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Abstract 

Microcephaly patients are born with a brain size >3 standard deviations below 

normal and have mild to severe cognitive deficits.  17 microcephaly-linked genes 

identified in human genetics studies encode microtubule/centrosome-associated 

proteins and mutations in these genes are strongly tied to disrupted mitotic processes in 

neural stem cells during cortical development. Yet, how perturbed neural stem cell 

mitosis kinetics affects cell fate following neural stem cell division is not well 

understood.  Our lab recently discovered prolonging mitosis of mouse neural 

progenitors, either ex vivo or in vitro, alters fate decisions forcing early increased 

neurogenic divisions at the expense of maintaining the stem cell pool.  Yet, the 

consequences of prolonged mitosis in vivo, and directly in human stem cells, remain 

unexplored.  Additionally, how prolonged mitosis mechanistically affects cell stress 

response and cell fate decisions during development is not well-studied. 

Through in vivo pharmacological approaches, and in vitro culture of human 

neural progenitors, I provide evidence that prolonged mitosis in vivo directly alters cell 

fate, and that this consequence of prolonged mitosis is conserved from mice to humans.  

I find prolonged mitosis of neural stem cells in vivo results in increased phosphorylation 

of H2AX in mitosis, and increased pATR in a subset of newborn cells.  P53 is then 

activated in a subset of daughter cells and upregulates downstream target genes.  

Within approximately the first cell cycle, prolonged mitosis results in an increase in 
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neurogenic fates in the daughter cell population at the expense of progenitor renewal.  

Conditional loss of P53 rescues these effects on cell fate, while loss of BAX does not.  

Additionally, I find that time to cell death occurs on a log-normal distribution within the 

population.  These experiments suggest that identifying the factors sensitive to 

prolonged prometaphase/mitosis arrest that transduce P53 activating signals is critical 

for our understanding of microcephaly etiologies.  Together, data presented in this 

thesis suggest prolonged mitosis directly alters cell fate in vivo during cortical 

development and in human neural stem cells, that response to prolonged mitosis is 

relatively specific, involving P53 signaling, and that prolonged mitosis could be a main 

contributing factor to microcephaly as a result of mitotic gene disruption.   
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1. Introduction to mammalian cortical development and cortical 

developmental disorders. 

 

1.1 Introduction to corticogenesis 

The cerebral cortex is critically important to human consciousness, and 

development of the cortex is a longstanding interest in biological research.  During 

embryonic neurogenesis of the cerebral cortex progenitors generate excitatory neurons, 

inhibitory neurons, and glia through complex developmental processes. This establishes 

the cortical circuitry which underlies higher cognitive functions of mammals [1].  

Neurons in the mature cortex are divided into two main classes, excitatory principal  

neurons, and inhibitory, GABA-ergic interneurons.  Both of these populations are 

produced in distinct germinal zones.  Cortical excitatory neurons are produced by stem 

cells termed Radial Glia (RGCs), and a transit-amplifying population of Intermediate 

Progenitors (IPs) in the neocortical germinal zones [2,3].  These zones are termed the 

Ventricular Zone (VZ), Subventricular Zone (SVZ), and, additionally, in primates, the 

Outer Subventricular Zone (oSVZ).  All inhibitory neurons that eventually populate the 

cortex are produced in, and migrate from, the ventral ganglionic eminences of the basal 

telencephalon.  Throughout these processes, there are many factors that influence cell 

biological control of neural progenitor cell cycle, differentiation, and neuron generation.  

Understanding these developmental processes is crucial to an increased understanding 
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of normal cortical development, as well as understanding the causes of human cortical 

developmental disorders.    

This dissertation is focused on the effects of stem cell behaviors causally linked to 

cortical developmental disorder.  It will describe the development of the cortex, cellular 

responses to stress, and will describe the mechanisms by which altered stem cell 

behavior can result in microcephaly. 

 

1.1.1 Development and cortical architecture 

The mammalian cortex is formed at the rostral end of the neural tube (dorsal 

telecephalon), at the outer surface of the embryonic cerebral vesicle (Figure 1).   

 

Figure 1: Early development and origin of telencephalon.  

Pictured are cartoons of early brain development, corresponding to about E9.5 

in the mouse.  The cortex will form in the telencephalon adjacent to the 

cerebral lateral ventricle.  Modified from Rice and Barone 2000 [4]. 
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The arrival of the first migrating neurons from proliferative regions outside the 

cerebral ventricle establishes the first cortical layers, most of which change or disappear 

during development [5].  Following neural tube closure, initially the primordium termed 

the neuroepithelium is composed of Neuroepithelial cells (NECs).  These cells form a 

pseudo-stratified epithelium, have radially organized apical and basal processes, and 

divide symmetrically to increase the surface area of the Ventricular Zone (VZ).  A small 

portion divide asymmetrically to produce neurons, marking the onset of neurogenesis 

contributing to the cortical plate (CP) and the cortex proper [6-8].  At the onset of 

neurogenesis NECs transform into radial glial cells (RGCs), which share some common 

protein expression with neuroepithelial cells, but with key differences in expression 

[9,10].  Genesis from RGCs and their daughter, transit-amplifying progenitors termed 

Intermediate Progenitors (IPs) produces the bulk of CP neurons.  Thus RGCs and IPs 

generate most if not all excitatory neurons of the mature cerebral cortex [5] (Figure 2).   
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Figure 2: An overview of mammalian corticogenesis.   

Neuroepithelial progenitors (NPCs) divide to expand the ventricular zone 

(VZ).  Cortical neurogenesis begins when Radial Glia (RG) asymmetrically 

divide to produce cortical neurons.  In humans, outer radial glia (oRGs) are 

produced by ventricular radial glia (vRGs), and oRGs also produce cortical 

excitatory neurons.  Radial Glia also produce intermediate progenitors (IPCs), 

which also divide to produce cortical neurons.  cortical neurons populating 

deeper layers are produced first (blue), and upper layers are produced later 

(green).  The cortex is organized into discrete layers (L1-L6).  NEC: 

Neuroepithelial cell, VZ: Ventricular Zone, RGC: Radial Glial Cell, CRN: 

Cajal-Retzius Neuron, SVZ: Subventricular Zone, IP: Intermediate Progenitor, 

SPN: Subplate Neuron, MZ: Marginal Zone, CP: Cortical Plate, SP: Subplate, 

CN: Cortical Excitatory Neuron, IN: Inhibitory Neuron.  Modified from 

Molnar et al. 2019 [11]. 

Prior to the formation of the cortical plate, the first neurons to arrive in the 

developing cortex populate the preplate.  The preplate is a dynamic, transient 

embryonic structure comprised of various cell types, most of which are destined to die.  

Cells that populate the preplate will become components of the Marginal Zone (MZ), the 
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upper boundary of the cortical plate, and components of the Subplate, the lower 

boundary of the cortical plate between the CP and the germinal zones [5].  In the 

preplate, some of the first neurons to appear are Cajal–Retzius (CR) neurons, which 

express Reelin.  As the CP forms, CR neurons remain above the CP, establishing a 

superficial sub-pial position and delineating the future Marginal Zone (MZ).  Reelin, 

which is secreted by CR neurons, inhibits the basal migration of cortical neurons.  Thus, 

the CR neurons in the MZ set the upper boundary of the CP.   Following establishment 

of the CP, a subset of cells from the preplate migrate below the newly formed CP and 

establish the subplate/intermediate zone (SP/IZ) between the CP and the apical 

proliferative zones.  Newborn neurons destined to integrate in the CP migrate past SP/IZ 

cells and structures, allowing for cell-cell interactions [5].  The SP/IZ contains subplate 

neurons and long-range axonal fibers including tangentially oriented thalamo-cortical 

fibers coursing through it.   Subplate neurons form some of the earliest connections with 

sub-cortical areas, , and receive the first synaptic inputs from  developing thalamic 

neurons [12].  Eventually, the SP diminishes, and the white matter of the cortex forms 

within, then replaces, the IZ.  Only white matter and white matter interstitial cells 

remain there at the end of embryonic corticogenesis.  Similar to the transience of the 

SP/IZ, most CR neurons in the MZ are lost by the end of development, undergoing 

developmental cell death.  As the MZ becomes Layer I of the mature cortex, few neurons 

are retained in this compartment.   Layer I is largely composed of arborizations of 
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dendrites and tangential axons.  The rest of the defined cortical layers, II-IV arise from 

the cortical plate (Figure 2). 

In the mouse cortex, after the formation of the neural tube and expansion of 

NECs, neurogenesis and the rest of the developmental processes described above occur 

between approximately embryonic day (E) 9.5 and E18.5 [13-17].  Within this timeframe, 

the laminar organization of the cortex develops into discrete layers that define mature 

cortical architecture. 

The following sections will briefly describe the structure of the mature cortex and 

its connectivity within itself and to other brain regions.  Later sections will describe its 

genesis in detail, focusing on stem cells (NECs, RGCs, and IPS) and developmental 

patterning. 

1.1.2 Cortical layers, areas, and layer markers 

Cortical principal neurons transmit information to other regions of the brain, and  

between different regions of the cortex.  Separate regions of the cortex, with unique 

architectures and connectivity, are specialized for different types of information 

processing, including sensory information.  For instance, the rodent barrel cortex, within 

the somatosensory cortex, contains a unique topology directly wired to areas processing 

primary sensory input from whiskers.  There are other specialized areas of the cortex, 

including the sensorimotor cortex, and visual cortex, important in movement and vision, 

respectively.   



 

7 

 

Figure 3: Overview of select regions of the mouse cortex.   

Figure generated with Allen Brain Explorer® 2 (http://mouse.brain-

map.org/static/brainexplorer).  

Cortical neurons reside in molecularly and anatomically defined layers, termed 

Layer II/III, Layer IV, Layer V, and Layer VI. Cortical excitatory neurons which reside in 

the deepest layers of the cortex are generated first, and neurons residing in the most 

superficial layers of the cortex are generated last [18].  This is described as an “inside-

out” process, where newborn neurons migrate out from the VZ/SVZ past previously 

generated neurons to integrate into the CP.   
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Each type of cortical excitatory neuron is defined by distinct gene expression 

profiles, morphology, and functional connectivity [16, 19-21].  Many laminar and neuron 

subtype specific expression patterns were elucidated as a result of several large-scale in 

situ hybridization studies, GFP reporter lines, and sequence profiling of isolated cortical 

regions and purified cell types [22-28].  The next section will describe molecular 

identifiers and connectivity of principal neurons in each layer. 

1.1.2.1 Identity and connectivity of cortical layers 

Layer II/III and part of layer IV are marked by expression of Cux1, Cux2, Lhx2, 

Brn2 and Lmo4 [29-35].  Layer II/III contains callosal neurons that connect the two 

hemispheres of the cortex [30].  Though all cortical layers contain cortiocortical 

projection neurons, they are predominantly represented in Layer II/III [36].  In the 

mouse barrel cortex, Layer II/III is highly innervated in a strictly columnar fashion by 

Layer IV, such that activation of Layer IV barrel cortex neurons results in Layer II/III 

activations milliseconds later [37] (Figure 3).   

Layer IV contains stellate and pyramidal intracortical projection neurons that 

project predominantly locally, and sometimes distally [38]. They express the cortical 

layer marker RORβ, and Protocadherin20 [39, 40].  Layer IV neurons project to all  

cortical layers, but have strong projections to Layer II/III.  They receive little input from 

other cortical columns in return [41].  Layer IV neurons in the mouse barrel cortex are 

strongly innervated by thalamocortical projections from the ventral posterior medial 
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nucleus [42].  Thus in particular cortical domains like primary sensory areas, Layer IV 

serves as an input terminal from other brain areas to the cortex, then signals locally 

along the cortical column.  Layer IV size varies across brain regions, suggesting it plays 

differential roles in computation for different areas. 

Layer V contains subcerebral projection neurons (SPNs), and intratelencephalic 

projection neurons (ITNs) (including corticospinal motor neurons) that express SatB2, 

Ctip2, FezF2, and/or Opn3 Er81 [43-45].  ITNs are often found in upper L5 [46].  They 

project to targets within the telencephalon – locally to L2/3 and distally to both cortical 

hemispheres and striatum.  SPNs receive strong input from multiple cortical layers, 

dependent on Shh signaling during development [47]. However, they provide little local 

output in return, thus Layer V exhibits a somewhat inverse connectivity pattern to Layer 

IV [48].  SPNs and corticospinal motor neurons in layer Vb project to targets in the 

brainstem and spinal cord, including the tectum and the pons [49-53].  They send axon 

collaterals to the ipsilateral striatum and higher-order thalamus.  Even sensory cortex 

SPNs project to subcerebral motor centers, and because of this they can directly drive 

movements [54].  In sum, Layer V neurons can accumulate information from the entire 

cortical column and broadcast outputs to distant targets.  

Layer VI contains corticospinal motor neurons, corticothalamic neurons, and 

corticocortical neurons that express Ctip2, FoxP2, Otx1, FezF2, and Tbr1 [55-58].  Fezf2 

was found to be required for specification of all subcerebral projection neurons, 
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including those in Layer V and Layer VI [59, 60].  Loss of Fezf2 results in no projections 

from the cerebral cortex to either the spinal cord or brainstem, while at the same time 

upper layer pyramidal neurons appear to be normal [61,62].  Layer 6 receives relatively 

weak excitatory input from layers II-IV, strong excitatory input from layers V and VI, 

strong inhibitory input from upper layers, and also receive direct input from the 

thalamus [63].  Corticothalamic Layer IV neuron axons ascend to layer IV and layer V, 

while corticocortical neuron projections can extend long distances horizontally.  Layer 

VI also contains pyramidal neurons which project to the claustrum. 

In all layers II-IV, cortical interneurons, glia (astrocytes, oligodendrocytes, 

microglia, NG2+ polydendrocytes), and vasculature are present and these complete – 

along with the principal excitatory neurons – the functional neurovascular units of  

cortical architecture [64, 65].  The next sections of this dissertation will discuss extrinsic 

and intrinsic factors which influence the generation of cortical layers.  Then, a detailed 

discussion of cortical neural stem cells follows, including molecular control of stem cell 

fate. 

1.1.3 Molecular control of corticogenesis 

Many factors control the topology of the mature cortex.  Corticogenesis is 

influenced by extrinsic patterning morphogens, intrinsic growth pathways, and fate 

determinants.  From the establishment of the Neuroepithelium (NE) at E9.5, and the 

generation of the first cortical neurons, to the final stages of corticogenesis, many 



 

11 

morphogens and patterning factors such as Reelin, FGF, Wnt, and BMP induce 

expression of transcription factors defining NECs, RGCs, and cortical architecture.  

These morphogens induce NEC and RGC transcription factors to execute region-specific 

developmental programs and control the fate of neurons born in different brain regions 

[66-68].  Expression gradients of early and late patterning factors, including Emx1, 

Emx2, Pax6, Lhx2, and COUP-TF1, are extensively varied.  Regionalization of the cortex 

as a result of combinatorial expression patterns underlies the formation of distinct 

cortical processing areas, including areas for visual processing and sensorimotor 

processing [69, 70].  Patterning factor control of gene expression converges on 

proliferation, migration, and a well-characterized network of transcription factors which 

define principal neuron cell type (see previous section) [71].  These intricate 

transcription factor networks control the temporal specification of cortical principal 

neuron subtypes.  For instance, ITNs and SPNs of Layer V, are determined by 

transcriptional feedback networks of key transcription factors FezF2, SatB2, and Ctip2 

[45]. 

1.1.4 Classical morphogens and patterning factors 

  One of the most prominent and well-known patterning processes in the cortex is 

secretion of reelin which organizes the “inside-out” fashion of laminar organization.  

Mutant mice lacking Reelin during development have an inverted cortical lamination, 

due to aberrant signaling and newborn neurons which lack the ability to split the 
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preplate and/or migrate past the cell-dense CP to reach the MZ [72-74].  In these mice the 

superficial CP neurons are those born earlier, an inversion of normal development.  A 

major source of Reelin in the developing cortex are CR neurons (though may not be 

strictly required to achieve lamination as Reelin is expressed widely in the embryonic 

brain) [75].  CR neurons are produced in the ventral telencephalon and cortical hem [76].   

The FGF family of secreted molecules, classically involved in patterning 

embryonic tissues, are also important in cortical development.  For example, FGF8 

overexpression results in the duplication of the rodent barrel-field within the cortex [77].   

Recent work has shown that Wnt signaling across developmental time influences 

the temporal identity of radial glia in a cell extrinsic manner [78].  Older Radial Glia 

taken from E15.5 cortices implanted into E12.5 cortices produce earlier-born, deeper 

layer neurons, as opposed to generating upper layer neurons when implanted into a 

cortex of the same developmental age, E15.5.  This was found to be dependent on Radial 

Glia being receptive to Wnt signaling [79].  A downstream component of the Wnt 

pathway, β-catenin, can also directly control the size of the brain.  Overexpression of B-

catenin in transgenic mice results in a significantly larger brain, and cortical folding 

[80,81]. Cortical folding is normally absent in mice, as they are naturally lissencephalic.  

Lastly, BMPs promote neural differentiation, increasing the number of neurons 

produced by cortical neural stem cells in culture [82].  Thus, a multitude of secreted 



 

13 

signaling factors combine to control both the proliferation of cortical stem cells, and also 

newborn neuron behavior, including migration. 

 

 1.1.5 Cortical neuron migration 

Principal neurons of the cortex are born in the Ventricular Zones, and then 

migrate up through the Intermediate Zone/Subplate before integrating in the Cortical 

Plate.  Aside from reelin signaling, which is discussed above, expression of other key 

genes is also important in migration and positioning of neurons.  There are many factors 

which control migration and neuronal positioning, and this has been thoroughly 

reviewed elsewhere [83-85].  In one example, knockdown of Mdga1, a cell adhesion 

molecule, results in migration arrest, and neurons are stuck in the intermediate zone and 

deep layers of the cortex[86].  Heterozygous or homozygous loss of Lis1, which regulates 

function of the motor protein Dynein, results in severely compromised neuronal 

migration, and mutation of Lis1 humans, results in the cortical developmental disorder 

lissencephaly [87].  Migrating cortical neurons can utilize the radial fibers of Radial Glia, 

which are present along the apical-basal axis of the developing cortex, to facilitate their 

migration [88].  This has been shown to involve neuregulin signaling, via ErbB2 

receptors.  Neuregulin is expressed primarily in the developing cortex, and application 

of exogenous neuregulin can increase migration rates of neurons along radial glia fibers 

[89].   
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1.1.4 Conclusions 

This section described the development of the cortex, with a focus specifically on 

the developing mouse cortex, and also described the architecture of the mature cortex.  

Complex processes which take place during embryonic development determine the 

structure of the mature cortex.  Cortical neurogenesis begins embryonically, with 

glutamatergic cortical neurons produced starting around E10.5-E11.5.  As corticogenesis 

proceeds, neural progenitors become restricted in their ability to produce different types 

of neurons, generating neurons destined for upper cortical layers.  Yet, neural stem cells 

that are seemingly progressively restricted in the cortical neuron types the produce 

retain a surprising degree of innate plasticity, evident when older RGCs are transplanted 

into younger cortices and their progeny are fate-mapped.  This is determined in part by 

Wnt signaling.  In addition, many patterning factors, including secreted factors, are 

integral in guiding corticogenesis. 

1.2 Introduction to cortical developmental disorders 

Investigating the molecular and genetic causes of cortical developmental 

disorders has greatly increased our understanding of normal corticogenesis.  One 

cortical developmental disorder, primary microcephaly affects less than 1% of the 

population.  Microcephaly syndromes can also arise through environmental insult (Zika 

virus), and after birth, termed secondary microcephaly.  Microcephaly is also frequently 

a co-morbidity, and other developmental disorders, including lissencephaly, also lead to 
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smaller brains.  Thus, all microcephaly-syndromes and developmental disorders 

affecting brain size when considered together affect a larger portion of the population.  

Research investigating microcephaly-linked gene function has greatly increased our 

understanding of normal cortical development.  Yet, how microcephaly gene mutation 

may result in reduced brain size is not fully understood.  Additionally, recent extrinsic 

pathogenic causes of microcephaly including Zika Virus and Cytomegalovirus suggest a 

link between genetic disorders and pathogenic insult to stem cells, yet this intersection is 

poorly understood. 

1.2.1. Microcephaly 

Microcephaly (“small head”) is defined by a head circumference >3 standard 

deviations under the mean head circumference for age and gender of the patient [161].  

