermis, where proliferating basal cells reorient their spindles perpendicular to 

the basement membrane to displace one daughter into the suprabasal layer 

where it will go on to differentiate (Figure 1.1, C) (Lechler and Fuchs 2005). The 

primary epidermal niche signal responsible for maintaining basal cell 

proliferation, however, remains unclear. Nevertheless, integrin-mediated 

attachments to the underlying basement membrane are thought to play a role in 

stem cell maintenance, which could potentially explain why the apical daughters 

of ACDs ultimately differentiate (Raghavan et al. 2000). The mammalian 

epidermis also serves as a prime example of how spindle orientation can dictate 

tissue shape. Epidermal-specific mutations that perturb spindle orientation 

ultimately disrupt the three-dimensional architecture of the epidermis (Williams et 

al. 2011). Similarly, oriented cell divisions have been shown to contribute to lung 

branching, Drosophila germband extension and zebrafish neural rod formation 

(El-Hashash et al. 2011; de Silva and Vincent 2007; Quesada-Hernandez et al. 

2010). 

An additional application of spindle positioning is the generation of 

asymmetrically-sized daughters. This can be observed in the one-cell C. elegans 

embryo where a spindle-displacement mechanism is employed to displace the 

metaphase spindle toward the posterior pole, resulting in a larger AB daughter 

and a smaller P1 daughter (Figure 1.1, B).  This process is thought to be driven 

by the asymmetric activation of cortical dynein that generates pulling forces on 

astral microtubules (MTs) at the posterior cortex by coupling its cortical tethering 



  

   5  

to MT minus-end walking (Nguyen-Ngoc et al. 2007). Furthermore, mouse oocyte 

ACDs involve actomyosin-mediated spindle displacement towards the cortex to 

facilitate the generation of a large oocyte and a significantly smaller polar body 

(Szollosi et al. 1972; Longo et al. 1985; Schuh et al. 2008). Finally, during 

Arabidopsis embryogenesis, the fertilized zygote elongates along its apical-basal 

axis before undergoing its first division, which produces a smaller apical cell that 

gives rise to all of the cell types of the plant, with the exception of the extra-

embryonic suspensor that is generated by the larger basal cell (ten Hove et al. 

2015). While no conclusive evidence has yielded a mechanism responsible for 

generating this asymmetry in daughter cell size, both cell geometry and auxin 

signaling are thought to contribute to orchestrating spindle positioning during this 

initial ACD in Arabidopsis (Yoshida et al. 2014).  

A third way of generating asymmetry during cell division is to position the 

spindle so that the final cleavage plane will cause an unequal segregation of 

cytoplasmic mRNA and/or protein cell fate determinants into the two daughter 

cells. This unequal inheritance typically results in a divergence of daughter cell 

fate. Drosophila neuroblasts provide a relevant example of spindle positioning 

dictating the asymmetric inheritance of cell fate determinants. In these neuronal 

stem cells, basally-localized Prospero, Miranda and Numb promote the 

differentiation of the basal daughter into a ganglion mother cell, and perturbations 

to either determinant localization or spindle orientation hinder the generation of 

asymmetric daughters (Shen et al. 1997) (Figure 1.1, A). Additionally, 
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asymmetric Notch pathway activation has been shown to promote divergent cell 

fate in not only Drosophila neuronal progenitors but also in intestinal stem cells of 

the Drosophila midgut as well as in mouse neurons (Maeda et al. 2008; Dave et 

al. 2011). Furthermore, the basally-localized epidermal growth factor receptor 

(EGFR) has recently surfaced as a potential determinant in mammalian 

epidermis, which is thought to be inherited by the proliferative basal daughter 

cell, although this has never been thoroughly verified (De Potter et al. 2001).  

In this work, I use the mammalian epidermis as a system to both 

interrogate the underlying mechanism of spindle orientation during ACDs as well 

as investigate the influence of this process on tissue formation and function.   

 

  

Figure 1.1: Spindle orientation drives asymmetric cell divisions in distinct model 
organisms 

(A) Cell fate determinants Prospero and Miranda are partitioned basally in the 
Drosophila neuroblast and inherited by the basal ganglion mother cell daughter. (B) The 
mitotic spindle of the C. elegans one cell embryo is displaced to the posterior to produce 
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asymmetrically-sized daughters. (C) Perpendicular spindle orientation in mammalian 
epidermal basal cells displaces one daughter into the suprabasal cell layer and away 
from the proliferative basal niche. The proteins that regulate these distinct processes, 
specified below each individual diagram, are conserved among species. Homologues 

include Pins, GPR1/2 and LGN as well as Mud, LIN-5 and NuMA. 
  

1.2 Force-generating spindle orientation machinery  

While the mammalian epidermis has surfaced relatively recently as a 

strong model for studying spindle orientation and ACDs, the classic experiments 

divulging the genes/proteins that regulate spindle orientation were performed in 

the C. elegans one-cell embryo and the Drosophila neuroblast. As previously 

discussed, these two cell types undergo ACDs that result in two unequally-sized 

daughters with distinct fates. Many of the protein components necessary for 

proper spindle orientation in these model organisms are conserved in mammals, 

so we are able to use these classical studies for guidance and insight into the 

components that are likely contributing to orienting basal cell spindles within the 

mammalian epidermis. The C. elegans proteins GPR1/2 and LIN-5, the 

Drosophila homologous proteins Pins and Mud, and the mammalian homologues 

LGN and nuclear mitotic apparatus (NuMA), respectively, are all necessary for 

proper spindle orientation, in addition to Inscuteable that is found exclusively in 

Drosophila and mammals (Srinivasan et al. 2003, Shaefer et al. 2000, Williams et 

al. 2011) (Figure 1.1).  

While it had long been presumed that the polarity complex composed of 

the proteins Par3, Par6 and aPKC was critical for establishing initial cell polarity 
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in all three of these cell types, recent knockout studies of Par3 and aPKC in 

mammalian epidermis did not reveal any significant effects on tissue architecture 

or animal survival (Siller et al. 2009; Iden et al. 2012; Niessen et al. 2013).  

Nevertheless, these polarity components are thought to be important for 

establishing polarity and driving ACDs in both C.elegans and Drosophila (Galli et 

al. 2011; Wodarz et al. 2000). In Drosophila and mammals, Par3 interacts with 

Inscuteable at the cell cortex, which is thought to facilitate Inscuteable’s cortical 

recruitment. This is followed by Inscuteable’s recruitment of LGN, and LGN’s 

recruitment of NuMA. C. elegans does not express Inscuteable, so LGN is 

believed to be recruited to the cortex by membrane-tethered G proteins (Nguyen-

Ngoc et al. 2007). These proteins are recruited to an overlapping cortical domain 

at one of the cell poles and form a complex with one another that is 

indispensable for proper spindle orientation in all three systems. In addition to 

these proteins, the G protein Gαi, the minus end-directed MT motor dynein, and 

the dynein-activating complex dynactin are also known to localize to the cortex 

and interact with this complex to facilitate proper spindle positioning (Siller et al. 

2008).  Nevertheless, cortical dynein in Drosophila and C. elegans is thought to 

be asymmetrically activated at the cortex as opposed to being enriched at only 

one pole like the other cortical players. Taken together, despite the minor 

inconsistencies between their ACD mechanisms, the conserved cortical protein 

complexes of C. elegans, Drosophila and the mammalian epidermis are thought 

to comprise the force-generating machinery that captures astral MTs and 
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sustains these interactions to guide the mitotic spindle into its appropriate 

orientation.  

Consistent with this cortical force-generation model, one interesting study 

performed in C. elegans revealed long plasma membrane invaginations being 

pulled towards spindle poles upon cortical actomyosin network disruption 

(Redemann et al. 2010). Furthermore, these invaginations were dependent upon 

expression of the NuMA homolog LIN-5 and the LGN homolog GPR1/2. This 

study therefore suggested that the observed invaginations were marking the sites 

where, in the absence of a strong cortex, cortical force generation by conserved 

spindle orientation machinery was causing the pulling in of plasma membrane 

rather than the spindle being displaced. In addition, multiple studies have 

suggested that astral MT interactions with the cortex play a significant role in 

spindle orientation. For example, studies in C. elegans have demonstrated that 

mutants with shortened astral MTs that are unable to reach the cortex (zyg-9 and 

β-tubulin) cause spindle orientation defects (Matthews et al. 1998, Wright et al. 

2003). Similarly, Drosophila mutants lacking astral MTs have also shown spindle 

orientation defects (Siller et al. 2008). Additionally, in studies where C. elegans 

embryos were treated with low doses of the MT-depolymerizing drug nocodazole, 

spindle displacement was defective (Nguyen-Ngoc et al. 2007). Furthermore, 

another C. elegans study used a modeling approach to suggest that cortical force 

generators likely capitalize on their interactions with dynamic astral MTs to 

convert depolymerization energy into pulling forces (Kozlowski et al. 2007). 
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Nevertheless, it is important to note that an astral MT requirement is not a 

universal principle for ACDs, as oocyte ACDs proceed in the complete absence 

of both centrosomes and astral MTs (Szollosi et al. 1972). Oocyte spindle 

translocation is instead reliant upon F-actin dynamics and also likely involves 

myosin-driven forces that position the spindle close to the cortex to generate a 

small polar body and a large oocyte (Longo et al. 1985; Schuh et al. 2008). 

The most frequently proposed model of force generation during spindle 

orientation renders dynein as the key player in transducing directional pulling 

forces onto the spindle by coupling its cortical tethering to its MT minus end-

directed walking activity, in conjunction with simultaneous MT depolymerization 

(Nguyen-Ngoc et al. 2007) (Figure 1.2). To support this theory, recent studies in 

both cultured cells and intact epidermis have demonstrated that cortical dynein is 

critical for robust spindle orientation (Kotak et al. 2012, Williams et al. 2011). 

Furthermore, in vitro reconstitution studies using microfabricated barriers 

demonstrated dynein’s ability to capture MT ends, inhibit MT growth and trigger 

MT catastrophe, although other studies suggest that dynein may impede MT 

catastrophe (Laan et al. 2012; Hendricks et al. 2012). Importantly, this study 

directly demonstrated with optical trap experiments that coupling dynein’s cortical 

tethering with its binding to depolymerizing MTs can generate up to several pNs 

of pulling force, which is sufficient for positioning MT asters (Laan et al. 2012).  

In addition, dynein plays a crucial role during ACDs in budding yeast, 

where it facilitates MT gliding along the cortex and assists with astral MT capture 
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at distinct cortical attachment sites within the bud tip. In this system, dynein 

cortical localization is dependent upon dynein’s targeting to astral MT plus tips, 

followed by dynein offloading and subsequent cortical attachment (Markus and 

Lee 2011). At these attachment sites, both dynein and astral MTs are thought to 

interact with cortical proteins like Bud6p and the MT-depolymerizing kinesin 

Kip3p that collaborate with dynein to maintain attachment to dynamic MTs while 

promoting their disassembly (Hoopen et al. 2012). This ultimately facilitates 

spindle translocation towards the bud tip.  

Despite the extensive work that has demonstrated the importance of Insc, 

LGN, Gαi, NuMA and dynein on spindle positioning, the precise mechanism 

underlying how this polarized cortical protein complex delivers guidance cues to 

the spindle has never been thoroughly elucidated. Furthermore, it remains 

unclear whether additional proteins aside from dynein directly contribute to force-

generation during spindle positioning. 
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Figure 1.2: The dynein-centric model for spindle orientation  

Studies on spindle orientation in distinct model organisms all converge on a common 
model that demonstrates how a complex of conserved cortical proteins guides spindle 
positioning during asymmetric cell divisions. LGN and NuMA are believed to serve as 

cortical tethers that recruit dynein/dynactin to the cell cortex. Cortically-tethered dynein 
then utilizes its minus end-directed motor activity to walk along astral microtubules that 
emanate from the mitotic spindle. This generates pulling forces that direct the spindle 

into its appropriate orientation. 

 

1.3 The role of NuMA in spindle orientation 

Many studies have investigated the protein-binding partners of each 

member of the polarized complex during ACDs, and only NuMA and dynein have 

demonstrated direct MT-binding abilities (Haren et al. 2002, Quintyne et al. 
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1999). NuMA is a 230 kD protein with an N-terminal coiled-coil domain that was 

demonstrated in vitro to promote self-oligomerization and has recently been 

shown to bind to the molecular motor dynein via its first 705 amino acids 

(Harborth et al. 1999, Kotak et al. 2012). Additionally, the NuMA C-terminal tail is 

known to harbor distinct binding regions for the proteins 4.1, LGN and MTs, and 

also contains a nuclear localization signal (NLS) that compartmentalizes NuMA in 

the nucleus during interphase (Gueth-Hallonet et al. 1996) (Figure 1.3). The 72 

amino acid MT-binding domain (MTBD) within NuMA’s C-terminal tail is sufficient 

for binding and stabilizing MTs (Haren et al. 2002). Upon nuclear envelope 

breakdown, NuMA is released into the cytoplasm and is transported to the 

spindle poles in symmetrically-dividing cells, and to both the apical cortex and 

spindle poles in asymmetrically-dividing cells (Lechler et al. 2005). NuMA 

localizes to mitotic spindle poles in all cell types and has been suggested to play 

a critical role in the proper organization of spindle MTs (Merdes et al. 2000; Silk 

et al. 2009 and others). While NuMA’s MT-binding capacity is thought to be 

important for its function at the spindle poles, the role of this interaction at the 

apical cortex has not been examined.  

 

  

Figure 1.3: Characterized binding domains within the NuMA protein 
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Several protein-binding domains have been characterized within NuMA, including a 705 
amino acid N-terminal region that interacts with dynein, as well as several binding 

domains in its C-terminus: a 23 amino acid region that binds to 4.1 (blue), a 34 amino 
acid region that binds to LGN (purple) and a 72 amino acid region that binds to 

microtubules (yellow). In addition, NuMA has a nuclear localization signal (NLS) at its C-
terminal end that is responsible for its nuclear sequestration in interphase. 
 

Recent studies performed on intact mouse epidermis revealed that in vivo 

knockdown of NuMA results in perturbed spindle orientation (Williams et al. 

2011). Notably, these in vivo studies demonstrated that loss of NuMA has no 

observable effects on cell division or DNA segregation integrity, potentially 

suggesting that NuMA’s presumed role in spindle assembly and spindle pole 

function have been largely overestimated. This was also the case in both C. 

elegans LIN-5 and Drosophila Mud knockdown studies (Nguyen-Ngoc et al. 

2007; Bowman et al. 2006). In addition to this study on NuMA’s spindle 

orientation function in vivo, further work in mammalian epidermis demonstrated 

the ability of this tissue to counterbalance the excessive ACDs induced by 

Inscuteable overexpression by delocalizing NuMA from the membrane to restore 

SCDs (Poulson and Lechler 2010). Furthermore, an important additional study 

revealed the requirement for ABL1 kinase during spindle positioning in embryonic 

mouse epidermis, ultimately concluding that ABL1’s phosphorylation of NuMA is 

critical for NuMA cortical localization and subsequent spindle orientation during 

metaphase (Matsumura et al. 2012). 

Work in C. elegans has also implicated a role for NuMA in transducing 

force onto the mitotic spindle.  During the first C. elegans cell division, the 
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metaphase spindle displaces towards the posterior of the one-cell embryo. 

Spindle-severing experiments revealed that this was due to asymmetric pulling 

forces on astral MTs, where those at the posterior experience greater pulling 

forces than those at the anterior (Grill et al. 2001). Further studies showed that 

the posterior astral MTs were more dynamic with a shorter cortical residence 

time than the anterior ones, and these dynamics were crucial for spindle 

displacement (Labbé et al. 2003). Importantly, posteriorly-polarized C. elegans 

LIN-5 and dynein were necessary for spindle displacement (Nguyen-Ngoc et al. 

2007). Taken together, these studies suggest an important role for cortical NuMA 

in force generation during spindle orientation. We are ultimately interested in 

determining whether NuMA plays a direct role in spindle positioning by testing 

the importance of its MT interactions for spindle orientation and epidermal 

function. 

 

1.4 The epidermis as a model for studying asymmetric cell 
division 

The mammalian epidermis serves as a particularly powerful system for 

studying the regulators of spindle orientation during ACDs in vivo. The epidermis 

is the largest organ of the body and functions as a robust barrier that protects our 

internal organs from outside pathogens and water loss. In addition, the skin 

contains hair follicle appendages that protrude down into the underlying dermis 

and are responsible for continuous regeneration of hair throughout life, which is 
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critical for thermoregulation in some mammals. Regions of epidermis that span 

between hair follicles, known as ‘interfollicular epidermis’, consist of a stratified 

squamous epithelium composed of multiple terminally-differentiated cell layers 

lying atop a single layer of proliferative multipotent progenitor basal cells (Figure 

1.4). This basal cell compartment overlies the basement membrane that 

partitions the underlying dermis from the epidermis. The epidermis is a prime 

example of the important role that spindle orientation can play in promoting 

proper tissue organization and function. The establishment and maintenance of 

the crucial epidermal barrier is strictly reliant upon the robust three-dimensional 

organization and proper differentiation of its several epithelial layers. This 

therefore implies that a perturbation to this tissue’s structure caused by spindle 

misorientation and inappropriate daughter cell placement could severely 

compromise epidermal functional integrity (Lechler et al. 2005, Williams et al. 

2011).   

The basal cell compartment is the cell population of the epidermis that 

harbors extensive proliferative capacity (Schneider et al. 2003). These basal 

progenitors have integrin-based adhesions to the basement membrane, forming 

both focal adhesions and hemidesmosomes. These strictly basal interfaces, 

along with cadherin-based lateral cell junctions and apical Par protein 

complexes, help establish and maintain apical-basal cell polarity. Lying directly 

atop the basal layer is the immediate suprabasal layer, which is composed of 

daughter cells resulting from basal ACDs. These suprabasal cells make up the 
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first layer of the spinous compartment that exhibits a short window of proliferative 

potential (e14-15 in the embryo) before becoming postmitotic (Schneider et al. 

2003). The remaining terminally-differentiated layers consist of the granular and 

cornified compartments that contribute to barrier function. 

 

  

Figure 1.4: Architecture of the mammalian epidermis 

The epidermis is a stratified squamous epithelium with a proliferative basal cell layer that 
lays atop a basement membrane, and differentiated suprabasal layers that form a robust 
barrier to external pathogens. The yellow arrow on the left represents how a proportion 

of basal cells divide within the plane of the epithelium (symmetric cell divisions) to 
expand the surface area of the epidermis and maintain the proliferative population. The 
yellow arrow on the right represents how a proportion of basal cells divide perpendicular 

to the plane of the epithelium (asymmetric cell divisions) to promote formation of the 
differentiated cell layers. 

  

Early in mouse embryonic development, around 9.5 days post-fertilization, 

the ectoderm commits to an epidermal fate and is composed solely of basal cells 
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that must proliferate to expand the surface area of the single-layered epidermis 

as the embryo continues to grow (Koster et al. 2007). During this stage, the 

majority of basal cell divisions are symmetric in nature, producing two daughter 

cells that lie adjacent to one another, with each maintaining their integrin-based 

adhesions to the basement membrane. At a subcellular level, these symmetric 

cell divisions (SCDs) result from the positioning of the mitotic spindle parallel to 

the basement membrane so that the perpendicular axis of division will result in 

two daughters that lie adjacent and maintain a basal cell identity (Figure 1.5, A-

B).  This progenitor identity is identifiable by protein markers that are restricted 

exclusively to the basal layer, including keratin 5, keratin 14 and p63, among 

others (Senoo 2013).  

