ABSTRACT
LIANG, HUIXUAN. The Specificity Protein 2 (Sp2) ithe Proliferation and Cell Cycle
Progression athe Neural Progenitors. (Under the direction of Dr. Troy Ghashghaei).
Neural progenitor cells give rise to neurons in the embryonic brain. Additionally, a few
progenitor cells persist and are neurogenic in restricted regions of the postnatal and adult
brain. Mechanisms that control the proliferation of progenitors arertargdor appropriate
production of new neurons in the embryonic and postnatal bféie.longevity and
developmental potential of stem cells is closely linked to molecw@hanisms that control
the rate and fidelity of the cell cycléJsing neural sta cells asa platformwith genetic,
cellular, and biochemical assays | demonstifzdé a zinefinger transcription factor
Specificity Protein ZSp2) is a key regulator of the cell cycléonditionalgeneticlossof-
function approach wasmployed to dele Sp2 in neurgbrogenitorsrevealing a specific
disruption inG2/M transition, M phase duration and rate of cell cycle exitDgll
autonomous function of Sp#as identified by mosaic deletion of Sp2 using Mosaic Analysis
of Double Markers oghromosme 11 (MADM-11)in combination wih timelapse imaging,
which clearly establishes Sp2 as a key regulator of progression through the M $p2se.
localizesto the nucleus but surprisingly is also a stable componéheafentrosomal
complex. Sp2bound catrosomes are shuffled between perinucleairand thentercellular
bridge during cytokinesisin the absence of Sp2 ttaBuffling is excessive and abscissain
the final stage of cytokinesis defective. Importantly, conditional deletion of Spaleto a
decline in the generation of intermediate neural progenitor cells and neurons in the

developing and postnatal brair@ur findings implicate SpAependent mechanisms as novel



regulators of cell cycle progression, the absence of which disreptegenesis in the

embryonic and postnatal brain.
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BACKGROUND

Cell cycle regulation and neural development

The @&ll cycle is an essential process in proliferation and differentiation of eukaryotic
cells. Timely and coordinated progressibrough thecell cycle requires complex signaling
networkscontrollingdurationof its distinct compartments as well as rate of cell cycle exiting
andre-enteing. Theeukaryotic cell cycle comprises four successivphases: Gap 1 (G1),
synthesis (S), Gap 2 (G2héthe mitotic 1) phass. G1 is a critical stage in whidells
assess whether to proceed through the cell cydle exit based onntrinsic and
environmentatues(reviewed byFoster etl., 2010; Zetterberg et al., 1993)NA is
replicated during S antthe replicated genetic materialléger segregatethto the nascent
daughter cells during Nreviewed byTakeda and Dutta, 2005; Walczak et al., 20182
serves asasafeguard againstberrant DNA replication angreservegienomicintegrity
before commitment into Nreviewed bywWang et al., 2009b)

In thedeveloping bain, cell cycle regulation is required for proper growth of neural
progenitor poolshroughcontrol ofcellular proliferationrand expansianOn the other hand,
timely control of cell cycle exiting is required foeuronalgeneratioranddifferentiation.
Disruption of thecell cycle often causes abnormal brain developnasgtxemplified in
conditions such asicrocephalyand is implicated in varioustherneuralevelopmental
disorderghat result irmental retardatiofreviewed by Wang et al., 2009a; Woods et al
2005) Less severe @ubtle defects cellular proliferation or neuronakpansiorresult in

other neurodevelopmental disordstgh as the spectrum of autism disorders and



schizophrenigFan et al., 2012; Ito and Rubin, 1999; Katsel et al., 20D8}piteits
important functional implicationiow cell cycle progression is regulated during normal
brain development and how disturbances of cell ayaehinerylead to neuronal disorders
remairs remarkablyundestudied

Embryonic and adult neural stemlsedre proposed as promising therapeutic targets
for regenerative and/or repair in future therapeutic approadthesever, pior to utilization
of stem cel it is imperative that we understand the molecular mechaitsh govern
neural stem cell prolifationand diversification The primary goal of the research conducted
in this dissertatioms to determingheregulation of proliferation and cell cycle progression
embryonic and adutteural progenitors.

To understand mechanismsderlyingbrain deelopment one must understand the
intricate organization of this tissue during various ad@sscriptive cellular organization in
therodent brain has been thoroughly studied as a model for mammalian brain development
over the last centuryRodents are picularly usefulbecause atheir short gestation period
and rapid establishment thife general organizatioof the brain It is noteworthy that the
general temporal and spatial patterns of developmental events are closely related in rodents
and higher mmmalian speciggeviewed byLui et al., 2011)

Active neurogenesis occurs predominantly during embryonic development in all
mammalian speciedAfter birth, the vasmajority of progenitor domains become dormant
(except intwo restricted regionssee laterfreviewed byKriegstein and AlvareBuylla,

2009) Function and lineage progression in both embryonic and postnatal progenitors will be

introduced wih particular emphasis on neural progenitorthedeveloping cerebral cortex,



a system that has drawn intensive investigation and is relatively well characterized.
However it is important to mentiothatbasic principles underlyingrogenitor proliferation
andneuronalexpansiorare highly conserved during embryonic and postnatal neurogenesis
(reviewed byMing and Song, 2011andthatour understandigs inthedeveloping cerebral
cortex can be applied to other regiafishe central nervous systamgeneralreviewed by

Kriegstein and AlvareBuylla, 2009)