Microcephaly can be a result of extrinsic factors affecting fetal development during 

pregnancy, or genetic syndromes.  When microcephaly is present at birth, it is termed 

primary microcephaly, and microcephaly which develops after birth is termed 

secondary microcephaly.  Several genes have been identified as causes of primary 

microcephaly, including MCPH1, Wdr62, STIL, CDK5RAP2, CEP152, CENPJ, ASPM, 

and CEP63.  The OMIM database keeps a current list of primary microcephaly (MCPH) 

loci and their associated genes.  At the current count, there are 25 identified loci, and the 

list is growing.  Microcephaly genes are generally expressed in the germinal zone of the 

developing cortex, consistent with the model that they function in RGCs.  These genes 
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are also expressed in most or all mitotic cells in the body, thus they have conserved 

cellular function, but it is not clear why mutations in these genes give rise to 

microcephaly as a major etiology of disorder.   A subset of microcephaly-linked genes, 

11 out of the first 14 identified MCPH genes, are centrosome components, and play key 

roles in mitosis [161].  The next section will describe the roles of MCPH genes in mitosis 

and discuss developmental phenotypes associated with their loss or mutation. 

1.2.2. Microcephaly-linked genes involved in cell division 

The first MCPH gene to be described, MCPH1, maintains a key mitotic 

checkpoint to ensure proper sister chromatid separation during division.  Following this 

discovery, other MCPH genes were described as also playing a role in regulation of 

mitosis, including regulation of centrosome assembly and function.  CEP63 and 

CDK5RAP2 hypomorphic alleles cause impaired centrosome duplication [162, 163].  

SAS-4, encoding a core component of the centrosome, is a prototypical MCPH gene.  

Loss of SAS-4 results in failure of centrosome duplication and loss of centrosomes.  In 

mice, deletion of SAS-4 is embryonic lethal at E9.5, prior to corticogenesis [164].  This 

might be due to acentrosomal mitosis causing downstream apoptosis, or lack of cilia and 

the ability to receive hedgehog signaling leading to loss of progenitors.  The mutation of 

CEP152, a centrosome component, also results in loss of centrosomes due to impaired 

duplication [165, 166].  ASPM is also a centrosome component, and mutations in ASPM 

also causes primary microcephaly, with different truncating mutations resulting in 
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varying effects on brain size [167-169].  Mutations in WDR62 result in microcephaly, 

ASPM and WDR62 physically interact, and are important in correctly localizing SAS-4 

[159, 170].  Other genes associated with primary microcephaly functionally associated 

with centrosome biology include STIL, CEP135, CENPE, and SAS-6 [171-176].  Mutations 

in other genes associated with mitosis can cause microcephaly in humans and mice 

[177].  The functions of many of these proteins have been elucidated in animal and cell 

culture models of microcephaly, which have enabled a greatly enhanced understanding 

of this developmental disorder. 

1.2.3.  Function of microcephaly-linked genes. 

 Animal models of microcephaly (rodents, fruit flies, zebrafish) as well as cell 

culture models of microcephaly-linked genes in have greatly informed our 

understanding of their functions.  These findings have shown that aneuploidy, aberrant 

mitosis, centrosome duplication or depletion, apoptosis, and DNA damage can result 

from loss or mutation of microcephaly-linked genes.  KNL1/KMN/CASC5 is required for 

correct attachment of kinetochore to microtubule spindles, and binds BUB1/BUB1B, thus 

is involved in Spindle-Assembly Checkpoint (SAC) dynamics [178].  Mutations in 

CASC5 result in micronuclei, increased γH2AX/DNA damage, and a higher mitotic 

index in patient cells [178, 179].  Loss of centrosome regulators Aspm and Wdr62 in mice 

results in a mild microcephaly, but germline Aspm knockout in ferret results in severe 

microcephaly [159, 180].  Ferrets have a large, gyrified cortex, while mice have a smooth, 
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lissencephalic cortex 1000 times smaller than a human brain.  Knockout of Aspm in 

ferrets reveals an evolutionary mechanism regulating cortical volume, where loss of 

Aspm in ferrets affects the transition of ventricular Radial Glia to outer Radial Glia, 

which is a population that is essentially absent in mice.  Thus, multiple models have 

been important to understand the evolution and function of microcephaly genes.  

Mutation of SAS-6 impairs centriole duplication, and CENPE mutation alters spindle 

microtubule organization and impairs mitotic progression [171, 176].  SAS-4 is a central 

structural protein of centrosomes.  Conditional knockout of Sas-4 in mice in a P53 null 

background results in loss of centriole duplication [181].  In the absence of centrioles, 

Radial glia detach from the ventricular surface, and mitosis is delayed.  In these mice, 

inhibiting cell death rescues cortical size and cortical layering to essentially WT levels.  

Other centrosome or pericentrosomal proteins also functionally impact centriole 

duplication.  CEP63 and CEP152 coordinate to recruit centriole duplication factors 

upstream of SAS-6 recruitment [162].  In a mouse model for microcephaly, hypomorphic 

Cdk5Rap2 results in abnormal spindle pole number and increased apoptosis [182].  A 

forward genetic screen in flies identified the gene ankle2, as a regulator of brain size 

[183].  Loss of expression in flies significantly reduced brain size.  The function of this 

gene is conserved from flies to humans, as humans with ANKLE2 mutations exhibit 

severe microcephaly [183].  Interestingly, ANKLE2 physically interacts with Zika Virus 

NS4A, and is implicated in microcephaly as a result of Zika Virus infection [184]. 
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1.2.4. Zika virus and pathogenic causes of cortical developmental disorders 

 Microcephaly can also result from environmental insult to the developing fetus, 

including insults from Zika virus infection and Cytomegalovirus (CMV) infection [185-

187].  CMV perturbs human neural stem cell function, and promotes apoptosis.  

Conflicting reports suggest that CMV can either inhibit or promote differentiation, 

though it is clear that infection potentiates apoptosis and loss of neurons in vivo [188-

190].  Zika Virus can interact with known regulators of neural differentiation including 

Musashi, and infection in mice results in massive apoptosis and loss of brain tissue [191].  

The next sections of this dissertation will focus on how stem cells respond to stresses 

and altered cellular behavior associated with disruption of microcephaly-linked gene 

function. 

 

1.3 Introduction to the stem cell niche in the developing cortex 

1.3.1 Radial Glia 

Neurogenesis in the cortex takes place between E10.5 and E18.5 in the mouse 

largely through proliferation of the principal stem cells, Radial Glial cells (RGCs) [90, 

91].  RGCs self-renew, produce intermediate progenitors (a transit amplifying 

population that divide at most 2-3 times before terminally producing two daughter 

neurons), and cortical principal neurons.   Thus, RGCs give rise to neurons through two 
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distinct modes: either direct neurogenesis or indirect neurogenesis through Tbr2+ 

intermediate progenitors [92] (Figure 2). 

RGCs are oriented with their apical process toward the ventricle, and their basal 

process toward the pia.  RGCs derive from neuroepithelial stem cells (NECs).  Soon after 

NECs proliferate to expand the pseudo-stratified epithelium, their cell fate transitions to 

an RGC.  RGCs rapidly expand the size of the developing cortex as they produce 

neurons, IPs, and self-renew.  Once an RGC is born at the ventricle the nucleus of an 

RGC migrates from the apical surface of the VZ to the basal surface of the VZ, bordering 

the SVZ.  As the RGC prepares for division, the nucleus descends from the basal VZ to 

the apical surface, and divides apically at the ventricular surface.  If this division 

generates a new RGC, this newborn RGC repeats this process.  In total, this process is 

termed interkinetic nuclear migration (INM) [92, 94-96].   

Radial glia are defined by several key transcription factors.  Radial glia express 

the transcription factor Pax6, specific to the cortex, and highly express the less-restricted 

transcription factor Sox2 [97].  The absence of Pax6 results in mis expression of ventral 

progenitor markers such as Dlx2, Gsh2, and Mash1 [98-100].  Loss of Pax6, or loss of 

another RGC identity marker Emx2, ventralizes the fate of the developing cortex, 

resulting in a loss of the neocortical domain [101, 102].  Loss of Lhx2 expression in the 

neocortex results in a loss of cortical identity and an almost complete expansion of the 

cortical hem [34, 103].  Lhx2 expression is partially regulated by BMP signaling [104].  
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Thus, these factors are essential for RGC identity, and a growing list of others have also 

been identified.  Loss of Foxg1 eliminates the neocortical domain [105], and conditional 

deletion of Foxg1 at mid-corticogenesis results in production of additional Cajal-Retzius 

neurons [106].  Loss of the transcription factor Tailless in RGCs results in relatively 

normal deep-layer neuron production, but a loss in superficial-layer neurons [107]. 

There are reported to be multiple types of radial glial progenitors.  One report 

finds there are short neural precursors with a basal process that does not reach the pia.  

These cells are marked by the expression of the Tα1 tubulin promoter [108].  

Additionally, Radial glia also share expression of many factors, including GLAST, with 

Tbr2+ intermediate progenitors [108].  In humans and other higher-order primates, an 

additional class of radial glia, termed outer radial glia (oRGs), are abundant in the 

developing cortex, and form a structure termed the Outer Subventricular Zone (oSVZ) 

[109].  These cells are identified by a retracted apical process, no longer in contact with 

the apical surface, while maintaining a basal process connected to the pia.  oRGs are 

thought to play an important role in the evolution of brain size in primates.  [110-112] 

RGCs, with their radial processes, have been found to produce neurons in radial 

units/columns, in what is termed the Radial Unit Hypothesis [17].   Thus, the neuronal 

progeny of radial glia are spatially restricted in their tangential dispersion (with some 

unique exceptions of some early-born neurons close to the dorsal/ventral telencephalon 

border).  Clonal analysis of single RGC clones has demonstrated that all neurons 
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produced by a single RGC across the course of development stay within close proximity 

to the columnar position in which they were produced, and tangential migration is 

limited [113].  Single RGCs can produce clonal populations of 10 or more neurons 

during development, which can populate all layers of the mature cortex [113].  There is 

wide variety in the clone sizes and types of neurons a single RGC will produce during 

cortical development in the mouse.   

1.3.2 Stem cell niche topology 

The topology of the cortical stem cell niche varies across species, and this 

variation is theorized to underlie evolutionary differences in brain size and cortical 

architecture.  There are two main germinal zones in the developing mouse cortex, the 

Ventricular zone and the Subventricular zone [114].  In humans, there is an additional 

germinal zone called the outer subventricular zone (oSVZ), which contains basal Radial 

Glia (or outer Radial Glia, oRGs) that generate a large number of pyramidal neurons.  

These oRGs are marked by Hopx+, and recent work has established these cells exist in 

the developing mouse telencephalon, albeit at low numbers, with no defined oSVZ [110, 

115].  It is thought these may contribute to the large size of the human cortex and to 

cortical folding.  As development progresses, the size of all the ventricular niches in 

mice and humans diminishes.  Soon after birth, the embryonic VZ and SVZ are lost, and 

are replaced by an adult subventricular niche. In mice, this adult SVZ generates 

interneurons that migrate to the olfactory bulb across the lifespan of the animal [116].  In 
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humans, the SVZ is essentially completely lost by 3 years of age, and largely remains 

quiescent (though this  assertion is somewhat controversial in the field of adult neural 

stem cells) [117]. 

1.3.3 Intermediate progenitors and the SVZ 

A substantial source of neurogenesis late in cortical development, the SVZ 

greatly increases the neurogenic potential of the developing mammalian cortex.  The 

SVZ begins forming at E13.5 in the mouse and expands significantly through E15.5 and 

E16.5 [114, 118].  Since the SVZ plays a significant role in the production of upper layer 

neurons, the SVZ might be a mechanism to increase the numbers of neurons in the 

neocortex [95, 119].  Evolutionary comparisons indicate that upper-layer neurons are a 

recent evolutionary adaptation in mammals [120].  Intermediate progenitors express the 

transcription factor Tbr2, divide in the SVZ, and divide to either self-renew or terminally 

produce cortical neurons.  Tbr2 fates are specified in part by the sequential expression of 

transcription factors.  While Pax6 marks RGCs, its expression is largely excluded from 

SVZ progenitors marked by expression of Tbr2 [121].  In mice that lack Pax6 expression, 

Tbr2+ IP production during corticogenesis is markedly diminished, thus Tbr2+ IPs 

depend on RGC expression of Pax6 [122]. 

Tbr2+ IPs undergo symmetric divisions to produce two daughter neurons [123, 

124].  One group has also found Tbr2+ IPs generated early in corticogenesis may be 

quiescent, and contribute to upper later generation later in development [125]. In mice, 
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IPs are estimated to complete at most 1-2 divisions to produce daughter IPs and/or 

neurons before terminally differentiating, thus why IPs are defined as a transit-

amplifying population [125-127].   

1.3.4 Conclusions 

This section described the topology of the cortical stem cell niches and the neural 

stem cells that reside within.  Radial Glia produce IPs, neurons, and self-renew.  Tbr2+ 

IPs greatly expand the neurogenic capacity of the developing neocortex, and likely play 

a role in evolution of human brain size compared to other animals.  Similarly, this could 

also be the case for Outer Radial Glia which are extensively found in the Outer 

Subventricular Zone, a region that does not anatomically exist in rodents.   

 

1.4 Introduction to cell fate decisions in the developing cortex 

The process of differentiation entails stem cells produce specialized daughter 

cells that exit the cell cycle.  The differentiation and development of an organism occurs 

via highly regulated fate decisions that balance the production of more stem cells to 

maintain the stem cell pool, and production of differentiated cells that result in tissue 

patterning and organogenesis.  In the developing brain, and specifically the developing 

cortex, how are cell fate decisions regulated?  There has been extensive study of this 

topic over the last several decades.   RGCs in the developing cortex can divide to 

produce any combination of three cell types: RGCs, IPs, and cortical excitatory neurons.  
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Early in cortical development, RGCs self-renew to expand the progenitor pool.  Later in 

cortical development, RGCs are highly neurogenic, and the IP pool has expanded 

greatly, which also facilitates increasing neurogenesis.  Spatially, though neurogenesis 

occurs at roughly the same embryonic day across the cortex in the mouse, neurogenesis 

proceeds in a rostral-caudal gradient, and in a lateral-medial gradient [128].  These 

gradients, and arealization – partly described in previous sections – are thought to arise 

due to expression gradients of patterning factors (Pax6, COUP-TF1).  More additional 

intrinsic and extrinsic factors influence cell fate decisions in the developing cortex.  

Neurons can signal back to stem cells to regulate divisions [129].  Stem cells also contain 

an intrinsic neurogenic developmental program which has been discovered through in 

vitro long-term cultures of primary RGCs.  Mechanisms regulating cell fate decisions in 

cortical neural stem cells are described in further detail in the next sections of this 

dissertation. 

1.4.1 Intrinsic cell fate determinants 

Pioneering work at the turn of the 21st century discovered that the developmental 

neurogenic program of corticogenesis is largely intrinsic to RGCs under the right in vitro 

conditions.  When embryonic cortical progenitors are isolated and cultured in vitro they 

retain competency to produce cortical excitatory neurons from all cortical layers [130-

133].  In defined media conditions, these neural progenitors can clonally expand and 

produce cortical excitatory neurons in stereotyped temporal order, recapitulating the in 



 

26 

vivo generation of deep layer neurons followed by generation of superficial layer 

neurons [134-136].  RGCs then produce astrocytes at the end of the neurogenic program, 

again, recapitulating processes that occur in vivo. These pivotal findings demonstrate 

that progenitors rely on a cell-intrinsic differentiation program to produce excitatory 

neurons and that the stereotyped order of neuronal sub-type and astrocyte generation 

during embryonic cortical development is conserved in vitro. 

Our view of intrinsic neurogenic potential in neural stem cells has expanded 

with the invention of organoid cultures, and directed differentiation of human 

pluripotent stem cells to cortical neural stem cells.  With the discovery of pluripotency 

factors that could de-differentiate somatic tissue to pluripotent stem cells (induced 

pluripotent stem cells, iPSCs), it became possible to culture stem cells from donors of 

different genetic backgrounds [137].  Human embryonic stem cells (ESCs) or iPSCs can 

be induced to differentiate into cortical neural stem cells through several methods, most 

involving dual SMAD inhibition of bone morphogenic proteins (BMPs) and 

transforming growth factor beta (TGFβ) [138].  Combining this technique with 3D 

culture methods resulted in the discovery that brain organoids could be generated in 

long-term culture [139].  Organoids have also proven useful in understanding how 

genetic mutation, especially mutations which cause cortical developmental disorders in 

humans, alter the balance of cell fate decisions during corticogenesis [139].  Organoids 

produce similar topological structures as those observed in vivo in corticogenesis, such 
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as a pseudo-ventricle, ventricular zone, subventricular zone, and a pseudo-cortical plate 

toward the outside of the organoid structure.  Generation of brain organoids from 

autism patients revealed intrinsic differences in cell fate decisions compared to 

organoids derived from healthy individuals [140]. 

Still other intrinsic cell fate determinants have been described in vivo.  Previous 

work has shown that upon RGC division, the RGC basal process is asymmetrically 

inherited.  In asymmetric divisions producing a progenitor and a neuron, the neuron 

was reported to inherit the basal process [141].  Ngn1 and Ngn2 are required cell 

intrinsically to specify early-born cortical neurons, and suppress a subcortical, 

GABAergic fate [142].  Cux1 and Cux2 are markers upper layer neurons, yet these are 

also expressed in radial glia[35].  Cux2 is expressed in the VZ as early as E11.5 [29].  This 

suggests that cell fate determinants involved in cortical layer genesis can contribute to 

cell fate acquisition in RGCs, and perhaps before an RGC divides to produce a neuron. 

1.4.2 Extrinsic cell fate determinants 

Many extrinsic cell fate determinants help to shape cortical architecture during 

development.  Lateral inhibition due to Notch/Delta signaling occurs in most or all stem 

cell niches during mammalian development [7].  Proneural gene expression is regulated 

by Notch/Delta signaling, thus neurogenic fates are closely tied to Notch pathway 

activity [143].  More specific to the cortex, it has recently been shown that 

hyperpolarization of RGCs in vivo leads to greater production of Tbr2 IPs, and a forward 
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temporal shift in ability to produce upper layer neurons, suggesting that neuronal 

firing/action potentials can influence RGC fate decisions early in development [144-146].  

Implantation of early progenitors into VZ of later embryonic stages results in a switch to 

upper layer neuron production, and reveals there are external signals guiding 

production of layer-specific neurons [147, 148].  Surprisingly, implanting E15.5 RGCs 

into E12.5 cortices resets the normal temporal order of laminar neuron subtype 

production.  Transplanted E15.5 -> E12.5 RGCs gain the ability to generate deeper layer 

neurons, a behavior they do not demonstrate if implanted back into an E15.5 cortex of 

their same developmental age [79].   Brain-derived neurotrophic factor (BDNF) is also a 

key extrinsic factor regulating laminar fate of neurons.  Injection of BDNF into the 

ventricle resulted in neurons typically destined for Layer IV to display properties of 

Layer V and VI neurons, while injection of anti-BDNF antibodies resulted in some Layer 

IV neurons becoming Layer II/III neurons  [149].  BDNF also shortened S-phase in 

progenitors, and resulted in Pax6 downregulation.  

1.4.3 Cell cycle and cell fate 

A key study using BrdU cell cycle analysis described G1 length substantially 

increases as neurogenesis proceeds [150].  Expression of Tis-21, a regulator of G1, was 

found to differentiate between proliferative RGCs and neurogenic RGCs, with Tis-21 

expression higher in neurogenic RGCs [151].  This corresponded with increased G1 

length in Tis-21+ RGCs [124, 152].  Together these studies suggest regulation of G1 is 
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critical to RGC cell fate decisions, and expansion of G1 phase is neurogenic.  Further 

testing this hypothesis, two groups examined the consequences of Cyclin-D1 

overexpression, a major cell cycle regulator, in the developing cortex.  They found that 

Cdk4/Cyclin-D1 overexpression resulted in a decrease in G1 length, a delay in 

neurogenesis, and increased generation of RGCs [153, 154].  Lengthening G1 via RNAi 

knockdown of Cdk4/Cyclin-D1 resulted in opposite effects, and increased neurogenesis.  

S-phase also seems to be correlated with neurogenic fates, as shorter S-phase was 

observed in Tis-21+ neurogenic progenitors [155].  

Altering mitosis also perturbs cell fate decisions during corticogenesis [156].  

Specifically, the regulation of centriole assembly is critical for neural stem cell function 

during corticogenesis.  When this is disrupted, mitosis is prolonged (as it takes longer to 

satisfy the spindle assembly checkpoint), and other insults can occur, including 

aneuploidy.  As a result, corticogenesis is severely disrupted, and often results in 

microcephaly [156-159].  One group found that as neurogenesis proceeds, ex vivo the 

time of mitosis in radial glia increases [160].  In a mouse model of microcephaly, 

haploinsufficiency for Magoh results in a prolonged mitosis, apoptosis, and increased 

neurogenic daughter fates [156].  These phenotypes were recapitulated with 

pharmacologically prolonged mitosis using Nocodazole or STLC, suggesting that in vitro 

and ex vivo that these phenotypes can occur as a direct result of prolonged mitosis.  In 

sum, alteration of cell cycle phases results in altered cell fate decisions, and can 
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drastically alter the mature structure of the cortex as a result, which is common in 

human cortical developmental disorders.  In many cases it is not clear whether these are 

correlated with cell cycle disruption or are directly caused by an altered cell cycle.  How 

lengthening or shortening of specific phases, namely mitosis, and G2, directly affects the 

developing cortex, is not well understood. 