By embryonic day 13.5, however, the number of SCDs decreases as the 

basal cells begin to primarily undergo ACDs (Lechler and Fuchs 2005; Smart 

1970). During these ACDs, the mitotic spindle now orients perpendicular to the 

basement membrane, creating a parallel axis of division and ultimately displacing 

one daughter into the suprabasal layer (Figure 1.5, A, C). This suprabasal 

daughter loses contact with the basement membrane, expresses the suprabasal-

specific markers keratin 1 and 10, exhibits limited proliferative potential and 

eventually becomes postmitotic. These cells are then pushed up into the more 

superficial epidermal layers by subsequent basal ACDs. The other daughter, 

conversely, maintains contact with the basement membrane, expresses keratin 5 

and 14 and sustains its proliferative capacity. A recent in vivo lineage-tracing 
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study provided interesting insight into basal cell behavior, ultimately 

demonstrating that the majority of basal cells are bipotent in nature and can 

therefore undergo both SCDs and ACDs (Poulson and Lechler 2010). Since the 

suprabasally-displaced daughters ultimately form the stratified layers of the 

epidermis, it is no surprise that ACDs are crucial for epidermal stratification 

(Lechler et al. 2005; Williams et al. 2011). Recent work, however, indicated that 

basal cell delamination also contributes to the differentiated suprabasal layers 

during the earliest stages of epidermal development (Williams et al. 2014). 

Nevertheless, deciphering the mechanism that regulates spindle orientation is a 

crucial step in gaining a complete understanding of progenitor cell behavior 

during epidermal development. 
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Figure 1.5: Spindle orientation in epidermal basal cells determines the plane and 
type of division 

A) Symmetric and asymmetric cell divisions in mouse epidermis are determined based 
upon the orientation of the mitotic spindle. B) Symmetric divisions occur when cells 

orient their spindles parallel to the basement membrane. C) Asymmetric divisions occur 
when cells orient their spindle perpendicular to the basement membrane. Perpendicular 

spindle positioning is driven by a complex of conserved proteins that localizes to the 
apical cell cortex. 

  

1.5 Regulation of hair follicle morphogenesis and homeostasis 

The epidermis is a complex tissue that contains interconnected yet 

functionally distinct compartments, namely the interfollicular epidermis (IFE) 

responsible for barrier function, discussed earlier, and the follicular epidermis 

responsible for hair generation. While the IFE has recently surfaced as a strong 
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model for studying spindle orientation, no research to date has provided 

convincing and robust functional data that have established a role for spindle 

orientation in hair production. Hair follicle morphogenesis and maintenance relies 

on a complex combination of several converging signaling cascades, including 

the bone morphogenetic protein (BMP), sonic hedgehog (Shh), fibroblast growth 

factor (FGF), Notch and Wnt signaling pathways. Hair follicle formation is initiated 

during early embryogenesis as a result of extensive epithelial and mesenchymal 

crosstalk (Sennett et al. 2012). This process commences when focal regions of 

underlying dermal fibroblasts secrete Wnt signals, which stimulate thickening of 

the overlying epidermal keratinocyte layers into small placodes (Reddy et al. 

2001). These placodes then signal back to the dermis by secreting FGFs to 

promote formation of dermal condensates (Huh et al. 2013). Thereafter, Shh 

signaling in both the epidermal placode and the dermal condensate stimulates 

proliferation and downgrowth of these regions into the dermis. The epidermal 

cells ultimately envelope the dermal condensate, and further Shh signaling from 

the epidermal placode promotes the final maturation of the condensate into the 

dermal papilla (DP) (Chiang et al. 1999). The DP serves as the core signaling 

center of the mature hair follicle, playing a crucial role in providing BMP, Notch 

and Wnt signals to the overlying follicular epithelium to direct proper 

differentiation and fate specification of the cell lineages that make up the mature 

hair shaft  (Rendl et al. 2008; Enshell-Seijffers et al. 2010). 
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There are three distinct proliferative cell populations within the mature hair 

follicle that contribute to formation of the fully differentiated hair. These include 

the cyclically-activated bulge stem cells, the bulge-derived hair germ cells as well 

as the hair germ-derived matrix cells. The majority of the bulge and germ cells 

are resident within the outermost epithelial layer of the hair follicle, the outer root 

sheath (ORS), which is an extension of the keratin 14-positive interfollicular basal 

cell layer. These cells proliferate to elongate the growing hair follicle and 

ultimately give rise to the matrix cell compartment. The matrix cells, despite being 

germ cell-derived, are not resident within the ORS and do not express keratin 14. 

Instead, these epithelial cells are a transit-amplifying population that are 

positioned directly above the DP within the follicle ‘bulb’. In response to 

proliferation- and differentiation-signaling cues from the closely apposed DP, 

matrix cells undergo a few rounds of division before terminally differentiating to 

form the six distinct cell layers that make up the mature hair shaft. Notably, the 

different cell types that are resident within each layer of the hair can be 

distinguished based on their unique protein signatures. The matrix-derived 

compartments include the inner root sheath (IRS), made up of the Henley layer, 

the Huxley layer and the cuticle, in addition to the remaining hair layers that 

include the shaft cuticle, the shaft cortex and the medulla (Figure 1.6). In 

addition, the ORS and IRS are separated by the companion layer, which is 

important for hair anchorage to the anagen follicle (Hanakawa et al. 2004). 

In addition to its epithelial layers, hair follicles also contain additional 
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anatomical features that include the sebaceous gland, which secretes oily sebum 

to provide hair lubrication and waterproofing, as well as the arrector pili muscle, 

which is critical for providing insulation and facilitating heat retention. While hair 

follicles persist throughout adult life, these mini-organs undergo continual cycles 

of growth (anagen), regression (catagen) and rest (telogen) phases. Whereas the 

anagen growth phase is characterized by a significant upregulation in cell 

proliferation, the catagen phase is characterized by a dramatic increase in 

apoptosis and decrease in cell cycling to promote follicular deterioration back to 

its resting state morphology. A thorough understanding of the precise signaling 

cascades and cell behaviors that drive the anagen phase in particular will provide 

crucial insight into the requirements for successful hair generation and 

maintenance. Anagen is initiated by DP-derived signals that stimulate hair germ 

cells to proliferate, resulting in follicle elongation, matrix cell production, matrix 

cell differentiation and the ultimate establishment of the fully mature hair shaft.   

Notably, no studies to date have provided direct evidence that oriented 

cell divisions are critical for the establishment and maintenance of anagen hair 

follicle morphology. Recent work, however, used an intravital imaging approach 

to reveal that the majority of initial anagen germ cell mitoses exhibited an axis of 

division that was parallel to the long axis of hair follicle growth (Rompolas et al. 

2012). The infrequent bulge cell divisions that were observed, however, did not 

display any consistencies in division orientation. Nevertheless, an accompanying 

study by the same group revealed that late anagen germ cell mitoses, which 
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were mostly restricted to an area between the lower bulge and the bulb, were 

predominantly oriented perpendicular to the long axis of hair follicle growth 

(Rompolas et al. 2013). This study rationalized these division orientation 

discrepancies by demonstrating that the dividing cells in late anagen follicles 

likely contributed to follicle elongation by migrating downward towards the bulb.  

Additionally, there have been no data to support a direct role for spindle 

orientation in cell fate determination or cell type-specific organization during hair 

generation. One recent study, however, demonstrated that an epidermal-specific 

knockout of aPKCλ caused a decrease in SCDs and an increase in ACDs within 

the bulge stem cell compartment (Niessen et al. 2013). This shift resulted in cell 

fate alterations and aberrant cell differentiation, ultimately impeding proper hair 

generation and cycling. Nevertheless, no studies to date have yielded any 

functional data to demonstrate that oriented cell divisions are truly integral to hair 

homeostasis.  

Although the interfollicular and follicular compartments of the epidermis 

are functionally distinct from one another, they share certain important 

similarities. As described previously, ORS of the hair follicle is a continuation of 

the basal cell layer of the IFE. Furthermore, both of these regions house the 

keratin 14-positive proliferative stem cell populations of the skin that give rise to 

all of the differentiated cell types that are critical for organ function. In addition, 

asymmetric inheritance of Notch regulators has been shown to drive 

differentiation of cells in both the suprabasal cell layer of the IFE, as well as in 
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the matrix compartment within the hair follicle bulb (Blanpain et al. 2006; Kopan 

et al. 1993). Considering that spindle orientation is such a critical feature within 

the IFE for driving basal ACDs and promoting downstream differentiation 

programs within the spinous compartment, it follows that spindle orientation could 

likely play a similarly crucial role during hair generation. Robust spindle 

positioning could be particularly essential within the matrix compartment, where 

both an asymmetric inheritance of Notch and precise positioning of matrix-

derived daughters is likely important for driving proper hair differentiation and 

organization, respectively. A thorough analysis of spindle orientation within the 

hair follicle matrix compartment is therefore required to discern whether a robust 

regulation of spindle positioning, an indispensible feature of IFE morphogenesis 

and function, also plays a significant role in proper hair generation. 
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Figure 1.6: Cell layers and markers of the anagen hair follicle 

The mature hair shaft consists of multiple layers of differentiated cell types, which 
include the shaft medulla, shaft cortex, cuticle and inner root sheath (IRS), that are all 

derived from the transit-amplifying matrix compartment. The companion layer separates 
the hair shaft from the outer root sheath (ORS). The ORS is the outermost layer of the 
hair follicle that is a continuation of the interfollicular basal cell layer and houses two 

hair-specific proliferative cell populations: the bulge stem cells and the hair germ cells. 
Both of these cell types are keratin 14-positive, unlike the matrix compartment that is 
derived from the hair germ cells but does not express keratin 14. Each of the eight 

distinct cell layers that compose the hair follicle and hair shaft are illustrated, including 
their unique protein markers. K5/14, keratins 5 and 14. 

 

1.6 A potential role for spindle orientation in tumorigenesis 

Despite the extensive research that has been performed on the role of 

spindle orientation and ACDs in developing embryonic IFE, we still lack a clear 
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understanding of whether and how these processes contribute to adult IFE 

maintenance. Establishing robust methods to perturb spindle orientation in adult 

epidermis would provide the ability to interrogate how an imbalance in SCDs and 

ACDs and/or a perturbation in tissue architecture might influence epidermal 

functional integrity. 

A few recent studies have demonstrated a correlation between SCD: ACD 

ratios, spindle misorientation and tumorigenesis, which hint at an important role 

for spindle positioning in promoting tumor suppression in adult epidermis. Firstly, 

generation of a basal cell-specific VEGFR (vascular endothelial growth factor 

receptor) knockout in an induced skin carcinogenesis model revealed tumor 

regression coincident with a reduction in SCDs and an increase in ACDs (Beck et 

al. 2011). Conversely, hyperactivation of VEGF signaling in this same skin 

cancer model enhanced tumor growth while also resulting in decreased ACDs 

and increased SCDs. Additional work performed on squamous cell carcinomas 

(SCCs) noted an activation of Sox2 expression in cancerous tissue, along with 

VEGFA and EGFR (Siegle et al. 2015). These studies suggested that Sox2 

expression considerably accelerated SCC growth by promoting self-renewing cell 

divisions. Furthermore, whereas Sox2-positive cells were observed to primarily 

divide along the basement membrane in both human and mouse SCC grafts, 

which is consistent with symmetric divisions, Sox 2-negative cells displayed 

randomized orientations that ultimately resulted in fewer differentiated cells. In 

addition, studies using a mouse model of myeloid leukemia revealed that a 
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hematopoietic stem cell-specific Lis1 deletion caused cancer regression, while 

also resulting in decreased SCDs, increased ACDs and increased differentiation 

(Zimdahl et al. 2014). 

Additional correlations between division orientation and tumorigenesis 

were divulged in a study on Drosophila wing discs. This work demonstrated that 

while epithelial cells with misaligned spindles tended to undergo apoptosis, 

inhibition of apoptosis in these cells caused them to dislodge from the epithelium 

by undergoing EMT, which ultimately promoted the formation of tumor-like 

masses (Nakajima et al. 2013). Spindle misorientation therein resulted in a 

severe disruption to normal epithelial tissue architecture. Further work in 

Drosophila neuroblasts revealed that a perturbation in either spindle orientation 

machinery or the asymmetric distribution of cell fate determinants resulted in 

massive and invasive tumor-like overgrowths that caused animal lethality 

(Caussinus and Gonzalez 2005). These data suggest that disrupting ACDs can 

ultimately promote hyperproliferation and tumorigenesis. 

Taken together, these studies underscore the potential for spindle 

misorientation to promote excessive stem cell expansion and tissue perturbation, 

therefore acting as a primary initiating factor in tumorigenesis. Whether adult 

epidermis relies on the tight regulation of spindle positioning for the maintenance 

of epithelial integrity is an unsolved question that requires extensive further 

investigation. 
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1.7 Unanswered questions in epidermal spindle orientation 

In this work, I intend to address several unanswered questions in the 

spindle orientation field by using the mouse epidermis as a robust mammalian 

model. While previous studies on spindle orientation in the mouse interfollicular 

epidermis have established the key protein players necessary for driving this 

process, many gaps still remain in our understanding of the mechanism by which 

these proteins relay positional information onto astral microtubules. In order to 

achieve a deeper understanding of the underlying spindle orientation 

mechanism, it is essential to interrogate how these protein components are 

recruited to the cell cortex and whether their cortical stability is important for force 

transduction. Furthermore, it remains unclear how the cortical residency of these 

proteins is maintained throughout different stages of mitosis. 

I am also interested in determining the direct contributions of the cortical 

protein machinery to spindle behavior. A persistent underlying assumption in the 

spindle orientation field is that dynein/dynactin-driven force generation on astral 

microtubules is sufficient for spindle orientation establishment. Nonetheless, I 

strive to thoroughly decipher whether the process is truly this simplistic by 

determining whether additional protein players can directly affect astral 

microtubule behavior in a dynein-independent fashion and, if so, how these 

proteins specifically interact with microtubules. Additionally, it remains unclear 

whether there is a strict threshold at which the epidermis can no longer tolerate 
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misoriented spindles and whether symmetric divisions are in fact a default 

orientation, as suggested by previous work (Williams et al. 2011).  

While the importance of spindle orientation for interfollicular epidermal 

development and function has been well established, the involvement of this 

process in adult epidermal maintenance and/or the morphogenesis and function 

of other epidermal appendages (such as the hair follicle) have not been 

thoroughly addressed. By investigating each of these pressing questions, I hope 

that my findings will yield a wealth of additional insight into the underlying 

mechanism and importance of spindle orientation during epidermal 

morphogenesis.
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2. NuMA localization, stability, and function in spindle 
orientation involve 4.1 and Cdk1 interactions 
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2.1 Introduction 

Robust regulation of spindle orientation is essential for driving asymmetric 

cell divisions and plays a critical role during many morphogenetic processes 

throughout tissue development and homeostasis (Poulson and Lechler 2012). 

During the development of the mammalian epidermis, mitotic spindle orientation 

in the proliferative basal cells is crucial not only for dictating daughter cell fate, 

but also for initiating stratification of the entire tissue (Smart 1970; Lechler and 

Fuchs 2005). During symmetric divisions that serve to increase the surface area 

of the epidermis, spindles align parallel to the underlying basement membrane 

and generate two identical daughter cells, which both inherit progenitor fates. In 

asymmetric divisions, however, the mitotic spindle orients perpendicular to the 

basement membrane, so that one daughter is displaced into a new cell layer, 

where it will ultimately undergo terminal differentiation. 

Progenitor cells in the mammalian epidermis use evolutionarily conserved 

cortical machinery to orient their mitotic spindles during asymmetric cell divisions 

(Lechler and Fuchs 2005; Poulson and Lechler 2010; Williams et al. 2011). This 

cortical machinery includes the polarity protein Par3, as well as mInscuteable, 

LGN, nuclear mitotic apparatus (NuMA), and the dynein/dynactin complex. Loss 

of any one of these proteins, both in invertebrate models and in the mammalian 

epidermis, leads to defects in spindle orientation (Kraut et al. 1996; Schober et 

al. 1999; Bowman et al. 2006; Siller et al. 2006; Williams et al. 2011). 

Nevertheless, it remains unclear how these proteins are recruited to the cell 
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cortex and whether their interactions with additional cortical proteins are required 

for spindle orientation activity. Previous work in Caenorhabditis elegans 

highlighted the importance of dynein/dynactin recruitment to the cell cortex, 

where this complex is believed to generate directional forces on astral 

microtubules to facilitate spindle rotation or displacement (Lu and Johnston 2013; 

McNally 2013). The asymmetry in forces has been postulated, in different cell 

types, to be due to either asymmetric localization of dynein/dynactin or 

asymmetric activation. In this study, we investigate the mechanism underlying 

spindle orientation establishment in keratinocytes isolated from mouse epidermis, 

which serve as a powerful culture model for studying this process in mammalian 

cells (Lechler and Fuchs 2005). 

Although keratinocytes show a clear polarization of dynein and dynactin to 

the cell cortex (Lechler and Fuchs 2005), the precise mechanism underlying their 

cortical recruitment is a matter of debate. A previous study performed using 

Madin–Darby canine kidney cells proposed that LGN can directly recruit 

dynein/dynactin through interactions with the dynein heavy chain (Zheng et al. 

2013). In other cases, however, it appears that NuMA is required for this 

localization through interactions between dynein/dynactin and the amino 

terminus of NuMA (Kotak et al. 2012). 

In addition, the requirements for cortical localization of NuMA remain 

unclear. NuMA is a 230-kDa coiled-coil protein that harbors binding domains for 

several proteins within its carboxy terminus, including LGN. Although many 
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studies using a variety of cell types have demonstrated a genetic requirement for 

LGN in cortical NuMA localization, there are certain cell types that require 

additional proteins for cortical NuMA recruitment (Bowman et al. 2006; Izumi et 

al. 2006; Siller et al. 2006; Williams et al. 2011). For example, localization of the 

NuMA homologue Mud in Drosophila neuroblasts requires not only LGN, but also 

Ran1 and Canoe (Speicher et al. 2008; Wee et al. 2011). The requirements for 

NuMA cortical localization in both the epidermis and cultured keratinocytes have 

not been addressed. 

Although efficient cortical recruitment of NuMA, dynein, and dynactin is 

essential for spindle orientation, another critical aspect of this process is the 

successful tethering of these components to the cortex to facilitate their 

productive force generation on astral microtubules. There is evidence in C. 

elegans that without tethering to the F-actin–rich cortex, force generators are 

pulled into the cell on membrane invaginations rather than directing force on the 

mitotic spindle (Redemann et al. 2010). Nonetheless, no direct interactions or 

adaptors have been identified in the epidermis that link the spindle orientation 

machinery to the cell cortex. 

In this work, we demonstrate that NuMA is required for dynein/dynactin 

localization to the keratinocyte cell cortex. NuMA’s localization in turn depends 

on LGN, yet NuMA also requires members of the F-actin–binding 4.1 family of 

proteins for stabilization at the membrane and robust execution of spindle 

orientation. In addition, we observe an increase and expansion of cortical NuMA 
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association in anaphase. This localization can be mimicked by pharmacological 

Cdk1 inhibition or mutation of a Cdk1 phosphorylation site in the carboxy 

terminus of NuMA. Unlike the cortical localization of NuMA in metaphase, this 

anaphase localization is independent of both LGN and 4.1. This study thus 

reveals that a collaboration between multiple distinct pathways is important for 

regulating NuMA’s cortical targeting and stability throughout mitosis. 

 

2.2 Results 

2.2.1 NuMA is required for cortical dynein/dynactin recruitment 

Studies in different cell types suggest disparate mechanisms for 

recruitment of dynein/dynactin to the cell cortex during spindle orientation. 

Although NuMA is required for dynein/dynactin localization in symmetrically 

dividing HeLa cells (Kotak et al. 2012), recent reports suggest that LGN may also 

recruit dynein through interactions with dynein heavy chain (Kotak et al. 2012; 

Zheng et al. 2013). Complicating this is the fact that LGN is required for NuMA 

localization (Bowman et al. 2006; Izumi et al. 2006; Siller et al. 2006; Williams et 

al. 2011). Therefore, before we pursued the mechanism of NuMA localization in 

keratinocytes, we first sought to determine whether NuMA was, in fact, required 

for dynein/dynactin localization in these cells.  
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Figure 2.1: NuMA recruits dynein/dynactin to the cell cortex of keratinocytes 

(A) Western blot of NuMA on cell lysates prepared from control, LGN KD and NuMA KD 
cells. (B–E) Immunofluorescence analysis of endogenous NuMA, p150glued, and DIC 
localization in wild-type and NuMA-knockdown mouse keratinocytes, as indicated. (F) 
Quantitation of cells with cortical NuMA, p150-glued, and DIC localization. n = 50 cells 

for each, p < 0.0001 for each. Scale bars, 10 µm. 
 