Neural progenitors during embryonic cortical development:

keeping the balance between proliferation and differentiation

The @ntral nervous system includitige brain and spinal cord is derived from the
neural tubea structure formed bglosure otheectoderm in the early vertebrambryo
(Sadler, 2005§Fig. 1). Prior to neurogenesis, the neural tube contains pseudostratified
neuroepithelial cells (NEs) which extend thin processes to the apical ventricular surface
facing the lumen of neural tube atathe basal outer surfacd neuraltube(Fig.1).
However, tle cell bodies of NEare retained in the apical aspect of the ventricular zone (VZ)

(Fujita, 1960)(Fig. 1).
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Figure 1: Neural tube formation. Dorsal view of the neurulating embryo (left) and coronal of

the neural tube (right The position of the coronal view is indicated by dash line in the dorsal vie

During early growth of the neural tuliéEs primarily divide symmetrically to
generate two Eswhich facilitate rapid expansion in nelpgiogenitor pools during early
brain developmer(Fig.2) (Cayouette, 2003aito et al., 2003)NEs essentially function as
embryonic neural stem cells and undergo a differentiation process throughout embryonic
development. By birth, most of these cells transform into glial and ependymal cells which
perform important barriefunctions at the ventricular and endothelial interphases of the

postnatal and adult bra{reviewed byKriegstein and AlvareBuylla, 2009)
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Figure 2: NE and RG division during cortical development. NEs undergo symmetric
division to generate two NEs. During the onset of neurogenesis, NEs transform into RG

which begin asymmetric divisions to generate neurdiss: neuroepithelial cells; RGs: radia

glial cells; VZ: ventricular zone; MZ: marginal ze; PPL: preplate layer

Following an expansive round of divisiodsring early brain development, NEs
transform into radiagjlial cells (RGs)andbegin the firssetof neurogenic divisions in the
developingcentral nervous syste(fig. 2). Both cdl types contain a number of common

molecular features, such as expressiothefintermediate filament protelsestin, which is



commonly presenh manyprogenitorghroughout the developing bod#nthony et al.,
2004; Lendanhl et al., 1990Moreover RGscontinue tadisplayanapic-basal polarity
similarto NEs with processes expanditigroughthe entirehickness of developg brain
tissue (Fig. 2)Malatesta et al., 2000; Ntor et al., 2002) Unlike early NEs, RGs begin to
express several other proteins that can be used as markers for this more differentiated stage
such as therhin lipid-binding protein (BLBP) and the glutamate transporter (GLAST)
(Hartfuss et al., 2001; Kurtz et al., 1994)he most prevalent difference that emerges
between the two cell types is the lineally restricted neurogenic potential of RGs compared to
the more multipotent characteristic of NEs.
Given their typical morphology (radial processes spanning the entire wall of
developing cortices), RGs were initialgcognized as guide cells for neuronal migration
during embryonic brain developmgnéviewed byHatten, 1999) It was not until the end of
the lastcenturywhenRGswere shown to functioasneural stem cellgposssasingboth
neurogenic and gliogenic potentidlsing fluorescence activated cell sorting for RGs
foll owed by cl onal anal ysis in vitro, Magdal
could geerate neurons and glial cefteviewed byMalatesta et al., 2000)Subsequent ex
vivo time-lapse imagin@f cortical sliceslirectly demonstrated that RGs genetaith
neurons andecondary neural progenitors (described beld®(s undergo a highly
coordinated interkinetic nuclear migration during which their nuclei transipoand dwn
the apicebasal axi©f theVZ in remarkable coordination wittifferent stages of the cell
cycle. Specifically, RGs that enter G1 move from the apical toward the basal aspect of the

VZ. Once there, RGs transition into S and G2 phases while diving back down toward the



apical VZ. Remarkably, mitotimundup primarily occurs apically when the somaR&s
comes in contact with the lumen of the ventri¢Msyata et al. 2001; Noctor et al., 2001;
Sauer, 1935)At this stageRGs remain polarizedith a basaprocesghatextendto the
pial surfacgFig. 2) (Go6tz et al., 2002; Miyata et al., 2001; Noctor et al., 200&issman et
al., 2003)

Generation of neurons from RGs begimsundembryonic day E10.5 in the mouse
cerebral cortex. Unlike NEEvhich mostly dividesymmetrically RGs largely undergo
asymmetric divisioa Asymmetric neurogenic divisions generatBG and a neuron while
proliferative asymmetric divisions generate a RG asdcandaryeural progenito(Miyata
et al., 2001, 2004; Noctor et al., 2001, 2004y. 2). Newborn neurons that are derived
from RG divisiors migrate towardshe cortical plate alonigasal processes BRIGs, which
exhibit molealar characteristics that allothem to function as substrates for neuronal
migration(Noctor et al., 2008; Schmid et al., 2008eurons in the developing cerebral
cortex araliverse with manylifferent neuronal cell typgsossessingniquemorphological
molecular and functionatharacteristic¢reviewed byMolyneaux et al., 2007)Specific
subsets of neurorecaupy different layers of cerebral cortex and it had been documented for
decades that earlyorn neurons occupy lower layers while {atan neuronsettle in the
upper layergFig.3) (Rakic, 1974) Previously, it washought that subtypes of neurons are
specifed atthe time of their birththrougha progressive restrictiom neurogenic potentials
of variousRGs (Frantz and McConnell, 1996; McConnell and Kaznowski, 1991; Mizutani
and Saito, 2005)For example, early RGs are multipotent with the capacity to generate late

born neurons when transplantedbi the older host brairf®cConnell and Kaznowski,



1991) In contrast, oldeRGs are fate restricted and fail to generate dawhp neurons when
transplanedinto youngerembryonic braingFrantz and McConnell, 1996; Mizutani and
Saito, 2005) However this modelwas recentlychallenged by findings frordlrich