 

 

1.5 Introduction to mitosis, mitotic defects, and cellular stress response 

Cell divisions occur trillions of times in order to generate our bodies, and after 

birth, many cells continue division throughout our lives.  Because division is such a 

critical process it is highly regulated in order to minimize error.  Cellular machinery 

ensures separation of chromosomes occurs with high fidelity to control the DNA content 

of both daughter cells.  In addition, cytoplasmic components are also partitioned, 

sometimes asymmetrically, in a highly stereotyped manner to each individual daughter 

cell.  This section will discuss key aspects of mitosis and describe how the cell responds 

to several types of mitotic errors. 

1.5.1. Cell commitment to mitosis 

Prior to mitotic entry CDK (cyclin-dependent kinase) substrate specificity and 

CDK phosphorylation rates order phases of the cell cycle (G1, S-phase, G2) [161].  Then, 

commitment to mitosis is governed by increased cyclin B/Cdk1 and cyclin A/Cdk1 
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activity in G2 phase, and cyclin A/Cdk1 activation of Bora [162].  This results in 

activation of Cdc25 and triggers bistable switches involving the rapid activation of 

Cyclin B/Cdk1, Greatwall kinases and inhibition of PP2A activity [163].   This promotes 

largescale phosphorylation events and results in rapid and irreversible entry into 

mitosis. 

1.5.2. Mitosis 

Mitosis occurs in five phases: prophase, prometaphase, metaphase, anaphase, 

and telophase [164].  This is followed by cytokinesis.  During prophase, the nuclear 

envelope breaks down, chromosomes condense into chromatin, and centrosomes 

migrate to opposite poles of the cell, initiating formation of the mitotic spindle.  In 

prometaphase, the microtubules forming spindle asters emanating from centrosomes 

attach to the kinetochores, which are in turn assembled on centromeres of condensed 

chromatin.  The push/pull mechanisms of many different motor proteins create tension 

that orients sister chromatids to opposing poles and aligns chromosomes at the 

metaphase plate.  As all kinetochores are properly attached to microtubules of the 

mitotic spindle the transition from metaphase to anaphase is triggered by APC/C 

(anaphase promoting complex) and sister chromatids are separated, then pulled to 

opposite poles of the cell [165].  In telophase, nuclei re-form and chromosomes 

decondense.  Shortly after this process cytokinesis (initiated in anaphase) completes, and 

the two daughter cells enter G0/G1.   
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1.5.3. The Spindle Assembly Checkpoint and anaphase onset 

The cell has evolved important checkpoints to ensure mitosis proceeds normally. 

This includes the Spindle Assembly Checkpoint (SAC), which prevents anaphase onset 

until chromosomes are properly attached to the mitotic spindle and the metaphase plate 

has formed [166].  This checkpoint prevents aneuploidy as a result of premature 

chromosome segregation.  The main SAC effector components are referred to as the 

mitotic checkpoint complex (MCC).  The core MCC composed of Bub1, BubR1, Bub3, 

Mad1, Mad2, and Cdc20 surveilles the attachment of centromeres/kinetochores to the 

microtubules of the spindle (for a more detailed description, see [167-170]).   The MCC 

binds to the ubiquitin ligase APC/C (anaphase-promoting complex/cyclosome) to inhibit 

its activity and prevent the transition from metaphase to anaphase.  During 

prometaphase, the MCC is recruited to kinetochores, and levels of MCC localized to 

kinetochores decreases as each kinetochore properly attaches to the mitotic spindles 

[171].  Targeting or physical tethering of SAC components to kinetochores can be 

sufficient to arrest cells in prometaphase[172-174].  One study found, through careful 

work, that laser ablation of the last unattached kinetochore can accelerate mitotic exit 

[175].  Thus, from this work and others, a model has emerged that the SAC acts as a 

rheostat rather than a toggle switch [176].  When the SAC is satisfied and the MCC no 

longer inhibits APC/C, APC/C triggers anaphase onset, and later mitotic exit by 
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polyubiquitinating Cyclin B and Securin, leading to their rapid destruction by the 

proteasome. 

1.5.4. Mitotic defects 

Defects in mitosis can arise genetically or can be induced environmentally 

including via pharmacology (see section below).  As discussed in previous sections, 

many mutations in human microcephaly genes disrupt mitotic processes, centering on 

centrosome, kinetochore, and mitotic spindle assembly/function.  The inability to 

properly divide from one cell into two cells can arise in multiple ways.  This includes 

loss or alteration of protein function resulting in perturbed polarity, mitotic catastrophe, 

mitotic slippage, and delayed or perturbed sister chromatid separation.  Many of these 

phenomena potentiate aneuploidy and/or apoptosis in daughter cells.  

Haploinsufficiency for mitotic checkpoint proteins, including Mad2, results in high rates 

of aneuploidy and tumorigenesis in mice [177, 178].  Chromothripsis, a process by which 

mis-segregated chromosome fragments are subjected to DNA Damage in micronuclei 

then re-integrated into the genome causing hundreds of chromosomal rearrangements, 

is increasingly recognized as involved in progression of many cancers [179].  Of the 

mitotic defects which can elicit stress response signaling from the cell, mitotic 

delay/arrest and aneuploidy have been well-studied in vitro [180-187].  Use of 

pharmacology to arrest mitosis in vitro has improved our understanding of how genetic 

insults resulting in mitotic defects affect downstream cell signaling events [181, 188]. 
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1.5.5. Pharmacological control of mitosis 

The development of microtubule poisons and EG5 inhibitors, including STLC (S-

trityl-cisteine) allowed high precision in determining ordered molecular events that 

occur during mitosis.  PTEN promotes the centrosomal recruitment of EG5 to control 

timely chromosome separation [189].  Inhibition of EG5 via application of STLC results 

in a mitotic arrest in prometaphase: the incomplete construction of the bipolar mitotic 

spindle and fully engaged kinetochores triggers the SAC [190, 191].  Until the drug is 

washed out, cells remain arrested in prometaphase at the SAC, and exhibit a collapsed, 

monoastral spindle.  EG5 inhibitors arrest mitosis through a different mechanism than 

other mitotic inhibitors such as nocodazole, which target tubulin [192].  Additionally, 

STLC does not affect cell cycle progression through S phase or G2 [190].  

Pharmacological control of mitotic arrest has provided insight into protein interaction 

dynamics during this short phase in the cell cycle, and has informed our understanding 

of cell stress response during prolonged mitosis [156, 193]. 

1.5.6. Cellular response to stress 

There are many sources of stress that elicit stress response from the cell: ER 

stress/unfolded proteins, metabolic stress, environmental insult, genome integrity, 

mitotic spindle disruption, and others [194].  Many of these can result in the robust 

activation of P53 and apoptotic pathways.  Understanding how cell stressors activate 
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P53 is essential to our understanding of how cells choose to undergo cell death, and can 

yield insight into developmental disorders and disease. 

1.5.6.1 P53 signaling 

The P53 signaling pathway is a highly complex tumor suppressor pathway 

evolved to eliminate damaged proliferating cells through apoptosis.  Many cell stress 

pathways activate P53 signaling: DNA damage, reactive oxygen species, starvation 

pathways, cell cycle progression, mitotic spindle disruption (including pharmacology 

induced mitotic arrest through nocodazole and STLC) hypoxia, heat/cold shock, and 

nitric oxide signaling [195].  The function of the DNA-binding transcription factor P53  is 

related to its evolution.  The first detected common ancestor of P53/P63/P73 is an 

ancestral gene resembling p63/p73 in modern day descendants of single cell 

choanoflagellates and early metazoan sea anemone [196].  p63/p73 in the sea anemone 

functions to protect the germline from genomic instability in response to stress.  The 

functions of P53, P63, and P73 diversify in higher invertebrates, though the original 

functions of P63 and P73 to protect the maternal germline have been conserved.  P53 has 

evolved to protect somatic tissue against repercussions from cell stresses.  There are 

striking similarities in the stress signals that activate all three proteins. 

In response to cellular stress, P53 is activated by post-translational modification 

[195].  P53 can be phosphorylated by a number of kinases, including ATM, ATR, DNA-

PK, P38, CHK1/CHK2 [197].  E3-ligases including MDM2, COP1, Arf-BP1, and others 
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control P53 levels through ubiquitination of P53 [198,199].  Once active in the nucleus, 

P53 transcriptional activity is modified by further posttranslational modifications of 

ubiquitination, methylation, sumolyation, neddylation, and acetylation [194,200].  In 

vitro and genetic data indicate that P53 is intrinsically active in an unstressed state, yet 

P53 activity is repressed by MDM2 and MDMX.  Antirepression, or regulation of 

MDM2/MDMX, further reinforces P53 activation following P53 stabilization via 

phosphorylation to allow activation of P53 target genes [197].   

Bona fide targets of P53 identified from meta-analysis of P53 target studies 

include BBC3, CCNG1, CDKN1A, MDM2, SESN2, FAM212B, FAS and other P53 targets 

validated in multiple independent studies: EDA2R, PHLDA3, PSRC1 [201]. 

In the literature there is evidence for P53 transcription-dependent and 

transcription-independent potentiation of apoptosis depending on cellular context [202].  

Signaling events downstream of P53 activation converge on insertion of BAX/BAK 

homo- or heterodimers into the mitochondrial membrane, cytochrome c release from 

mitochondria, and activation of Caspase-9 and Caspase-3, which initiate apoptosis [195].   

1.5.6.2 DNA Damage 

DNA damage signaling regulates DNA repair throughout the cell cycle, and 

maintains genome integrity in post-mitotic cells.  In response to single-strand or double-

strand breaks, signaling cascades are initiated to identify and repair damaged DNA.  

Phosphorylation of histone H2AX is a hallmark of the site of DNA damage [203] .  
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Following DNA Damage recognition, damage signal transducer kinases ATM/ATR 

phosphorylate repair effector kinases Chk1/Chk2 [204].  ATM/ATR can also 

phosphorylate P53, and promote P53 transcriptional activity.  P53 can upregulate cell 

cycle control proteins such as P21 (CDKN1A), to inhibit cell cycle progression before 

DNA Damage is repaired.  In general, while ATM/Chk2 has been shown to be 

responsive to double-stranded DNA breaks, ATR/Chk1 controls response to a much 

broader spectrum of DNA damage [185, 204].   

1.6 Previous foundational work from our lab and motivation for this work 

Taken together, from in vitro study embryonic neural progenitors, animal models 

of microcephaly, and cell culture models, one can generate a deep understanding of how 

cell cycle and cell fate are coupled during cortical development, as well as gain insight 

into the etiology of neurodevelopmental disorders, including microcephaly.  Yet, how are 

human genetic mutations, mitosis regulation, and microcephaly etiologies linked?  This 

dissertation pushes the boundaries of our understanding further by examining cell fate 

decisions in vivo directly following prolonged mitosis.  Previously, our lab had observed 

that prolonging mitosis in vitro or ex vivo resulted in altered cell fates.  First, 

haploinsufficiency for the gene Magoh resulted in microcephaly, precocious 

neurogenesis, apoptosis, and microcephaly [156, 205].  To test whether prolonged mitosis 

could directly alter cell fates, our lab previously prolonged mitosis in vitro and ex vivo 

using STLC and nocodazole.  They found that prolonging mitosis leads to an increased 

proportion of neurons in the daughter cell pool, and increased mitosis [156].  As the 
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length of prolonged mitosis increased, they observed increased likelihood of daughter cell 

apoptosis.  In the surviving daughter cells, they observed increasingly neurogenic 

divisions.  They also observed DNA Damage occurred in vitro following prolonged 

mitosis, and p53 was activated following prolonged mitosis.  Yet, it was unclear how 

prolonged mitosis affected cortical development in vivo and how prolonged mitosis 

promotes altered cell fates.  This became the pretext and foundation for where I began my 

work.  This dissertation supports the notion that altered mitosis length can directly 

influence neurogenesis and apoptosis, independent of genetic mutation, and points to 

future directions that will increase our understanding of cell stress response signaling in 

the context of developmental disorders including microcephaly. 
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2. Acute lengthening of progenitor mitosis influences progeny fate 

during cortical development in vivo 

 

 Chapter 2 was modified from a manuscript of the same title accepted for 

publication in Developmental Neuroscience (2020).  The authors of this manuscript are 

(in order) Aaron Mitchell-Dick, Andrea Chalem, Louis-Jan Pilaz, and Debra Silver. 

 

2.1 Introduction 

The cerebral cortex is a highly ordered and complex structure which is critical for 

our higher cognitive functions including analytical thought and complex learning and 

language. In the developing mouse cortex, neurons are generated between embryonic 

day (E)10.5 and E18.5 [206]. In mice, cortical excitatory neurons are primarily generated 

from radial glial cells (RGCs). RGCs can produce neurons directly, or indirectly via 

production of intermediate progenitors (IPs), which themselves divide one to two times 

before generating neurons [207-209]. In mice, RGCs can undergo symmetric proliferative 

divisions generating two new RGCs, symmetric neurogenic generating two new 

neurons, or asymmetric generating any of the following pairs: RGC/IP; RGC/Neuron; 

Neuron/IP. RGCs produce cortical excitatory neuron subtypes sequentially with the 

earliest born neurons populating deep cortical layers VI-V and the late born neurons 

residing in the upper layers IV-II. Neurogenesis is influenced by many parameters, 

including cell cycle kinetics of progenitors [210, 211]. For example, over the course of 

development mitosis (M phase) increases [212] and shortened S phase is linked to 
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differentiation [213]. Further, manipulation of either G1 or M phase kinetics impacts 

neurogenesis [214-216].  

Genetic or environmental perturbations to embryonic cortical development can result in 

devastating neurodevelopmental disorders, including microcephaly and autism 

spectrum disorder [217-219]. Individuals diagnosed with microcephaly have reduced 

head circumference more than 3 standard deviations below the mean. Microcephaly is 

accompanied by varying degrees of cognitive deficiency. Primary microcephaly is 

present at birth in contrast to postnatal degenerative microcephaly which may have a 

distinct etiology. While autosomal recessive primary microcephaly (MCPH) is relatively 

rare, microcephaly syndromes are highly prevalent, affecting between 1-2% of the 

population. To date, MCPH has been linked to mutations in 25 loci [220]. Remarkably, 

the vast majority of these genes encode proteins associated with cell division [220]. This 

has led to a long-standing hypothesis in the field that disruptions to mitosis explain 

microcephaly. Indeed, a link between aberrant mitosis and microcephaly has been borne 

out in human organoid, cell culture and mouse models. In human organoid models, 

defective progenitor mitosis is associated with altered neuron and progenitor number 

and massive apoptosis [221, 222]. Further, mouse studies of human microcephaly genes 

reveal consistent phenotypes of excessive apoptosis as well as imbalanced numbers of 

more neurons and fewer progenitors [223-229].  
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Beyond a genetic basis, microcephaly is also caused by viral infection, notably 

cytomegalovirus (CMV) or Zika virus (ZIKV) infection during pregnancy [230]. Several 

studies have shown that acute ZIKV infection can also impair neural progenitor mitosis 

and in some cases is associated with aberrant neurogenesis and apoptosis in human and 

mouse models [231-234]. Thus, both genetic and viral causes of microcephaly are linked 

to progenitor mitosis defects and similar defects in neurogenesis and cell survival. 

However, despite this clear clinical link, the mechanisms by which mitotic defects 

underlying this pathology are poorly understood.  

We previously uncovered one potential explanation for how progenitor mitotic defects 

could cause microcephaly, with the discovery that progenitors undergoing a delayed 

mitosis (specifically M phase) directly produce aberrant cell progeny [216, 235]. Using 

live imaging of brain slices and primary progenitors from a mouse microcephaly model 

called Magoh+/-, we determined that mitotically delayed mutant progenitors produced 

significantly fewer neural progenitors and more apoptotic progeny. We extended this 

correlative data by employing two distinct drugs, STLC and nocodazole, to reversibly 

and acutely prolong mitosis in wild-type ex vivo organotypic brain slices and in vitro 

primary progenitors. In both paradigms, progenitors with prolonged mitosis alone 

directly generated neurons at the expense of progenitors; exceedingly long mitoses led 

to production of apoptotic progeny. While these data indicate prolonged mitosis is 

relevant for microcephaly, they raise several important questions. Is a causal link 
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between prolonged mitosis and altered neurogenesis evident in vivo? How do 

alterations in mitotic length drive rapid changes in differentiation? Do these 

mechanisms hold true in human progenitors? 

To address these questions, in this study we developed and characterized a new in vivo 

model for prolonged progenitor mitosis during cortical development. With this 

experimental paradigm, an acute injection of a pharmacological mitotic inhibitor into the 

embryonic cortex delays mitosis of progenitors transiently, reversibly, and reproducibly. 

This was coupled with FlashTag, to selectively label the delayed progenitors and their 

direct progeny. Using this strategy to lineage trace daughter cells of delayed progenitors 

we discovered that acute mitotic delay of RGCs in vivo results in reduced progenitor 

number, concomitant increased neuron number, as well as apoptosis of progeny. I then 

applied this strategy to isolate the delayed progenitors and progeny to assess early 

transcriptome changes associated with a single mitotic delay in the context of otherwise 

normal development. Among the observed transcriptome changes, our data highlight 

p53 signaling as a notable pathway linked to mitotic delay, with well-studied p53 targets 

prominently upregulated. Finally, using human embryonic stem cell (ES) derived neural 

progenitors, we demonstrate that mitotic delay is also linked to altered cell fates in 

human progenitors similar to that we observed in vitro and in vivo in the mouse. Taken 

together, our study further establishes prolonged mitosis as a driver of apoptosis and 

neuronal fates in vivo and reinforces that increased mitotic length provides a plausible 
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mechanism to explain some cases of microcephaly. Our study thus describes and 

characterizes a valuable new model for understanding the etiology of microcephaly. 

 

2.2 Results 

2.2.1 A paradigm for in vivo delay of progenitor mitosis  

Increased mitotic length of embryonic neural progenitors is associated with 

microcephaly, yet the underlying mechanisms by which mitosis duration impairs 

neurogenesis are poorly understood. Further, whether prolonged progenitor mitosis 

alters cell fate in vivo is unknown. To address this gap, we developed an in vivo 

experimental paradigm to acutely lengthen mitosis duration of progenitors in the 

developing mouse cortex (Figure 1).  

 

 

Figure 4: A model for acute inducible prolonged mitosis in vivo.  

Experimental paradigm with injection of either DMSO or STLC at timepoint 0 and 

harvesting of brains for fate analysis between 8-72 hours later. 
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To acutely prolong progenitor mitosis, I injected the small molecule STLC (s-trityl-l-

cysteine) directly into the ventricle of the developing cortex at E14.5. STLC specifically 

and potently inhibits activity of the kinesin Eg5, which is critical for bipolar spindle 

formation [236]. Importantly, STLC application reversibly arrests cells in prometaphase 

and has been widely used to induce prometaphase delay in immortalized cell lines 

without affecting other cell cycle stages. Furthermore, our previous studies showed that 

acute STLC treatment of embryonic brain slices or primary progenitor cultures was 

sufficient to prolong mitosis without inducing non-specific cell death or aneuploidy 

[216].  

In an asynchronous dividing population, I predicted that injection of STLC would result 

in a buildup of mitotic cells at the ventricle in a dosage-dependent fashion. To test this, I 

first optimized STLC drug dosage to induce a short mitotic delay in vivo. For this, I 

injected either DMSO or STLC into the ventricle of E14.5 embryos using volumes of 0.8 

mL at a starting concentration of 80 mM (Figure 2). I then assessed the kinetics of mitosis 

by quantifying mitotic cells at 1, 2, 3, and 4 hours (h) following injection of 0.8u mL 80 

mM STLC (Figure 2). To quantify prometaphase ventricular cells I stained sections for 

phosphohistone H3 (PH3) expression and DAPI. I specifically measured progenitors 

dividing at the ventricle (presumed RGCs) which were PH3+ and showed condensed 

DNA, characteristic of prometaphase [216] (Figure 2A). Cells were quantified over a 100 

μm wide radial column (Figure 2B). In STLC treated brains, the number of 
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prometaphase RGCs at the ventricle significantly increased 2h after injection, then 

largely receded by 3h and 4h, when the fraction of ventricular progenitors in mitosis had 

returned to control levels. In addition to measuring prometaphase I extended our 

analysis to all mitotic stages by quantifying cells for PH3 expression and presence of 

condensed DNA (Figure 2C). This revealed a peak of mitosis at 2h which was sustained 

at 3h, relative to control, Importantly, at 3h, this likely demarcates PH3+ cells which are 

transiting anaphase (Figure 2A, yellow arrowheads). Thus, the number of ventricular 

RGCs in mitosis increased at 2h and 3h after injection and resolved to normal rates at 4 

h. 