We began by using previously characterized NuMA shRNA constructs to 

knock down NuMA expression in cultured keratinocytes (Williams et al. 2011). 

We found significant loss of NuMA protein levels in NuMA shRNA knockdown 

samples when compared with control samples (Figure 2.1, B′–E′). We then 

examined the localization of p150glued (a dynactin component) and dynein 

intermediate chain (DIC), the dynein subunit that directly interacts with p150glued 

(Vaughan and Vallee 1995). To quantitate the effect of NuMA loss on cortical 

localization of these components, we generated intensity line scans beginning at 

the cortex and leading into the cytoplasm to reveal variations in cortical and 

cytoplasmic fluorescence levels. Figure 2.2 illustrates examples of these data 

plotted for individual cells and their corresponding average values. These data 

clearly demonstrate both the alterations in cortical protein recruitment and the 

extent of cell-to-cell variability. We found that the presence or absence of cortical 

localization was easily distinguishable, with “cortical” representing at least a 1.5-

fold difference between cortical and cytoplasmic signal. Considering the ease of 

distinguishing “cortical” versus “not cortical” localization, we report our data 

throughout the remainder of this article by categorizing cells into one of these two 

groups. In addition, for a number of experiments we have included the intensity 
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scans. Although both p150glued and DIC colocalized with NuMA at the cell 

cortex in wild-type cells, we did not detect cortical accumulation in NuMA-

knockdown cells (Figure 2.1, B–F and Figure 2.2, C-E). Although this does not 

rule out a complementary direct role for LGN in dynein/dynactin recruitment, 

these data indicate that NuMA is necessary for their localization in keratinocytes. 

 

 

Figure 2.2: Quantitation of cortical enrichment of spindle orientation proteins 

(A-B) Sample images of cortical enrichment (A) and lack of cortical enrichment (B) with 
associated line scans. (C-D) Line scans representing p150glued cortical enrichment in 

10 wild-type (C) and NuMA knock-down (D) cells. (E) Plot illustrating the averages of the 
data from C and D with standard error bars. Scale bars, 10 µm. 

 

To determine whether NuMA specifically recruited dynactin and/or dynein, 

we disrupted the dynactin complex by overexpressing one subunit, p50 

dynamitin. We found that most p50 dynamitin–transfected keratinocytes showed 

a loss of cortical p150glued localization when compared with control cells, thus 
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confirming this protein’s effect on dynactin localization (Burkhardt et al. 1997) 

(Figure 2.3, A-B, G). Furthermore, p50-dynamitin–transfected cells showed a 

significant defect in the recruitment of cortical DIC when compared with controls 

(Figure 2.3, E-H), despite the fact that cortical NuMA was readily observed 

(Figure 2.3, C-D, G). Together, these data demonstrate that NuMA cortical 

localization is independent of dynactin localization and that dynein cortical 

localization is dependent upon dynactin. Having established that NuMA is 

required for recruiting dynein/dynactin to the cell cortex, we proceeded to 

investigate how NuMA localization and stability are controlled. 
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Figure 2.3: Effects of dynamitin expression on cortical protein localization 

(A–F) Immunofluorescence analysis of endogenous p150glued, NuMA and DIC 
localization in untransfected (control) and dynamitin-GFP–transfected cells. (G) 

Quantitation of cells with cortical p150glued, NuMA and DIC localization. n = 25 cells for 
each, p < 0.0001 for p150glued, p = 1 for NuMA, p < 0.0001 for DIC. (H) Line scans 

representing DIC cortical enrichment in 10 control and dynamitin-GFP-transfected cells. 
Scale bars, 10 µm. 

 

2.2.2 NuMA cortical and spindle pole localizations are regulated by distinct 
cytoskeletal components 

To begin to address how NuMA is targeted to the cell cortex in 

keratinocytes, we examined the cytoskeletal requirements for proper cortical 
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targeting. In control cells (dimethyl sulfoxide treated), NuMA localized to spindle 

poles and to the cell cortex, as previously reported (Lechler and Fuchs 2005) 

(Figure 2.4, A and E). Whereas NuMA localization to spindle poles was lost after 

treatment with the microtubule-depolymerizing drug nocodazole, NuMA cortical 

localization remained unperturbed (Figure 2.4, B, D, and F). Consistent with a 

microtubule-independent recruitment, both full-length NuMA tagged with green 

fluorescent protein (GFP) and a NuMA deletion construct lacking the 

microtubule-binding domain localized to the cell cortex when transfected into 

keratinocytes (Figure 2.4, I–K). 

We next examined whether the F-actin cytoskeleton is required for NuMA 

localization by treating keratinocytes with the actin-depolymerizing drug 

latrunculin A. Although this treatment did not affect NuMA spindle pole 

localization, it resulted in a clear loss of its cortical localization (Figure 2.4, C, G, 

and H). Taken together, these data suggest that the two prominent sites of NuMA 

localization are regulated by distinct cytoskeletal elements: spindle pole 

localization requires microtubules, whereas cortical localization requires F-actin. 

To further understand the role that F-actin plays in cortical NuMA 

recruitment, we examined NuMA localization in cells treated with the myosin II 

inhibitor blebbistatin (Straight et al. 2003). There was no defect in either spindle 

pole or cortical localization of NuMA after this treatment (Figure 2.4, L–N), 

indicating that NuMA localization is independent of actomyosin contractility and 

likely requires F-actin exclusively for structural stability. Similar to NuMA 
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localization, cortical p150glued and DIC localizations were maintained upon 

treatment with nocodazole (Figure 2.4, B, D, and F) or blebbistatin (Figure 2.4, 

M–N) but were lost upon treatment with latrunculin A (Figure 2.4, C and G).   
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Figure 2.4: Distinct cytoskeletal requirements for cortical and spindle pole NuMA 
recruitment 

Immunofluorescence analysis of endogenous NuMA, p150glued and DIC localization in 
wild-type keratinocytes treated with DMSO (A, E), or 10µM Nocodazole to           

depolymerize microtubules (B, F) or 40nM Latrunculin A to depolymerize actin filaments 
(C, G). Drug treatments were for 10 minutes. (D) Quantitation of cortical localization of 
NuMA, p150 and DIC treated with different drugs. n=50 cells, p=1 for NuMA, p=0.12 for 
p150 and p=0.08 for DIC. (H) Quantitation of cortical localization of NuMA in latrunculin-
treated cells. n=50, p<0.0001. (I,J) Full-length NuMA tagged to GFP (NuMA-GFP) and a 
GFP-tagged NuMA construct lacking the carboxy-terminal microtubule-binding domain 

(NuMAΔMT BD-GFP) were transfected into wild-type cells. Immunofluorescence 
analysis was performed to determine localization of these constructs. Scale bars: 10µm. 

(K) Quantitation of cells with cortical NuMA or mutant protein. n=25 cells, p=1. (L-M) 
Immunofluorescence analysis of endogenous NuMA, p150glued and DIC localization in 

wild-type keratinocytes treated with DMSO (L) or 100µM Blebbistatin (M) to inhibit 
Myosin II activity. Scale bars: 10µm. (N) Quantitation of cortical localization in 

blebbistatin treated cells. n=50 cells, p>0.05 for all. 
 

2.2.3 LGN is necessary but not sufficient for cortical NuMA localization 

In addition to the cytoskeleton, other protein–protein interactions are 

required for cortical NuMA localization. NuMA has a number of motifs that 

mediate direct interactions with other proteins (Figure 2.5, A). The best 

characterized of these is LGN, which is essential for NuMA localization in a wide 

array of cell types, including keratinocytes (Bowman et al. 2006; Izumi et al. 

2006; Siller et al. 2006; Williams et al. 2011). We first verified these findings 

using a previously published LGN short hairpin RNA (shRNA)–knockdown 

approach (Williams et al. 2011). LGN levels were greatly reduced in knockdown 

cells as compared with controls (Figure 2.5, B). In keratinocytes, NuMA was 

clearly and specifically lost at the cell cortex upon LGN knockdown; however, its 

spindle pole localization was not affected (Figure 2.5, C-D, F). Consistent with 

this result, a NuMA mutant lacking the LGN-binding domain (LGN BD) was also 
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unable to localize to the cell cortex, despite its successful recruitment to spindle 

poles (Figure 2.5, E, G). 

 

 

Figure 2.5: LGN binding is necessary for cortical NuMA recruitment 

(A)The characterized binding regions within the NuMA protein. (B) Western blot of LGN 
on cell lysates prepared from control and LGN KD cells. (C, D) Immunofluorescence 
analysis of endogenous NuMA localization in wild-type (WT) and LGN-knockdown 

keratinocytes. (E) Localization of GFP-tagged NuMA lacking the LGN-binding domain 
(ΔLGN BD-GFP) in wild-type cells. (F) Quantitation of NuMA cortical localization in WT 
and LGN-knockdown cells. n = 50 cells, p < 0.001. (G) Quantitation of cortical NuMA-

GFP and NuMAΔLGN-BD-GFP localization. n = 25 cells, p < 0.0001. Scale bars: 10µm. 
 

To determine whether the LGN BD of NuMA was sufficient for cortical 

localization, we expressed a GFP-tagged fragment of NuMA containing the entire 
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LGN BD, as previously determined biochemically (Du et al. 2001, 2002). We first 

confirmed that this fragment was able to interact with LGN when transfected into 

keratinocytes (Figure 2.6, F). This fragment, however, was unable to localize to 

the cell cortex (Figure 2.6, A, E, G). Owing to this unexpected result, we 

generated a larger fragment of NuMA that contained the 4.1-binding domain (4.1 

BD), which is amino terminal to the LGN BD (Du et al. 2002; Krauss et al. 2004). 

Whereas the addition of the 4.1 BD did not significantly increase the amount of 

LGN binding (Figure 2.6, F), it was sufficient to rescue cortical NuMA localization 

(Figure 2.6, B, E, G). In addition, we generated a construct that contained all 

sequences carboxy terminal to the 4.1 BD, and this fragment did not localize to 

the cell cortex (Figure 2.6, C, E). Similarly, the 4.1 BD alone was unable to 

localize to the cell cortex (Figure 2.6, D, E). Therefore, in the context of these 

short carboxy-terminal–domain fragments of NuMA (which do not oligomerize as 

the full-length protein does), LGN binding was necessary but not sufficient for 

NuMA cortical localization, which required the addition of the 4.1-binding domain. 
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Figure 2.6: LGN binding is not sufficient for cortical NuMA recruitment, which may 
require association with 4.1 



  

   48  

(A-D) Various truncation constructs of NuMA (see Construct column) tagged to GFP 
were transfected into wild-type cells. The amino acids spanned in each construct are 

specified in the Construct column. Cells were stained for endogenous LGN, and 
subsequent immunofluorescence analysis was performed to compare localization of 
these constructs with respect to cortical LGN. The Cortical column indicates whether 
cortical localization was detected for each construct (+, presence in; –, absence from 

cortex). (E) Quantitation of cortical localization of NuMA deletion constructs, as 
indicated. n = 25 cells for each, p < 0.0001 when comparing the 4.1-LGN BD to either 

the LGN BD or Δ4.1-MT BD. Scale bars, 10 µm. (F) Immunoprecipitation of GFP-tagged 
LGN BD– and 4.1-LGN BD–transfected keratinocytes. Lysates were probed with anti-HA 
antibodies to detect associated LGN-HA. Middle blot, amounts of GFP fusion proteins in 

the immunoprecipitates; bottom, levels of LGN-HA in the lysates. (G) Line scans 
representing NuMA 4.1-LGN BD-GFP and LGN BD-GFP cortical enrichment in 10 

transfected cells each. Scale bars, 10 µm. 
  

2.2.4 NuMA/4.1 interactions are required for NuMA cortical stability and 
spindle orientation integrity 

The 4.1 family of proteins contains both a FERM domain and a spectrin- 

actin–binding domain that allows them to link the actin cytoskeleton to the cell 

cortex (Hoover and Bryant 2000). Our results suggested that the 4.1 family was 

an attractive candidate for recruiting cortical NuMA. However, directly testing its 

role in NuMA localization proved difficult because multiple 4.1 family members 

(and multiple isoforms of each) are expressed in skin (unpublished data). In 

addition, loss of 4.1 proteins renders membranes fragile (Baines 2010), 

suggesting that any observed effects on protein localization and spindle 

orientation could be secondary and due to effects beyond direct NuMA 

recruitment. To test whether 4.1 binding was necessary for cortical NuMA 

recruitment, we monitored the ability of a full-length NuMA mutant that lacks the 

4.1 BD to target to the cell cortex. To our surprise, we found that this mutant 
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localized normally to both the cell cortex and the spindle poles (Figure 2.7, A–C). 

Therefore, in the context of the full-length protein, the 4.1 BD is not essential for 

localization (despite its requirement in smaller fragments). 

Although 4.1 interactions are not required for full-length NuMA localization, 

there may be a functional significance for the NuMA-4.1 interaction in spindle 

orientation. One possibility is that oligomeric NuMA is able to target to the cell 

cortex via LGN (and/or additional interactions) and that 4.1 stabilizes NuMA at 

the cortex. Because stability is likely to be important for NuMA’s ability to 

generate productive forces at the cell cortex, we performed fluorescence 

recovery after photobleaching (FRAP) analysis to directly measure NuMA 

turnover. NuMAΔ4.1 BD–GFP demonstrated a marked increase in mobility at the 

cortex (80% mobile fraction) compared with full-length NuMA (50% mobile 

fraction; Figure 2.7, D and E). This change in mobility was specific to the cell 

cortex, as the turnover at the spindle poles was not significantly different in the 

mutant compared with the full-length construct (Figure 2.7, D and F). These 

results demonstrate that whereas the 4.1-binding domain may not be required for 

NuMA localization, this interaction clearly plays a significant role in enhancing 

NuMA stability at the cortex. These experiments may underestimate the role of 

4.1 interactions in stabilizing NuMA at the cortex, as they were performed in the 

background of endogenous wild-type NuMA. 
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Figure 2.7: 4.1/NuMA interactions are required for cortical NuMA stability 

(A-B) Full-length NuMA-GFP and NuMAΔ4.1 BD-GFP constructs were transfected into 
wild-type cells, and immunofluorescence analysis was performed to determine 

localization. (C) Quantitation of cortical accumulation of GFP-tagged NuMA and 
NuMAΔ4.1 BD. n = 25 cells for each, p = 0.7. (D) Dot plot showing the distribution of 

mobile fractions of cortical and spindle pole NuMA-GFP for both WT and NuMAΔ4.1 BD. 
p (cortical) = 0.01; p (spindle poles) = 0.63. (E, F) FRAP analysis of full-length NuMA-
GFP (FL) vs. a GFP-tagged NuMA construct lacking the 4.1-binding domain (Δ4.1 BD) 
transfected into wild-type cells. Recovery profiles of bleached GFP cortical signal (E) 

and spindle pole signal (F) from both constructs over 2 min. Scale bars, 10 µm. 
 

To determine whether the differences in cortical stability are important for 

robust spindle orientation, we sought to quantify the ability of GFP-tagged full-
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length NuMA and NuMAΔ4.1 BD to align the mitotic spindle. To this end, we 

measured the spindle angle relative to the center of the cortical NuMA crescent 

in metaphase keratinocytes. For this analysis, we discovered that wildtype 

keratinocytes were unable to properly align their spindles unless plated on 

coverslips precoated with laminin or fibronectin (Figure 2.8, A-C). These proteins 

are critical basement membrane constituents in the skin that interact with αβ1 

integrins. β1 Integrin is required for proper spindle orientation in the epidermis, 

and here we show that a related requirement exists in vitro (Lecher and Fuchs, 

2007). 

Wild-type keratinocytes that were plated on laminin and transfected with 

full-length NuMA displayed a strong alignment between the spindle and the 

cortical NuMA crescent, thus demonstrating a robust ability to orient the mitotic 

spindle (Figure 2.8, D). NuMAΔ4.1 BD-GFP–transfected cells, on the other hand, 

showed a significant impairment in spindle orientation (Figure 2.8, E). We noted 

both a substantial decrease in the number of spindles highly aligned (within 15°) 

with the center of the NuMA crescent and an increase in misaligned spindles. 

Therefore, the 4.1-binding domain of NuMA is critical for maintaining NuMA’s 

robust spindle-orienting abilities. These data suggest that stability of cortical 

NuMA is required for productive force generation in order to successfully drive 

robust spindle orientation. 
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Figure 2.8: 4.1/NuMA interactions are required for mitotic spindle orientation 

(A) Graph comparing mitotic spindle alignment with endogenous cortical NuMA 
crescents in wild-type cells plated on various extracellular matrix substrates: 100µM 

laminin, 100µM fibronectin and 100µM collagen. “Aligned” refers to spindles within 0-30º 
from the center of the NuMA crescent, and “Unaligned” refers to spindles within 30-90º 
from the center of the NuMA crescent. n=50 cells, p-values for untreated verses both 

laminin and fibronectin was <0.0001, for collagen it was p=0.03. (B-C) Sample 
immunofluorescence images of those analyzed for (A) of endogenous NuMA expression, 
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representing both a spindle that is “aligned” (B) and a spindle that is “unaligned” (C) with 
the cortical NuMA crescent. (D, E) Analysis of mitotic spindle alignment with the center 

of the cortical NuMA-GFP crescent in FL and NuMAΔ4.1 BD-GFP–transfected wild-type 
cells plated on 100 µM laminin. Radial histograms illustrate the distribution of spindle 

angles from both constructs. Histograms are grouped into 15° bins, with 0° representing 
a spindle aligned with the center of the NuMA crescent. n = 62 for NuMA-GFP, n = 56 for 

NuMAΔ4.1 BD-GFP; p = 0.004 using a Kolmogorov–Smirnov test. Scale bars, 10 µm. 
 

2.2.5 The 4.1-binding domain of NuMA is essential for stretch-induced 
spindle reorientation 

In certain cell types, mitotic spindle alignment is dictated by cell geometry 

and/or external forces applied to the cell (Fink et al. 2011). To determine whether 

keratinocytes realigned their spindles in response to external forces, we grew 

these cells on flexible substrates that we then subjected to a sustained 25% 

uniaxial stretch for 90 min. We found that cells under these conditions oriented 

their mitotic spindles along the stretch axis (Figure 2.9, A-B, D-E). Mitotic 

spindles aligned with cortical NuMA crescents upon stretch, suggesting that 

NuMA might play a role in stretch-induced spindle reorientation (Figure 2.9, B). 

To determine whether this was the case, we examined the ability of NuMA 

knockdown cells to reorient their spindles in response to stretch. These cells 

demonstrated a significant deficiency in this activity (Figure 2.9, C and F). We 

thus conclude that keratinocytes reorient their mitotic spindles in response to 

stretch in an NuMA-dependent manner. We then asked whether this activity was 

also impaired in cells expressing a NuMA construct containing the 4.1 BD 

deletion. Similar to our observations in unstretched cells, we found a significant 

effect of NuMAΔ4.1 BD–GFP expression on spindle reorientation. Whereas cells 
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expressing the full-length NuMA-GFP construct oriented well upon stretch, those 

expressing the 4.1 BD deletion were impaired in this activity (Figure 2.9, G–I). 

Therefore, using two distinct assays, we demonstrated a role for the 4.1 BD in 

potentiating NuMA’s function in spindle orientation. Of note, all quantitations for 

both of these assays were performed on metaphase cells. 

 

 

Figure 2.9: Mitotic spindle alignment with stretch requires NuMA’s 4.1-binding 
domain  

(A–C) Representative images of endogenous NuMA (red) in unstretched cells (A), 
stretched WT cells (B), and stretched NuMA-knockdown cells (C). Arrows illustrate the 

direction of stretch applied along the horizontal axis. (D–F) Radial histograms 
quantitating the spindle orientation relative to the stretch axis, as indicated. Histograms 
are grouped into 15° bins, with 0° representing a spindle aligned parallel to the stretch 

axis. Cells were stretched 25% for 90 min. (G, H) Radial histogram for WT cells 
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transfected with (G) NuMA-GFP with applied stretch and (H) NuMAΔ4.1-GFP with 
applied stretch. All radial histograms display cumulative data from >60 cells from three 
different experiments for each condition. (I) Quantification of the percentage of mitotic 

cells that align with the stretch axis (mitotic angle <30°). All conditions represent 
stretched cells except where “no stretch” is specified. Mean + SEM for three trials for 

each condition. p < 0.03. Scale bar, 10 µm. 
 