Mu e | Igreupusiag modern genetically based ligedracing techniques in vivo. They
found thata subset oRGsiis restricted to generate la®rn neurons even at the east
stage of neurogenesi@ranco et al., 2012)These findigs suggest that RGs can be
intrinsically specified to generate certain subtypes of neurons, regautitass birthdate.
Finally, dthough RG aremulti potent with both neurogenic and gliogenic potential,
neurogenesis largely precedes gliogenebismice, neurogenesimassivelydeclines upon
birth concomitant with an increase in gliogendseviewed byKriegstein and Alvarez
Buylla, 2009) The differential timing for neural and glial production is likely to be-cell
intrinsic, as isolatedortical progenitors generated neurons prior td gk#ls (Qian et al.,

2000)
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Figure 3: Laminar development of the cerebral cortex. Early-born neurons generated fror
RGs target deeper layers of the CP, andidat® neurons migrate past eadgrn neurons to
settle in the upper layers. RGs: radial glial cells; VZ: ventricular Z8X&; subventricular

zone CP: cortical plate

Past studies have established methods for isolation of cortical progenitors during
embryonic neurogenic stages and analysis of their division paittevitso. These studies
have clearlydemonstrated the coexistence of symmetric and asymmetric neurogenic
divisions in RGqQian et al., 1998, 2000; Shen et al., 200)ere is also evidence from

evolutionary studies thalhe expansion of the mammalian cortéely involved the



expansion ofin intermediate population of progenitoshich are postulated to havelped

rapidly generate large peabf neuronghrough terminal symmetric divisiorfgeviewed by
Kriegstein et al., 2006)These intermediate progenitells (IPCs)divide in the

subventricular zone (SVZas waseporteddecadesgo(Smart, 1972, 1973)Using retre

viral labeling/Dil labelingfollowed bytime-lapse analysis, several groups found that IPCs
arise from RG divisions in the apical VZ, migrate basally, and unlike RGs, undergsmitos

in the SVZ(Haubensak et al2004; Miyata et al., 2004; Noctor et al., 2008ig.4). In

addition to their location, several features distinguish IPCs from RGs and NEs. IPCs display
multipolar processes and do not form adherent contacts with the ventricular or pial surfaces.
Moreover, IPCs almost exclusively undergo symmetric divisions during which one IPC
either serenews to generate two IPCs or generates two neurons (Fig.4). In the developing
mouse cokx, the vast majority of symmetric divisions from IPCs (90%) are neuaioge

(Noctor et al., 2004; Wu et al., 2005)husgeneration of neurons from a single parent

neural stem cell are amplified through IPCs and this process is proposed todatgatyine
thesize of distinct neuronal populations, which ultimately impact cortical size and

evolutionary expansioim higher mammal braingeviewed byKriegstein et al., 2006)
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Figure 4: Generation of IPCs during cortical development. RGs can undergo asymmetric
division to generate one RG and one IPC. Majority ofsBf@@lergo symmetric division to
generate two neuron®Gs: radial glial cells; IPCs: intermediate progenitors; VZ: ventricular

zone; SVZ: subventricular zone; 1Z: intermediate zone; CP: cortical plate; MZ: marginal zor|

Subcellular events underlying cell cycle progression in neural

progenitors

A delicate balance between proliferation and differentiation of neural progenitors is

critical for appropriate production and specification of neufomgewed byFarkas and

11



Huttner, 2008) Maintenance of this balance is tightly linked to cell cycle machinery.
Proliferation is essentially the process when neural progenitors proceed through the cell cycle
for reproduction and cellular division. On the other hand, neuraéprmys must exit the

cell cycle in a timely manner for terminal differentiation. To begin to understand how the

cell cycle couples with progenitor functions during brain development, one must first
understand the core features associated with cell pyotgession.

Dramatic changes in structural components of cycling progenitors occur during cell
cycle progression. These soéllular events initiate according to a precisely controlled
schedule and are critical for transition within various cell cgtdges: when delays and
errors occur in one event, subsequent events can be postponed or a@isbeed by
Sullivan and Morgan, 2007) In mammalian neural progenitors, stédlular events
underlying cell cycle progression have been relatively well characterized in the cortical
progenitors and thus will be focused beloWEs and RGs undergo mitosis at the apical
ventricular surface anihereforearecollectively referred to as apicptogenitoryMiyata et
al., 2001; Noctor et al., 2001; Sauer, 393Apical progenitors possess a primary ciliain
their apical surface which is in contact with the cerebrospinal fluid in the lumen of the neural
tube and later the cerebral ventricles (Fig(Bybreuil et al., 2007; Hinds and Ruffett, 1971,
Spear and Erickson, 2012)

Primary cilia are microtubutbased protrusions of the plasma membrane, and
important organelles specialized to respondrteironmental signals underlying brain
developmentLouvi and Grove, 2011; Pazour and Witman, 200B)ecilium undergoes a

repeated cycle of assembly and disassembly during distinct stages of the cell cycle: it