 

 

Figure 5: A timecourse of prolonged mitosis in vivo. 

(A) Immunofluorescence depicting PH3+ cells (red) and DAPI (white) at the ventricle 

of an E14.5 cortex, at different time points following injection of DMSO or 80μM 

STLC. Scale bar: 25 µm. White arrowheads: prometaphase cells; yellow arrowheads:– 

anaphase cells. (B) Quantification of the average number of prometaphase cells per 

100 μm, along the ventricular surface of the cortex. N ≥ 3 embryos for each condition, 

at each timepoint. N=37 total embryos. Statistics: Anova analysis, post-hoc student’s t-

test. ***, p=0.0005. ****, p<0.0001. Error bar=s.d. (C) Quantification of the average 
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number of prometaphase cells per 100 µm, along the ventricular surface of the cortex 

at different timepoints following injection of DMSO or STLC.  Statistics: ANOVA *: 

p=0.055, post-hoc student’s t-test. 2h ***: p=0.0005, 3h *: p=0.045. 

 

 

To reinforce if this was an appropriate concentration at which to use STLC, I tested 

higher dosages and measured mitosis at 4h. Notably the number of prometaphase cells 

was significantly higher with increasingly higher STLC concentration, indicating a 

correlated dosage-response to the Eg5 inhibitor in vivo (Figure 3). Mitotically-delayed 

cells were evident both apically at the ventricle and basally in the higher concentrations. 

While these higher concentrations provide a more potent delay of mitosis, they may be 

less physiologically relevant than the delay induced with 80 μM. Thus, for remaining 

studies I opted to use 80 μM. These data establish a reproducible paradigm to acutely 

and reversibly extend the length of mitosis, and specifically prometaphase, in RGCs of 

the in vivo developing mouse cortex. 
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Figure 6: Effects of STLC injection in vivo.   

(A) Images depicting immunofluorescence of Phospho-Histone H3 (PH3, red)  and 

DAPI (greyscale) at the ventricle, E14.5, 4h following injection of various 

concentrations of STLC.  Scale bar: 25 μm.  Student’s t-test. 250μM v 80μM ****: 

p<0.0001, 150μM v 80μM *: p=0.02, 250μM v 150μM *: p=0.04. (B) Quantification of the 

average number of prometaphase cells per 100 µm, along the ventricular surface of 

the cortex (via PH3 and DAPI morphology) at 3 concentrations of STLC 4h post-

injection.  Dotted line: averaged DMSO value.   

 

2.2.2 Acute mitotic delay of RGCs alters progenitor and neuronal fate of progeny in 

vivo. 

Having established an assay to acutely and reversibly delay RGCs in mitosis, I 

next aimed to examine the effects of this acute cell cycle alteration. To label mitotic RGCs 

and their progeny I employed FlashTag, also termed CFSE (carboxyflourescin 

succinimidyl ester). Previous studies have demonstrated the utility of FlashTag in the 

developing cortex for labeling RGCs adjacent to the ventricle, and in their progeny 

[237,238]. Importantly, because RGCs at the ventricle are largely in G2/M, this allows us 
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to label mitotic RGCs. Indeed, I was able to recapitulate utility of this labeling paradigm 

(Figure 4A).  

With this dual mitotic delay and labeling paradigm, I then sought to assess the 

direct effects of prolonged mitosis on RGCs in vivo (Figure 4B).  

 

 

Figure 7: Experimental design to test effects of prolonged mitosis in vivo on 

cell fate acquisition. 

(A) Scheme of injection paradigm used in this study. (B) Time course of injection 

paradigm used to assess cell fate following prolonged mitosis. 

 

Our prior ex vivo and in vitro studies indicate that prolonged progenitor mitosis directly 

alters cell fate [216]. Thus, we hypothesized that mitotic delay in vivo would alter the 

neuronal and progenitor fates of progeny in the cortex. In the E14.5 cortex, RGCs cycle 

about 19 h on average, and divide either symmetrically or asymmetrically to produce 

RGCs, IPs, and excitatory neurons [213,239]. I unilaterally injected STLC or DMSO 

(control) along with FlashTag into the cortices of E14.5 embryos. I then quantified the 

fate of FlashTag+ (FT) daughter cells 16 h after injection, reasoning this would allow us 
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to examine the immediate progeny of delayed and labeled progenitors. Colocalization of 

FT with markers for RGCs (Pax6) and IPs (Tbr2) was quantified. At 16 h post-injection, 

in control FT+ progeny, about 50% of cells were Pax6+ (Figure 5A,B). Compared to 

DMSO, in STLC treated brains, there was a significant 24.6% decrease in FT+Pax6+ RGCs 

(p=0.01). In contrast, there was no significant change in newborn Tbr2+ IP number 

between control and STLC conditions (p=0.24)(Figure 5C,D). These data indicate that 

mitotic delay in vivo preferentially reduces the number of RGCs, without having a 

striking impact upon IP number.  

Given the significant reduction of RGC number following a prolonged progenitor 

mitosis I next asked if there was a concomitant increase in newborn daughter neurons. 

To monitor newborn neurons, I quantified the expression of NeuroD2, a neurogenic 

transcription factor [240]. NeuroD2 is expressed in the VZ, SVZ, and CP soon after 

neurons are born. In control brains about 60% of FT+ newborn progeny were NeuroD2 

positive (Figure 5E,F). The proportion of daughter cells expressing NeuroD2 showed a 

slight, but significant 1.14-fold increase following prolonged prometaphase (p<0.0001). 

This increase was especially evident in rostral regions of the developing cortex (Figure 

6). Low expression of NeuroD2 can also label Tbr2+ IPs. However, I observed no change 

in Tbr2+ number following prolonged prometaphase, and thus posit that increased 

number of NeuroD2+ cells reflect more newborn neurons.  
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Figure 8: Effects of prolonged mitosis on cell fate acquisition in vivo during 

cortical development. 

A, C, E) Images depicting E14.5 brains 16 hrs after injection with either STLC or DMSO 

and stained for (A) Pax6 (white, red) (C) Tbr2 (white, red) (E) Neurod2 (white, red) along 

with FlashTag (green). B, D, F) Quantification of the fraction of FT+ cells which are 

Pax6 (B), Tbr2 (D), and Neurod2 (F) 16h after injection of DMSO or STLC. Pax6 analysis 

DMSO: n=11 embryos; STLC: n=9 embryos, n=2 sections each. Tbr2 analysis, DMSO: 

n=10 embryos, STLC: n=9 embryos, n= 2 or more sections each. NeuroD2 analysis, 

DMSO: n=11 embryos, STLC: n=10 embryos, n=2 or more sections each. Statistics: 

student’s t-test.    

 

 

Figure 9: analysis of cell fate acquisition in vivo following prolonged mitosis 

along the rostral-caudal axis. 

Quantification of the fraction of NeuroD2 cells out of total FT+ population, across 

rostral or caudal sections.  Developing hippocampus/hem used to denote Caudal 

sections v rostral sections.  N ≥ 2 embryos per condition, averages of 2 or more 

sections per condition.  N=11 total embryos,  Rostral Caudal *: p=0.04.  Error bar=s.d. 
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I aimed to further probe this possibility and discriminate between NeuroD2+ 

proliferative versus differentiated daughter cells. To assess the number of newborn 

neurons following prolonged mitosis, I labeled proliferative daughters using cumulative 

EdU injection every 2 hours, starting 8 hours after injection of either STLC or DMSO and 

FT (Figure 7A,B). With this approach, any FT+ daughters exiting the cell cycle would be 

EdU-, while proliferative progeny would be EdU+. I quantified the proportion of 

NeuroD2+EdU-FT+ cells that exited the cell cycle 26 h post-injection (Figure 7C). 

Compared to control, in STLC treated brains, there was a significant increase in cell cycle 

exit of NeuroD2+ cells (compare 32% to 44%, respectively, p=0.035). Thus, prolonged 

mitosis of RGCs alters neurogenesis in vivo, resulting in fewer progenitors and more 

neurons. Notably these phenotypes of skewed proliferative to neurogenic fates are 

commonly seen in microcephaly disease models [223-229].  
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Figure 10: Cell cycle exit in daughter cells increases following prolonged 

mitosis in vivo. 

(A)  Images depicting FT (green), EdU (red), and NeuroD2 (purple) 26h post-injection 

of DMSO or STLC. (B) EdU labeling scheme following injection of DMSO or STLC, 

analysis at 26h post-injection. (C) Quantification of the fraction of FT cells which are 

EdU-NeuroD2+FT+ 26h after injection of DMSO or STLC. NeuroD2 **: p=0.0037. Pax6 

**** p<0.0001. EdU/NeuroD2 *: p=0.04. Scale bars: A: 20 µm. E,C, G, 25 µm; J, 100 µm. 

Error bar=s.d. 

 

Given the pro-neurogenic outcome linked to increased mitosis duration, I next 

asked whether acute mitotic delay would result in a longer-term impact upon cortical 

fates, by quantifying laminar markers 72 h after injection. In order to discriminate direct 

and indirect progeny derived from delayed progenitors, I performed cumulative EdU 

labeling following either STLC or DMSO injection [144] (Figure 8). I quantified SATB2 
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and ROR  as these primarily mark neurons of layers II/III and IV, respectively, which 

are generated at or after E14.5, when mitotic delay was induced [241]. Although I noted 

slight trends toward more upper layer neurons, these were not quite significant (Figure 

8). This suggests that an acute lengthening of mitosis in RGCs in this paradigm is not 

sufficient to dramatically alter lamination patterns of cortical neurons. 

 

 

Figure 11: Cortical layer marker acquisition in daughter cells following 

prolonged mitosis. 

A) Scheme of experimental paradigm. B) Proportion of FlashTag cells exiting the cell 

cycle after the first division (EdU-) that express RORBeta 72h after injection of DMSO 

or STLC. C) Proportion of FlashTag cells exiting the cell cycle after the first division 

(EdU-) that express SatB2 72h after injection of DMSO or STLC.  Dots represent 
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individual brains.  N ≥ 3 brains per condition, averages of 2 or more sections per 

brain.  Error bar=s.d. Statistics: student’s t-test. 

 

2.2.3 Acute mitotic delay of RGCs independently increases apoptosis of newborn 

progeny in vivo  

Another phenotype commonly linked to microcephaly is apoptosis. Hence, I 

asked whether cell death of daughter cells was evident following prolonged mitosis of 

RGCs. Analysis of brains 8 hours after STLC injection revealed apoptotic-like puncta 

evident in FT+ cells, but not in controls (Figure 9A). To monitor apoptosis, we performed 

immunostaining for cleaved-Caspase 3 (CC3) at  8h and 16h after injection of  DMSO or 

STLC (Figure 9B). 8h post-injection, CC3 expression was significantly increased in 22% 

of FlashTag+ daughter cells in STLC compared to control (p=0.0021) (Figure 9B). CC3 

expression was highly specific to FT+ cells (92.2%+/-2.7%) (Figure 9C). This indicates that 

STLC injection does not cause a non-cell autonomous increase in apoptosis in the tissue, 

similar to that seen in our prior studies [216]. By 16 h after prolonged mitosis, 

CC3+FT+cells were inconsistently evident in STLC brains, and was not significantly 

different than control. However, in STLC-treated brains, the average number of 

apoptotic progeny was significantly different between 8 and 16 h. These data indicate 

that apoptosis of newborn progeny is high 8 h after injection. Based upon the kinetics of 

mitotic delay (Figures 1, 2) this indicates that apoptosis is evident in progeny which are 

estimated to be on average about 5 hours old.  
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Figure 12: Apoptosis occurs in a subset of daughter cells following prolonged 

mitosis in vivo. 

A) Images depicting the VZ/SVZ with FT (green) and CC3 (white) 8h after injection of 

DMSO or STLC. B) Quantification of the fraction of FT cells which are CC3+FT+ cells 

in 200 µm wide radial columns. C) Quantification of CC3+ cells that are FT+ at 8h in 

STLC condition. Dots represent individual embryos, n= 2 or more sections each. 

Quantifications performed in cooperation with Andrea Chalem (16h timepoint). 

 

 

One possible explanation for reduced progenitor number and increased neuron 

number 16 h after injection is selective cell death of progenitors. To assess this, I 

quantified the fraction of CC3 cells which expressed a neuronal marker. Given that 

apoptotic CC3+ cells lose nuclear structure I used a cytoplasmic neuronal marker, Tuj1. 

16 h after injection, in the small number of apoptotic cells present, I quantified similar 

fractions of Tuj1 positive and Tuj1 negative FT+ progeny (Figures 10A,B). This suggests 

that apoptosis affects progenitors and neurons equivalently at a time point when cell 

fate is altered. I could not quantify the fates of cells that may have died earlier given 
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variable onset of fate marker expression. Nevertheless, these results are in line with the 

finding that prolonged mitosis directly promotes neuron generation, reduces progenitor 

production, and causes excess apoptosis in progeny. 

 

 

Figure 13: 16 hours after injection prolonged mitosis-induced apoptosis is 

observed in daughter neurons and daughter progenitors. 

A) Images depicting the VZ/SVZ +16h after injection of STLC, depicting FT (green), 

CC3 (purple), and Tuj1 (red). Inset, right: ROI depicting CC3 and Tuj1. White 

arrowheads: FT+CC3+Tuj1+; Yellow arrowheads: FT+CC3+Tuj1-; Blue arrowheads: 

FT+CC3+Tuj1-. B) Quantification of the fraction of CC3+ cells that are either Tuj1+ or 

Tuj1- 16h after STLC injection, in 200 µm wide radial columns. N>10 sections. 

 

 

How does apoptosis affect the overall composition of progeny following 

prolonged progenitor mitosis?  I further probed the distinct fates of apoptosis and 

differentiation by measuring the impact of prolonged mitosis in a Bax-/- model. These 

models are valuable for eliminating apoptosis, especially that which occurs during 

normal development [242]. Thus, I used this model to ask if it could eliminate apoptosis 
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associated with prolonged mitosis. I repeated either DMSO or STLC injections and 

collected brains for immunofluorescence analysis 16 h later. There was a significantly 

reduced fraction of Pax6+FT+ cells in Bax-/- animals compared to DMSO-treated  Bax-/- 

mice (Figure 11). Concomitantly, there was an increased proportion of NeuroD2+ 

daughter cells from progenitors stalled in prometaphase (Figure 11B). While the relative 

fold changes in Neurod2+ cells were similar in WT and Bax-/-, the Pax6+ reduction 

following STLC was less striking in the Bax mutant compared to control (Figure 11A). I 

noted variable apoptosis in the Bax-/- brains 16h after STLC treatment, similar to that seen 

in WT brains. Thus, it is possible that Bax does not completely eliminate apoptosis, 

perhaps due to redundancy with other apoptotic regulators. Nonetheless, the 

quantification of equivalent apoptosis in progenitors and neurons suggests that the 

increase in neurons is not entirely explained by selective progenitor apoptosis. 

 

 

Figure 14: Effects of prolonged mitosis on cell fate acquisition in BAX-/- mice. 
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(A) and (B): Quantification of the fraction of FT+ cells which are Pax6 (A) or NeuroD2 

(B) 16h after injection of DMSO or STLC in E14.5  Bax-/- embryos; in 200 µm wide 

radial columns. Pax6 analysis, DMSO: n=4 embryos; STLC: n=5 embryos, n=3 sections 

each. NeuroD2 analysis, DMSO: n=5 embryos, STLC: n=6 embryos, n= 3 sections each. 

C) Comparison of fold changes in expression of Pax6 or NeuroD2 between WT and 

Bax-/- embryos at 16h following STLC injection.  CC3 8h ***: p=0.001, 8h v 16h: p=0.05. 

BAX Pax6 *: p=0.015, NeuroD2 *: p=0.03. Pax6 BAX v WT *: p=0.01. Students t-test. 

Scale bars: A, D, 25 µm; D, 10 µm, Error bar=s.d. 

 

2.2.4 Prolonged prometaphase alters the transcriptome of mitotic progenitors and 

their progeny. 

Having established that RGC mitotic delay alters the differentiation state and 

survival of progeny, we sought to understand the cascade of molecular events which 

accompany cell fate changes. Specifically, we asked what are the downstream alterations 

in the transcriptome following an acute prolonged progenitor prometaphase?  I thus 

took advantage of our model system for the ability to assess gene expression changes as 

a result of a single delay event. Towards this, I injected E14.5 brains with STLC or 

DMSO, followed by injection of FT two hours later (Figures 12A, 18, see methods). This 

paradigm was used in order to label populations of RGCs at their peak of prometaphase 

delay (Figure 1) and label their direct progeny (Figure 12B). Importantly, this paradigm 

recapitulated the results observed previously with co-injection of FlashTag and STLC 

(compare Figures 2 and 18). Further, this sequential injection paradigm resulted in 

higher fold cell fate alterations (Figure 18).  

I isolated cortices either immediately after FT injection to enrich for mitotic RGCs (+2h) 

or several hours later to enrich for newborn progeny (+9h). I then performed FACS, 
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collecting 20,000 cells/condition or 40,000 cells/condition  for +2 and +9h respectively 

(Figure 12 A-D).  

 

 

Figure 15: Transcriptome analysis following prolonged mitosis. 

(A) Schematic of RNA-seq analysis. (B) and (C): Cell cycle plots of FACS sorted 

populations by condition and timepoint. Y axis: cell count, X axis: Propidium Iodide.  

D) Images depicting cortices stained for FT (white) 2 and 9 hrs  after injection with 

either DMSO and STLC conditions, corresponding to RNA-seq timepoints.  E) Graph 

of total significant transcript changes at both timepoints, >2-fold expression 

difference STLC v DMSO, p<0.05. 

 

 

Cells were sorted based upon FT signal to enrich relatively equivalent cell populations 

using a 5% threshold for control and 1% for STLC (Figure 13).  
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Figure 16: FACS workflow for RNA-seq. 

A, B)  FACS workflow for purifying live, FT+ cells from the developing cortex in both 

DMSO and STLC conditions, 2h timepoint.   

 

Using propidium iodide staining I assessed DNA content as a proxy for cell cycle 

stage (Figure 12B,C). Of those cells derived from either STLC or DMSO brains at +2h 

about 50% had a 4N DNA content (indicative of G2/M) and about 50% had a 2N DNA 

content (indicative of G0/G1/S). Given the timing of mitotic delay, an important caveat 
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of this approach is that the control would be expected to have later G1 stages versus 

earlier stages in STLC. I then carried out transcriptome analysis in triplicate at each 

timepoint. We obtained >5x106 reads/sample in collaboration with David Corcoran’s 

group in Duke Center for Genomic and Computational Biology. I noted that between 

time points there was a significant increase in neurogenic transcripts in WT brains, 

correlating with increased differentiation of newborn daughter cells. This reflects the 

utility of our assay in labeling progenitors and newborn progeny (Figure 14). 

 

 

Figure 17: RNA-seq normalized FPKM of select neurogenic genes across time, 

corresponding to timepoints of FT labeled cells at 2 hr and 9h.   

 

 



 

62 

At +2h, we detected differential expression of a small number of transcripts including 

221 transcripts (q<0.1); or 167 transcripts with a stricter statistical cutoff (q<0.05) (Figure 

12E). Of these, the majority of transcripts were downregulated (e.g. 100 in q<0.05). Gene 

set enrichment analysis (GSEA) (cutoff of FDR<0.1, fold change +/-2) revealed several 

differentially expressed pathways (Table 1). This included several categories related to 

cell cycle including DNA replication, G2/M transition and G1. We also noted enrichment 

for DNA damage pathways, including several genes assigned to “S phase enrichment”.  

At +9h, we detected less differential expression which included changes in 63 

transcripts (q<0.1) or 41 transcripts (q<0.05) (Figures 12,15). Similar to +2h, the majority 

of transcripts were upregulated (e.g. 29 in q<0.05) (Figures 12E, 15). Gene set enrichment 

analysis (GSEA) (cutoff of FDR<0.1, fold change +/-2) revealed several differentially 

expressed pathways including those linked to cell cycle and translation (Table 1). 

Strikingly, at +9h, the P53 pathway was significantly enriched in the upregulated 

transcript list. This overlaps with multiple studies which have discovered upregulation 

of P53 targets, including irradiation-induced microcephaly of the embryonic brain [243, 

244].  
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Figure 18: Differential expression following prolonged mitosis in vivo. 

A, B)  Scatterplots of gene expression changes at +2h (A) and +9h (B) timepoints. Red: 

p<0.05, enriched in STLC. Blue: p<0.05, enriched in DMSO. Transcripts of notable 

change or associated with significant pathways have been annotated. 