2.2.6 Cortical NuMA is enriched upon anaphase onset 

Unlike LGN and NuMA, 4.1G was not highly polarized in cultured 

keratinocytes, instead showing uniform localization around the entire cell cortex 

(Figure 2.10, A). It is important to note, however, that we have not tested all 

isoforms of 4.1 family members and therefore cannot rule out that some of these 

may be polarized in a manner similar to NuMA. Although NuMA shows a 

polarized localization in many cultured keratinocytes, we also noted bipolar and 

nonpolarized localizations in some cells. In fixed cells, we consistently noted 

stronger cortical signals (and less polarized signals) in anaphase cells (Figure 

2.10, B-C). This cortical enrichment was specific to NuMA, as other components 

of the machinery, such as LGN, did not increase and expand as dramatically 

across the cortex in anaphase (Figure 2.10, D), similar to reports in other cell 

types (Kiyomitsu and Cheeseman 2013). We examined this more closely by 

taking time-lapse movies of NuMA-GFP dynamics in mitotic primary 

keratinocytes isolated from transgenic mice that express NuMA-GFP in the 

epidermis (Poulson and Lechler 2010). Once again, we observed a notable 

increase in cortical NuMA as mitotic cells entered anaphase (Figure 2.10, E-F). 

In addition, we consistently noted that the spindle pole NuMA signal diminished 
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as cortical signal increased (Figure 2.10, E-F). Therefore NuMA’s localization at 

the cell cortex is enhanced substantially in anaphase, which may play an 

important role in stabilizing the spindle during cell division, as a recent report 

suggested (Kiyomitsu and Cheeseman 2013). 
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Figure 2.10: NuMA cortical expansion occurs during anaphase onset 

(A) 4.1G tagged to GFP was transfected into wild-type cells, and immunofluorescence 
analysis was performed to determine localization. (B) Immunofluorescence analysis of 
endogenous NuMA localization in wild-type cells during different stages of mitosis. The 

same exposure time was used for image acquisition of B–B′′′. (C) Quantitation of 
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percentage of the cortex that NuMA covers in metaphase and late anaphase. Mean + 
SEM. n = 50 cells, p < 0.0001. (D, D′) Localization of endogenous LGN in metaphase- 

and anaphase-stage keratinocytes. (E) Frames taken from a time-lapse movie imaged in 
wide field of a dividing NuMA-GFP primary cell isolated from a K14: NuMA-GFP 

transgenic mouse (see Supplemental Movie S1). Time is displayed in minutes (′) at the 
bottom left of each frame. (F) Graph of cortical NuMA-GFP and spindle pole NuMA-GFP 
intensities quantified from time-lapse movies of two dividing NuMA-GFP primary cells. 
Cortical 1 and Spindle Pole 1 are from the same cell (shown in E), and Cortical 2 and 

Spindle Pole 2 are from a second cell. Scale bars, 10 µm. 
 

2.2.7 Cdk1 phosphorylation regulates NuMA localization 

To investigate how NuMA might be regulated at the metaphase-to-

anaphase transition, we began by examining the role of Cdk1. Considering 

the known role for cyclin B degradation and Cdk1 inactivation in driving 

anaphase onset (Murray et al. 1989), we first tested the effect of Cdk1 inhibition 

on NuMA localization in metaphase cells. On treating cells with the Cdk1 inhibitor 

purvalanol A, we saw a significant increase and expansion in the cortical 

localization of endogenous NuMA as compared with vehicle-treated controls 

(Figure 2.11, A-C). These data are consistent with Cdk1 inactivation in 

anaphase promoting the cortical localization of NuMA. Further investigation, 

however, is required to determine whether local control of phosphorylation during 

metaphase occurs to maintain a cortical pool of NuMA. 

Consistent with our Cdk1 findings, previous data demonstrated that 

phosphorylation of NuMA can control its localization (Compton and Luo 1995). 

Although these studies were performed before a cortical role for NuMA during 

asymmetric cell divisions had been established, they convincingly showed that 

loss of a Cdk1 phosphorylation site at NuMA threonine residue 2055 (initially 
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reported as residue 2040, which is equivalent to residue 2055 in the 2115–amino 

acid–long isoform of NuMA used in this study) resulted in increased cortical 

NuMA association. We thus evaluated the ability of a T2055A NuMA mutant to 

localize to the cell cortex in keratinocytes and were able to reproduce the earlier 

observations that this mutant localized robustly and uniformly to the cell cortex 

(Figure 2.11, D, F). To further assess how phosphorylation affects NuMA cortical 

localization, we generated a NuMA T2055D mutant that mimics constitutive 

phosphorylation. When transfected into keratinocytes, this construct localized 

strongly to the spindle poles with minimal detectable cortical localization (Figure 

2.11, E-F). Taken together, this evidence demonstrates that the phosphorylation 

of threonine residue T2055 is important for regulating NuMA’s subcellular 

localization in keratinocytes. 
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Figure 2.11: NuMA cortical expansion occurs during Cdk1 inactivation 

(A-B) Immunofluorescence analysis of endogenous NuMA in wild-type cells treated with 
DMSO or 100 µM purvalanol A to inhibit cyclin-dependent kinase activity. (C) 

Quantitation of percentage of the cortex that NuMA spans in DMSO- or purvalanol A-
treated cells. Mean + SEM. n = 50, p < 0.0001. (D) A full-length NuMA construct with a 
T2055A mutation (to prevent phosphorylation at that residue) was transfected into wild-

type cells, and immunofluorescence analysis of NuMA was performed to determine 
localization. (E) A full-length NuMA construct with a GFP-tagged phosphomimetic 

T2055D mutation was transfected into wild-type cells, and immunofluorescence analysis 
was performed to determine localization. (F) Line scans representing FL NuMA T2055A 
and FL NuMA T2055D cortical enrichment in 10 transfected cells each. Scale bars, 10 

µm. 
 

The increase and expansion of cortical NuMA in anaphase could rely on 

the same binding partners as earlier in mitosis or could be mediated by distinct 

mechanisms. The fact that we did not see increased LGN localization at the 

cortex at anaphase onset suggested that distinct mechanisms might mediate 

metaphase and anaphase NuMA cortical recruitment. To directly test whether the 



  

   61  

same machinery was responsible for recruiting cortical NuMA in metaphase and 

anaphase, we reexamined NuMA localization in wild-type and LGN-knockdown 

keratinocytes. Although NuMA localization was lost from the cortex in metaphase 

LGN KD cells as previously discussed, cortical NuMA returned to wild-type levels 

in anaphase (Figure 2.12, A–E, K). Similarly, whereas the NuMAΔLGN-GFP 

protein was not recruited to the cortex in metaphase, its cortical localization was 

rescued to wild-type levels in anaphase (Figure 2.12, F-J). This suggested that in 

anaphase, NuMA associates with the cortex in an LGN-independent manner. To 

determine whether Cdk1 inhibition could rescue the metaphase localization of 

NuMA in LGN-knockdown keratinocytes, we treated these cells with purvalanol A 

or DMSO (control). Cdk1 inhibition was sufficient to restore the metaphase 

localization of NuMA in LGN-depleted cells (Figure 2.13, A-B, E). 
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Figure 2.12: Anaphase localization of NuMA is independent of LGN binding 

(A–D) Immunofluorescence analysis of endogenous NuMA localization in wild-type and 
LGN-knockdown keratinocytes in metaphase and anaphase, as indicated. (E) 

Quantitation of cells with cortical NuMA accumulation, as indicated. n = 50 cells, p < 
0.0001 for NuMA localization in WT vs. LGN KD cells in metaphase. (F–I) 

Epifluorescence of NuMA-GFP and NuMAΔLGN–BD-GFP-transfected keratinocytes in 
metaphase and anaphase, as indicated. (J) Quantitation of cells with cortical NuMA 

accumulation, as indicated. n = 25 cells, p < 0.0001 for NuMA-GFP vs. NuMAΔLGN BD-
GFP cortical localization in metaphase. (K) Line scans representing cortical enrichment 

of endogenous NuMA in 10 LGN knock-down cells during both metaphase and 
anaphase. Scale bars, 10 µm. 

 

To further isolate the region(s) that were required for NuMA’s anaphase 

cortical targeting, we first generated a carboxy-terminal construct of NuMA 

harboring the T2055A mutation and found that it localized well to the cell cortex 
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(Figure 2.13, C-D). As with the full-length protein, mutating T2055 to an aspartate 

residue dramatically decreased cortical accumulation of the protein (Figure 2.13, 

F). We then deleted the LGN-binding domain, the 4.1-binding domain, or both in 

tandem to determine whether either of these (or both redundantly) played a role 

in anaphase localization of NuMA. To our surprise, all of these constructs were 

able to localize to the cell cortex as robustly as the control (Figure 2.13, G-J, L). 

This demonstrates that in keratinocytes, the anaphase localization of NuMA is 

independent of both its LGN- and 4.1-binding domains. 

To ensure that phosphorylation was not controlling 4.1 interactions, we 

performed biochemical experiments to test the ability of the T2055A and T2055D 

mutants to bind to 4.1G-hemagglutinin (HA). We did not detect a significant 

difference in their binding (Figure 2.13, K). However, we found that the smallest 

construct (MTBD-end-T2055A) that localizes well to the cell cortex (and lacks 

both the LGN and 4.1 BDs) does not interact with 4.1G, ruling out an additional 

binding site in the extreme carboxy terminus (Figure 2.13, K). These data 

suggest that in anaphase keratinocytes, NuMA cortical localization is 

independent of both LGN and 4.1 family members and is, instead, dependent on 

Cdk1 inactivation. Taken together, these findings reveal a profound distinction 

between the mechanisms that underlie cortical NuMA recruitment during 

metaphase and anaphase. 
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Figure 2.13: NuMA anaphase localization does not require 4.1 binding  

(A-B) Immunofluorescence analysis of endogenous NuMA localization in LGN-
knockdown keratinocytes treated with DMSO or 100 µM purvalanol A for 3 min. (C) 

NuMA construct that harbors the T2055A mutation and spans from the carboxy-terminal 
4.1-binding domain to the end of the protein. (D) A GFP-tagged version of the NuMA 

fragment diagrammed in C was expressed in wild-type cells, and immunofluorescence 
analysis was performed to determine localization. (E) Quantitation of cells from A and B 

with cortical NuMA accumulation, as indicated. n = 50 cells, p < 0.0001. (F–I) GFP 
epifluorescence of NuMA constructs as indicated. The domain structure of each NuMA 
fragment is diagrammed beneath its corresponding image. (J) Quantitation of the ability 

of NuMA deletion/mutant constructs from D and F–I to target to the cell cortex in 
metaphase. n = 25 cells, all p > 0.05. (K) Immunoprecipitation of GFP-tagged NuMA 

constructs/mutants with 4.1G-HA. Top and bottom, amount of 4.1G-HA and GFP fusion 
proteins in the immunoprecipitates, respectively. (L) Line scans representing cortical 

enrichment of the NuMA MT BD-end T2055A construct in 10 cells. Scale bars, 10 µm. 
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2.3 Discussion 

Regulation of spindle orientation is required for both asymmetric cell 

divisions and many aspects of morphogenesis. Although a core set of proteins, 

including LGN, NuMA, and dynein/dynactin, is important for spindle orientation in 

many cell types studied, several aspects of their localization and function remain 

poorly understood. In this work, we identified the 4.1-interacting domain of NuMA 

as an important mediator of spindle orientation. Although not required for cortical 

NuMA recruitment, NuMA/4.1 interactions play an essential role in stabilizing 

NuMA at the cortex to ensure robust spindle positioning. In addition, we showed 

how posttranslational modifications of NuMA differentially affect its localization 

throughout mitosis, a mechanism that functions independently of LGN and 4.1 

binding. 

Recent reports proposed distinct ways for recruiting dynein/dynactin to the 

cell cortex: a NuMA-dependent mechanism and an LGN-dependent mechanism 

(Kotak et al. 2012; Zheng et al. 2013). Because LGN is required for NuMA 

localization, it is somewhat difficult to exclude a direct role for LGN in dynein/ 

dynactin recruitment. However, we demonstrated that under conditions in which 

LGN is at the cell cortex but NuMA is absent, there is no targeting of 

dynein/dynactin. Whereas NuMA is essential for dynein/dynactin recruitment, we 

cannot rule out the possibility that LGN plays an important role in regulating 

stability and/or activity of the dynein/dynactin complex at the membrane. 



  

   66  

Furthermore, we showed that dynactin is the likely proximal complex recruited by 

NuMA, as disruption of dynactin prevents dynein association with the cortex. 

In mitotic keratinocytes, NuMA localizes to two distinct subcellular 

regions—the spindle poles and the cell cortex (Lechler and Fuchs 2005). The 

mechanisms of localization for these two NuMA pools are distinct, as disruption 

of microtubules causes loss of spindle pole NuMA, whereas F-actin disruption 

selectively affects cortical localization. However, whereas microtubules and the 

microtubule-binding domain of NuMA are not required for localization, they may 

play a regulatory role in controlling the levels of NuMA at the cortex. Indeed, at 

least two studies found that microtubules are important for disassembly of 

asymmetric cell division machinery at the cell cortex (Werts et al. 2011; Zheng et 

al. 2013). This is consistent with our observations in time-lapse movies, in which 

puncta of NuMA can be seen streaming from the cortex into the spindle 

pole/reforming nucleus at the end of anaphase (Figure 2.10, E). 

Of importance, we found a novel role for the 4.1-binding domain of NuMA 

in regulating NuMA’s cortical behavior and spindle orientation. Despite the finding 

that 4.1 interactions are not essential for localization of the full-length NuMA 

construct harboring a 4.1 BD deletion, we showed that 4.1-binding interactions 

play a critical role in maintenance of NuMA cortical stability and spindle 

orientation. Although LGN interactions are required for NuMA localization, they 

are not sufficient for robust spindle orientation in the absence of 4.1 interactions. 

The effect of 4.1 on cortical NuMA stability is likely due to the presence of 
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increased binding sites for cortical association and the ability to link NuMA to the 

F-actin cytoskeleton. We suggest that the stabilizing role of 4.1 is critical for 

proper spindle orientation because of its ability to facilitate robust cortical NuMA 

tethering, which is required for productive force generation by dynein/dynactin 

complexes on astral microtubules. Future experiments to address this, as well as 

the consequences of loss of NuMA/4.1 interactions in the tissue context, are 

necessary. Owing to the presence of multiple 4.1 family members in the 

epidermis, we have not been able to directly address the role of this protein 

family. However, loss of these proteins may have pleiotropic effects on the cell 

cortex that could cause spindle orientation defects in multiple ways. By deleting 

the 4.1 BD of NuMA, we directly address the role of 4.1/NuMA interactions rather 

than 4.1’s role in establishing membrane domains. While this study was in 

revision, Kiyomitsu and Cheeseman (2013) published data showing that 

4.1/NuMA interactions are important for anaphase-specific localization of NuMA 

in symmetrically dividing HeLa cells. Our work shows that in asymmetrically 

dividing keratinocytes, this interaction also stabilizes NuMA in metaphase. It is 

possible that this also occurs in HeLa and other cell types; however, this will 

prove to be more difficult to assess because these cells do not orient to a 

polarized landmark. 

During the course of this work we also identified an increase in cortical 

association of NuMA during anaphase. This is likely due to loss of Cdk1 

phosphorylation because 1) pharmacological inhibition of Cdk1 in metaphase 
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cells resulted in robust recruitment of NuMA to the cell cortex, and 2) mutation of 

a Cdk1 phosphorylation site in the carboxy terminus of NuMA resulted in uniform 

cortical localization. Strikingly, this localization is independent of LGN, which is 

essential for the metaphase cortical localization of NuMA. It is also independent 

of 4.1 interactions. Although a recent article reported similar findings on the role 

of Cdk1 phosphorylation in NuMA localization, this was believed to occur through 

4.1 interactions in HeLa cells (Kiyomitsu and Cheeseman 2013). Our data clearly 

demonstrate that 4.1 is not required for the anaphase interactions in 

keratinocytes because 1) the phosphorylation status of NuMA did not affect its 

ability to interact with 4.1, and 2) loss of the 4.1-binding domain, both alone and 

in combination with the LGN-binding domain, did not disrupt metaphase/ 

anaphase localization of a nonphosphorylatable form of NuMA. This suggests 

that phosphorylation regulates an additional molecular interaction that alters the 

relative stability of NuMA at the spindle poles and cell cortex. In conclusion, this 

study augments our understanding of the regulatory mechanisms throughout 

mitosis that are required for efficient recruitment, stabilization, and function of 

cortical NuMA during spindle positioning, which are all essential for driving 

successful asymmetric divisions and downstream developmental programs. 

 

2.4 Materials and Methods 

Lentiviral production and gene knockdown 
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shRNA constructs for mouse NuMA (NM_133947.2-1676s1c1) and LGN 

(NM_029522.1-1617s1c1) with a pLKO.1 lentiviral backbone were ordered from 

the Broad Institute’s Mission TRC-1 mouse library, as previously described 

(Williams et al., 2011). For production of lentivirus, 293FT cells were grown at 

37°C with 7.5% CO2 on 10-cm plates in DMEM and 10% fetal bovine serum 

(without antibiotics) until they reached 50–70% confluency. Cells were then 

transfected using calcium phosphate with the following vectors: pLKO.1 NuMA 

siRNA (Sigma), pMDL g/pRRE, pRSV-Rev, and pMD2.G (Addgene). Five hours 

after transfection, new growth medium was added and cells were grown for 48 h. 

The 293FT medium containing the viral particles was put through a 0.45-µm filter 

(VWR) and centrifuged through an Amicon Ultra Centrifuge filter at 4000 rpm for 

15 min. 

For subsequent retroviral transduction, wild-type mouse keratinocytes 

were infected with the concentrated lentiviral-packaged shRNA particles. Virus 

was diluted in 0.05 mM Ca2+-containing medium with the addition of 6 µg/ml 

Polybrene and added to cells at 30–50% confluency. After 24 h, the medium was 

replaced, and the cells were given an additional 24 h to recover before addition 

of 2 µg/ml puromycin (Amresco) to select for cells expressing the shRNA 

construct. Medium was changed every 3 d over a 5- to 14-d period before cells 

were passaged. Gene knockdown was confirmed by immunofluorescence and 

Western blot analysis. 
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DNA constructs 

All constructs used in this study were cloned into the pEGFP-C1 vector 

(Clontech), with the exception of NuMAΔMT BD–GFP, NuMAΔLGN BD–GFP, 

and NuMAΔ4.1 BD–GFP, which were cloned into the pEGFP-N1 vector 

(Clontech). 

 

Cell culture 

All keratinocytes were grown at 37˚C with 7.5% CO2 in media containing 

0.05 mM Ca2+. NuMA- and LGN-knockdown cell lines were maintained in media 

supplemented with 2 µg/ml puromycin (Amresco). Before imaging, cells to be 

fixed were plated on glass coverslips, and cells for live imaging were plated on 

35-mm MatTek glass-bottom dishes (no. 1.5). On reaching ∼80% confluency, all 

cells were treated for 16 h in 2 mM thymidine (Sigma-Aldrich) and released into 

fresh media containing 0.4 mM Ca2+ for 1.5 h before fixation or live imaging. For 

drug treatments, 10 µM nocodazole (Sigma-Aldrich), 40 nM latrunculin A (Enzo 

Life Sciences), 100 µM blebbistatin (Sigma-Aldrich) and the corresponding 

concentration of DMSO for each were incubated with cells for 10 min before 

fixation. Purvalanol A (Tocris Bioscience) at 100 µM concentration and DMSO 

were incubated with cells for 3 min before fixation. For spindle orientation 

experiments, cells were plated on glass coverslips coated with 100 µM laminin 

(Invitrogen), 100 µM fibronectin (Life Technologies), or 100 µM 

collagen (Sigma-Aldrich). 
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Immunofluorescence staining and analysis 

Cells were fixed for 3 min in −20˚C methanol. Primary antibodies used in 

this study include chicken α-GFP (Abcam), rabbit α-NuMA (Abcam), mouse α-

p150glued (BD Biosciences), mouse α-DIC (Millipore), and guinea pig α-LGN. 