12



assembles in the G1 phase and its disassembly initiates depimasg entry and completes

during the G2/M transitiofLi et al., 2011; Spear and Erickson, 2Q1Zhe dynamics of cilia
construction impact cell cycle progression. For example, ciliary disassembly is mediated by

a subunit of cytoplasmic dynein called Tctexand blocking recruitment of Tcteixto the

cilium for initiation of ciliary disassembly inibits Sphase entry and accelerated cell cycle

exiting in RGs. Conversely, acceleration of cilium disassembly incregsesasg entry and
progenitor proliferatiorfLi et al., 2011) These findings provide a novel perspective that
molecular and structural changes in the cilium are sufficient to switch neural progenitors
between cell cycle exiting and-emtering, although the mechanisremain largely

unknown. The primary cilium is assembled from mother centrioles duringSe#ley and

Nachury, 201Q) Prior to centrosomduplication, each centrosome contains an older

“mot her” centriole and a younger “daughter?”
earlier than daughter centrioles and possess structural components that bear specific proteins
to anchor microtubulesnd support ciliogenes{gnderson and Stearns, 2009; Bornens,

2002; Curtis et al., 2007)The centrosomes replicate once cells enter the S phase using the
pre-existing centrioles as a template. This process generates two centrosomes, with each one
retaining the original mater centriole (mother centrosona)d the other adaining the

original daughter centriole (daughter centroso(Migyg and Stearns, 2011Prior to mitosis,

the duplicated pair of centrosomes remains near the apical surface of progenitors, possibly
through association of éhprimary cilium and the mother centriole from which they assemble
(Fig. 5). Ciliary disassembly before mitosis releases centrosomes from the apical surface

which allows the subsequent movement of centrosomes toward the n&peas and

13



Erickson, 2012) Progression throughe M phaseas highly complex andedls undergo
dramatic and relatively rapid structural and molecular chanfjlesse changesccur in a
strict order which furthedivide M phasanto different stagegSullivan and Morgan, 2007)
The rapid movement of censomes toward the nucleus coincides with nuclear
envelope breakdown, which together with chromosome condensation mark the initial stage of

the M phase termed prophg§&pear and Erickson, 20) (Fig. 5).

Cytokinesis
Interphase Prophase  Metaphase Anaphase Telophase
Basal |
Apical :
Ventricle

"’\| Nuclear envelope I Primary Cilium == Interpolar microtubules

N /Central spindles

o Nucleus % é Astral microtubules VU Contractile ring/anillin

@  Centrosome ’g% Kinetochore microtubules

Figure 5: Subcellular events underlying neural progenitor cell cycle progression.

During prophase, microtubules gradually assemble from each duplicated centrosome

resulting in the formation of a mitotic spindle, a microtubule/centrosome based machine that
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physically mediates chromosome segregati®imarp et al., 2000)For decades the
centrosomes and their associated microtubules have been proposed to associate with nuclear
envelope breakdowin mammalian somaticetls (Guttinger et al., 2009 Electron

microscopy revealed that centrosomes, together with their associated microtubule bundles,
protrude deeply into the nucleus during proph&ssorgatos et al., 1997 pRbins and
Gonatas1964) During late G2 and prophasenumber otytoplasmic dyneins are recruited

to the invagination site, pulling apart the microtubules from bottre®mes and promoting
mechanical shearing of the nuclear envel@eaudouin et al., 2002; Salina et al., 2002)
Interestingly, thesameoutward pushing force on microtubules exerted by envelope
associated dyneins also requireéor separation ofluplicated centrosom¢Raaijmakers et

al., 2012)

Duringthe next progressive step of the M ph§zometaphagecentrosomes
nucleatekinetochore microtubuleshich contact chromosoai centromeres and direct the
alignment of duplicated chromosomes during metap(téage). The centrosomes also
generateastral microtubulethat radiate out to anchor thener face of the plasma membrane
in thecell cortex Additionally,interpolar microtubules from both centrosomes form
antiparallel bundles in the center of mitotic ceRg)(5) (Rusan et al 2001) The dynamic
polymerization and depolymerization of microtubules as well as their interactions with
various proteins are required for proper alignment and ultimate separation of chromosomes
duringtelophase For example, the centrosorassocated proteins Abnormal Spindiiée
MicrocephalyassociatedASPM), Magoh, and€DKS5 regulatory subunidssociated protein

2 (CDK5RAP2) are required for microtubule assembly. Genetic deletion of each of these

15



proteins in neural progenitors disrupts mit&ndle integrity and chromosome alignment
(Fish et al., 2006; Silver et al., 2010; Yingling et al., 2008)addition, interactions of astral
microtubules with the cell cortampact the positioning athromosoms For example,
astral microtubuleare anchored to the cell cortexneural progenitors bgdynein
associated compledf proteins(Yingling et al., 2008) Geneic deletiors of dynein
associated protes Lis1 and Ndel cause spindle disorientationorticalneuralprogenitors
(Faulkner et al., 2000; Feng and Walsh, 20044 chanism of this function may be
extracted from studies in nareural cells, in whiclthedyneincomplex Lid is first anchored
to the cell cortex through the membrdan®@ und G pr ot elithenmoedidasb uni t .
microtubule sliding towards the cell cortex, which in turn generates a pulling force on the
microtubule attached chromoson{eaan et al., 2012; NguyelNgoc et al., 2007)