 

To validate these findings qPCR was performed on transcripts from the +2h and +9h 

timepoints. For the +2h timepoint I assessed levels of Neurog1 and Tcf19, two transcripts 

linked to differentiation and showing >2 fold change from RNA-seq. Both were 

significantly upregulated in STLC-treated brains relative to control, consistent with the 

transcriptomic findings (Figure 16). For the +9h timepoint, I measured levels of Cdkn1a 

(P21) and Ccng1, which are known P53 targets. Both transcripts showed potent increases 

in STLC versus control, also consistent with results from RNA-seq at this timepoint 

(Figure 16).  
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Figure 19: qPCR validation of RNA-seq results. 

 qPCR for select RNA-seq candidates at +2h and +9h timepoints. Neurog1 ***: p=0.004, 

Tcf19 ***: p=0.02, Ccng1 ***: p<0.0001, Cdkn1a ***: p=0.0005. Dots equal independent 

biological replicates. At +2h, samples were identical to those use for FACs, whereas at 

+9h, 3 brains were from FACS and remaining were independent replicates. Error 

bar=s.d. 

 

In sum, transcriptome analysis of STLC-delayed RGCs and their progeny point 

to differential gene expression changes in just a small fraction of transcripts expressed in 

the E14.5 cortex, indicating that overall gene expression is largely unaffected. This 

provides a valuable and manageable list of transcripts which may be relevant for cell 

fate specification in response to mitotic delay.  
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2.2.5 P53 is a major signaling pathway altered following RGC mitotic delay in vivo 

The P53 pathway was strongly upregulated in newborn progeny following 

mitotic delay. I thus analyzed expression of stable nuclear P53 in brains following either 

DMSO or STLC injection, at +4, +6, and +8h following injection of either DMSO or STLC 

(Figures 17A, B). At all timepoints, P53 levels were significantly elevated in FT+ positive 

progeny, showing peak elevation 6h after injection (Figure 17B). P53 expression 8h after 

injection was evident in 38% of FT+ daughter cells, when daughters are ~5 h old (Figure 

17C). Importantly, P53 expression was also highly specific to FT+ cells 8h after injection 

(91.5%+/-2.4%, n=3) (Figure 17D).  

 

 

Figure 20: p53 expression is upregulated in a subset of daughter cells 

following prolonged mitosis. 

A) Images of the VZ/SVZ depicting FT (green) and p53 (white) 8h after injection of 

DMSO or STLC. (B) Quantification of the fraction of FT+ cells that are CC3+FT+ cells 

4h, 6h, and 8 h after STLC injection via analysis of 200micron cortical columns. Dots 

represent individual embryos, average of 2 or more sections per embryo. 6h**: 

p=0.004, 8h ****: p<0.0001, 10h ***: p=0.0003, 6h v 8h *:p=0.02, 8h v 10h: p=0.04. (C) 

Quantification of the fraction of FT+ cells that are p53+ at 8h in STLC condition. (D) 
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Percent of p53+ cells labeled by FlashTag 8h after STLC injection.  N=3 embryos, 

average of 3 sections per embryo. 

 

 

We thus asked if p53 loss would impact cell fate changes associated with 

prolonged mitosis. We generated Emx1-Cre; p53lox/lox mice and repeated experiments to 

prolong mitosis by acute injection of STLC or DMSO followed by FT 2 hours later and 

harvesting brains at +16h (Figure 18A, 18B,C with Andrea Chalem). In the absence of p53 

I noted no significant difference in Pax6 or Neurod2+ cells between DMSO and STLC 

treated p53 mutant brains (Figure 18B,C). These experiments suggest that with in our in 

vivo paradigm, p53 signaling is activated and may influence daughter cells born from 

mitotically delayed progenitors. 
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Figure 21: Effect of p53 cKO on cell fate after prolonged prometaphase in vivo. 

(A) Scheme depicting sequential injection experimental paradigm used in this 

experiment. (B) Quantification of the fraction of FT+ cells which are Pax6+ and 

NeuroD2+ in E14.5 WT (C57BL6/J brains).  N ≥ 4 brains per condition, 2 or more 

sections per brain.  Dots represent individual brains.  statistics: student’s t-test.  Pax6: 

p=0.03; NeuroD2: p=0.0029 Error bar =s.d.  (C) Quantification of the fraction of FT+ 

cells which are Pax6+ and NeuroD2+ in E14.5 Emx-Cre; p53lox/lox brains.  Statistics: 

student’s t-test.  Pax6: DMSO p53 cKO: n=6 embryos, averages of 2 or more sections 
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per embryo.  STLC p53 cKO: n=8 embryos, n=3 sections each.  NeuroD2: DMSO p53 

cKO: n=6 embryos, n=3 sections each.  STLC p53 cKO: n=8 embryos, n=3 sections each.  

Error bar=s.d. Dots represent individual brains.  Blinded quantifications were 

performed in cooperation with Andrea Chalem (18B, C). 

 

Given the increase in P53 signaling and apoptosis following prolonged mitosis, I  

sought to understand upstream mechanisms triggering this cascade of events. One of 

the pathways associated with increased p53 signaling is DNA damage response, which 

was also upregulated in our transcriptome analysis. Our previous studies in vitro 

showed that DNA damage accumulates following mitotic delay but it was unclear at 

which stage this occurred [216]. I thus assessed DNA damage in progenitors during 

prolonged prometaphase in vivo. For this I immunostained tissue sections with ɣH2AX, 

a marker of double strand DNA breaks (Figure 19A). FT+ and - RGCs were quantified 2 

h and 3h after STLC or DMSO injection, in order to assess ɣH2AX levels in cells 

transiting mitosis. There was no difference in ɣH2AX signal in either G2 or 

prometaphase cells, indicating that DNA damage does not accumulate at the time of 

delay (Figure 19). In contrast, quantification of ɣH2AX+ cells in metaphase and 

anaphase/telophase stages showed significant increases following STLC injection 

relative to the control (Figure 19). These experiments demonstrate that prometaphase 

delay in vivo results in increased DNA damage during metaphase and continuing into 

telophase. 
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Figure 22: γH2AX increases during mitosis in progenitors with a prolonged 

mitosis in vivo.  

(A) Images of γH2AX (red) and DAPI (white) in mitotic cells at the ventricle 3h after 

injection of DMSO or STLC. (B-E) Quantification of H2AX intensity of mitotic cells at 

the ventricle 3h after DMSO or STLC injection. Dots represent individual cells across 

two or more embryos. Note for STLC, primarily FT+ cells were quantified in order to 

enrich for mitotic cells.  Statistics: student’s t-test. metaphase ****: p<0.0001. 

anaphase/telophase ****: p<0.0001. Scale bar: A, 25 µm, E, 5 µm, Error bar= s.d. 

 

Two pathways that are activated by DNA damage are ATM and ATR. I 

examined activation of the ATR pathway, using an antibody against phosphorylated 

ATRS345. 4 h after STLC injection I quantified higher pATR levels, suggesting that 

newborn progeny have activation of the ATR pathway (Figure 20).  
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Figure 23: pATR expression in newborn daughter cells following prolonged 

mitosis in vivo. 

 

A) Images depicting expression of pATR (red) in FT+ cells (green) 4h after injection of 

DMSO or STLC.  Gray arrowhead: cell in mitosis exhibiting pATR.  Blue arrowhead: 

FT+ daughter cell with pATR expression following STLC.  B) Quantification of pATR 

signal intensity measured in FT cells 4h after injection of DMSO or STLC at e14.5.  

Dots represent individual cells from 2 embryos.  Student’s t-test. ****: p<0.0001. 

 

 

We thus asked whether ATR activation explains altered cell fate following prolonged 

prometaphase. To inhibit ATR signaling, I used two well characterized small molecules 

AZ20 and VE821 [245,246]. I first established conditions in which the drugs effectively 
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inhibited ATR, as monitored by Western blot analysis. AZ20 inhibition of ATR 

decreased pChk1 phosphorylation in mouse NIH3T3 cells, and in primary cultures 

derived from E14.5 cortices (Figure 21).  

 

 

Figure 24: ATR inhibitor AZ20 function in murine cell culture and primary 

cells. 

(A) and (C): Western Blots of pChk1 following ATR inhibition in MEFs (A) and 

primary e13.5 cultures (C).  (B) and (D) Quantification of Western blots in A (B) and C 

(D).   

To assess the impact of ATR signaling on cortical fates, I employed in vitro live 

imaging of progenitors, an approach we have used to live image single RGCs and their 
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daughter cells [216, 247]. Primary cells were live imaged with co-incubation of STLC or 

DMSO and select ATR inhibitors AZ20 and VE821. After 3 h, STLC was washed out, and 

cells progressed through mitosis in the presence of ATR inhibitors for 3 h, after which 

time, cells were allowed to divide in normal media. I examined fates of daughter cells at 

E13.5 from either delayed (STLC treated, >50 min in mitosis) or not delayed (DMSO 

treated) progenitors cultured with AZ20 (1μM, control) or VE821 (160nM) (Figure 22). 

After 18h I stained for cell fate markers Sox2, NeuroD2, and Tuj1, and apoptosis. By 

quantifying individual fate events, I noted no difference in either neurogenic divisions 

or viability regardless of whether STLC-delayed progenitors had ATR activity or not 

(Figure 22). This suggests that ATR activation does not explain apoptosis and cell fate 

changes following progenitor prolonged mitosis. 

 

 

Figure 25: Effects of ATR/ATM inhibition on cell fate acquisition following 

prolonged prometaphase. 
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(A) Quantification of impact of ATR or ATM inhibition on apoptosis via live imaging 

in vitro of E13.5 cortical primary cell culture. (B)  Quantification of impact of ATR or 

ATM inhibition on cell fate via live imaging of E13.5 cortical primary progenitors. 

Statistics: student’s t-test. Scale bar=5 µm. 

 

2.2.6 Prolonged mitosis alters fate of human neural progenitors  

Our findings, together with previous studies, demonstrate that prolonged 

mitosis alters cell fate of mouse neuronal progeny in vivo, ex vivo and in vitro. Finally, to 

further probe the relevance of prolonged mitosis for altered cell fate we asked whether 

human neural progenitor cells (NPCs) show the same sensitivity to mitosis duration. I 

used human embryonic stem cells (ESCs) to generate cortical NPCs. These NPCs were 

plated onto poly-ornithine/laminin coated 24-well plates in media containing either 

DMSO (control) or STLC to induce prolonged mitosis. Progenitors were then imaged 

live, over a 24-hour period, and DMSO or STLC was washed off after the first 4 hours 

(Figure 23A,B). I first quantified NPC mitosis duration, which significantly increased 

following STLC treatment (Figure 23C). The vast majority of control NPCs proceeded to 

complete division within 50 minutes (Figure 23D). Indeed, the average mitosis length for 

cells dividing in the STLC condition was 144 minutes, and encompassed a range of 

mitosis lengths, from 40 to over 250 minutes. 

Fixed cells were then assessed for cell fate changes associated with mitotic delay. I 

quantified progeny expressing the neuronal marker Tuj1, and cell fates were 

retrospectively assigned to parental progenitors. Only in the delayed cohort did I 
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observe increased neurogenic divisions and fewer proliferative divisions (Figure 23E). In 

contrast, non-delayed human NPCs showed no difference in the neurogenic divisions, 

compared to control (Figure 23E). This reinforces that STLC acts upon cell fate by 

delaying NPCs in mitosis, and does so with specificity. In the STLC conditions, however, 

there was an increased proportion of asymmetric neurogenic divisions compared to 

control or non-delayed divisions. Accordingly, symmetric proliferative divisions 

occurred at a significantly lower frequency across different mitotic durations (Figure 

23F). This suggests that mitotic delay of human NPCs resulted in significantly more 

neurogenic divisions at the expense of symmetric proliferative divisions.  

I also assayed cell death by quantifying cell morphology after 18h. Apoptosis occurred  

in 38% of delayed cells and was absent in control divisions or in STLC conditions where 

divisions were shorter than 50 minutes (Figure 23G). Again, I noted that apoptosis was 

evident across all mitotic durations with a significant increase that correlated with 

longer mitosis (Figure 23H). These data demonstrate that human NPCs are subject to 

fate changes following prolonged mitosis in a similar manner to that seen in mice. Thus, 

cell biological and developmental programs responding to prolonged mitosis are 

conserved across species and relevant for human progenitors.  
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Figure 26: Prolonged mitosis in human neural progenitors directly alters cell 

fate.   

(A), (B) Panels of live imaging timeseries depicting neurogenic (A) and proliferative 

divisions (B) with immunostaining for Tuj1 (red) and DIC. Arrowheads indicate 1 cell 

over time which divides to become 2 cells. C) Quantification of average mitosis 

duration for NPCs treated with either DMSO (blue) or STLC (red). Student’s t-test. 

****: p<0.0001. D) Histogram of NPC mitosis duration, using 50min bins. Chi-square, 

****: p<0.0001. E) Quantification of fraction of NPC divisions which are proliferative 

(Tuj1-; green),  asymmetric neurogenic (1 Tuj1-, 1Tuj1+, white), or symmetric 

neurogenic (both Tuj1+, black), under different conditions and graphed by mitosis 

duration. DMSO: n=74 daughter pairs, STLC <50 mins: n=58 daughter pairs, STLC >50 

mins: n= 41 cells. Chi-square with Bonferroni correction followed by post-hoc 
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analysis. DMSO v STLC delayed **: p=0.006, STLC normal v delayed **: p=0.009, post 

hoc proliferative fates **: p=0.001, asymmetric neurogenic **: p=0.003. F) Histogram of 

neurogenic divisions (% of total at each mitotic duration) in 50 min bins. Chi-square 

****: p<0.0001. G) Quantification of the fraction of  NPC divisions generating viable 

(black) or apoptotic (white) progeny. DMSO: n=74 daughter pairs, STLC <50 mins: 

n=58 daughter pairs, STLC >50 mins: n= 66 cells. Statistics: Chi-square and post-hoc 

chi-square with Bonferroni correction. DMSO v Delayed STLC ****: p<0.0001, STLC 

normal v delayed STLC ****: p<0.0001. H) Histogram of proportion of apoptosis in 

progeny. ANOVA *: p=0.02,  Error bar=s.d., Scale Bar= A, B: 20 µm. 

 

2.3 Discussion 

Mutations in mitotic regulators result in human microcephaly, which has led to 

the long-standing model that mitotic defects underlie this disease. However, how 

perturbations to mitosis impact cortical development is unknown. In this study we 

demonstrate that acute prolonged mitosis of neural progenitors disrupts neurogenesis in 

vivo. We establish and characterize a new experimental model for transiently and 

acutely lengthening progenitor mitosis and for monitoring cell fate. This experimental 

paradigm allowed us to gain new molecular insights linking prolonged mitosis to 

microcephaly associated phenotypes. Further, we show that prolonged mitosis of 

human neural progenitors also alters cell fate, further supporting the value of 

investigating links between mitosis duration and fate of progeny. This experimental 

paradigm offers a valuable approach for interrogating mechanisms of microcephaly and 

related disorders. Further our findings bolster the notion that mitotic delay of 

progenitors is a relevant mechanism to explain some cases of microcephaly. 
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Over 25 loci are implicated in the etiology of human microcephaly and a majority of 

these encode mitotic regulators [220]. This rich human genetics has continued to support 

the long-standing model that mitotic defects in progenitors underlie microcephaly [248-

251]. Indeed, this notion has also been borne out experimentally. Across a variety of 

models including mice, organoids and cultured cells, studies have shown that mitotic 

defects manifest in genetic and ZIKV etiology of microcephaly. However very few 

studies have assessed how mitosis is perturbed. Most studies use only fixed analyses to 

show abundant mitotic cells, without normalizing this to progenitor cell cycle or 

number. In this regard, the use of live imaging, and detailed cell fate tracing in vivo, as I 

have done here, provides invaluable insights into the nature of mitotic defects. Along 

with prior studies [216], our data strongly argue that lengthened mitosis in mice in vivo 

and in human cells has detrimental impacts upon neurogenesis, and specifically 

abundant apoptosis, imbalance of progenitors and neurons. Importantly these same 

phenotypes are often evident in microcephaly models which co-present with mitotic 

delay. 

In the future, implementation and variations on the experimental model we developed 

may be valuable to further understand the pathogenesis of microcephaly and to 

understand the role of mitotic delay in cell fate. There are several notable strengths of 

our model, as it allows one to acutely and reversibly delay RGCs in mitosis and then to 

trace cell fates in vivo. We also showed how this paradigm may be applied to different 
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genetic backgrounds in order to interrogate genetic mechanisms by which prolonged 

mitosis impacts cell fate. Altogether, the neurogenesis defects we observed following 

acute mitotic delay in vivo were significant. It is important to note that the experiments 

in the current study used a single injection of STLC at E14.5, thus focusing the potential 

phenotypic impact to a single division. While technically challenging, it is exciting to 

consider how multiple injections across different stages could lead to more potent and 

significant impact upon cortical lamination and brain size, thus further modeling a ZIKV 

or genetic microcephaly. Further, our studies also indicate that higher dosages may have 

a more profound impact on mitosis duration. Likewise, it would be interesting to apply 

this acute delay model to earlier or later stages of development to evaluate roles for 

delayed progenitor mitosis in the neuroepithelial to RGC transition or astrocyte 

differentiation, respectively.  

Our findings reinforce prior studies from our lab linking prolonged mitosis to cell fate in 

ex vivo and in vitro studies. The parallels we observe are remarkable given that the 

current experiments are all performed in vivo. There were some phenotypic differences; 

in comparison to slice experiments which led to 1.5 fold more neurons and 1.25 fold less 

Tbr2 cells, the current experiments resulted in 1.2 fold more neurons, with no change in 

IPs [216]. Cell fate was comparable in DMSO and STLC treated p53 mutants, whereas in 

comparison, in slices and primary cells, p53 did not rescue cell fate following prolonged 

mitosis [216]. We posit that these phenotypic disparities may be attributable to 
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differences in experimental paradigms. Here, I used a conditional p53 model in which 

p53 is eliminated in RGCs at E9.5 with analysis at E14.5, whereas prior studies used a 

germline model and assayed cell fate one day earlier at E13.5. Neuronal fates in both 

studies were also monitored with different markers and different lineage tracers. Thus, 

experimental and phenotypic differences may explain the observed results. The BAX-/- 

embryos retained variable cell death following prolonged mitosis, whereas p53 

experiments reinforce that apoptosis is a major cause of altered cell populations in this 

paradigm. However. quantification of equivalent apoptosis in progenitors and neurons 

suggests that the increase in neurons is not entirely explained by selective apoptosis. 

 

Mechanisms linking mitotic delay to microcephaly 

Our results firm up a role for p53 signaling in microcephaly. Indeed, it is striking 

that across the literature, p53 is reproducibly identified as a unifying downstream 

pathway in microcephaly models [187, 216, 244, 252-257]. Many genes mutated in 

primary microcephaly and microcephaly syndromes function in key aspects of mitosis 

including bipolar spindle formation and centrosome assembly (e.g. CEP152, CEP135, 

WDR62, CDK5RAP2, ASPM, SAS4/CENPJ, CENPE, SAS6). Of these, in particular, loss of 

Sas4 results in a prolonged mitosis and p53 activation, and these mice have severe 

microcephaly [258]. Thus, from these data and this current work, we argue that 

prolonged mitosis is a plausible underlying cause of cell fate alterations in microcephaly. 
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Indeed, this suggests that functional classification of microcephaly loci into those that 

lengthen mitosis, and particularly prometaphase, may be especially prone to the 

mechanisms described here. 

A key question going forward is what are the signals that transduce the response to 

prolonged prometaphase, activating p53, altering cell fates, and potentiating apoptosis?  

we found that prolonged mitosis induces DNA Damage in progenitors, followed by 

detectable pATR expression in newborn progeny, and p53 signaling within hours of cell 

birth, followed by cell death and altered neurogenic fates. Indeed, DNA Damage, in 

certain contexts, can result in increased P53 activity and at times has been found to 

trigger cell cycle checkpoint arrest, or cell cycle exit. Here, we discover that increased 

DNA damage is upregulated in delayed progenitors, most notably at metaphase and 

anaphase. However, ATR inhibition did not affect outcomes linked to delay; thus 

alternative pathways may explain why P53 upregulation occurs in newborn progeny.  

A plausible path to discover pathways upstream of p53 is by interrogating molecular 

changes evident before P53 upregulation. Notably, our transcriptome analysis 

highlighted a number of candidates whose levels were significantly altered immediately 

following delay (+2h). Amongst these are several transcripts associated with promoting 

neurogenesis, such as Neurogenin1, which would be of strong interest to interrogate 

further. Likewise, other omics-based approaches focused on changes at the protein level 
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may give valuable insights as well into possible translational and post-translational 

changes at play during mitotic delay. 