Secondary antibodies include Alexa Fluor 488 (Invitrogen) and Rhodamine Red-

X (Jackson ImmunoResearch Laboratories). A phosphate-buffered saline 

solution containing 90% glycerol and 2.5 mg/ml p-phenylenediamine (Sigma-

Aldrich) was used to mount samples. Images were collected using a Zeiss 

motorized Axio Imager Z1 fluorescence microscope with Apotome attachment, 

an AxioCam MRm camera, a 63×/1.4 numerical aperture (NA) Plan Apochromat 

objective, Zeiss Immersol 518F oil, and AxioVision Digital Image Processing 

Software. Photoshop (Adobe) and ImageJ software were used for postacquisition 

processing. 

 

FRAP analysis 

Mouse keratinocytes were plated on 35-mm MatTek glass-bottom dishes 

(no. 1.5). On reaching 60% confluency, cells were transfected with either full-

length NuMA-GFP or NuMAΔ4.1 BD–GFP using TransIT-LT1 transfection 

reagent (Mirus). Keratinocytes were washed and supplemented with fresh media 

8 h after transfection. Cells were treated with 2 mM thymidine for 16 h and 

released from thymidine for 1.5 h. Cells were mounted on a 37°C stage within a 

5% CO2 chamber and left to equilibrate for 10 min. Imaging was performed using 
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a Zeiss LSM 710 confocal scanning light microscope with a 63×/1.4 NA oil 

immersion objective and a pinhole size of 1 airy unit. Enhanced GFP was excited 

using an 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 from the Zeiss ZEN software. After a region of interest was defined, 

75% laser power at the appropriate wavelength was used for three iterations to 

bleach the GFP signal. After bleaching, images within the same focal plane were 

acquired every 3 s to monitor fluorescence recovery. The Zen software recorded 

the mean fluorescence intensity of each region of interest for every time point. A 

separate region of interest was drawn outside of the bleached cell to be used as 

a background control. The percentage of recovery was determined by first 

normalizing fluorescence intensities to background intensities and then 

normalizing each time point to the initial intensity reading. The mobile fraction 

was determined as mf = (Imax − I0)/(I − I0) as previously described (Shen et al. 

2008), where Imax is defined as the maximum fluorescence intensity recorded 

postbleaching, and I0 is defined as the initial fluorescence intensity immediately 

after bleaching. Statistical analysis was performed using a Student’s t test. 

 

Time-lapse imaging 

Primary NuMA-GFP cells isolated from K14: NuMA-GFP mouse backskin 

were plated on MatTek glass-bottom dishes (no. 1.5) coated with 100 µM laminin 

(Invitrogen). Cells were treated with 2 mM thymidine for 16 h, washed, and then 
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reintroduced into fresh media for 1.5 h before imaging. Movies were acquired 

using a Leica DMI6000 inverted microscope, a 63×/1.4 NA Plan Apochromat 

objective, Leica immersion oil, and an OrcaER camera (Hamamatsu Photonics). 

The imaging chamber was maintained at 37° with 5% CO2. Simple PCI software 

was used for image acquisition (eCommerce Solutions), and Photoshop and 

ImageJ software were used for postacquisition processing. 

 

Stretch experiments 

Stretch experiments were performed similar to those previously described 

(Ray et al. 2013). Briefly, cells were plated onto laminin-coated 

polydimethylsiloxane substrates. Cells were released from thymidine block into 

0.5 mM Ca2+-containing media 1 h before stretching. Cells were then stretched 

for 90 min with a 25% static stretch. After stretch, cells were fixed in methanol 

and imaged as described. 

 

Protein interactions 

Keratinocyte extracts were prepared by scraping transfected cells into 

buffer (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 100 mM KCl, 

1 mM MgCl2, 1 mM ethylene glycol tetraacetic acid, 1 mM dithiothreitol, 1% Triton 

X-100, pH 7.4, with protease inhibitors). After a 5-min centrifuge at 4°C, soluble 

extracts were added to GFP-Trap beads (Chromogen) and incubated on a rotator 

for 30–60 min. After extensive washing with lysis buffer, proteins were eluted 
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from the beads in sample buffer and subjected to Western blotting. Rabbit anti-

LGN (ProteinTech Group) was used for Western blotting. 

 

Statistical analysis 

Fisher’s exact test was used for all statistical analyses, with the exception 

of FRAP data, which were analyzed with a Student’s t test, and the polar 

histograms of spindle orientation, which were analyzed with the Kolmogorov–

Smirnov test. 
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3. NuMA-microtubule interactions are critical for spindle 
orientation and morphogenesis of diverse epidermal 

structures 
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3.1 Introduction  

Many proliferative cell populations balance symmetric and asymmetric 

divisions to both maintain a stem cell reserve and provide cell diversity. The 

mammalian epidermis is a stratified squamous epithelial tissue that uses 

asymmetric cell divisions (ACDs) in its proliferative basal cell compartment to 

drive tissue morphogenesis and promote the formation of a robust barrier, which 

is essential for life (Lechler and Fuchs 2005). During early epidermal 

development, basal cells primarily divide within the plane of the epithelium to 

expand the surface area of the epidermis as the embryo grows in size. These 

symmetric cell divisions (SCDs) produce two daughters that remain within the 

basal cell layer and continue to proliferate. After embryonic day 13.5, however, 

the majority of basal cells begin to divide asymmetrically by displacing one 

daughter apically into a new cell layer. This apical daughter cell ultimately loses 

its proliferative capacity, becomes terminally differentiated and eventually 

contributes to barrier function, whereas the other daughter stays proliferative. 

ACDs are therefore critical for promoting epidermal structural and functional 

integrity. Asymmetrically-dividing basal cells position their mitotic spindles 

perpendicular to the underlying basement membrane, whereas SCDs exhibit 

parallel spindle orientation. In this study, we were interested in gaining a deeper 

understanding of basal cell behavior by investigating the underlying mechanism 

of spindle orientation during ACDs.  
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Robust spindle positioning is essential for driving ACDs in many distinct 

cell types across diverse phyla.  Orientation of the mitotic spindle dictates the 

final position of the cell’s cleavage plane, which ultimately determines each 

daughter’s size, cytoplasmic protein inheritance, positioning within the tissue and 

cell fate. The factors responsible for regulating spindle positioning during ACDs 

have been extensively studied in the C.elegans zygote and the Drosophila 

neuroblast. In these two model systems, as well as in the mammalian epidermis, 

a conserved complex of cortically-tethered proteins are thought to position the 

mitotic spindle by generating directional forces on astral MTs that come in 

contact with the cortex. These conserved cortical proteins include Inscuteable, 

LGN, Gαi, NuMA (Nuclear Mitotic Apparatus) and dynein/dynactin, and 

knockdown studies on each of these proteins result in compromised spindle 

orientation integrity (Williams et al. 2011; Ngoc-Nguyen et al. 2007 and others). A 

popular model of force generation during spindle orientation suggests that this 

protein complex serves as a cortical tether that is primarily responsible for 

recruiting the dynein motor, which can walk along astral MTs towards their minus 

ends to generate pulling forces. Several studies have provided evidence 

supporting dynein’s important force-generating and spindle-positioning functions 

(Laan et al. 2012; Williams et al. 2011 and others). Nevertheless, dynein is not 

the only component of this cortical complex with the capacity to directly interact 

with MTs. In fact, previous studies have revealed a 72 amino acid MT-binding 

domain within the C-terminus of NuMA that can both bundle and stabilize MTs in 
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cultured cells (Haren and Merdes 2002).  We were interested in deciphering 

whether NuMA’s direct interactions with MTs contributed to its required role 

during spindle orientation. 

To pursue these studies, we utilized a previously generated mouse line 

that harbors a floxed allele of NuMA’s exon 22, which results in an in-frame 

deletion of the MTBD upon Cre recombinase expression (Silk et al. 2009). The 

study that initially generated and utilized these MTBD-floxed mice revealed minor 

mitotic defects that resulted from promoting conditional deletion of the MTBD in 

cultured mouse embryonic fibroblasts (MEFs). These results corroborated 

several previous studies that had suggested a role for NuMA in spindle pole 

assembly and function (Merdes et al. 1996 and 2000).  Nevertheless, a recent 

NuMA knockdown study in mouse epidermis, in addition to previous knockdown 

and mutant studies in both the C. elegans zygote and Drosophila neuroblasts, 

revealed no signs of mitotic abnormalities (Williams et al. 2011; Nguyen-Ngoc et 

al. 2007 and others). Due to these conflicting data, we were uncertain whether an 

epidermal-specific MTBD deletion would result in mitotic problems.  

In addition to our interest in the mechanism of spindle orientation during 

embryogenesis, we also wished to determine whether this process was involved 

in adult epidermal homeostasis. Hair follicles are an epidermal appendage that 

continuously regenerates hair throughout an animal’s lifespan, and we were 

curious about whether spindle orientation was integral to follicular function. Hair 

follicles undergo constant cycles of growth (anagen), regression (catagen) and 
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rest (telogen). The anagen phase is characterized by stem cell activation and 

proliferation, which promotes follicle elongation and ultimately results in the 

generation of multiple distinct cell types that form the mature hair shaft. There are 

three distinct proliferative populations within the anagen hair follicle that are each 

believed to contribute to hair generation, including the bulge stem cells, the hair 

germ cells and the transit-amplifying matrix cells. While a few recent studies have 

suggested a role for spindle orientation during hair generation, no work to date 

has revealed whether perturbed spindle orientation affects hair cycling 

(Rompolas et al. 2012, 2013; Niessen et al. 2013). 

In addition to the lack of evidence concerning the role of spindle 

orientation during follicular homeostasis, the contribution of spindle orientation to 

interfollicular homeostasis has also never been thoroughly investigated. 

Nevertheless, a handful of studies have drawn correlations between observed 

increases in SCDs, accompanying decreases in ACDs and tumorigenesis 

(Zimdahl et al. 2014; Beck et al. 2011 and others). Additionally, one spindle 

orientation study in Drosophila wing disc epithelia revealed that aberrancies in 

spindle positioning promoted epithelial-to-mesenchymal transitions and the 

subsequent generation of tumor-like masses (Nakajima et al. 2013). We were 

therefore interested in investigating whether spindle orientation served a tumor 

suppressor-like function to maintain epidermal homeostasis in adult tissue. 

In this study, we reveal that direct NuMA-MT interactions are required for 

proper spindle orientation and epidermal morphogenesis. Furthermore, we are 
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the first to demonstrate a role for spindle orientation in adult homeostasis. We 

show that hair generation is prevented when spindle orientation is perturbed. In 

addition, we divulge that robust spindle positioning is involved in promoting 

proper differentiation of hair follicle matrix progeny. We also identify regions of 

hyperproliferation in MTBD-deletion epidermis consistent with the initial stages of 

tumorigenesis. Lastly, we reveal that NuMA can specifically target to MT ends , 

consistent with an interaction with astral microtubules at the cell cortex. Taken 

together, we propose a novel model whereby NuMA functions at the cortex to 

trap and track depolymerizing MTs to facilitate proper spindle positioning during 

asymmetric cell divisions. Additionally, we highlight a reiterative application of 

spindle orientation for proper maintenance of both the interfollicular and follicular 

epidermal compartments. 

  

3.2 Results 

3.2.1 NuMA demonstrates robust MT tip binding activity 

Loss-of-function studies on NuMA and dynein/dynactin demonstrated that 

they are required for both spindle orientation and force generation in a number of 

distinct cell types (Bowman et al. 2006; Izumi et al. 2006 and others). Directly 

targeting dynein/dynactin to the cell cortex was sufficient to induce spindle 

movements, consistent with its force generating activity (Kotak et al. 2012). 

These data have led to the proposition that NuMA is a passive tether that 

moderates the extent of dynein accumulation at the cell cortex. However, in 
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addition to domains that target it to the cell cortex and that recruit 

dynein/dynactin, NuMA contains a domain that directly interacts with MTs (Du et 

al. 2002; Haren et al. 2002). This MT-binding domain (MTBD) is conserved 

among flies, worms and mammals and has been characterized to stabilize and 

bundle MTs (Bowman et al. 2006; Du et al. 2002). Whether the MT-binding 

activity of NuMA contributes to mitotic spindle orientation has not been tested. 

Previous studies have defined NuMA’s minimal MTBD (Figure 3.1, A) (Du 

et al. 2002; Haren et al. 2002). We began by expressing a GFP fusion construct 

containing the minimal MTBD in keratinocytes. While this fragment of NuMA 

could be observed colocalizing with MTs, this colocalization was notably weak 

(Figure 3.1, A). However, we found that the inclusion of additional amino-terminal 

sequences promoted robust colocalization. Deletion analysis allowed us to 

identify the minimal region that was capable of this robust binding. Each NuMA 

construct was designed to exclude the nuclear localization signal (NLS), which 

promotes full-length nuclear NuMA sequestration in interphase. Without the NLS, 

each NuMA fragment localized to the interphase cytoplasm, thus allowing us to 

observe their interactions with interphase MTs. We first determined that addition 

of the N-terminal LGN BD failed to enhance NuMA’s colocalization with MTs 

(Figure 3.1, B). In contrast, the constructs that included further upstream N-

terminal elements demonstrated a dramatic improvement in MT colocalization 

(Figure 3.1, C-F). The minimal region   cells that were transfected with high levels 

of both the 4.1-MTBD-GFP and the Δ4.1-MTBD-GFP constructs exhibited potent 
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MT stabilization and bundling activity, with NuMA localized along the entire 

length of the MTs (Figure 3.1, D, F). An additional construct designed to lack the 

MTBD (4.1-LGN BD) failed to colocalize with MTs, therefore verifying that the 

MTBD is in fact required in keratinocytes for MT binding (Figure 3.1, G). These 

data demonstrate that NuMA’s minimal MTBD is necessary but not sufficient for 

robust MT colocalization, which requires the linker region located between the 

4.1- and LGN-binding domains.   
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Figure 3.1: A C-terminal fragment of NuMA robustly colocalizes with MTs 

(A-G) Various C-terminal fragments of NuMA tagged to GFP were transfected into wild-
type cells (corresponding constructs are illustrated on the left of each row). The amino 

acids spanned in each construct are specified below each illustration. Cells were stained 
for endogenous α-tubulin, and subsequent immunofluorescence analysis was performed 
to compare localization of these constructs with respect to MTs. The MT Colocalization 
column indicates whether localization along MTs was detected for each construct (+, 

weak colocalization; +++, robust colocalization; –, no colocalization). 
  

As previously mentioned, we observed labeling of the entire MT lattice and 

strong MT stabilization when the NuMA 4.1-MTBD-GFP and Δ4.1-MTBD-GFP 

constructs were highly overexpressed (Figure 3.2, A). However, when examining 

cells that expressed these constructs at lower and more physiological levels, we 

observed resolvable GFP puncta that localized robustly to MT plus tips, a pattern 

that was particularly conspicuous when examining MTs near the cell periphery 

where MT density was lower and plus ends predominated (Figure 3.2, B; Figure 

3.3, A). 

 

  

Figure 3.2: Quantification of C-terminal NuMA fragment – MT colocalization 

(A-B) Passaged mouse keratinocytes were transfected with various C-terminal NuMA-
GFP constructs, and the number of cells that exhibited NuMA-GFP/microtubule (MT) 
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colocalization, MT stabilization and NuMA-GFP localization to MT plus tips was 
quantified. The NuMA constructs represented here are diagrammed in Figure 3.12. 

 
 

In order to further characterize this novel NuMA plus tip-binding activity, 

we induced the depolymerization of MTs by treating cells with nocodazole. 

Compared with 4.1-MTBD-GFP-transfected keratinocytes treated with DMSO, 

nocodazole-treated cells revealed significantly shortened MTs with GFP strongly 

and specifically accumulated at both ends of the microtubule (Figure 3.3, B-C). In 

addition, nocodazole-treated cells that were transfected with high levels of 4.1-

MTBD-GFP demonstrated resistance to MT depolymerization, displaying more 

intact and bundled MT arrays when compared with neighboring untransfected 

cells (Figure 3.3, D). To determine whether this MT localization pattern of NuMA 

was unique to keratinocytes, we transfected HeLa cells with the 4.1-MTBD-GFP 

construct and subsequently performed DMSO or nocodazole treatment on these 

cells. We noted a punctate GFP localization pattern with strong plus tip targeting 

that was strikingly similar to what we observed in keratinocytes (Figure 3.4, A-B).  

Taken together, these data yield crucial insight into the intimate relationship 

between NuMA and MTs by demonstrating NuMA’s affinity for MT tips as well as 

its ability to stabilize MTs at high concentrations. 
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Figure 3.3: C-terminal NuMA fragment binds to MT ends 

(A) Immunofluorescence images of the NuMA 4.1-MT BD-GFP construct (green) 
localizing to MT plus tips (red). (B-C) Immunofluorescence images of mouse 

keratinocytes transfected with NuMA 4.1-MT BD-GFP, treated with either DMSO (B) or 
10 µm Nocodazole (C) and stained for MTs (red). (D) Immunofluorescence image of a 

Nocodazole-treated cell transfected with high levels of NuMA 4.1-MT BD-GFP and 
stained for MTs (red). 

 
 

To determine whether the localization of this plus tip-binding domain was 

affected by the status of the microtubule, we treated cells with one of two drugs: 
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vinblastine, which induces protofilament curling, or taxol, which stabilizes MTs 

and prevents protofilament curling. At very low doses (2 nM), vinblastine caused 

an increase in the number of cells with clear labeling of MT plus tips (44 +/- 3% of 

DMSO-treated cells and 70 +/- 5% of vinblastine-treated cells had detectable 

plus tip localization) (Figure 3.4, C). In contrast, taxol treatment decreased plus 

tip-binding activity (4 +/- 2% of cells) (Figure 3.4, C). 
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Figure 3.4: NuMA demonstrates an affinity for curved protofilaments 

(A-B) Immunofluorescence images of HeLa cells transfected with NuMA 4.1-MT BD-
GFP, treated with either DMSO (A) or 10 µm Nocodazole (B) and stained for MTs (red). 
(C) Passaged mouse keratinocytes were transfected with NuMA 4.1-MT BD-GFP and 
treated with either DMSO, 2 nM vinblastine or 10 µm taxol. The graph represents the 
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percentage of transfected cells that exhibited MT plus tip localization in each treatment 
group.  

 

To further characterize NuMA’s behavior on dynamic MTs, we performed 

live imaging of cultured keratinocytes that were transfected with NuMA 4.1-

MTBD-GFP. Time-lapse movies of these cells revealed individual GFP puncta 

tracking actively polymerizing MT tips (Figure 3.5, A). In addition, and to our 

surprise, we observed instances where these puncta remained attached to the 

ends of depolymerizing MTs, a behavior reminiscent of the kinetochore’s 

persistent attachment to depolymerizing K fibers during anaphase (Figure 3.5, 

B). To further demonstrate this depolymerization-tracking behavior, we imaged 

GFP puncta at the centrosome (which also displayed a strong GFP label) and 

were able to visualize NuMA-GFP puncta emerging from the centrosome, 

tracking away (MT polymerization-tracking) and then moving back towards the 

centrosome (MT depolymerization-tracking) (Figure 3.5, C). 

These findings suggest that during spindle positioning in asymmetrically-

dividing basal cells, cortical NuMA likely functions to capture and maintain 

contact with dynamic astral MTs emanating from mitotic spindle poles. MT 

depolymerization following cortical capture and tethering by NuMA would therein 

promote directional spindle movement and repositioning into a perpendicular 

orientation to properly drive asymmetric divisions.  
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Figure 3.5: C-terminal NuMA fragment stays attached to polymerizing and 
depolymerizing MTs 

 (A) Frames acquired from a time-lapse movie of NuMA 4.1-MT BD-GFP puncta tracking 
polymerizing MT plus tips in transfected keratinocytes. Separate frames on the far right 
represents a maximum intensity projection (MIP) of all movie frames as well as a color-
tracking image (red = first frame, pink = last frame) illustrating directional movement of 

GFP puncta. (B-C) Frames acquired from a time-lapse movie of NuMA 4.1-MT BD-GFP 
puncta tracking both polymerizing and depolymerizing MT plus tips at the cell periphery 

(B) and at the centrosome (C). 