Separation of sister chromatidegins at anaphasad is completed during telophase
(Fig.5) (Dubreuil et al., 2007; Kosodo et al., 20048 uring the same periothe ruclear
envelope reforms around segregatbcbmatids in each daughter dellestablishwo dstinct
nuclear bound#&s (Hebbar et al., 2008)During anaphasénterpolar microtubules
reorganize to form a dense array of antiparallel microtutiatesed the central spindle
(Fig.5) (Dubreuil et al., 2007)How the central spindle is formed in neural progenitors is
unknown, but likely utilizes mechanisms similar to those discovered imeoronal cells.
Demonstrated in mammalian cell lines, factors that control central spindle assembly are
recruited to iterpolar microtubules during anaphdseviewed byGlotzer, 2009) Such
factors include a microtububessociated protein PRC1 (regulator of cytokinesis 1), which

localizes to the central spindle and induces microtubule bundling (Mod)nari et al.,
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2002; Zhu and Jiang, 2005Another set of important factors that controls central spindle
assembly is a motor complex termed Centralspindlin, which consists of a kinesin motor
protein MKLP1 and a RhGTPaseactivating protein MgcRacGAP (Fig.@Ylishima et al,
2002; PavicieKaltenbrunner et al., 200.7)Similar to PRC1, localization of Centralspindlin
to interpolar microtubules induces robust bundling of antiparallel microtubules at the
midzone(Mishima et al., 2002) In normal animal cells, assembly of central spindles utilizes
preexistng microtubules as a templgt@anman et al., 2000)However, central spindles can
assemblele novowhenmicrotubule polymerization is inhibited by drugs or when
centrosomes are physilyaremoved by laser ablatig@lsop and Zhang, 2003; Canman et
al., 2000) These findings suggest that in the absence of centrosomes, central spindle
formation adopts selisembling machinery, althoughe mechanissiinvolved in this
process remain unknown.

Formation of the central spindieads tanitiation of cytokinesisduringwhich the
cytoplasmand membranbetween the two newly formethughter cellare activelycleaved
(reviewed byGreen et al., 2012)Cytokinesis begins with specification @tleavage
initiation site, a narrowerritory of the plasma membrane within the central spindle region.
In the cleavage initiation site, tli&TPase RhoA is switched froms GDP-bound inactivated
stateto a GTP-bound activated fornKimura et al., 200). Activation of RhoA can be
mediated through th@ TPase exchange factéct2 which is recruited by Centralspindlin to
the central spindles near cleavage sites (FigKiByura et al., 2000; Nishimura and
Yonemura, 2006; Su et al., 201X)nce activatedRhoA directs assembly and constriction of

a contratile ringthatconsiss of a filamentous network of actin filaments and actin
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associated proteir{(&reen et al., 20143Fig.6). For example, the actin scaffolding protein
anillin is recruited to the contractile rirtigrough interaction with the activat&hoA (Fig.6)
(Hickson and O" Farrel |l , . Mdebvdr,an &ffeceokenzymea nd GI o
Citron kinase is activated by Rhowhich in turnphosphorylatetheregulatay light chain

of myosin Il to mediatéurtherconstriction of the contractile ring (F&) (Bassi et al., 2013;
Hi ckson and .Orhdcantractdd rihg con&trict8 e plasmeambraneand
initiatescleavage furrow ingressidereen et al., 2012)Although the mechanisms that
control neural progenitor cytokinesis remain largely unexplored, these tagutzolecules
are likely to be conservedzor example, both RhoA and Citron kinase localize to the
contractile ring of apicgbrogenitordan the developing cortefSarkisian et al., 2002)
Moreover,in citron kinase mutantiscalization of RhoA to the contractile ring is abolished

and cytokinesis fails resulting in a rtinlicleated cellular phenotyg8arkisian et al., 2002)
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Figure 6: Cleavage site initiation and cleavage furrow formation in non-neural cells. Cytokinesis
begins with specification @& cleavagenitiation site,where RhoA iswitched fromits GDP-bound
inactivatedstateto a GTP-bound activatedtate. Activabn of RhoA can be mediated throutte
GTPase exchange factor Ectghich is recruited by Centralspindlin to the central spindles. Once
activated, RhoA recruitihe actin scaffolding protein anillito the cleavage site for contractile ring
assembly.An effector enzymeitron kinase is activated by Rhowhich in turnphosphorylatethe

regulatory light chain of myosin Il to medidigtherconstriction of the contractile ring

Despite postulated similarities mechanisms afytokinesis withn neural and non
neural progenitors, there are also important differenées examplethe presence of a long

ascending process apical progenitorss an important differentiating factor between much
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of what is known regarding cytokinesis in cell linessus what happens in vivo in complex
tissues such as the developing brdRelatively recent studies utilizirtgne-lapse imagingf
genetically labeled RGs have revealed tyawplasmic divisiorof the basal process of apical
RGs precedeactivecytokinesisin the cell body of the same celliring anaphase. This
division of the basal procegsinbe visualized by a branching point between the newly
segregated proce=sFig.5) (Kosodo et al., 2008)Cytokinesis in basal processes and in cell
bodies proceeds a basato-apical direction(Fig.5) (Kosodo et al., 2008)The contractile
ring assemblyfactor anillin remains associated with the branching poinhdusasal process
division andocalizeswith the siteof cleawagefurrow ingressionn the cell body during
cytokinesig(Fig.5) (Hesse et al., 2012; Kosodo et al., 200B)esefindings suggesthat

neural and nomeural cellanight employ a similar cytokinesis machinery.