Taken all together our study further reinforces the notion that prolonged mitosis of 

progenitors has deleterious impact on the developing brain. This has implications for 

developmental conditions like human microcephaly where prolonged mitosis is an 

important phenotypic occurrence. 

 

2.4 Methods 

2.4.1 Mice 

All mice were fed a standard chow. All alleles were maintained on a C57BL/6 

background. Bax heterozygotes were bred to produce knockout embryos, which were 

genotyped at time of experiment. P53 cKO (Emx1-Cre; p53lox/lox) mice were bred as 

homozygotes, F1 in-breeding was avoided. Embryogenesis was timed, calling 

embryonic day 0.5 at time of observed vaginal plugging the next morning. All 

experiments were approved by Duke IACUC. 

2.4.2 Mouse injections 

Intraventricular injections were performed on  E14.5 embryos. Pregnant dams were 

anesthetized with Isoflurane. 0.8uL of DMSO or STLC (80uM, 150uM, 250uM, dissolved 

in DMSO) with 0.01% Fast Green in dH20 was injected into the right ventricle of each 

embryo using a kd Scientific Legato 100 microinjector. For some experiments (Figures 1, 
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2A-H, 3, 5, 6, S1) brains were co-injected with 0.8uL of 1mM FlashTag (CFSE CellTrace®, 

Thermo Fisher C34570, stock prepared according to manufacturer’s recommendations 

then diluted 1/10 in injection solution). For some experiments (Figures 2I-K, 4, S2, S3, S4) 

a sequential injection was performed in which STLC or DMSO was first injected 

followed 2 hours later by FlashTag injection into the same brain. Briefly, between 

surgeries, the dam was placed in her home cage and allowed to recover. For the second 

injection, sutures were removed, injection was performed, then the surgical opening was 

again sutured closed. The dam was placed in her home cage and allowed to recover. 

Both surgeries were performed in the same manner. The sequential injection was 

optimal to label cells at the time of their delay in prometaphase at the ventricular 

surface. At various timepoints post-injection embryos were dissected, cortices were 

dissected, isolated, and prepared for downstream applications described below (FACS, 

Cell Culture, RNA-seq, fixed analysis). 

2.4.3 Fluorescence activated cell sorting of FlashTag+ cells and cell cycle analysis. 

Embryos were dissected into ice cold HBSS (Life Technologies, Without Ca or Mg). 

Cortices were isolated and meninges removed in ice cold HBSS. As necessary, tails were 

reserved from embryos for genotyping and placed in lysis buffer. Cortices were placed 

one or two hemispheres at a time into 250 mL of cold 0.25% Trypsin/EDTA (Life 

Technologies) with RNase-Free DNase I (New England Biolabs, 1:1000). Cortices were 

incubated in trypsin for 10 minutes at 37ᵒC. Trypsin was inactivated with addition of 500 
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mL of ice cold HBSS containing propidium iodide, and tissue was passed through a 

glass pipette (VWR) 6 times, then passed through a 30 micron filter. Dissociated cells 

were sorted at 6ᵒC with gates for FSC, SSC, PI and CFSE, dead cells and doublets 

discarded, and live cells collected in either HBSS (without Ca or Mg) with 10% FBS, 

HBSS (no FBS), RLT buffer (Qiagen) or Tri-Reagent (Sigma). For Cell Cycle analysis, cells 

were sorted at 4ᵒC into ice cold HBSS with 10% FBS. Cells were spun at 200g at 4ᵒC, 

supernatant removed, and resuspended in 300uL PBS (no Ca no Mg). 650 mL of 100% 

EtOH was added dropwise to fix cells. Cells were fixed for 1 hour, then spun down at 

200g and washed 3x with 5% BSA (fraction V, Thermo Fisher) in 1x PBS (no Ca no Mg). 

Cells were incubated with RNAse A 1:1000 (Sigma) for 30 minutes at room temp, and 

Propidium Iodide added at 1:1000. Cells were incubated for a further 30 min at room 

temp then stored at 4ᵒC until sorted. Cells were sorted and analyzed using a 

FACSCantoIITM Flow Cytometer (BD Biosciences) capturing FSC, SSC, CFSE, and PI. 

Output files were analyzed in FlowJo Version X. Cell cycle graphs were created in 

FlowJo. Briefly, output files were gated for single cells comparing FSC v SSC and PI 

intensity plotted in a histogram to determine proportion of cells 2N, S/G2, and 4N. For 

+2h, I isolated the top 1.5-2.3% of CFSE+ cells for control and the top 14-20% of CFSE+ 

cells for STLC. For +9h, I isolated the top 25% of CFSE+ cells for control and for STLC. 
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2.4.4 qPCR of FACS sorted cells 

Cells were sorted into RLT buffer and lysates frozen at -80ºC. Samples were thawed for 

15 minutes, mixed, and RNA was purified using Qiagen RNEasy Mini Plus columns into 

15 mL elution buffer (Qiagen). cDNA was generated using iScript (BioRad). qPCR was 

performed using template specific primers (Table 2) with iScript SYBR GREEN (Biorad) 

in 15 mL reactions in an Applied Biosystems StepOnePlus or in 2uL reactions performed 

in Applied Biosystems QuantStudio6 Flex. For 2ul reactions, qpcr plate was loaded from 

a source plate using a manual template on a LabCyte Echo 550 Acoustic Liquid Handler. 

2.4.5 Immunofluorescence 

Embryonic brains were fixed overnight in 4% PFA at 4ºC, then suspended in 30% 

sucrose at 4ºC for at least 4h. Brains were submerged in Neg-50TM (thermo scientific) and 

frozen on dry ice, then placed at -80. 20 micron sections were cryosectioned and slides 

were stored at -80ºC. Sections were washed with PBS and incubated in 0.25% Triton for 

15 minutes. If antigen retrieval was performed, sections were then submerged in sodium 

citrate buffer, heated to 100ºC for 30 minutes, taken off heat, and allowed to equilibrate 

to room temperature for ~30 minutes. Then sections were blocked in 1x PBS with 10% 

NGS for 1h. Primary antibodies, listed in Table 3, were incubated at room temperature 

for 2h. Sections were washed 3x then secondary antibodies, along with DAPI, were 

incubated for 20 min. Sections were washed and mounted in mowiol. 

Immunofluorescence images were acquired by epifluorescence on a Zeiss AxioObserver 
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with Apotome, or on a Zeiss 780 Inverted Confocal microscope and images were 

analyzed in Fiji software. Fiji quantitative data was transferred into Excel spreadsheets 

and statistical analyses were performed with GraphPad Prism. 

2.4.6 Quantifications 

In 150, 200, or 250 micron cortical columns of the dorsal cortex the number of cells 

expressing FT and markers for RGCs (Pax6/Sox2), IPs (Tbr2) or neurons (NeuroD2) were 

calculated using Fiji Cell Counter. For layer marker analysis, in 250 micron cortical 

columns the abundance and colocalization of FT and various pyramidal neuron markers 

was quantified. For prometaphase and mitosis quantifications, PH3 positive cells with 

condensed DNA were counted in blinded sections and the number of mitotic cells (PH3+ 

cells with condensed DNA) and the number of prometaphase cells (PH3+, DAPI without 

a metaphase plate, not in anaphase or telophase) determined by (#cells/microns)*100). 

For γH2AX analysis,  immunofluorescence was performed using antigen retrieval, and 

images were captured on a Zeiss 780 inverted confocal microscope. Z-sections were 

acquired every 2 microns. All processing and analysis was performed in ImageJ (FIJI). 2 

z-sections of each image were combined in a maximum intensity projection for analysis. 

Phase of mitosis was called for each cell using DAPI. For analysis of metaphase and 

prometaphase cells, an oval of 25-26 micron perimeter was drawn around each cell. For 

analysis of anaphase cells an ellipse of 28-29 micron perimeter was drawn around each 

cell. Mean, minimum, and maximum intensity of pixels were measured. For γH2AX, 
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analysis was completed on sections prepared 3h after injection and for pATR, analysis 

completed 4h after injection. For STLC condition, all FlashTag+ cells at the ventricle were 

measured. For DMSO, FlashTag+ and FlashTag- cells were measured. 

2.4.7 EdU time course  

E14.5 embryos were injected as described (mouse injections), first with DMSO or STLC, 

and 2h later, injected with FlashTag. 6h after injection, EdU was administered by IP 

injection at 10mg/kg every 2 hours until 18h to cumulatively label dividing cells in this 

period. 24h later, cortices were dissected, fixed in 4% PFA, and sectioned (as above). 

Prior to antibody staining, slides containing sections were washed twice in 1x PBS for 8 

min each, permeabilized with 0.5% Triton in 1x PBS for 2 min, washed three times in 1x 

PBS 2 min, and immunofluorescence staining for EdU was carried out using Life 

Technologies Click-It Plus Kit (#C10749) following manufacturer’s instructions. 

2.4.8 Transcriptome analysis 

E14.5 embryos were injected with FlashTag and DMSO or STLC using the sequential 

labeling approach described above. Following treatment and labeling of RGCs, at +2h 

and +9h following delay induction cortices were dissected and RGCs dissociated as 

described above. FlashTag+ cells were sorted into RLT lysis buffer and stored at -80ºC. 

RNA was purified from sorted RGCs using RNeasy Plus Micro Kit (Qiagen) and stored 

at -80ºC. cDNA libraries were prepared using Nugen Universal Plus mRNA-seq and 

sequenced using an Illumina Hiseq 4000. RNA-seq data was processed as previously 
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[235]. In short I used the TrimGalore toolkit which employs Cutadapt to trim low-

quality bases and Illumina sequencing adapters from the 3’ end of the reads. Only reads 

that were 20nt or longer after trimming were kept for further analysis. Reads were 

mapped to the GRCm38v73 version of the mouse genome and transcriptome using the 

STAR RNA-seq alignment tool. Reads were kept for subsequent analysis if they mapped 

to a single genomic location.  Gene counts were compiled using the HTSeq tool. Only 

genes that had at least 10 reads in any given library were used in subsequent analysis. 

Normalization and differential expression were carried out using the DESeq2 

Bioconductor package with the R statistical programming environment. Within 

individual analysis, genes were further filtered if more than 4 samples had zero reads. 

The false discovery rate was calculated to control for multiple hypothesis testing. Gene 

set enrichment analysis (Standard GSEA) was performed using normalized counts for 

the entire gene set averaged from biological triplicates per condition to identify gene 

ontology terms and pathways associated with altered gene expression for each of the 

comparisons performed. Gene identification was matched to Ensembl mouse CHIP file 

IDs.  

2.4.9 Primary cultures 

live imaging of RGCs and quantifying cell fate was performed as previously described, 

with slight modifications. Briefly, before dissection, primary culture media was 

assembled and MatTek glass coverslip bottom culture plates were coated with 50ug/mL 
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Poly-L-Lysine for at least 30 minutes at 37ºC. Plates were washed 3x with sterile water. 

Primary culture media recipe: 500μl N2 Supplement (Thermo Fisher), 1mL B27 

Supplement (without Vitamin A, Thermo Fisher), 500μl of 100mM N-acetyl-Cysteine 

(prepared in sterile water), and 50uL of 10ug/mL mouse bFGF (R&D Systems 3139-

FB025, prepared using manufacturer’s instructions) was added to cold 48.95mL high-

glucose DMEM (with Sodium Pyruvate, Glutamine, Thermo Fisher 11995-065). Media 

was kept at 4ᵒC for up to one week. Only enough media needed for each day was heated 

at 37ºC. E13.5 cortices were dissected in ice-cold HBSS, and the meninges removed, 

before placing cortices into ice-cold 0.25% trypsin-EDTA (Gibco). Cortices were digested 

for 10 minutes at 37ºC, then trypsin was inactivated by adding 1x trypsin inhibitor 

(Glycine max soybean, Sigma) diluted in primary cell culture media. Cells were spun 

down at 200g for 5 minutes, and supernatant removed. Cells were washed once with 

primary culture media, supernatant was removed, and cells were diluted in primary cell 

culture media. Cells were counted with a cell counter, and 250,000 cells were plated onto 

MatTek plates with glass coverslip bottoms in 1mL primary culture media. The culture 

plate was placed in a 37ᵒC incubator with 5% CO2, and cells allowed to settle and attach 

to plate bottom for 1 hour before proceeding. 

2.4.10 in vitro live imaging 

A Zeiss Axiovision inverted A1 microscope fitted with a Pecon incubation chamber was 

warmed to 37ºC and atmosphere conditioned to 5% CO2, via sensors and integrated Zen 
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software. For drug application, each drug was diluted to appropriate concentration in 

500uL warmed primary culture media (STLC 1uM, AZ20 1uM, VE821 1uM). 500uL of 

primary culture media was removed from cultures, and media with DMSO, STLC, 

individual ATR inhibitors or drug cocktail was added to each well, respectively. The 

culture plate was placed into the microscope under a Pecon plate cover attached to a 

regulated, humidified CO2 line providing 5% CO2. Typically, 80-120 x,y,z imaging 

positions were chosen in Zen software (~20 per well), and DIC images acquired with 10 

minute intervals between frames. Z focus was periodically adjusted as needed. Cells 

were incubated for 3h, then STLC (STLC wash off) removed from all conditions by 

removal of media, 1x wash with primary culture media, and application of new media. 

New media containing either DMSO or ATR inhibitors was added, and the plate was 

taken back to the microscope to resume imaging. After an additional 3h ATR inhibitors 

were removed (ATRi wash off) by replacing all the cell culture media. The culture plate 

was taken back to microscope to resume imaging, z-focus was adjusted after 30 minutes, 

and imaging proceeded for 16 hours.  

2.4.11 in vitro fixation and fate analysis 

following live imaging capture, acquisition was paused (to maintain x,y,z positions), the 

culture plate was removed, media was removed, and cells were fixed in 4% PFA for 20 

minutes at 4ºC. Cells were washed 3x in 1x PBS for 2 min each. Cells were permeabilized 

in 0.1% Triton for 10 minutes. Cells were washed 2x in 1x PBS 2 min each, then blocked 
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in 3% BSA in 1x PBS for 30 minutes. Cells were then incubated with primary antibodies 

diluted in 3% BSA/1x PBS for 1-2 hours at room temperature. Cells were washed 3x with 

1x PBS 5 minutes each. Cells were incubated in secondary antibody with DAPI for 20 

minutes at room temperature, then washed 3x in 1x PBS 5 minutes each, finally adding 

500 μL PBS to each well prior to image acquisition. The plate was then placed back into 

the incubation chamber on the microscope, allowed to equilibrate to chamber 

temperature for 30 minutes, and z-plane was adjusted for each x,y position. Images were 

acquired in Zen software. Fixed imaging was then correlated to the last frame of live 

imaging to call fates for individual daughter cell pairs. The total number of frames a cell 

was in mitosis was multiplied by 10 to achieve mitosis duration. This was correlated to 

cell fates of daughters and data compiled in Microsoft Excel. Data was analyzed in Excel 

and graphed in Excel or GraphPad Prism. 

2.4.12 Differentiation and live imaging of hNPCs 

hNPCs were differentiated from ESC or iPSCs as previously described [259]. Briefly, 

ESCs or iPSCs were cultured until 100% confluent on Matrigel-coated 6-well plates in 

mTesR media. Cells were differentiated by replacing mTesR media with hNPC 

differentiation media (1:1 N2/B27 media with dual SMAD inhibitors Dorsomorphin and 

SB431542). 2.5mL of media was replaced daily for 10 days. Cells were then passaged 

with Dispase and plated onto 60mm dishes coated with Polyornithine (Sigma) and 

Laminin (Sigma ) in 1mL of N2/B27 with Dorsomorphin, SB431542, and ROCK inhibitor 
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(Y-27632, StemCell Technologies. The next day, media was replaced with N2/B27 media. 

Cells were maintained in this medium until formation of neural rosettes was observed, 

then media was supplemented with bFGF for up to 4 days. bFGF was removed around 

day 18-20, and cells were cultured an additional 2 days. Cells were passaged with 

accutase and plated in N2/B27 media onto 60mm plates coated with poly-ornithine and 

laminin. Cells were passaged with accutase at 1:4 ratio, maintaining cultures around 50-

80% confluence. For live imaging, cultures between differentiation days 24-36 were 

plated onto poly-ornithine/laminin coated MatTek 24-well glass-bottom plates.  
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3. Mechanisms of cell fate alterations following prolonged mitosis 

in neural stem cells 

 

3.1 Introduction 

 When the highly regulated process of mitosis is perturbed, the cell responds to 

this insult by upregulating stress response pathways, and inducing P53-mediated 

apoptosis to maintain genomic integrity in somatic tissue and the germline.  Yet, in 

Wildtype mammalian cells, and during development, the temporal order of these 

processes is not well understood.  We have previously shown that prolonged 

prometaphase in vitro and in vivo alters cell fate decisions during cortical development 

[156].  Following prolonged prometaphase P53 signaling is activated, and a significant 

amount of daughter cells undergo apoptosis following prolonged prometaphase.  Yet, it 

is still unclear how P53 is activated in response to prolonged mitosis.  Previous work has 

shown P53 activity impacts cell fate decisions, and cKO of P53 in vivo is suggested to 

rescue cell fate alterations following prolonged prometaphase.  I wanted to further test 

the requirement of P53 in cell fate alterations following prolonged prometaphase.  Here I 

show that acute conditional knockout of P53 rescues cell fate change in response to 

prolonged mitosis.  This data suggests that germline knockout of P53 compared to acute 

conditional knockout specifically in the developing cortex result in divergent effects on 

cell fate following prolonged mitosis.  Additionally, revisiting cell fate following 

prolonged prometaphase in BAX-/- mice, I find that TUNEL staining is increased, further 
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reinforcing the finding that apoptosis following prolonged prometaphase does not 

require BAX.  Finally, I provide evidence that the time to death for neural progenitors 

following prolonged prometaphase in in vitro cultures follows a lognormal distribution.  

This work can directly inform our understanding of how the cell responds to prolonged 

prometaphase, and provides an avenue through which signal transduction from sensing 

prolonged mitosis to potentiating apoptosis may be elucidated. 

3.2 Results 

To further examine fate analysis following prolonged prometaphase in BAX-/- 

embryos, I performed IHC for TUNEL and examined expression of Cleaved Caspase-3 

16 hours after injection.  TUNEL staining between BAX-/- and BAXWT embryos resulted in 

similar levels of TUNEL+ puncta across cortical columns (Figure24A,B).  Additionally, 

expression of Cleaved-Caspase 3 was apparent in both BAX-/- and BAXWT embryos 

(Figure 24C).  These results suggest that apoptosis can occur following prolonged 

prometaphase independent of BAX.   
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Figure 27: Apoptosis and TUNEL staining in BAX-/- mice following prolonged 

prometaphase. 

(A) TUNEL staining in representative embryos.  (B) Quantification of TUNEL 

puncta per 500 micron cortical columns in BAX WT or BAX KO mice from the 

same litter.  BAX WT, BAX KO, 4 or greater embryos per condition, 2 sections 

per embryo. (C) representative CC3 expression in BAX WT or BAX KO from 

the same litter. 

 

 To determine if cell fates are also independent of P53, similar to BAX, I 

performed in vitro live imaging on E13.5 primary cortical cultures.  Imaging and analysis 

was carried out similar to experiments in Chapter 2 of this dissertation.  Following 

prolonged prometaphase, mitosis length and cell divisions were tracked then cell fates 
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determined by blind analysis of fixed IF endpoints.  Comparing STLC to DMSO 

(control) exposure to in vitro cultures, delayed progenitors produced similar fates to 

those observed in DMSO conditions (Figure 25).  These results suggest cell fate 

following prolonged mitosis is independent of acute P53 cKO in the developing cortex 

(see methods in figure legend).  Divisions with mitosis lengths in STLC condition that 

were not prolonged were not assessed, as the hypothesis for including this control is that 

STLC in the absence of p53 somehow affects cells with normal division rates.  This is not 

the intended hypothesis to be tested, when we are chiefly concerned about the role of 

P53 on cell fates dependent on mitosis length.  Yet, this control could be easily 

performed in the future.  Secondly, it had also been previously shown that STLC does 

not affect cell fate of cells that do not have prolonged mitosis [156].  For the case to be 

different here, one may imagine that if STLC affected cell fate following mitosis that was 

not prolonged in the absence of P53, this suggests that STLC affects cell fate in some 

other manner other than affecting mitosis and that this is dependent on P53.  That 

hypothesis would propose two separate mechanisms (the first dependent on the absence 

of P53 while the other independent of P53), that oppose one another to again achieve 

WT distributions of cell fate, versus the more parsimonious explanation that without 

P53 long durations of mitosis do not affect cell fate in this context.  The more 

parsimonious explanation is supported by the literature [156, 260]. 
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Figure 28: Blinded fate analysis following prolonged prometaphase in P53 

cKO E13.5 primary cultures. 