 

3.2.2 Direct NuMA-MT interactions are required for robust spindle 
orientation in cultured keratinocytes 

To determine whether the MTBD of NuMA was required for spindle 

orientation in cultured cells, mouse keratinocytes were plated on laminin-coated 

coverslips and transfected with GFP fusion constructs containing either full-

length (FL) NuMA or NuMA harboring a deletion in the MTBD (NuMAΔMTBD). 
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We first examined the localization of these constructs and found that the mutant 

was found at both the spindle poles and at the cell cortex, similar to the FL 

protein (Figure 3.6, A-B). This is consistent with our previous data that cortical 

localization of NuMA was retained even after microtubules were depolymerized 

(Seldin et al. 2013). We then scored the angle between the mitotic spindle and a 

line intersecting the center of the cortical NuMA crescent. In cells expressing FL 

NuMA-GFP, orientation was clear, with 82% (+/- 2%) of cells between 0-30° 

(“aligned”) (Figure 3.6, C). In contrast, this orientation was significantly perturbed 

in the NuMAΔMTBD-expressing cells, with only 36% (+/- 5%) of cells 

demonstrating alignment (Figure 3.6, D). These data suggest that NuMAΔMTBD-

GFP acts as a dominant negative when overexpressed, likely by displacing 

endogenous NuMA from the cortex. To ensure that the observed effect on 

spindle orientation was not due to overexpression of this deletion construct, we 

generated NuMAΔMTBD cells, in which the MTBD is deleted from endogenous 

NuMA. To generate these deletion cells, we treated MTBDfl/fl keratinocytes with 

either Adeno-GFP or Adeno-Cre virus for 48 hr, picked and grew up singly-

infected clones, and validated recombination by Polymerase Chain Reaction 

(PCR). We then performed spindle orientation analysis on these clonal cell lines. 

Similar to our observations for NuMAΔMTBD-GFP-transfected cells, deletion of 

endogenous NuMA’s MTBD resulted in perturbed spindle orientation (Figure 3.7, 

B). This was in contrast to Adeno-GFP-treated MTBDfl/fl cells that exhibited 

normal spindle orientation (Figure 3.7, A). Taken together, these data suggest 
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that direct interactions between cortical NuMA and astral MTs are essential for 

proper mitotic spindle orientation establishment in cultured keratinocytes. 
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Figure 3.6: NuMA-MT interactions are required for robust spindle orientation in 
cultured keratinocytes 

(A-B) Full-length NuMA-GFP and NuMAΔMTBD-GFP constructs were transfected into 
wild-type cells, and immunofluorescence analysis was performed to determine 

localization. (C, D) Analysis of mitotic spindle alignment with the center of the cortical 
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NuMA-GFP crescent in FL and NuMAΔMTBD-GFP–transfected wild-type cells plated on 
100 µM laminin. Dotted yellow lines in (A) illustrate how spindle angles were determined, 

with 0˚ representing perfect alignment and 90˚ representing orthogonal alignment with 
cortical NuMA-GFP. Radial histograms, grouped into 15° bins, illustrate the distribution 

of spindle angles from both constructs. n = 50 for both constructs; p = 0.000 using a 
Kolmogorov–Smirnov test. (E-F) Immunofluorescence images of FL and NuMAΔMTBD-
GFP–transfected cells that were costained for NuMA and p150glued. Scale bars, 10 µm. 

 

Considering that NuMA’s canonical function in spindle orientation is to 

recruit dynein/dynactin to the cell cortex, we tested whether this localization was 

perturbed in NuMAΔMTBD cells. We co-stained for NuMA and p150glued (a 

subunit of the dynactin complex) and found that this protein co-localized with the 

cortical crescents of both NuMAΔMTBD-GFP and FL NuMA-GFP (Figure 3.6, E-

F). In contrast to FL NuMA-GFP, however, the cortical NuMAΔMT BD-

GFP/dynactin crescents failed to properly align with the mitotic spindle. We made 

similar observations upon staining control and recombined MTBDfl/fl cell clones 

with NuMA and p150glued (Figure 3.7, C-D). These data demonstrate that 

recruitment of dynein/dynactin to the cortex is not sufficient for proper spindle 

orientation and that NuMA’s MTBD provides an important additional function. 
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Figure 3.7: Endogenous deletion of NuMA’s MTBD results in perturbed spindle 
orientation 

(A-B) Analysis of mitotic spindle alignment with the center of the cortical NuMA-GFP 
crescent in MTBDfl/fl cells treated with either Ad-GFP or Ad-Cre-GFP virus and plated on 
100 µM laminin. Radial histograms illustrate the distribution of spindle angles from both 

treatments. Histograms are grouped into 15° bins, with 0° representing a spindle aligned 
with the center of the endogenous NuMA crescent. n = 40 for both constructs; p = 0.000 
using a Kolmogorov–Smirnov test. (C-D) Immunofluorescence images of Ad-GFP and 

Ad-Cre-GFP- treated MTBDfl/fl cells that were costained for NuMA and p150glued. 
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3.2.3 Direct NuMA-MT interactions are required in vivo for robust spindle 
orientation during mouse embryonic epidermal development 

While cultured keratinocytes have served as a useful system for studying 

the mechanism of spindle orientation, the three-dimensional architecture of these 

cells is considerably distinct from keratinocytes in situ. In developing epidermis, 

spindles align either parallel to the basement membrane to generate two 

proliferative basal cells, or perpendicular to the basement membrane to generate 

one basal cell and one suprabasal cell that will ultimately commit to differentiation 

(Lechler and Fuchs 2005; Poulson and Lechler 2010). To determine whether 

direct NuMA/MT interactions were critical for spindle orientation in vivo, we 

utilized a previously developed mouse line that was engineered to harbor a 

floxed allele of NuMA exon 22, which includes the MTBD (Figure 3.8, A-B) (Silk 

et al. 2009). Previous work confirmed that deletion of this exon resulted in an in-

frame deletion of the MTBD and demonstrated that loss of NuMA’s MTBD 

resulted in early embryonic lethality, although the underlying cause of this 

lethality was not determined. Tamoxifen treatment of cultured MEF’s that were 

isolated from CreER; exon 22fl/fl (MTBDfl/fl) mice, however, resulted in mitotic 

spindle assembly problems, although it is important to note that these problems 

did not cause any changes to either the mitotic index or to the duration of mitosis 

in these cells.  

To investigate the impact of a NuMA MTBD deletion on mouse epidermal 

development, we crossed the MTBDfl/fl mice to a K14:Cre mouse line, which 
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induces recombination in the proliferative basal cells of the epidermis (Figure 3.8, 

A). Since the minimal 72 amino acid change in protein size is difficult to detect, 

we validated recombination by PCR analysis of isolated epidermis (Figure 3.8, 

C). We first analyzed NuMA localization in embryonic tissue sections and 

confirmed that NuMA still successfully localized to the spindle poles and cortex of 

mitotic cells in the absence of the MTBD, consistent with our findings in cultured 

cells (Figure 3.8, D).  

We then scored spindle orientation using cryosections from e17.5 control 

and NuMA-MTBD embryonic epidermis by comparing the alignment of anaphase 

chromosomes in mitotic basal cells with the underlying basement membrane. 

Control spindles revealed a bimodal distribution of orientations, with a 

predominance of spindle angles falling within a 60-90° range with respect to the 

basement membrane (“perpendicular” orientations that are characteristic of 

asymmetric divisions) and a smaller but significant proportion of spindles 

orienting within a 0-30° range (“parallel” orientations that are characteristic of 

symmetric divisions) (Figure 3.8, E). There was also a small population of 

spindles in the control mice that exhibited “oblique” orientations (30-60°). This 

distribution of spindle angles is in agreement with previously published data on in 

vivo spindle orientation analysis during embryonic epidermal morphogenesis 

(Lechler and Fuchs, 2005; Poulson and Lechler, 2010 and others). Spindle 

angles from MTBD knockout epidermal basal cells, however, demonstrated a 

significantly distinct distribution pattern when compared with those of control 
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littermates (Figure 3.8, F). There was a dramatic decrease in the population of 

perpendicular spindles identified in knockout basal cells, coupled with a notable 

increase in both oblique and parallel spindles. While previously published work 

on spindle orientation in NuMA knockdown mice revealed a dramatic shift 

towards predominantly parallel spindles, it is important to note that the basal cells 

of those mice were entirely devoid of endogenous NuMA, thus preventing cortical 

dynein recruitment (Williams et al. 2011). The knockout mice in our studies, 

however, express a mutated version of NuMA that maintains its capacity to 

localize to the cortex and efficiently recruit dynein.  We therefore interpret the 

randomized spindle angle distribution observed in our knockout mice to suggest 

that the maintenance of cortical dynein in these cells provides partial but 

inefficient spindle-orienting abilities, ultimately preventing spindles from entirely 

collapsing into a parallel orientation yet incapable of robustly promoting 

perpendicular orientations in the absence of direct NuMA-MT interactions.  
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Figure 3.8: NuMA-MT interactions are required in vivo for spindle orientation 
during epidermal development 

(A) Illustration of the K14:Cre and NuMA MTBDflfl mouse lines that were crossed to 
promote recombination exclusively in the proliferative basal cell layer of the epidermis. 
The diagram at the bottom shows that the majority of NuMA’s MTBD is located within 
exon 22, which is flanked by loxP sites. (B) Diagram of mouse NuMA exons and the 

corresponding protein-binding domains. Listed on the right are the amino acid numbers 
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of the protein-binding domains in human NuMA (2115 amino acid isoform). (C) Gel 
electrophoresis of PCR products amplified from DNA isolated from the backskin of 

MTBDfl/fl, MTBDfl/wt and MTBDwt/wt mice to demonstrate that the MTBD floxed band is 
easily distinguishable from the WT band. (D) Immunofluorescence images of mitotic 
basal cells from Control and MTBD knockout epidermal tissue sections stained for 

endogenous NuMA. Bottom images are zoomed-in regions of the apical NuMA 
crescents in each cell. (E-F) Analysis of in vivo mitotic spindle alignment with the 

underlying basement membrane in both Control and MTBD-deletion cells (KO). Radial 
histograms illustrate the distribution of spindle angles from Control and KO skin sections. 
Histograms are grouped into 15° bins, with 0° representing a spindle aligned parallel with 

the basement membrane. n = 75 for both Control and KO; p = 0.000 using a 
Kolmogorov–Smirnov test. 

  

We next wanted to determine whether a mitotic spindle assembly defect 

might underlie the spindle orientation phenotype. While reports in some cultured 

cell lines have supported a role for NuMA in mitotic spindle assembly, 

knockdown or mutational analysis in both mouse epidermis and flies have not 

supported this view. To determine whether NuMA’s MTBD was required for 

mitotic spindle assembly or function in keratinocytes, we isolated primary cells 

from both Control and NuMAΔMTBD (knockout) newborn mice to determine 

whether the MTBD deletion resulted in any significant defects to cell division or 

mitotic spindle morphology. We were unable to detect any significant distinctions 

in the number of control and knockout mitotic cells in any one stage of mitosis, 

suggesting that the MTBD deletion did not cause mitotic arrest (Figure 3.9, A). In 

addition, we found no observable differences between control and knockout 

primary cell spindle morphologies, the robustness of their cortical NuMA 

recruitment or rate of successful DNA alignment at the metaphase plate (Figure 

3.9, B). We further confirmed these results by analyzing Adeno-Cre-treated 
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MTBDfl/fl cells, which similarly revealed no evidence of either spindle or mitotic 

defects (Figure 3.9, C). To determine whether the MTBD deletion affected 

chromosome segregation, we stained control and knockout primary cells with 

propidium iodide and analyzed their DNA content. This analysis did not yield any 

signs of aneuploidy or polyploidy in either control or knockout cells, thus further 

corroborating that the MTBD deletion does not interfere with mitotic accuracy 

(Figure 3.9, D-E).  

 



  

   102  

  

Figure 3.9: No evidence of mitotic defects in MTBD-deletion mice  

(A) Primary cells isolated from control and MTBD knockout neonatal mouse backskin 
were analyzed and percentage of cells in each stage of mitosis was quantified. (B) 

Percentage of mitotic cells from (A) with cortical NuMA, bipolar spindle poles and aligned 
DNA was quantified. (C) MTBDfl/fl mitotic cells treated with either Ad-GFP or Ad-Cre-

GFP virus were analyzed and percentage with cortical NuMA, bipolar spindle poles and 
aligned DNA was quantified. (D-E) Primary cells from control and knockout mice were 

stained with prodidium iodide and DNA content was analyzed to determine the 
percentage of cells in each of the different stages of the cell cycle. Prometa, 

Prometaphase; Meta, Metaphase; Ana, Anaphase; Telo, Telophase; Cyto, Cytokinesis. 
No significant p values were generated from these data (p≤0.05). 
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3.2.4 Epidermal-specific deletion of the NuMA MTBD in mice causes 
defective differentiation and barrier formation  

Previous studies have demonstrated a crucial role for spindle orientation 

in epidermal morphogenesis (Lechler and Fuchs 2005; Williams et al. 2011). 

After determining that NuMA-MT interactions were critical for basal cell spindle 

orientation during embryogenesis, we next wanted to investigate whether this 

had any detrimental effects on animal survival. We allowed control and knockout 

littermates to develop to full term and discovered that knockout mice died 

neonatally and were easily distinguishable from controls due to their translucent, 

taught, raw and soar-prone skin (Figure 3.10, A). To determine whether this 

fatality was likely attributable to defective barrier function in NuMA MTBD 

deletion epidermis, we performed X-gal dye penetration assays on e18.5 control 

and knockout embryos. We were able to identify multiple regions within the skin 

of knockout mice where the barrier was notably compromised, evidenced by blue 

staining, which was in direct contrast to control skin that consistently exhibited 

robust barrier integrity (Figure 3.10, B). These observations led us to investigate 

whether any differentiation defects were detectable in knockout vs. control 

epidermal tissue sections.  We first stained for the cell stress marker keratin 6, 

which was absent from control epidermis but dramatically upregulated in 

knockout tissue (Figure 3.10, C). This upregulation observed in knockouts was 

confirmed by western blotting for endogenous keratin 6 using whole cell protein 

lysates isolated from control and knockout epidermis (Figure 3.10, D). We next 
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sought to determine whether the MTBD deletion resulted in perturbed epidermal 

differentiation. We costained for the proliferative basal cell markers keratin 5 and 

14 and the differentiation marker keratin 10. Whereas control tissue displayed the 

expected pattern of staining with a single monolayer of keratin 5/14-labeled basal 

cells positioned beneath multiple keratin 10-labeled suprabasal layers, knockout 

epidermis showed an expansion of the keratin 5/14 proliferative population, with 

detectable regions where keratin 5/14-positive cells could be seen intercalating 

into the differentiated keratin 10 layers (Figure 3.10, E). This expansion of the 

proliferative compartment is consistent with the increased number of parallel 

spindles, and therefore symmetric divisions, that we observed in knockout basal 

cells. To further investigate whether terminal differentiation was defective in 

knockout tissue, we stained for the cornified envelope marker loricrin and 

performed a western blot for filaggrin, which is expressed within the skin’s 

granular layer. We revealed a significant decrease of both these terminal 

differentiation markers in knockout mice compared with controls, which is 

consistent with their defective barrier function noted previously (Figure 3.10, F-

G).  
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Figure 3.10: Defective differentiation and barrier function in MTBD deletion 
epidermis 

(A) Photographs of neonatal control and knockout mice. Bottom panels provide a 
zoomed-in view of the appendages, joints and belly skin of these mice. (B) Photographs 
of K14:Cre, MTBDfl/fl (knockout) and K14:Cre, MTBDfl/wt (control) e18.5 stage embryos 
that were subjected to an X-gal-based barrier assay to reveal epidermal barrier defects 

(blue staining). Bottom panels display a side and top-down view of these mice. (C) 
Immunofluorescence images of P0 control and MTBD knockout epidermal tissue 

sections stained for endogenous keratin 6. (D) Western blot of keratin 6 and β-actin 
(loading control) on whole cell protein lysates prepared from control and MTBD knockout 

mice. (E-F) Immunofluorescence images of P0 control and MTBD knockout epidermal 
tissue sections stained for endogenous keratins 5 and 14 (E) or loricrin (F). (G) Western 
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blot of filaggrin and β-actin (loading control) on whole cell protein lysates prepared from 
control and MTBD knockout mice. 

 
 

To confirm that these defects were independent of any underlying polarity 

problems in knockout tissue, we stained epidermal sections for GRASP and 

noted that the majority of golgi were appropriately positioned above the nucleus 

in both control and knockout basal cells (Figure 3.11, A). To further rule out any 

confounding factors that could potentially underlie the tissue defects observed, 

we stained both control and knockout tissue for activated caspase and 

determined that there was no evidence of significant cell death that could explain 

the observed phenotype (Figure 3.11, B, E). We did, however, note a significant 

upregulation both in the number of cycling cells in the basal and suprabasal 

layers by BrdU staining, as well as in the number of basal cells in mitosis by 

phospho-histone H3 (pHH3) staining (Figure 3.11, C-D, F-G). These findings, 

however, are compatible with the noted increase in symmetric divisions, the 

observed increase in keratin 14-positive staining as well as the detected 

differentiation defects. In addition, this increased proliferation is consistent with a 

secondary response to tissue dysfunction and the loss of barrier. Taken together, 

these data suggest that the spindle orientation defects caused by the 

perturbation of NuMA-MT interactions promote an expansion of the proliferative 

basal-like progenitor population due to compromised asymmetric cell divisions. 