During late cytokinesis;ontinuedconstriction of theactinring at the plasma
membrane leads theformation of a narrow intercellular bridgiCB) that contains the
midbody(Fig.5) (Dubreuil et al., 2007) The midbodycontainscomponents of the
contractile ring andhe microtubule bundles derived from the central spirfBig.5)

(Dubreuil et al., 2007) Cytokinesids finally completel during abscission when the
intercellular bridge is cleavedérededa and Gerlich, 2012Abscission is a complex event
that relies on the coordination of multiple subcellular procassésgding reorganization of
microtubules and the plasma membrane withédlCB. Cellular events and molecular
regulators underlying neural progenitor abscissenain unexploredin nonneural cells
the dense bundle ekntralmicrotubules needs to be dissembled and removedtfrersite

of abscissior{Fig.7) (Guse et al., 2005; Schiel et al., 201This process requires
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inactivation of microtubule assembling factors sucthasnitotic kinesinlike protein

(MKLP1) and activation of microtubule severing fastsuch as SpastifConnell et al.,

2009; Gusest al., 2005; Yang et al., 2008 addition the plasma membraret thesite of
severingundergoes major remodeling in preparation for abscis$ton.examplevesicles
derived fromthe Golgi and recycling endosomes ér@nsportedo the ICBwheretheyfuse

atthe site ofabscissior{Fielding et al., 2005; Goss and Toomre, 2008; Gromley et al., 2005;
Schiel et al., 2011)Vesicle usions reconstruct the surface area and stabiliiyegflasma
membranghat forms thdCB, a process proposé¢a enhancefficiency of abscission

(reviewed byChen et al., 2012)

Secretory and ) ) )
endocytic vesicles Vesicle fusion with

ICB Mictrotubules plasma membrane

/

Vs s

Microtubule-severing
proteins

=

\¢

Contractile ring

Figure 7: Abscission in non-neural cells. The midbodycontainscomponents of theontractile ring
(red) andthe microtubule bundles derived from the central spindle (greBnying abscission, theéense
bundle ofcentralmicrotubules needs to likssembledy microtubule severing factors. Vesicles (blue
derived fronthe Golgi and recycling endosomé®ot shown)aretransported to the ICB where they fus

at the site oibscission ICB: intercellular bridge

In sum, subcellular events undgnlg cell cycle progression proceed through a strict

schedule.These events apostulated to bhighly conserved between neural progenitors and
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non-neural cells.In neural progenitorghe molecules underlying initiation and progression
of each cell cyle event still remain largely unexplored, however phenotypes observed from

gene deletion experiments relvasset of regulators thataydisplay conserved functions.

The CDK/Cyclin complex as a key regulator in cell cycle

progression: a matter of switching on and off in time

Molecular and cellular changes associated with various structural components occur
in a sequential order, which in turn initiate the transition from one cell cycle stage into the
other. In mammalian cells, the core engine driving these sequentie¢kwlar events
involves thecyclin-dependent kinas€CDKs). The activity of CDKs, as their name implies,
requires binding tothe Cyclin proteirs (Pines, 1995) Cyclins are synthesized and destroyed
periodicallythrough different stages oéll cycle(Evans et al., 1983jvhich in turn regulates
theactivity of CDKs. Distinctcyclin isoforms preferentiallyform complexesvith different
CDKs, with each complex driving variougansitiors throughspecificstages of theell cycle
(reviewed byMalumbres and Barbacid, 20090r example, ©OK4/6-Cyclin D1 is required
for the G1-S phasedransition, wherea€DK1-Cyclin B activation is required for passage
from the G2to M phasgGavet and Pines, 2010; Harbour et al., 1999; Lundberg and
Weinberg, 1998) Temporal control of the coordinated action of CDK/cyclin is essential to
trigger sequential incidence of sabllular events. Exampledll later be given for
CDK1/Cyclin B, the catalytic activity of which is at the heart of promoting mitotic events
(reviewed byO " F a r r e.lElidence fredehnted in this section is based on experiments

conducted in nomeural cells, in which the mechamsf CDK/Cyclin in cell cycle
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regulation has been extensively studied. However, it should be noted that the functions and
regulations involving the CDKCyclin-based machineries are likely to be conserved between
neural and nomeural progenitor§eviewed byDehay and Kennedy, 20Q7)

Entry intotheM phase requires a network of proteins regulating activatidineof
CDK1/Cyclin B complex(reviewed byLindqvist et al., 2009) Up-regulation ofCyclin B
transcription and translation at the GPRtransition is critical to ensure Bicient association
between CDK1 and¥zlin B (reviewed byFung and Poon, 2005)n addition, CDKL is
subject to posttranslational modifications that affect its kinase activdy.instance, prioto
mitosisCDK1 is inactivated partially through inhibitory phosphorylation byWee1 kinase
(Gautier et al., 1991; McGowan and Russell, 1993jis inhibitory modificationis later
removed by the Cdc25B phosphatessgultingin activation of MK 1, whichin turnis
sufficient and required fanitiation of mitosis(Russell and Nurse, 1987)mportantly,
activation of the CDK1/€clin B complex relies on its centrosomal localization. For
exampleactivaed CDK1/Cyclin B complex first appearatthe centrosomeduring early
mitosis andinterrupting this localizatiomimicsthe defects in mitotic entry as observed in
CDK1 depletionJackman et al., 2003; Lindgvist et al., 2005; Loffler et al., 20These
findings indicate thatentrosome mayfunction as platforrafor bringing CDKL and its
regulators together in a confined spacterder to ensure their rapid interaction, resulting in
timely induction of the transition into mitosis.