Data points are from 2 experiments, >43 divisions per experiment. Statistics: 

student’s t-test.  Data for each daughter pair was blinded to condition, then all 

fixed images of immunofluorescence to determine daughter cell fate were all 

analyzed blinded, as a group.  Following analysis, daughter cell pairs were 

matched to the unblinded key, allowing comparison of mitosis length, 

condition, and cell fate. 

Given that P53 signaling is an important factor in determining apoptotic fates in 

WT primary cortical cultures, I reassessed the kinetics of cell death following prolonged 

prometaphase in WT cells.  By quantifying the time to cell death following 

commencement of STLC-induced mitotic arrest in prometaphase, I discovered an 

apparent lognormal distribution in time of survival (Figure 26).   
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Figure 29: Lognormal distribution of time to cell death following prolonged 

prometaphase, calculated from onset of mitotic arrest.   

Graph depicts aggregated data across 3 separate live imaging experiments.  

Each daughter cell from a division that underwent apoptosis was quantified 

separately. 

 

 

By analyzing the shortest 95% of survival times following prolonged mitosis, I found a 

significant lognormal distribution of time of survival (Figure 27).  Lognormal 

distributions in natural systems can be explained by multiple layers of feedback to 

achieve such distributions.  This data suggests that the process of apoptosis, and 

specifically, time to death following prolonged prometaphase, is a highly regulated 
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process involving feedback.  Since P53 signaling is upregulated following prolonged 

prometaphase, this suggests that a feedback network exists to sense prolonged mitosis, 

upregulate P53 signaling, and induce apoptosis. 

 

 

Figure 30: Test for lognormality of time to death distribution following 

prolonged prometaphase. 

 

 

3.3 Discussion 

The mechanisms by which neural stem cells sense and respond to prolonged 

mitosis still remain somewhat elusive.  Previously it has been shown prolonged mitosis 

results in P53 upregulation, and DNA Damage [156].  Deletion of P53 In P53-/-; SAS-4cKO 

mice where SAS4 is removed from the developing cortex rescues microcephaly cause by 

SAS-4 loss [260].   Progenitors in these mice exhibit prolonged mitosis, yet cortical 
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architecture is largely rescued, with the exception of subtle differences in cortical 

layering in certain layers.  The results presented here support previous work showing 

that P53 can rescue cell fate alterations and microcephaly. The involvement of P53 in 

mediating cell fate change appears to be independent of BAX.  In the future, it will be 

important to understand how P53 loss at different intervals prior to insult may affect 

cellular response and subsequent fate decisions in daughter cells to remain proliferative.   

Lastly, I have provided a cellular context in which sensors of prolonged mitosis or 

regulators of signal induction upstream of P53 may be elucidated. 

 

3.4 Methods 

3.4.1 Mice 

All mice were fed standard chow. All alleles were maintained on a C57BL/6 background.  

BAX-/- embryos were generated by breeding heterozygotes (Jackson Labs).  P53 cKO 

(Emx1-Cre; p53lox/lox) mice were bred as homozygotes, F1 in-breeding was avoided. 

Embryogenesis was timed, calling embryonic day 0.5 at time of observed vaginal 

plugging the next morning. All experiments were approved by Duke IACUC. 

3.4.2 Mouse injections 

Pregnant dams were anesthetized with Isoflurane. 0.8uL of DMSO or STLC (80uM, 

250uM) with 0.01% Fast Green was injected into E14.5 embryonic ventricles using a kd 

Scientific Legato 100 microinjector.  Drugs were either co-injected or injected 2 hours 
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prior to an injection of FlashTag.  Embryos were dissected, cortices were dissected, 

isolated, and prepared for downstream applications described below (FACS, Cell 

Culture, RNA-seq, fixed analysis). 

3.4.3 Immunofluorescence 

Brains were fixed in 4% PFA at 4ºC, then suspended in 30% sucrose at 4ºC.  20 micron 

sections were cryosectioned and slides were stored at -80ºC. Sections were washed with 

PBS and permeabilized in 0.25% Triton for 15 minutes. Sections were blocked in 10% 

NGS or 3% BSA for 1h. Primary antibodies were incubated at room temperature for 2h. 

Sections were washed 3x.  Secondary antibodies and DAPI were incubated for 20 min. 

Sections were washed and mounted. Images were acquired on a Zeiss AxioObserver 

with Apotome, or on a Zeiss 780 Inverted Confocal microscope. Images were analyzed 

in Fiji.  Statistical analyses were performed with Excel and GraphPad Prism. 

3.4.4 Quantifications 

Cortical columns (150-250 microns) of the dorsal cortex were analyzed: the number of 

cells expressing Flashtag and markers for IPs (Tbr2) or neurons (NeuroD2) were 

calculated using Fiji Cell Counter. All processing and analysis was performed in Fiji. 

3.4.5 Primary cultures 

Live imaging of primary cortical cultures was performed as previously described [156]. 

Primary culture media was assembled fresh and glass coverslip bottom culture plates 

were coated with 50ug/mL Poly-L-Lysine for 30 minutes at 37ºC. Plates were washed 3x 
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with water. Primary culture media: 500μl N2, 1mL B27 w/o Vitamin A, 500μl of 100mM 

N-acetyl-Cysteine in water, and 50uL of 10ug/mL mouse bFGF was added to 48.95mL 

high-glucose DMEM (with Sodium Pyruvate). Media was kept for one week. E13.5 

cortices were dissected in ice-cold HBSS, the meninges removed, and cortices placed into 

0.25% trypsin-EDTA. Cortices were digested for 10 minutes at 37ºC.  Trypsin was 

inactivated with 1x trypsin inhibitor. Cells were spun down at 200g for 5 minutes. Cells 

were washed with media, supernatant was removed, and cells were diluted in media. 

250,000 cells were plated in 1mL primary culture media in a 37ᵒC incubator with 5% 

CO2.  Cells were allowed to settle for 1 hour before proceeding. 

3.4.6 in vitro live imaging 

A Zeiss Axiovision inverted A1 scope with a Pecon incubation chamber was warmed to 

37ºC and atmosphere conditioned to 5% CO2, in Zen. STLC was diluted to 1μM in 

500uL warmed primary culture media. 500uL of media was removed, and media with 

DMSO or STLC, was added to each well. The culture plate was placed under a Pecon 

plate cover attached to a regulated, humidified 5% CO2 line.  DIC images were acquired 

with 10 minute intervals between frames.  After 3h of imaging STLC was removed from 

all conditions by removal of media, 1x wash with fresh media, and addition of new 

media to 1mL.  Imaging was resumed, z-focus was adjusted after 30 minutes, and 

imaging proceeded for at least 16 hours.  
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3.4.7 in vitro fixation and fate analysis 

Cells were fixed for 20 minutes in 4% PFA at 4ºC. Cells were washed 3x in 1x PBS. Cells 

were permeabilized with 0.1% Triton, 10 minutes. Cells were washed 2x in 1x PBS, then 

blocked in 3% BSA, 30 minutes. Primary antibodies for NeuroD2, Sox2, and Tuj1 were 

diluted in 3% BSA/1x PBS were applied for 1-2 hours at room temperature. Cells were 

washed 3x with PBS, 5 minutes. Secondary antibody was applied with DAPI at room 

temperature, then washed 3x in 1x PBS.  The plate was allowed to equilibrate to 

microscope chamber temperature for 30 minutes.  Images were acquired in Zen. Fixed 

imaging was correlated live imaging positions to call fates for individual daughter cell 

pairs. Mitotic frames were multiplied by 10 to achieve mitosis duration in minutes. 

Images of individual daughter cell pairs from each condition and experiment were 

randomized together, and fate analysis of daughter cell pairs was completed while 

blinded.  Mitosis length and condition was correlated to cell fates of daughters in 

Microsoft Excel following unblinding. Data was analyzed in Excel and GraphPad Prism. 

3.4.8 TUNEL staining 

Mice heterozygous for BAX were mated to produce BAX +/+,+/-, and -/- embryos.  

Embryos were injected with DMSO or STLC and FlashTag at E14.5.  Embryos were then 

dissected and fixed 16h post-injection.  TUNEL IHC was performed using EMD 

Millipore Apoptag® Peroxidase In Situ Apoptosis Detection Kit (S7100), with slight 

modification.  After IHC was completed, slides were dehydrated in a series of EtOH 
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washes: 50% EtOH 1 minute, 70% EtOH 1 minute, 95% EtOH 1 minute, 100% EtOH 1 

minute.  Slides were then incubated in Xylene for 2 washes of 5 minutes each.  Slides 

were mounted using Permount and left to dry overnight.  Imaging was completed using 

a Zeiss Axio Inverted fitted with a color camera and a 10x lens.  Analysis was conducted 

in Excel and Prism, across 500 micron cortical columns. 
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4. A live cell reporter of Zika Virus in human iPSCs and neural 

stem cells. 

4.1 Introduction 

 Zika virus is an RNA virus transmitted by mosquitos which can cause 

microcephaly in infants whose mother is infected during pregnancy [261].  As most 

analysis of Zika virus in model systems has been through fixed analysis, it is unknown 

how Zika virus affects many cell biological processes in real-time.  To understand how 

Zika virus affects the behavior of live cells, we previously generated a live cell reporter 

of Zika virus infection [262].  We previously characterized this live cell reporter in 

immortalized cell lines, yet as Zika virus shows tropism for neural stem cells, I 

endeavored to establish a live reporter system in human Embryonic stem cell (ESC) and 

Neural Cortical Progenitor Cell (NPC) cultures [263].  I demonstrate here that the Zika 

Virus reporter in hESCs and cortical hNPCs reports infection by Zika virus infection 

effectively, establishing a new system in which to interrogate effects of Zika virus 

infection in real-time. 

 

4.2 Results 

 To establish a system enabling analysis of human neural stem cell live behavior 

during Zika virus infection, Multiple stable ESC line expressing the Zika Reporter (ZR) 

were generated.  I validated the ability of the construct to report zika virus infection in 

ESCs (Figure 28).   
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Figure 31: ZR expression in infected hESCs 

Immunostaining for ZIKV Env (4G2, red) and DAPI (blue), with endogenous 

GFP in ZR ES cells. A stable ES cell line expressing the Zika Reporter was 

infected with Zika DAK strain at 10MOI for 24 hours. 

 

Next, I differentiated these Zika Reporter ESCs (ZR ESCs) into human cortical neural 

stem cells (see methods).  Following differentiation, infection of Zika reporter hNPCs 

(ZR NPCs) was carried out with the DAKAR strain of the virus, at MOI 0.1 and MOI 1 

(Figure 29).  24 hours after infection, ZR hNPC cultures were live imaged.  I found that 

ZR hNPCs robustly exhibited cytoplasmic-to-nuclear translocation of GFP in response to 

Zika virus infection (Figure 29).  These results suggest that ZR hNPCs can reliably report 

zika virus infection, similar to previously published results in immortalized cell lines 

[262].   
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Figure 32: Live imaging of Zika Reporter hNPCs during Zika Virus infection. 

ZR hNPCs were infected with Zika Virus (DAK strain) at MOI1 and live 

imaged for 36 hours. 10 min. per frame. Shown: nuclear translocation of GFP 

in a ZR hNPC. Time shown in minutes. 

 

From the live imaging movies, I quantified mitosis length in infected ZR hNPCs and 

quantified the extent of cell death in daughter following a division of infected hNPCs.  

Though mitosis length did not differ significantly between divisions of infected versus 

non-infected ZR hNPCs, I did find that daughters preferentially underwent apoptosis 

following divisions of infected hNPCs.  These results suggest that Zika virus may impact 

daughter cell fate through infection before a progenitor divides (Figure 31, Figure 32). 
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Figure 33: Analysis of mitosis length in infected v. uninfected ZR hNPCs. 

 

 

Figure 34: Relation of mitosis length to daughter cell survival following 

division of infected hNPCs. 
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4.3 Discussion 

 The preliminary results presented in this chapter suggest that ZR hNPCs are a 

new effective tool to aid in the study of Zika virus infection and its consequences in real-

time.  I showed that ZR hESC and ZR hNPC cell lines can be established, and through 

live imaging, demonstrated that these cell lines can effectively report infection from Zika 

virus in live cells.  Going forward, these cell lines will be useful tools in the Zika virus 

field to aid in the understanding of this virus, and may inform research aimed toward 

treating Zika virus infection around the world. 

 

4.4 Methods 

4.4.1 in vitro live imaging 

A Zeiss Axiovision inverted A1 scope with a Pecon incubation chamber was warmed to 

37ºC and atmosphere conditioned to 5% CO2, in Zen.  The culture plate was removed 

from a containment vessel and placed under a Pecon plate cover attached to a regulated, 

humidified 5% CO2 line.  DIC and GFP images were acquired with 10 minute intervals 

between frames.  Imaging proceeded for at least 24 hours.  

4.4.2 in vitro fixation and fate analysis 

Cells were fixed in a sterile hood in a BSL2.5 cell culture facility for 20 minutes in 4% 

PFA at 4ºC.  The plate was then decontaminated.  Cells were washed 3x in 1x PBS. Cells 

were permeabilized with 0.1% Triton, 10 minutes. Cells were washed 2x in 1x PBS, then 



 

109 

blocked in 3% BSA, 30 minutes. Primary antibodies diluted in 3% BSA/1x PBS were 

applied for 1-2 hours at room temperature. Cells were washed 3x with PBS, 5 minutes. 

Secondary antibody was applied with DAPI at room temperature, then washed 3x in 1x 

PBS.  The plate was allowed to equilibrate to microscope chamber temperature for 30 

minutes.  Images were acquired in Zen. Fixed imaging was correlated with live imaging 

positions to call fates for individual daughter cell pairs. Mitotic frames were multiplied 

by 10 to achieve mitosis duration in minutes.  Mitosis length, infection status, and 

condition was correlated to cell fates of daughters in Microsoft Excel following 

unblinding. Data was analyzed in Excel and GraphPad Prism. 

4.4.3 Differentiation and live imaging of hNPCs 

hNPC Zika Reporter lines were differentiated from ESC or iPSCs as previously 

described, and described in previous chapters [259]. Briefly, ESCs or iPSCs were 

cultured until 100% confluent on Matrigel-coated 6-well plates in mTesR media. Cells 

were differentiated by replacing mTesR media with hNPC differentiation media (1:1 

N2/B27 media with dual SMAD inhibitors Dorsomorphin and SB431542). 2.5mL of 

media was replaced daily for 10 days. Cells were then passaged with Dispase and plated 

onto 60mm dishes coated with Polyornithine (Sigma) and Laminin (Sigma) in 1mL of 

N2/B27 with Dorsomorphin, SB431542, and ROCK inhibitor (Y-27632, StemCell 

Technologies. The next day, media was replaced with N2/B27 media. Cells were 

maintained in this medium until formation of neural rosettes was observed, then media 
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was supplemented with bFGF for up to 4 days. bFGF was removed around day 18-20, 

and cells were cultured an additional 2 days. Cells were passaged with accutase and 

plated in N2/B27 media onto 60mm plates coated with poly-ornithine and laminin. Cells 

were passaged with accutase at 1:4 ratio, maintaining cultures around 50-80% 

confluence. For live imaging, cultures between differentiation days 24-36 were plated 

onto poly-ornithine/laminin coated MatTek 24-well glass-bottom plates.  hNPCs were 

infected with 0.1 or 1.0 MOI Zika Virus 16-24 hours prior to live imaging, via incubation 

with viral particles in DMEM for 30 minutes.  Media was replaced with fresh N2/B27 

and placed in a cell culture incubator in a BSL2.5 cell culture facility until 

commencement of imaging. 
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5. Conclusions and future directions 

5.1 Overview 

Mitosis is a highly coordinated, regulated process, and mammalian cells express 

highly conserved pathways to protect somatic tissue and the germline from propagating 

mitotic errors  [163, 165, 196, 203, 264].  12 microcephaly-linked genes identified in 

human genetics studies encode microtubule/centrosome-associated proteins [265].  This 

suggests disrupted mitotic processes may be a critical cause of developmental 

microcephaly disorders, yet to date, the impact of altered mitosis in vivo had not been 

studied.  In this thesis, I focused on analyzing the direct effects of prolonged mitosis on 

neural stem cells in vivo during cortical development, and endeavored to understand 

mechanistically how prolonged mitosis alters cellular behavior in mouse and human 

neural progenitors.  I found prolonging neural stem cell mitosis in vivo directly impacts 

cell fate acquisition during cortical development, and this process is conserved between 

mouse and human neural stem cells.   

Previously, most studies on microcephaly-linked genes examined effects on 

patient cell lines, or after a given gene had been deleted or mutated some time before 

analysis was performed [156, 159, 260, 266, 267] .  This left open the possibility that 

secondary effects may have been responsible for some phenotypes observed in models 

of human microcephaly.  Our lab recently endeavored to resolve this discrepancy by 

prolonging mitosis directly using pharmacology, and showed that prolonging mitosis in 
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vitro or ex vivo in primary cells can have direct effects on cell fate acquisition and lead to 

apoptosis [156].  This thesis continued those efforts to analyze the effects of prolonged 

mitosis in vivo, and in human neural progenitors.   

When considering underlying causes of microcephaly, models have identified 

multiple disrupted cellular processes common to two or more microcephaly-linked gens.  

Aneuploidy, DNA Damage, centrosome copy number, genome integrity, and an 

increased mitotic index can be observed in patient cell lines, hypomorphic and loss-of-

function models [159, 205, 268-270].  Thus, while I found prolonged mitosis is causative 

for many disrupted developmental processes associated with microcephaly, the extent 

to which prolonged mitosis may explain microcephaly is unclear.  For instance, in cases 

where centrosome duplication is disrupted, apoptosis is evident, but in addition, 

progenitors often translocate basally, and this is associated with altered cell fates [260, 

266].  This suggests that the centrosome organizes apical attachment, and premature 

detachment from the apical ventricular zone leading to altered cell fate also contributes 

to microcephaly syndromes.  It remains to be determined if aneuploidy, prolonged 

mitosis, or other causes of disrupted development like apical attachment may 

principally underlie microcephaly in each individual case.   

Many studies have examined the effect of microcephaly gene loss on genome 

integrity.  Aneuploidy has been observed across mutation of multiple microcephaly 

genes, and this may be a consequence of altered centrosome number.  Aberrant 
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centrosome duplication, or acentriolar mitosis, have both been observed across multiple 

microcephaly models [260, 268, 271-273].  Therefore, it remains an open question 

whether the cell senses aberrant mitosis primarily through DNA surveillance pathways.  

I observed that prolonged mitosis in vivo results in increased DNA Damage during 

mitosis, as well increased expression of pATR soon after daughter cell birth.  Yet, pATR 

activation was not extensive, appeared to be quickly resolved, and inhibition of 

ATR/ATM did not rescue altered cell fates following prolonged prometaphase.  The 

DNA damage and pATR upregulation I observed was remarkably transient, and 

difficult to detect, thus it may have previously been overlooked in some models.  Some 

studies note DNA damage occurring following loss of a microcephaly-linked gene, 

while others do not [193, 260, 274, 275].  Our prior work identified increased DNA 

Damage following prolonged mitosis in vitro via elevated γH2AX levels [156].  Notably, 

previous studies did not detect aneuploidy following STLC-induced prolonged mitosis 

[156].  It will be important in the future to determine if DNA surveillance, DNA Damage 

or associated DNA repair pathways drive cellular response to microcephaly causing 

mutations. 

In response to mitotic error, signaling pathways can induce p53 pathway 

upregulation.  I found strong p53 upregulation in vivo only hours after daughter cells are 

born following prolonged mitosis of neural stem cells.  The p53-mediated response to 

prolonged mitosis was on the order of hours, and apoptosis occurred maximally around 
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8h after injection of STLC, suggesting that the decision to undergo apoptosis happens in 

a single cell cycle.  This is consistent with the view that p53 functions to maintain 

genome integrity and inhibit propagation of mitotic errors across successive rounds of 

replication [196].  Just as previously observed in vitro in mouse primary cells, human 

neural progenitors also show a strong positive correlation between increased duration of 

delay and increased probability of undergoing apoptosis [156].   

Of the surviving daughter cells, I observed in vivo and in human neural 

progenitors an increased amount of neurogenic fates at the expense of progenitor 

renewal.  This is consistent with microcephaly model studies reporting precocious 

neurogenesis or early depletion of the proliferating cell pool [205, 276].  Significant gaps 

still remain, however, in our current understanding of cell fate change induced by 

prolonged mitosis and how the cell senses prolonged mitosis.  To conclude, I will 

discuss future studies that will aid in our understanding of prolonged mitosis as a cause 

of cell fate alterations in microcephaly. 