This, in turn, leads to aberrant differentiation and ultimately results in a defective 

and dysfunctional epidermal barrier. 
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Figure 3.11: Increased proliferation in MTBD deletion epidermis  

(A-B) Immunofluorescence images of P0 control and MTBD knockout epidermal tissue 
sections stained for endogenous GRASP (A) or activated caspase 3 (B). (C-D) 

Immunofluorescence images of e18.5 control and MTBD knockout epidermal tissue 
sections stained for BrdU (C) or phospho-histone H3 (pHH3) (D). (E) Quantitation of 

caspase-positive basal and suprabasal cell number in P0 control and knockout 
epidermis. Basal: p=0.12; Suprabasal: p=0.12 (F) Quantitation of BrdU-positive basal 
and suprabasal cell number in e18.5 control and knockout epidermis. Basal: p=0.04; 

Suprabasal: p=0.03 (G) Quantitation of pHH3-positive basal and suprabasal cell number 
in e18.5 control and knockout epidermis. Basal: p=0.05; Suprabasal: p=0.07.  * denotes 

p values ≤0.05. 
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3.2.5 Conditional deletion of the NuMA MTBD in adult mouse epidermis 
causes hair growth defects  

After establishing that the NuMA MTBD deletion promotes spindle 

misorientation in embryonic mouse epidermis, we decided to apply this tool to 

investigate whether spindle orientation plays a role in adult hair generation. The 

hair follicle is an epidermal appendage that undergoes continuous cycles of 

growth, regression and rest throughout an animal’s lifetime.  The growth phase, 

called anagen, is responsible for producing the fully differentiated hair shaft. The 

three proliferative compartments of the anagen hair follicle, namely the bulge 

stem cells, the hair germ cells/ORS and the transit-amplifying matrix cells, are 

responsible for generating the various cell types that make up the mature hair 

fiber. While many studies have explored the signaling factors involved in hair 

follicle cycling, very little work has investigated whether the proliferative 

compartments of the hair follicle utilize spindle orientation to drive successful 

anagen hair production. To pursue this intriguing question, we crossed the 

MTBDfl/fl mice to a tamoxifen-inducible K5:CreER mouse line that provided us 

with the ability to promote recombination following the completion of epidermal 

morphogenesis (Figure 3.12, A). This was necessary to avoid the neonatal 

lethality caused by an embryonic MTBD deletion, as discussed previously. We 

injected both control (K5:CreER, MTBDfl/wt) and experimental (K5:CreER, 

MTBDfl/fl) mice with tamoxifen at both P18 and P20, which coincides with late 

catagen (resting phase) and noted gradual hair loss over a period of two months 
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(Figure 3.12, B). To both visualize these hair growth defects more clearly and 

acquire data more rapidly, we shaved the back hair of both control and 

experimental littermates immediately following tamoxifen injection and noted a 

complete absence of hair regrowth in all experimental mice (Figure 3.12, C). In 

contrast, control mice displayed initial signs of hair regrowth within three weeks 

and had completely grown out their hair by seven weeks. 
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Figure 3.12:Epidermal-specific MTBD deletion mice have hair growth defects 

(A) Diagram illustrating the generation of an inducible K5:CreER, NuMA MTBDfl/fl mouse 
line to allow for conditional ablation of the MTBD in adult mice upon tamoxifen injection. 
(B) Photographs of K5:CreER, NuMA MTBDfl/wt (control) and K5:CreER, NuMA MTBDfl/fl 

(experimental) mice that were injected with 1 mg tamoxifen at P18 and P20 and 
observed for signs of hair loss over a period of two months. (C) Photographs of 

K5:CreER control and experimental mice that were tamoxifen-treated as described in (B) 
before a region of their back hair was shaved and hair regrowth was tracked over time. 
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These exciting findings made us interested in identifying the proliferative 

population(s) within the anagen hair follicle that required spindle orientation for 

productive hair generation. The bulge and germ stem cell populations both reside 

within the outer root sheath layer of the hair follicle, which is an extension of the 

interfollicular basal cell layer, and therefore express keratin 14.  With this 

knowledge in hand, we crossed our K14:Cre, MTBDfl/fl mice with a K14: NuMA-

GFP mouse line to specifically re-express full-length NuMA-GFP in all keratin 14-

expressing epidermal cells (Figure 3.13, A) (Poulson and Lechler 2010). This 

approach, which left only the transit-amplifying matrix compartment with the 

MTBD deletion, allowed us to address whether successful hair generation relied 

on proper spindle orientation within this proliferative cell population.  We found 

that K14: NuMA-GFP expression was sufficient to rescue the neonatal lethality 

that was initially caused by the K14-driven MTBD deletion, as K14Cre: NuMA 

MTBDfl/fl; NuMA-GFP (“Rescue”) mice survived well beyond weaning (Figure 

3.13, B). Nevertheless, these mice displayed severe hair growth defects, thus 

indicating that full length NuMA-GFP re-expression in the bulge and germ cell 

hair follicle populations was not sufficient to restore hair production (Figure 3.13, 

C). Furthermore, this suggested that the observed hair defects in these mice 

were partially attributable to perturbed spindle orientation within the hair matrix 

compartment, which was the only epidermal cell population to maintain the 

MTBD deletion. Nevertheless, these findings do not rule out the possibility that 
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spindle orientation plays a critical role within the other proliferative compartments 

as well. 

 

  

Figure 3.13: K14:NuMA-GFP rescues neonatal lethality but not hair defects caused 
by the MTBD deletion  
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(A) Immunofluorescence images of NuMA-GFP expression in K14: NuMA-GFP 
transgenic epidermis. The upper panel represents a region of the interfollicular epidermis 

and the top-most region of a hair follicle, whereas the bottom panel represents a hair 
follicle bulb containing the matrix cell compartment. The cartoon on the right provides an 
illustration of an entire anagen hair follicle to precisely indicate the locations of the two 
distinct regions represented in the fluorescent images. This cartoon also illustrates the 

cell populations in K14:Cre, NuMA MTBDfl/fl; K14: NuMA-GFP “rescue” mice that contain 
either full-length NuMA-GFP (green) or maintain the NuMA MTBD deletion (blue). (B-C) 
Photographs of adolescent (B) and adult (C) K14:Cre, NuMA MTBDfl/wt; K14: NuMA-GFP 

(control) and K14:Cre, NuMA MTBDfl/fl; K14: NuMA-GFP (rescue) mice. 
 
 

To determine whether spindle orientation was disrupted in the matrix cells 

of rescue mice, we chose to analyze cryosections from P2 control and rescue 

embryonic epidermis since we were unable to detect any overt changes in follicle 

morphogenesis at this stage, which thus allowed us to analyze only primary 

defects (Figure 3.14, C; Figure 3.10). To score spindle orientation, we 

determined the angle between the anaphase chromosomes in mitotic matrix cells 

and the underlying basement membrane (Figure 3.14, C). Similar to our 

observations in interfollicular epidermal basal cells, control matrix spindles 

revealed a bimodal distribution of orientations, with the majority of spindle angles 

falling within a "60-90° range with respect to the basement membrane and a 

smaller but significant proportion of spindles falling within a 0-30° range (Figure 

3.14, A, C). Rescue matrix spindles, in contrast, exhibited a randomization of 

orientations, thus suggesting that the MTBD is also critical for robust spindle 

positioning within this transit-amplifying population of the anagen hair follicle 

(Figure 3.14, B, C).  
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Figure 3.14: Hair follicle matrix cells require NuMA-MT interactions for proper 
spindle orientation 

(A-B) Analysis of in vivo mitotic spindle alignment with the underlying basement 
membrane in both control and MTBD-deletion (rescue) hair matrix cells. Radial 

histograms illustrate the distribution of spindle angles from control and rescue hair follicle 
tissue sections. Histograms are grouped into 15° bins, with 0° representing a spindle 
aligned parallel with the basement membrane. n = 40 for both control and rescue; p = 

0.005 using a Kolmogorov–Smirnov test. ** denotes a p value ≤0.005. (C) 
Immunofluorescent images of a representative symmetric cell division (SCD), oblique 
cell division and asymmetric cell division (ACD) within the hair follicle matrix. Phospo-

histone H3 staining was used to identify dividing cells. Lower panels provide a zoomed-
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in view of each cell division, where chromosomes are encircled by blue dotted lines and 
the underlying basement membrane is represented with a red dotted line. 

  

Considering that matrix cells give rise to all of the differentiated cell types 

that constitute the six distinct layers of the hair shaft, we were interested in 

determining whether the differentiation and positioning of matrix-derived progeny 

were adversely impacted by the observed perturbation in spindle orientation. To 

address this, we stained P4 control and rescue epidermal tissue sections for the 

differentiation marker AE13, which is expressed by cells that make up the cuticle 

and cortex of the mature hair fiber. We noted a significant decrease and 

disruption in AE13 staining within rescue hair follicles when compared with the 

robust and continuous staining observed in those of the control (Figure 3.15, A-

B). This was in direct contrast to markers for non matrix-derived cell layers, such 

as the outer root sheath (stained for keratin 5/14) and the companion layer 

(stained for keratin 6), which were comparable between control and rescue tissue 

(Figure 3.15, C-F). In addition, there were no observable defects in matrix cell 

specification, as P-cadherin labeling appeared normal within the follicle bulbs of 

both control and rescue mice (Figure 3.15, G-H). Taken together, these data are 

the first to reveal the importance of spindle orientation in an individual 

proliferative population of the hair follicle for driving successful differentiation and 

hair production. 
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Figure 3.15: Defective differentiation in rescue hair follicles 

(A-H) Immunofluorescent images of control and rescue hair follicles stained for the hair 
cortex differentiation marker AE13 (A-B), the proliferative marker of the outer root sheath 

keratin 5/14 (C-D), the hair follicle companion layer marker keratin 6 (E-F) or the hair 
matrix cell marker P-cadherin (G-H). 
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3.2.6 Conditional deletion of the NuMA MTBD in adult mouse interfollicular 
epidermis promotes hyperproliferation  

After divulging critical insight into the contribution of spindle orientation to 

hair morphogenesis, we utilized the same genetic tools employed in our initial 

hair studies to determine whether spindle orientation had an impact on 

homeostasis of the adult interfollicular epidermis. We used the same scheme as 

previously described to induce loss of the MTBD using tamoxifen injections at 

P18 and P20, and then left both control and experimental mice to age over a six 

month period before sacrificing. Although there was no macroscopically visible 

evidence of skin abnormalities on either control or experimental littermates, we 

performed immunohistochemical analysis of tissue sections from these mice and 

identified numerous hyperproliferative regions in 33% (2/6) of our knockout 

epidermal samples with all cell layers staining positively for keratin 5/14 (Figure 

3.16, A-C). Furthermore, we noted a dramatic increase in BrdU incorporation in 

this knockout skin, but no differences in activated caspase 3 expression between 

control and knockout samples (Figure 3.16, D-G). These findings are consistent 

with our observations in embryonic MTBD knockout epidermis where we noted a 

significant rise in symmetric divisions, an expansion of the K5/14-positive cell 

population and an increase in both BrdU and pHH3 staining. Thus, a dramatic 

shift in the balance between symmetric and asymmetric divisions in adult 

epidermis has significant consequences on tissue homeostasis. These data are 
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the first to demonstrate a role for spindle orientation in adult epidermal 

maintenance. 
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Figure 3.16: NuMA’s MTBD is required for adult interfollicular epidermal 
homeostasis   
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(A) Photograph of aged K5:CreER, MTBDfl/wt (control) and K5:CreER, MTBDfl/fl 

(experimental) mice that were analyzed for gross epidermal abnormalities. (B-G) 
Immunofluorescence images of control and experimental epidermal tissue sections 
isolated from the mice in (A) and stained for either keratin 5/14 (B-C), BrdU (D-E) or 

activated caspase 3 (F-G). Right panels provide zoomed-in views of specific epidermal 
regions, which are indicated in the left panels by dotted lines. 

  

3.3 Discussion 

Asymmetric cell divisions are essential for providing cell diversity within a 

tissue. Robust control of mitotic spindle positioning during asymmetric cell 

divisions is critical for generating intrinsic asymmetry to promote divergent 

daughter cell fate. Conserved cortical protein machinery, including Inscuteable, 

LGN, NuMA and dynein/dynactin, is thought to dictate spindle positioning across 

several model systems.  While many studies have demonstrated a requirement 

for these proteins during spindle orientation, few have provided solid mechanistic 

evidence to explain how these factors relay positional information onto the 

spindle. Nevertheless, a widely proposed model of spindle orientation centers 

around the role of the molecular motor dynein, which utilizes its minus end-

directed movement along spindle astral MTs to generate directional pulling forces 

(Ngoc-Nguyen et al. 2007). Previous work supports this model by demonstrating 

that dynein can generate substantial forces on individual MTs and is essential for 

proper spindle orientation (Laan et al. 2012; Williams et al. 2011 and others). 

Nevertheless, cortical NuMA, which is responsible for dynein/dynactin 

recruitment, also possesses direct MT-binding capabilities (Seldin et al. 2013; 

Haren and Merdes 2002). We were therefore interested in determining whether 
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NuMA-MT interactions contribute to spindle orientation, a question that has never 

before been addressed. 

In this work, we demonstrate that direct NuMA-MT interactions are 

required for robust spindle positioning both in cultured keratinocytes and 

mammalian epidermis. By employing a previously generated NuMA exon 22 

floxed line to specifically ablate NuMA’s MTBD in proliferative basal cells, we 

reveal that this domain is essential for driving in vivo asymmetric cell divisions 

and for promoting the establishment of proper epidermal architecture and 

function (Silk et al. 2009). Furthermore, by demonstrating that this effect is 

dynein-independent, our data directly challenge the prominent mechanistic model 

of spindle orientation that predicates dynein as the active MT-based force-

generator and NuMA as its passive cortical tether. Nevertheless, future work 

focused on specifically perturbing cortical dynein-MT interactions would help 

establish the precise contributions of dynein-MT and NuMA-MT interactions to 

force generation during spindle positioning. 

Several previous studies have suggested that NuMA is critical for mitotic 

spindle pole maintenance and function (Merdes et al. 2000; Silk et al. 2009 and 

others). Conversely, our results suggest that NuMA’s function in mammalian 

epidermis is restricted exclusively to its role in spindle positioning, since neither 

mitotic nor spindle abnormalities were observed in the absence of NuMA-MT 

interactions. This is consistent with previous work where in vivo knockdown of 

endogenous NuMA in mouse epidermis yielded no evidence of mitotic problems 



  

   122  

(Williams et al. 2011). Nevertheless, NuMA’s role may vary among distinct 

tissues and systems. Further investigation is therefore required to establish 

whether NuMA’s function is truly cell-type specific. 

In addition to the established role of spindle orientation during epidermal 

morphogenesis, we were interesting in determining whether spindle orientation 

was involved in adult hair generation. Hair follicles are epidermal appendages 

that undergo continuous cycles of growth (anagen), regression (catagen) and 

rest (telogen) throughout an animal’s lifespan. Three distinct proliferative 

populations within the hair follicle, which include the bulge stem cells, hair germ 

cells and matrix cells, are involved in establishing anagen hair follicle structure 

and generating the various differentiated cell types that incorporate into the 

mature hair shaft. Our studies employed an inducible genetic system to reveal an 

essential role for spindle orientation in driving successful hair morphogenesis. 

Furthermore, using a rescue approach to genetically reintroduce full-length 

NuMA-GFP expression specifically in the keratin 14-positive epidermal 

population, we were successful in promoting spindle misorientation exclusively in 

the transit-amplifying matrix compartment of the anagen hair follicle. These 

studies revealed an essential role for spindle orientation in driving appropriate 

differentiation programs and establishing proper tissue organization during the 

final stages of hair generation. It is important to note that these studies do not 

rule out a role for spindle orientation in the bulge stem cell or hair germ cell 

proliferative compartments during anagen hair follicle elongation. Although 
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previous observation-based studies have suggested that spindle orientation does 

play a role in these populations during anagen, further work to individually target 

and perturb spindle orientation in these populations would help elucidate their 

precise contributions to hair morphogenesis (Rompolas et al. 2012 and 2013; 

Niessen et al. 2013).  

We also applied our inducible genetic tools to determine whether spindle 

orientation was important for homeostasis of the interfollicular epidermis. Several 

studies have suggested that an abnormal increase in symmetric divisions in 

exchange for asymmetric divisions can promote tumorigenesis (Beck et al. 2011; 

Zimdahl et al. 2014 and others). Our data are consistent with these claims, 

revealing regions of extensive hyperproliferation in adult MTBD-deletion 

epidermis. To follow up on these observations and accelerate data analysis, we 

are currently combining our epidermal-specific MTBD-deletion mouse model with 

established cancer mouse models that will allow us to compare how misoriented 

spindles impact carcinogenesis (Lapouge et al. 2011; Caulin et al. 2007). 

To gain a deeper understanding of how NuMA specifically interacts with 

MTs during spindle positioning and why this interaction is important for 

establishing proper spindle orientation, we analyzed NuMA localization patterns 

along dynamic MTs in cultured keratinocytes. These analyses revealed that 

NuMA exhibits a strong affinity for dynamic MT ends. While previous work 

suggested that NuMA preferably concentrates at MT minus ends, we reveal here 

that NuMA demonstrates robust accumulation at MT plus ends as well (Forth et 
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al. 2014). By utilizing live-imaging to visualize both NuMA and MT dynamics 

simultaneously, we observed both polymerization-and depolymerization-tracking 

activity of NuMA on MT ends. These surprising and exciting findings are 

consistent with a model whereby cortically-tethered NuMA traps astral MT plus 

tips and maintains these attachments as MTs depolymerize, thus promoting 

directional force generation to facilitate proper spindle positioning.  

To rationalize how NuMA could maintain its plus end attachments to 

actively shrinking astral MTs, we looked to other examples in nature where 

dynamic MT-protein interactions are successfully maintained.  A particularly 

intriguing example of this phenomenon occurs during mitosis where a large 

protein complex known as the kinetochore facilitates chromosome segregation 

by forming robust attachments to both dynamic spindle microtubules (or K fibers) 

and chromosomal centromeres.  Within the large kinetochore complex, the four-

subunit Ndc80 complex is key in maintaining these kinetochore-MT attachments 

(DeLuca and Musacchio 2012). Furthermore, other additional kinetochore factors 

are thought to collaborate with the Ndc80 complex to mediate these interactions, 

such as the 10-subunit Dam1 ring complex found in S. cerevisiae. The Ndc80-

bound Dam1 ring complex is thought to slide down MTs polymers as the 

individual MT protofilaments peel outward during depolymerization (Miranda et 

al. 2005; Westermann et al. 2005; Grishchuk et al. 2008). Although the Dam1 

complex is found exclusively in fungi, recent work suggests that the Ska1 

complex may act as a metazoan counterpart to Dam1, having demonstrated both 
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MT depolymerizing-tracking and curved protofilament-binding capabilities 

(Welburn et al. 2009; Schmidt et al. 2012). Since NuMA has exhibited the ability 

to self-oligomerize in vitro, it is possible that cortical NuMA mimics the activity of 

these kinetochore complexes during spindle positioning by binding to curved 

astral MT protofilaments and/or sliding down depolymerizing astral MT fibers 

(Harborth et al. 1999). Nevertheless, further investigation is required to 

interrogate the precise mechanism underlying these interactions as well as to 

clarify the contribution of NuMA’s plus tip-binding activity to NuMA-MT-dependent 

spindle positioning. 

Taken together, these studies have inspired an updated model of cortical 

force generation during spindle orientation whereby cortical NuMA and dynein 

collaborate to position the spindle, namely by coupling their cortical tethering with 

their MT depolymerization-tracking and minus end-directed walking abilities, 

respectively. In addition, our exciting findings are the first to reveal the reiterative 

application of spindle orientation for promoting appropriate developmental 

programs and tissue integrity in two functionally distinct epidermal compartments.   

 

3.4 Materials and Methods 

Mouse lines 

NuMA Exon22fl/Δ and NuMA Exon22fl/wt mice were generated by Don 

Cleveland’s lab (UCSD, San Diego, CA) and crossed to make a MTBD Exon22fl/fl 

line. These mice were then mated with either K14:Cre or K5:CreER mouse lines 
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for embryonic and adult analysis, respectively.  The genotype of resulting 

“knockouts” was K14:Cre, Exon22fl/fl or K5:CreER, Exon22fl/fl, which were injected 

with 1 mg Tamoxifen (Sigma Aldrich, St. Louis, MO, USA) at both P18 and P20. 

“Control” genotypes included either K14:Cre/K5:CreER, Exon22fl/wt or Exon22wt/wt, 

since there were no significant distinctions observed between the tissue of these 

two genotypes. “Rescue” mice were generated by crossing a K14:NuMA-GFP 

mouse line that was previously generated in our laboratory with a K14:Cre, 

Exon22fl/fl line (Poulson and Lechler, 2010). The genotype of “rescue” mice was 

K14:Cre, Exon22fl/fl, K14:NuMA-GFP, while “rescue controls” were K14:Cre, 

Exon22fl/wt, K14:NuMA-GFP. Throughout the manuscript and corresponding 

figures, we refer to all knockout mice as “NuMAΔMTBD”. For BrdU experiments, 

mice were injected with 10 mg/kg of BrdU (Sigma-Aldrich) and were left for 1 

hour before sacrifice. 

 

NuMAΔMTBD cell clonal analysis 

Adeno-GFP and Adeno-Cre-GFP viruses were used separately to infect a 

stable cell line of Exon22fl/fl mouse keratinocytes at a 1:8000 dilution for 5 h. 

Lower dilutions resulted in severe spindle abnormalities and ultimate apoptosis of 

both control Adeno-GFP and experimental Adeno-Cre-GFP-infected 

keratinocytes. Cells were then supplemented with fresh media and incubated for 

48 hrs at 37°C with 5% CO2. Single cells from each infection plate were then 

seeded into 96-well plates, grown to confluency and subsequently trypsinized, 
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replated and genotyped to identify knockout clones. Both Ad-GFP and Ad-Cre-

GFP clones were analyzed for mitotic spindle integrity, NuMA localization and 

spindle orientation. 