Upon activation, CDK1 phosphorylatagplethora of substragéo trigger subcellular
alterationgequired for cell cycle progressigarrico et al., 2010) During prophase CDK1

phosphorylates the nuclear lamins, a network of intermediate filarnaderneath the
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nuclear envelope to stabilize the nucleus during interphase. This phosphorylation leads to
depolymerization of the nuclear lamins, and breakdown of the nuclear en{lelispier et

al., 1991; Peter et al., 1990%imilarly, CDKL phosphorylates the lamin B receptor on the
inner nuclear membrane, decreasing its interaction with chromatids. This procedy partial
dissociates chromatids from the periphery of nucleus in preparation for nuclear envelope
breakdown(Tseng and Chen, 2011)n addition,akinetochore associated protéisklis
phosphorylated by CDK1 tstabilize thanteractionbetweerchromosoms and knetochore
microtubules in preparation for chromosome alignm@@en et al., 2011)Substrates for
CDK1 activation also include regulatory proteins required for the function of centrosomes
during mitosis.For example, CDK1 phosphorylatesécrotubule motor proteikinesins5

for separation of duplicated centrosoraesl bipolar spindle formatioiChee and Haase,
2010) and Nedd1 f o r-tubulie@gng complemnt® nentrosoines to premote
microtubule polymerizatiofZhang et al., 2009)Thereforeonce activated, the

CDK1/Cyclin B complex then triggers the cascade of events leading to progression into M
phase.

While progression within &ly mitosis requirgactivaton of the CDK1/@clin B
complex, events during late mitosis from chromosome separation to cytokinesis require
inactivation of CDK1/@clin B at the onset of anapha@eviewed byNigg, 2001) CDK1
inhibition can be mediated by activation of the anapipasmoting comfex/cyclosome
(APCI/C), which is an EBbiquitin ligase that targetsy€lin B for degradatiorfHershko et
al., 1994; Irnigeet al., 1995; King et al., 1996 Inactivation of CDK. promotes sister

chromatid separation in @paration for chromosome separation into nascent daughter cells.
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Prior to anaphase, sister chromatids are held together by cohesionshajregl complex

around thechromatidgNasmyth and Haering, 20Q9or chromosome separation, cohesion

is cleaved by the protease separase, whic&Bie1/Cyclin B complex binds to and inhibits

(Gorr et al., 2006; Holland and Taylor, 2008hterestingly, although cleavage of cohesin is
sufficient to induce sister chromatids seqteon, addional regulation of CDK in interaction
between microtubule and kinetochore is required to mediate efficient and faithful movement
of separated chromati@®liveira et al., 2010; Pauli et al., 2008Jhis is demonstrated by a

neat experiment in which tigrosophilasyncytial embryos containing nuclear divisions in a
common cytoplasm were first blocked in metaphase through inhibition of AR®IEh is

required to activate separase and inhibit CH&rshko et al., 1994; Irniger et al., 1995)
Subsequent injection of the tobacco etch virus protease, a plant derived protease that cleaves
a subunit of cohesin, immediately induced chromosome separation. However in the presence
of high CDK1, thespeed of chromosome movement decreased and-gaasimovement

towards each centrosome was abolished. The abnormal chromosome separation was due to a
failure to remove the mitotic kinase Aurora B from the kinetochores during anaphase, a
process that muires inactivation o€DK1 (Oliveira et al., 2010) Aurora B locézation to
kinetochores during metaphase functions as a spindle assembly checkpoint to monitor the
proper tension between kinetochores and microtubules. This tension is created by the
counteracting forces between the microtubule pulling towards centessama the cohesion

of sister chromatids. When the tension is lost due to chromosome separation, Aurora B has
to be removed from kinetochores to avoid reactivadiotihe checkpoint controlgeviewed

by Kelly and Funabiki, 2009)
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In addition to chromosome separation at the onset ohaisap inactivation of the
CDK1/Cyclin B complex s alsorequired for initiation of cytokinesis. This was
demonstrated by an experiment in which the mRNA nbndestructible form ofy€lin B
was injected during prometaphase in order to counteract CDK1 inactivation during anaphase.
Cytokinesis failed tanitiate under this condition, and central spindle assembly was absent
(Wheatley et al., 1997)On the other hand, treatment of a CDKpeicific inhibitor in
mitotically synchronized cells is sufficient to induce prematytelkinesis(Niiya et al.,

2005) Together, these findings suggest that CDK1 inactivation is both required and
sufficient to promote cytokinesis. How CDK1 regulates cytokinesis initiation hagheen
subject of extensive investigations, and substrates for CDK1 include a variety of regulatory
proteins required for central spindle assembly and RhoA activation. One such substrate
includes the microtubule bundling protein PRC1, which is negativelyatgl by CDK1

prior to anaphase for its function in central spindle asse(ilayg et al., 1998; Mollinari et

al., 2002) Another substrate is the kinedriamily motor protein MKLP1, a component of
the centraspindllin complex which is required both for central spindle assembly and RhoA
activation for cytokinesis initiatiofreviewed byMcCollum, 2004) Prior to anaphase,

CDKZ1 phosphorylates MKLP1 and diminishes its kinesin motor activity for microtubule
association and central spindle assenfllighima et al., 2004; Yice et al., 2005)
Interestingly, CDK1 inactivation mediates translocation of Aurora B to central spindles, in
which Aurora B further phosphorylates MKLP1 to stabilize its association with central
spindlegGuse et al., 2005; Oliveira et al., 20100 addition to cytokinesis initiation, CDK1

inactivation is required for contractile ring formation during cleavage furrow ingression.
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Phosphorylation of the regulatory light chains in myosin Il by CDK1 early in mitosis inhibits
interaction of myosin vth actin filament; inactivation of CDK1 at anaphase relieved this
inhibition for assembly and constriction of the contractile (Mgtsumura, 2005;

Satterwhite and Pollard, 199ZJherefore the big picture engng is that inactivation of

CDK1 is a master gulatory pathway for cytokinesis initiation and progression, and this
regulation is exerted in a highly complex and coordinated manner.