 

5.2 Mechanisms of cellular response to prolonged mitosis 

 In chapter 2 of this thesis, I presented a model to investigate the effects of 

prolonged mitosis in vivo and in human neural progenitors.  I found that prolonged 

mitosis resulted in p53 activation soon after daughter cell birth, apoptosis, and altered 

rates of neurogenesis and progenitor renewal.  I found that DNA Damage occurred in 
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prolonged mitosis, suggesting DNA Damage might play a role in cellular response to 

prolonged mitosis.  I found that these effects, including were independent of BAX, a 

central apoptosis regulator.  Cell fate alterations were rescued in P53 cKO mice.  To what 

extent P53 plays a direct role in cell fate decisions, in the absence of cell death, is 

unknown.  Alternatively, cell death may also be occurring preferentially in the 

progenitor pool, at a timepoint earlier than we are able to detect with current antibodies 

for cell fate markers.  This may be consistent with the idea that P53 functions to remove 

damaged cells from the proliferating population.  An important test of this hypothesis 

can be carried out by inducing prolonged mitosis in BAX-/-; BAKlox/lox conditional mice, 

with BAK cKO driven by Emx-Cre or another cortex-specific Cre driver.  In this scenario, 

P53 will be active, yet cell death should be blocked.  In this scenario, one may expect P53 

to directly force differentiation, though this hypothesized function of P53 has yet be 

tested. 

 When examining time to cell death for in vitro in primary cortical cultures, in 

preliminary studies, I observed a log-normal distribution of time to death following 

prolonged prometaphase.  Time to death was measured starting from entry into mitosis.  

The mechanisms by which prolonged prometaphase is sensed by the cell and 

transduced to elicit apoptosis are not well known.  An observed log-normal distribution 

implies there are multiple feedback mechanisms governing the distribution, yet how this 

could occur remains unexplored.  There are several possibilities, two of which I will 
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discuss here.  First, the cell fates of daughter cells could determine their likelihood to 

undergo apoptosis.  This is possible, though I did observe apoptosis can occur in 

daughter cells fated to be both neurons and progenitors at later timepoints following 

prolonged mitosis.  It is not clear how this phenomenon could result in a log-normal 

distribution, though.  Second, cell state could be stochastic within the population, and 

cells within the population could be more or less primed to activate apoptotic signaling.  

A first step in determining what may be controlling this process would be analysis of 

P53 activation, through fluorescent molecular sensors.  If P53 activation it tightly linked 

to apoptosis, then it would be critical to understand signaling network feedback 

determining the P53-mediated response to prolonged mitosis.  Since the temporal 

progression of P53 feedback networks is essentially unstudied, this may be a fruitful 

area of investigation, and may inform our understanding of P53-related cancer biology. 

 How might the cell sense prolonged prometaphase?  This has yet to be 

extensively tested, likely due to difficulties with the incredible speed of mitotic events, 

and difficulties with experimental design.  Maintenance of genome integrity during 

division is a critical function during mitosis, so it remains possible even minor 

perturbations to genome integrity may signal a mitotic error.  Exposure of genomic 

DNA to the cytoplasmic environment after nuclear envelope breakdown for extended 

periods may potentiate mitotic error signaling.  It has recently been shown that CGAS 

binds to chromosomal DNA when cells are arrested in prometaphase, though this is 
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only evident in cells arrested for long periods of 8h or more [277].  There is a small 

amount of literature suggesting a cell may sense prolonged mitosis in alternative ways.  

P38-MAPK pathways have been shown to be activated by induction of mitotic arrest, 

and represent an intriguing node of pathway crosstalk with the P53 pathway [278, 279].  

Secondly, ERK activation has been shown in response to nocodazole [280].  Including 

inhibitors of these pathways in a screen to determine effectors of the log-normal 

distribution of cell death following prolonged prometaphase would yield important 

temporal insight into feedback regulation of P53 signaling. 

 Prolonged mitosis may also activate pathways sensitive to reactive oxygen 

species (ROS).  Increased levels of ROS have recently been described specifically in 

mitotic cells [281].  Increased ROS is exacerbated by mitotic arrest.  It is unknown 

whether increased ROS in the context of mitotic arrest may contribute to P53 activation, 

though ROS activation of apoptosis has been well-studied [282]. 

 

5.3 Concluding remarks 

The link between disrupted mitotic processes and microcephaly is becoming 

increasingly clear as we understand more of this debilitative developmental disorder.  

This dissertation elaborated how prolonged mitosis can directly potentiate many cell 

fate alterations linked to microcephaly.  Previously, many of these processes were 

associated with loss or mutation of microcephaly-linked genes in cell culture, fly and 
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mouse models, yet the direct link to prolonged prometaphase in vivo, and timing of 

events following cellular responses to mitotic arrest.  I show for the first time in vivo that 

prolonged mitosis can directly lead to disrupted cellular and developmental processes 

associated with microcephaly and this response to prolonged mitosis is conserved in 

human neural stem cells.   This work suggests that prolonged mitosis is an underlying 

contributing factor to microcephaly etiologies, and it will be important to determine the 

extent to which prolonged mitosis contributes to microcephaly in individual cases.    

Overall, the field should focus on understanding how a cell senses prolonged mitosis 

that leads to altered cell fates during developmental disorders including microcephaly.
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Appendix A: Tables 

Table 1: GSEA analysis, Curated Pathways at 2h and 9h RNA-seq timepoints, 

STLC compared to DMSO 

2h Curated Pathways UPREG 

1 KEGG_DNA_REPLICATION 

2 REACTOME_DNA_STRAND_ELONGATION 

3 REACTOME_EXTENSION_OF_TELOMERES 

4 REACTOME_S_PHASE 

5 REACTOME_TELOMERE_MAINTENANCE 

6 REACTOME_SYNTHESIS_OF_DNA 

7 REACTOME_LAGGING_STRAND_SYNTHESIS 

8 REACTOME_G1_S_TRANSITION 

9 REACTOME_ACTIVATION_OF_THE_PRE_REPLICATIVE_COMPLEX 

10 REACTOME_MITOTIC_G1_G1_S_PHASES 

11 VERNELL_RETINOBLASTOMA_PATHWAY_UP 
12 KAUFFMANN_DNA_REPLICATION_GENES 
13 REACTOME_E2F_MEDIATED_REGULATION_OF_DNA_REPLICATION 

14 KEGG_MISMATCH_REPAIR 

15 KAUFFMANN_MELANOMA_RELAPSE_UP 

16 REACTOME_PROCESSIVE_SYNTHESIS_ON_THE_LAGGING_STRAND 

17 KEGG_NUCLEOTIDE_EXCISION_REPAIR 

18 BURTON_ADIPOGENESIS_PEAK_AT_16HR 
19 BILANGES_SERUM_AND_RAPAMYCIN_SENSITIVE_GENES 
20 SONG_TARGETS_OF_IE86_CMV_PROTEIN 
21 STEIN_ESRRA_TARGETS_RESPONSIVE_TO_ESTROGEN_DN 

22 REACTOME_GLOBAL_GENOMIC_NER_GG_NER 

23 REACTOME_M_G1_TRANSITION 

24 WHITFIELD_CELL_CYCLE_G1_S 

25 REACTOME_CHROMOSOME_MAINTENANCE 

26 WANG_RESPONSE_TO_GSK3_INHIBITOR_SB216763_DN 

27 ZAMORA_NOS2_TARGETS_UP 

28 REACTOME_PEPTIDE_CHAIN_ELONGATION 

29 REACTOME_TRANSLATION 

30 
REACTOME_INFLUENZA_VIRAL_RNA_TRANSCRIPTION_AND_REPLI
CATION 

31 
REACTOME_FORMATION_OF_THE_TERNARY_COMPLEX_AND_SUB
SEQUENTLY_THE_43S_COMPLEX 

32 REACTOME_TRANSCRIPTION_COUPLED_NER_TC_NER 

33 STEIN_ESR1_TARGETS 
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34 BIOCARTA_P53_PATHWAY 

35 KEGG_RIBOSOME 

36 KEGG_BASE_EXCISION_REPAIR 

37 REACTOME_G1_S_SPECIFIC_TRANSCRIPTION 

38 CHNG_MULTIPLE_MYELOMA_HYPERPLOID_UP 

39 REACTOME_NUCLEOTIDE_EXCISION_REPAIR 

40 REACTOME_3_UTR_MEDIATED_TRANSLATIONAL_REGULATION 

41 BIOCARTA_MCM_PATHWAY 

42 
REACTOME_ACTIVATION_OF_ATR_IN_RESPONSE_TO_REPLICATIO
N_STRESS 

43 ZHANG_RESPONSE_TO_CANTHARIDIN_DN 

44 
REACTOME_SRP_DEPENDENT_COTRANSLATIONAL_PROTEIN_TARG
ETING_TO_MEMBRANE 

45 REN_BOUND_BY_E2F 

46 ZHANG_TLX_TARGETS_DN 

47 KEGG_PYRIMIDINE_METABOLISM 

48 REACTOME_MEIOTIC_RECOMBINATION 

49 WHITFIELD_CELL_CYCLE_S 

50 
REACTOME_RESOLUTION_OF_AP_SITES_VIA_THE_MULTIPLE_NUC
LEOTIDE_PATCH_REPLACEMENT_PATHWAY 

51 REACTOME_ASSEMBLY_OF_THE_PRE_REPLICATIVE_COMPLEX 

  

2h Curated Pathways DOWNREG 

1 AMUNDSON_GAMMA_RADIATION_RESPONSE 

2 WHITFIELD_CELL_CYCLE_G2_M 

3 SMIRNOV_RESPONSE_TO_IR_6HR_DN 

4 NAKAYAMA_SOFT_TISSUE_TUMORS_PCA2_UP 

5 WHITFIELD_CELL_CYCLE_G2 

6 TANG_SENESCENCE_TP53_TARGETS_DN 

7 NAKAYAMA_SOFT_TISSUE_TUMORS_PCA1_UP 

8 REICHERT_MITOSIS_LIN9_TARGETS 

9 MCLACHLAN_DENTAL_CARIES_UP 

10 LY_AGING_MIDDLE_DN 

11 TAKEDA_TARGETS_OF_NUP98_HOXA9_FUSION_10D_DN 

12 MARTORIATI_MDM4_TARGETS_FETAL_LIVER_DN 

13 PID_PLK1_PATHWAY 

14 LIAN_LIPA_TARGETS_3M 

15 ZHOU_CELL_CYCLE_GENES_IN_IR_RESPONSE_24HR 

16 PID_AURORA_B_PATHWAY 

17 XU_HGF_TARGETS_INDUCED_BY_AKT1_48HR_DN 

18 MORI_LARGE_PRE_BII_LYMPHOCYTE_DN 
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9h Curated Pathways UPREG 

1 QUINTENS_EMBRYONIC_BRAIN_RESPONSE_TO_IR 

2 MARTORIATI_MDM4_TARGETS_NEUROEPITHELIUM_UP 

3 ONGUSAHA_TP53_TARGETS 

4 STARK_PREFRONTAL_CORTEX_22Q11_DELETION_UP 

5 DAZARD_RESPONSE_TO_UV_NHEK_DN 

6 DACOSTA_UV_RESPONSE_VIA_ERCC3_COMMON_DN 

7 MARTORIATI_MDM4_TARGETS_FETAL_LIVER_UP 

8 NAKAYAMA_SOFT_TISSUE_TUMORS_PCA2_UP 

9 REICHERT_MITOSIS_LIN9_TARGETS 

10 SHEPARD_BMYB_TARGETS 

11 GABRIELY_MIR21_TARGETS 

12 SHEPARD_CRUSH_AND_BURN_MUTANT_DN 

13 KEGG_P53_SIGNALING_PATHWAY 

14 DACOSTA_UV_RESPONSE_VIA_ERCC3_XPCS_DN 

15 MACAEVA_PBMC_RESPONSE_TO_IR 

  

  

9h Curated Pathways DONWREG 

1 YAO_TEMPORAL_RESPONSE_TO_PROGESTERONE_CLUSTER_13 

2 REACTOME_TRANSLATION 

3 REACTOME_M_G1_TRANSITION 

4 REACTOME_ER_PHAGOSOME_PATHWAY 

5 KEGG_PROTEASOME 

6 
REACTOME_SRP_DEPENDENT_COTRANSLATIONAL_PROTEIN_TARG
ETING_TO_MEMBRANE 

7 REACTOME_ASSEMBLY_OF_THE_PRE_REPLICATIVE_COMPLEX 

8 
REACTOME_ACTIVATION_OF_THE_MRNA_UPON_BINDING_OF_TH
E_CAP_BINDING_COMPLEX_AND_EIFS_AND_SUBSEQUENT_BINDIN
G_TO_43S 

9 
REACTOME_FORMATION_OF_THE_TERNARY_COMPLEX_AND_SUB
SEQUENTLY_THE_43S_COMPLEX 

10 
REACTOME_CDK_MEDIATED_PHOSPHORYLATION_AND_REMOVAL
_OF_CDC6 

11 REACTOME_DESTABILIZATION_OF_MRNA_BY_AUF1_HNRNP_D0 

12 KEGG_OXIDATIVE_PHOSPHORYLATION 

13 REACTOME_3_UTR_MEDIATED_TRANSLATIONAL_REGULATION 

14 REACTOME_SCF_BETA_TRCP_MEDIATED_DEGRADATION_OF_EMI1 

15 
REACTOME_TCA_CYCLE_AND_RESPIRATORY_ELECTRON_TRANSPO
RT 
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16 
REACTOME_CROSS_PRESENTATION_OF_SOLUBLE_EXOGENOUS_A
NTIGENS_ENDOSOMES 

17 
REACTOME_INFLUENZA_VIRAL_RNA_TRANSCRIPTION_AND_REPLI
CATION 

18 YAO_TEMPORAL_RESPONSE_TO_PROGESTERONE_CLUSTER_17 

19 REACTOME_VIF_MEDIATED_DEGRADATION_OF_APOBEC3G 

20 HSIAO_HOUSEKEEPING_GENES 

21 
REACTOME_RESPIRATORY_ELECTRON_TRANSPORT_ATP_SYNTHESI
S_BY_CHEMIOSMOTIC_COUPLING_AND_HEAT_PRODUCTION_BY_
UNCOUPLING_PROTEINS_ 

22 REACTOME_PEPTIDE_CHAIN_ELONGATION 

23 REACTOME_REGULATION_OF_ORNITHINE_DECARBOXYLASE_ODC 

24 WONG_MITOCHONDRIA_GENE_MODULE 

25 PENG_LEUCINE_DEPRIVATION_DN 

26 KEGG_RIBOSOME 

27 KEGG_DNA_REPLICATION 

28 REACTOME_ANTIGEN_PROCESSING_CROSS_PRESENTATION 

29 REACTOME_RESPIRATORY_ELECTRON_TRANSPORT 

30 REACTOME_AUTODEGRADATION_OF_CDH1_BY_CDH1_APC_C 

31 REACTOME_METABOLISM_OF_MRNA 

32 KEGG_PARKINSONS_DISEASE 

33 CHNG_MULTIPLE_MYELOMA_HYPERPLOID_UP 

34 
REACTOME_CDT1_ASSOCIATION_WITH_THE_CDC6_ORC_ORIGIN_
COMPLEX 

35 MOOTHA_HUMAN_MITODB_6_2002 

36 BIOCARTA_PROTEASOME_PATHWAY 

37 
REACTOME_AUTODEGRADATION_OF_THE_E3_UBIQUITIN_LIGASE
_COP1 

38 
REACTOME_REGULATION_OF_MRNA_STABILITY_BY_PROTEINS_TH
AT_BIND_AU_RICH_ELEMENTS 

39 MOOTHA_VOXPHOS 

40 LUI_TARGETS_OF_PAX8_PPARG_FUSION 

41 MOOTHA_MITOCHONDRIA 

42 PENG_RAPAMYCIN_RESPONSE_DN 

43 MENSSEN_MYC_TARGETS 

44 PELLICCIOTTA_HDAC_IN_ANTIGEN_PRESENTATION_UP 

45 BILANGES_SERUM_AND_RAPAMYCIN_SENSITIVE_GENES 

46 REACTOME_METABOLISM_OF_RNA 

47 
REACTOME_P53_INDEPENDENT_G1_S_DNA_DAMAGE_CHECKPOIN
T 

48 CAFFAREL_RESPONSE_TO_THC_DN 
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49 REACTOME_REGULATION_OF_APOPTOSIS 

50 REACTOME_ACTIVATION_OF_NF_KAPPAB_IN_B_CELLS 

51 PELLICCIOTTA_HDAC_IN_ANTIGEN_PRESENTATION_DN 

52 BURTON_ADIPOGENESIS_6 

53 KEGG_SPLICEOSOME 

54 
REACTOME_APC_C_CDH1_MEDIATED_DEGRADATION_OF_CDC20_
AND_OTHER_APC_C_CDH1_TARGETED_PROTEINS_IN_LATE_MITO
SIS_EARLY_G1 

55 
REACTOME_PREFOLDIN_MEDIATED_TRANSFER_OF_SUBSTRATE_T
O_CCT_TRIC 

56 STARK_PREFRONTAL_CORTEX_22Q11_DELETION_DN 

57 REACTOME_DNA_STRAND_ELONGATION 

58 REACTOME_MITOCHONDRIAL_PROTEIN_IMPORT 

59 REACTOME_SYNTHESIS_OF_DNA 

60 REACTOME_HOST_INTERACTIONS_OF_HIV_FACTORS 

61 REACTOME_INFLUENZA_LIFE_CYCLE 

62 WANG_TUMOR_INVASIVENESS_UP 

63 REACTOME_METABOLISM_OF_PROTEINS 

64 
REACTOME_APC_C_CDC20_MEDIATED_DEGRADATION_OF_MITOT
IC_PROTEINS 

65 
REACTOME_NONSENSE_MEDIATED_DECAY_ENHANCED_BY_THE_E
XON_JUNCTION_COMPLEX 

66 KEGG_PATHOGENIC_ESCHERICHIA_COLI_INFECTION 

67 GAVIN_FOXP3_TARGETS_CLUSTER_T7 

68 LI_AMPLIFIED_IN_LUNG_CANCER 

69 REACTOME_G1_S_TRANSITION 

70 
REACTOME_PYRUVATE_METABOLISM_AND_CITRIC_ACID_TCA_CY
CLE 

71 BILANGES_RAPAMYCIN_SENSITIVE_VIA_TSC1_AND_TSC2 

 

 

Table 2: qPCR primers used in Section 2.4 Methods 

qPCR primers Mitchell-Dick et al. 2020  

    

βactin 
Mus 
musculus AGATCAAGATCATTGCTCCT CCTGCTTGCTGATCCACATC 

Ccng1 
(Cyclin-
G1) 

Mus 
musculus TTGGCTTTGACACGGAGACA AAGCAGCTCAGTCCAACACA 
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Cdkn1a 
(p21) 

Mus 
musculus TGACAGATTTCTATCACTCCAAGC ACTTTAAGTTTGGAGACTGGGAGA 

Tcf19 

Mus 
musculus GAACTCCAAGGGGACGACTG GGCCAAAGGTCAGAAGGTCA 

Neurog1 
Mus 
musculus ATC ACC ACT CTC TGA CCC 

GAG GAA GAA AGT ATT GAT GTT 
GCC TTA 

 

 

Table 3: Antibodies and dyes used in this dissertation 

Antibodies/Dyes Company Product # Dilution 

Primary Antibodies   
 

Pax6 Biolegend 901301 1:1000 

Tuj1 Biolegend 801202 1:10,000 

Tbr2 Abcam ab23345 1:500 

NeuroD2 Abcam ab104430 1:500 

pH2AX (Ser139) Millipore 05-636 1:100 

pATR Cell Signaling 2853 1:100 

pATM Cell Signaling 4526 1:100 

pChk1 Cell Signaling 2341 1:1000 

Sox2 Thermo Fisher 14-9811-80 1:500 

CC3 Cell Signaling 9661 1:1000 

P53 Leica CM5 1:500 

Phospho Histone H3 Millipore 06-570 1:1000 

Bactin Santa Cruz sc-47778 1:400 

Chk1 Cell Signaling 2360 1:1000 

Secondary Antibodies   
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Alexa 488 Thermo Fisher 

A21208, 

A11001, 

A11034 

1:500 

Alexa 568 Thermo Fisher A11036 1:500 

Alexa 594 Thermo Fisher 

A11037, 

A11032, 

A21029 

1:500 

Alexa 647 Thermo Fisher 
A31571, 

A31573 
1:500 

GαRb HRP Thermo Fisher A16110 1:5,000 

GαMs HRP Thermo Fisher A16078 1:5,000 

Fluorescent Dyes    

DAPI Thermo Fisher D1306 1μg/mL 

Propidium Iodide Thermo Fisher P3566 1:1000 

CFSE (FlashTag) Thermo Fisher C34554 1mM 
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