 

Western blotting 

Epidermal cells were isolated from mouse backskin as described 

previously, resuspended in 3X sample buffer and boiled for 10 min. Samples 

were then run on a 10% polyacrylamide protein gel at 100V for 1 h and 

transferred to nitrocellulose at 400 Amps for 2 h. Nitrocellulose (VWR, Radnor, 

PA, USA) was treated with either Pierce ECL Western Blotting Substrate 

(Thermo Scientific, Waltham, MA, USA) or SuperSignal West Femto 

Chemiluminescent Substrate (Thermo Scientific, Waltham, MA, USA) and 

exposed to Sharp Autoradiography Film (Genesee, San Diego, CA, USA) for a 

time frame ranging between 1 sec and 10 min. 

 

Cell culture 

Passaged wild-type mouse keratinocytes were maintained in a 37°C 

incubator with 7.5% CO2. Primary cells were isolated from mouse backskin by 

incubating the backskin overnight in a mixture of 1X phosphate-buffered saline 

(PBS) and Dispase II (Hoffman-La Roche, Basel, Switzerland) at a 1:1 ratio. The 

epidermis was then removed from the dermis and placed in a mixture of trypsin 

and Dispase at a 1:1 ratio for 3 min. Cells were then resuspended in fresh media, 
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poured over a 0.2 µm filter, centrifuged for 3 min at 2000 rpm and plated onto 

glass coverslips coated with 100 µM laminin (Invitrogen, Waltham, MA, USA). 

Cells were then analyzed for mitotic spindle integrity and NuMA localization. A 

subset of primary cells were not plated, but instead saved for DNA content 

analysis (see subsection below). A stable line of Exon22fl/fl cells were made by 

passaging primary cells isolated from Exon22fl/fl mice in the presence of mouse 

fibroblasts in mixed Ca2+ media. A stable keratinocyte line used for spindle 

orientation and NuMA truncation localization studies was grown at 37°C with 

7.5% CO2 in media containing 0.05 mM Ca2+. For drug treatments, 10 µM 

nocodazole (Sigma-Aldrich, St. Louis, MO, USA) and the corresponding 

concentration of DMSO was incubated with cells for 30-60 min before fixation. 

For spindle orientation experiments on cultured keratinocytes, cells were plated 

on glass coverslips coated with 100 µM laminin (Invitrogen, Waltham, MA, USA). 

He La cells were grown at 37°C with 7.5% CO2 in DMEM media containing 10% 

Fetal Bovine Serum Penicillin, and Streptomycin. 

 

DNA content analysis 

Primary control and MTBD knockout cells were isolated as described in 

the previous section. After filtering and centrifugation, cells were resuspended 

with vigorous pipetting using a Pasteur pipette in a mixture of 1XPBS and 70% 

ethanol (1:5 ratio) and placed on ice for 2 hrs to allow for thorough fixation. Cells 

were then centrifuged for 5 min at 1000 rpm and the ethanol solution was 
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subsequently removed. The cell pellet was suspended in 1XPBS, incubated at 

room temperature for 60 sec and then centrifuged again for 5 min at 1000 rpm. 

The cell pellet was then suspended in a 1 mL solution containing 0.1% Triton X-

100 (EMD Millipore, Darmstadt, Germany) in PBS, 2 mg DNase-free RNase A 

(Qiagen, Venlo, Limburg, Netherlands) and 200 µl of 1 mg/ml Propidium Iodide 

(Sigma-Aldrich, St. Louis, MO, USA) and incubated at room temperature for 30 

min. Cell cycle analysis was then performed on these samples using a 

FACSCalibur analyzer (BD Biosciences, Franklin Lakes, NJ, USA). 

 

Immunofluorescence staining and analysis 

Cells were fixed for 3 min in −20°C methanol or 8 min in 20°C 4% 

paraformaldehype. Primary antibodies used in this study include rabbit α-NuMA 

(Abcam), mouse α-p150glued (BD Biosciences), mouse α-DIC (Millipore), mouse 

α-pankeratin (AE13), mouse α-Gata 3, rat α-β4 integrin, rat α- α tubulin, rabbit α-

keratin 6, chicken α-keratin5/14, rabbit α-phospho histone H3, rabbit α-activated 

caspase 3. Secondary antibodies include Alexa Fluor 488 (Invitrogen) and 

Rhodamine Red-X (Jackson ImmunoResearch Laboratories). A phosphate-

buffered saline solution containing 90% glycerol and 2.5 mg/ml p-

phenylenediamine (Sigma-Aldrich) was used to mount samples. Images were 

collected using a Zeiss motorized Axio Imager Z1 fluorescence microscope with 

Apotome attachment, an AxioCam MRm camera, a 10x, 20x, 40x and 63×/1.4 

numerical aperture (NA) Plan Apochromat objective, Zeiss Immersol 518F oil, 
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and AxioVision Digital Image Processing Software. Photoshop (Adobe) and 

ImageJ software were used for postacquisition processing. 

 

Time-lapse imaging 

Stably passaged mouse keratinocytes were plated on MatTek glass-

bottom dishes (no. 1.5) coated with 100 µM laminin (Invitrogen) and transfected 

with NuMA 4.1-MT BD-GFP for 24 h. Movies were then acquired using a Leica 

DMI6000 inverted microscope, a 63×/1.4 NA Plan Apochromat objective, Leica 

immersion oil, and an OrcaER camera (Hamamatsu Photonics). The imaging 

chamber was maintained at 37°C with 5% CO2. Simple PCI software was used 

for image acquisition (eCommerce Solutions), and Photoshop and ImageJ 

software were used for post-acquisition processing. 

 

X-gal barrier assay 

Embryos were isolated from pregnant dams at day e18.5 and incubated at 

30°C overnight in X-gal solution (1.3mM MgCl2, 100mM NaPO4, 3mM 

K3Fe(CN)6, 0.01% Na deoxycholate, 0.2% NP-40, 1 mg/mL X-gal (Invitrogen), 

pH 4.5). 

 

Spindle orientation analysis 

Spindle orientation in cultured cells was measured by determining the 

angle between the two spindle poles and the center of the cortical NuMA 
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crescent (as illustrated in Figure 2c). Spindle orientation in both interfollicular 

basal cells and hair follicle matrix cells was measured by determining the angle 

between a line bisecting both anaphase chromosomes (identified using pHH3 

staining) and the underlying basement membrane (β4 integrin staining). 

 

DNA constructs 

All constructs used in this study were cloned into the pEGFP-C1 vector 

(Clontech). 

 

Tissue Cryosectioning 

Mouse backskin tissue samples were embedded in OCT and cut into 12 

micron sections for subsequent immunohistochemical analysis. 

 

Hair shaving studies 

Adult K5:CreER, MTBD floxed mice were injected with 1 mg tamoxifen at 

P18 and P20. Following injection at P20, mice were anesthetized with inhaled 

isoflurane gas at a concentration of 3-5% (delivered with an anesthesia machine) 

for approximately 2-3 minutes until an adequate depth of anesthesia was 

apparent (Butler Schein Animal Health, Dublin, OH, USA). Sterile ophthalmic 

lubricant was then applied to the eyes of the mice before transferring them to a 

nose cone where isoflurane delivery was maintained at a concentration of 1-3% 

(Rugby Laboratories, Duluth, GA, USA).  A middle section of back hair on each 
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mouse was then shaved using soft unidirectional strokes with a Wahl Beard and 

Stubble Rechargeable trimmer containing a high carbon steel blade (Wahl Home 

Products, Sterling, IL, USA). Animals were then placed on a warming pad and 

monitored until full motor activity was recovered. 

 

Statistical analysis 

Student’s t tests were used for all statistical analyses, with the exception 

of the polar histograms of spindle orientation that were analyzed with the 

Kolmogorov–Smirnov test. 
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4. Discussion and concluding remarks 
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4.1 NuMA cortical stability and force generation 

   Spindle orientation is a process that is crucial for driving successful ACDs 

in many distinct organisms and cell types, including the C. elegans one-cell 

zygote, the Drosophila neuroblast and the basal cells of the mammalian 

epidermis. While the conserved complex of cortical proteins that is required for 

spindle positioning has been well defined in these systems, the mechanism by 

which these polarized components transmit positional information onto the mitotic 

spindle has remained relatively unclear. NuMA is the only protein within this 

cortical complex that harbors the ability to both tether to the cortex via LGN-

binding as well as bind directly and indirectly with MTs via it’s MT- and dynein-

binding domains, respectively. These characteristics render NuMA as the 

strongest candidate for integrating polarity cues with force transduction to 

precisely orchestrate spindle positioning. I therefore focused on achieving a more 

thorough understanding of NuMA’s role during ACDs by investigating the 

contribution of its cortical recruitment, cortical stability, protein-protein 

interactions and MT-binding capacity to spindle orientation robustness.  

 I was successful in revealing a wealth of insight into NuMA’s cortical 

recruitment and stability in cultured keratinocytes by investigating the role of its 

interactions with LGN and the actin-associated 4.1 protein family.  Prior to my 

work, many studies had suggested that NuMA cortical recruitment and function 

relied primarily on its interactions with LGN. My studies, however, clearly 

demonstrate that LGN binding is not sufficient to recruit cortical NuMA and that 
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4.1 interactions are critical for NuMA cortical stability and spindle orientation. My 

work is the first to draw a parallel between cortical NuMA stability and productive 

force generation during spindle positioning, whereby the F-actin cytoskeleton and 

its associated proteins such as 4.1 are critical for facilitating the robust tethering 

of NuMA to the cortex. It would be exciting to further these studies by 

investigating whether my findings apply to the spindle orientation mechanism at 

play in vivo. This would require the generation of genetic tools to perturb NuMA-

4.1 interactions in mammalian epidermis, which would ultimately divulge whether 

spindle orientation integrity during ACDs is truly reliant upon these interactions.  

 

4.2 NuMA metaphase vs. anaphase cortical recruitment 

After establishing that LGN and 4.1 proteins collaborate to promote 

efficient NuMA cortical recruitment, stabilization and force production during 

metaphase spindle positioning, I was interested in further elucidating whether 

these same proteins orchestrated NuMA’s behavior in anaphase. I made the 

exciting and surprising discovery that NuMA’s anaphase behavior is entirely 

LGN- and 4.1-independent. These findings therein suggest that an entirely 

distinct mechanism is responsible for modulating NuMA cortical tethering during 

anaphase.   

Despite the thorough in-depth analysis that we performed to irrefutably 

demonstrate that distinct mechanisms of NuMA cortical recruitment are at play in 

metaphase and anaphase, a study was published around the same time as ours 
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that made contradictory conclusions. This work, unlike ours, employed an shRNA 

knockdown approach to eliminate the expression of multiple 4.1 isoforms, 

ultimately demonstrating that cortical NuMA localization in both metaphase and 

anaphase is perturbed under these conditions (Kiyomitsu and Cheeseman 2013). 

Follow-up work, however, successfully brought closure to these discrepancies by 

revealing that the 4.1 shRNA knockdown performed by the Cheeseman group 

dramatically perturbed the integrity of the F-actin cytoskeleton (Kotak et al. 

2014). Our findings, in addition to a related in vivo study in mouse epidermis, 

corroborated these conclusions by demonstrating the requirement of F-actin 

network integrity for successful cortical NuMA localization (Luxenburg et al. 

2012). Taken together, these studies bring to light the limitations and 

complications involved in applying protein knockdown studies to address 

mechanistic cell biological questions. We were successful in reliably interrogating 

the role of NuMA-protein interactions on NuMA’s behavior by introducing 

mutations within specific binding domains of the protein itself to eliminate the 

possibility of confounding off-target effects. 

 Recent studies have yielded critical insight into the anaphase mechanism 

of cortical NuMA recruitment. These works revealed that NuMA directly interacts 

with phosphoinositides in the plasma membrane via a binding region within its C-

terminal tail that is masked during metaphase (Zheng et al. 2013; Kotak et al. 

2014). These interactions, coupled with anaphase-associated Cdk1 inactivation, 

are believed to promote robust anaphase cortical enrichment and tethering of 
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both NuMA and dynein in an LGN- and 4.1-independent manner. Notably, the 

conclusions drawn from these studies were strikingly consistent with our findings. 

Nevertheless, the underlying necessity for employing distinct mechanisms in 

metaphase and anaphase remains elusive. A few studies have suggested two 

potential roles for cortical NuMA and dynein in anaphase, which include their 

involvement in efficiently pulling spindle poles apart in addition to their influence 

on centrally positioning the spindle to ensure the generation of equally-sized 

daughter cells (Kotak et al. 2013; Zheng et al. 2014; Kiyomitsu et al. 2013). A 

particularly intriguing aspect of anaphase NuMA cortical recruitment is that NuMA 

becomes more integrally tethered to the cortex by its interactions with lipid 

constituents of the plasma membrane as opposed to the peripherally-associated 

proteins that NuMA interacts with during metaphase that are capable of 

disengaging from the cortex at any time. This suggests that whereas metaphase 

relies on the malleability of protein movement to facilitate the fine-tuning of 

spindle positioning, the robust nature of cortical NuMA tethering and stability in 

anaphase is critical for promoting efficient and successful chromosome 

segregation and cell division.  

 

4.3 Direct NuMA-MT interactions in spindle orientation 

   Since cortically-tethered NuMA is capable of interacting with MTs both 

directly and indirectly, I became interested in determining whether these 

interactions contributed to spindle orientation during basal cell ACDs in the 
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mammalian epidermis. By utilizing powerful genetic tools to address these 

lingering questions in vivo, I revealed a critical role for NuMA’s direct MT-binding 

abilities in the spindle positioning process. These results helped disentangle 

contradictory findings from previously published studies on NuMA’s mitotic role. 

An example of one such study was performed in cultured mouse embryonic 

fibroblasts and concluded that NuMA-MT interactions are critical for both spindle 

and mitotic integrity (Silk et al. 2009). In an opposing study, which applied an in 

vivo shRNA knockdown approach to ablate NuMA in embryonic mouse 

epidermis, no signs of NuMA knockdown-induced defects in either spindle 

formation or cell division were observed (Williams et al. 2011). These data are 

consistent with NuMA knockdown studies in both Drosophila and C. elegans that 

reveal an effect of NuMA loss on spindle positioning, but not on mitosis (Nguyen-

Ngoc et al. 2007; Bowman et al. 2006). My findings further support these claims, 

ultimately yielding no evidence to support that the loss of NuMA-MT binding 

perturbs spindle organization or mitotic progression. It is possible that the 

discrepancies among these studies are due to cell type-specific roles and 

requirements for NuMA, however further investigation to directly interrogate 

these inconsistencies would prove fruitful. 

 In addition, my results directly challenge the popularly accepted model of 

force generation in spindle orientation. In this proposed theory, NuMA is 

portrayed as a passive cortical tether primarily responsible for recruiting cortical 

dynein, whose motor activity serves as the primary source of force transduction 
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(Nguyen-Ngoc et al. 2007). My work clearly demonstrates that cortical dynein is 

not sufficient to robustly position the spindle in the absence of direct cortical 

NuMA-MT interactions. Furthermore, my surprising findings suggest that NuMA 

may interact with MTs in a manner similar to that of the kinetochore protein 

complex, potentially by binding downstream of curved protofilaments to maintain 

attachment to depolymerizing MTs. Future studies that further interrogate the 

mechanism by which NuMA influences MT behavior would lend crucial insight 

into whether cortically-tethered NuMA can harness MT depolymerization energy 

to promote directional pulling forces onto the spindle to facilitate its precise 

positioning. 

 While these intriguing findings have yielded critical additional information 

about the mechanism underlying spindle orientation in vivo, we have yet to 

determine how MT dynamics and behavior are influenced by NuMA-MT 

interactions. In order to visualize and track microtubule behavior in the future, we 

have capitalized on the MT plus-tip binding activity of End Binding Protein 1 

(Eb1) by generating Eb1-GFP transgenic mice that express this transgene under 

an epidermal-specific promoter (Figure 4.1). This tool will enable us to quantify 

and compare microtubule dynamics both in vivo and in vitro using live cell 

imaging and automated Eb1 tip tracking analysis software. In addition, future 

work investigating the extent of dynein’s contribution to force generation and 

dissecting out how NuMA-MT and dynein-MT interactions collaborate to fine-tune 

spindle positioning would be of great value to this field of investigation. Although 
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one former study revealed that knockdown of dynein in mammalian epidermis 

perturbed spindle orientation, this dynein depletion may have caused 

confounding pleiotropic effects due to dynein’s important role in many cellular 

processes (Williams et al. 2011). A more targeted approach to perturbing the 

NuMA-dynein interaction is therefore critical, and knowledge of the recently 

characterized 705 amino acid dynein-binding region within NuMA’s N-terminus 

provides a great starting point for further honing in on the minimal region required 

for this binding (Kotak et al. 2012).  

 

  

Figure 4.1: Generation of an epidermal-specific Eb1-GFP transgenic mouse line  

(A) Diagram representing the construct used to generate K14: Eb1-GFP transgenic 
mice. (B) Fluorescence image acquired from a dissecting scope of a K14: Eb1-GFP 

neonatal mouse. (C) Image of a cultured primary Eb1-GFP cell isolated from the 
epidermis of a transgenic mouse. (C) A Red-Green-Blue (RGB) composite image 

generated from a time-lapse movie of the cell in (B) illustrating Eb1-GFP comet motion 
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(blue = first few frames, green = middle few frames, red = last few frames). Eb1, end 
binding protein 1. 

  

4.4 Spindle orientation and epidermal homeostasis 

   After establishing that the NuMA MTBD-deletion mouse line provides a 

useful genetic tool for perturbing spindle orientation in embryonic epidermis, I 

decided to utilize this powerful resource to interrogate the role of spindle 

positioning in adult skin homeostasis. By conditionally ablating NuMA-MT 

interactions in adult mouse epidermis, my work is the first to reveal a direct role 

for spindle orientation in hair generation. I specifically show that the transit-

amplifying matrix cell compartment requires robust spindle positioning to ensure 

the proper placement and differentiation of its daughter cell lineages. Previous 

studies have only provided muddled data that merely correlate oriented cell 

divisions within every proliferative compartment with proper hair morphogenesis. 

We, on the other hand, developed a method to perturb spindle orientation in a 

single proliferative cell population so that we could begin to tease apart precisely 

where spindle orientation mechanisms are indispensible for ensuring successful 

hair generation. These studies have revealed interesting commonalities between 

two functionally distinct compartments of the epidermis. Notably, both the 

interfollicular and follicular proliferative cell populations utilize spindle orientation 

to displace one daughter cell away from the basement membrane and 

proliferative niche to promote that daughter’s differentiation and ultimate 

contribution to tissue function. Future work should focus on further dissecting out 
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whether spindle orientation is required within the remaining proliferative cell 

compartments of the mature anagen hair follicle, namely the bulge stem cells and 

the germ cells.  

In addition to demonstrating a role for spindle orientation in hair follicle 

morphogenesis, my preliminary findings provide direct evidence of a role for 

spindle positioning during tumor initiation in adult epidermis. Consistent with the 

significant increase in SCDs observed in embryonic mice harboring the NuMA 

MTBD deletion, conditional mutation of the MTBD in older adult epidermis 

consistently revealed multiple regions of hyperproliferation. Considering the 

extensive length of time required for these hyperproliferative regions to develop, 

we were unable to detect any gross signs of tumor-like skin growths by eye and 

have therefore generated new genetic tools that should accelerate tumor 

development. To accomplish this, we have combined the MTBD deletion with 

either a KRAS G12D mutation that promotes hyperactivation of the KRAS 

oncogene, or a deletion of the p53 tumor suppressor, since both of these 

mutations are known to promote the formation of skin papillomas (Lapouge et al. 

2011; Caulin et al. 2007). I am excited by the potential of these ongoing studies 

to elucidate the contribution of spindle orientation to skin cancer progression and 

metastasis. 
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4.5 Concluding remarks 

In this study, we use the mammalian epidermis as a model to investigate 

the intrinsic factors that drive stem cells to divide asymmetrically. Throughout this 

work, I have successfully expanded upon our knowledge of how the proliferative 

cell populations within both the mammalian interfollicular and follicular epidermal 

compartments give rise to a complex organ system by regulating their division 

orientation. I am excited by the potential of my work to provide key insight into 

the regulation of stem cell behavior, which could greatly benefit stem cell-based 

treatment of degenerative diseases as well as enhance our understanding of 

cancer stem cell involvement in many aggressive cancers.  
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