Compared to the role of CDK1 in early stage of cytokinesis, less is known about the
function of CDK1 in abscission. eifhaps what complicates this issue is that early cytokinesis
events are known to also impact abscisgieniewed byGreenet al., 2012) For example,
central spindles function as platforms that mediate transportation of theaggulgndosome
derived vesicles to the cleavage site for abscigs&oomiley et al., 2005) However,
evidence suggests that CDK1 might be required for abscission, a process that is sensitive to
the level of activated CDK1AZIin B present immediately prior to abscission. This is
demonstrated by an experiment in which oxpression of the nondegradablgdlin B at
different levels arrested cells at different stage of cytokin€3i®rexpression of ylin B
beyond physiological level arrests cells in metaphase, whilexwesssion of €clin B at
moderate level and low lelarrested cells in anaphase and abscission, respectively
(Holloway et al., 1993; Wolf et al., 2006 hese findings indicate thageadualdecline in
CDK1 activity triggers sequential activation of events leading to the M phase exiting through
initiation and completion afytokinesis Importantly, it is likely thatheendogenous CDK1
activity beyand certain threshold sufficient to repress the abscission machinery prior to

completion of early cytokinesis eventSherefore, deciphering regulatory pathways
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governing the gragal decline of CDK1 activity and interaction of CDK1 with abscission
factors will be paramount to understang how CDK1-based machineries are involved in

abscission.
Role of cell cycle regulators in neural progenitor fate specification

Based on the information provided so far, it is not surprising #latycle regulation
is tightly linked to neural progenitor proliferation and differentiati@bviously, the overall
lengthandrate of cell cycleexiting determingthe size of progenitor pools and t@ountof
neuronal productiofreviewed byDehay and Kennedy, 20Q7However, less obvious has
been the link between the length of distinct cell cycle compartments and theratealf
progenibr divisions. As described earligreural stem cedl(NSC9 undergo either
symmetric divisios resulting indaughter cells with the same cell fatethey divide
asymmetrially to generateells with distinct fatege.g., IPCs or neurons)Logically,
symmetric divisions are important for expansion of NSC padlile asymmetric divisions
increase cellular diversityin this context, symmetry in NSGwikionsis developmentally
programed in a timeand cellspecific manner. For example, symmettigision of NSCs
dominate during early cortical developmenthile RGs begin to adopt asymmetric divison
to induce neurogenedidliyata et al., 2001, 2004; Noctor et al., 2001, 200Rg¢markably,
theduration of thecell cycle has beeextensively showrto lengtherduringthe onsebf
asymmetric divisionandinductionof neurogenesisMultiple studies using cumulative
BrdU labeling in mice have firmly established that total length of the cell cycle more than
doubles from 8.1 hours dugrearly symmetric divisions and NSC expansion, to 18.4 hours

at developmental periods corresponding to the peak of asymmetric divisions and neuronal
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production(Takahashi, 1995)Additionally, it is now well established that timerease in

cell cycle duration is largely due toe increase in G1 length from around 3 #ohourgArai

et al., 2011, Calegari et al., 2005; Takahashi, 199%refore, lengthening of the cell cycle
through expansion of G1 is associated with the increase in neurogenic potential of NSCs and
IPCs during development.

Interestingly temporally regulatedhanges in cell cycle lengtre causatively rather
thanconsequentially linked to the change from proliferative to neurogenic divisions in NSCs
(reviewed bySalomoni and Calegari, 2010ror exampleexperimentalengthening of G1
through RNAI against CDK4/Cyclib1 inducel premature neuronal productiflbange et
al., 2009). Conversely, shorteningf G1by CDK4/CyclinD1 overexpressioaccelerates
proliferative divisiors leading tothe expansion of NSCs and IP(sange et al., 2009; Pilaz
et al., 2009) Based on these observatian<é€ll cycle length hypothesis has been pr o}
(Salomoni and Calegari, 2010\ccording to this hypothesescertain length of time
(especially during the Gghase)s needed to ensusalfficient trarscription and translation of
cell fate determinantwithin dividing cells For example, experimental lengthening of G1
induced a precocious expression of the proneural gene TIS21 prior to the onset of
neurogenesis, and these changes coincides with atpremauronal productiofCalegari
and Huttner, 2003)Similarly, expression ahe proneural genatoh7in Xenopuss up-
regulatedvhenG1 lengthening was induced by overexpression of the CDK4 inhibitor p27,
but downregulated during G1 shorteningduced by CyclirE1l overexpressiofOhnuma et

al., 2002)
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The linkbetween mechanisms that control cell cycle length and cell fate specification
has been further daamstrated by direct interactidietween molecular regulators of each
process.For examplethe proneural transcriptidfactor neurogenin 2 (Ngn2) has been
recently shown to be phosphorylated by CDKs and this phosphorylation progressively
increased on multiple residues in response to rising levels of CBKasphorylation of
Ngn2 by CDKs inhibits itNA binding and transcriptional activation f@a number of
proneural genefAli et al., 2011) In parallel, activity of CDKs has been shown to decline
during G1 lengtheninglue to the progressvaccumulation of endogenous CHibitors
(Cremisi et al., 2003; Vernon et al., 2003)aken together, these findings indicate that
molecular regulators of specific stages of the cell cycle either directly or indirectlytimpac
mechanisms of fatepecification in NSCs, providing a paradigift and a departure of
existing paradigms that the two processes {atdIspecification and cell cycle regulation)
are mutually exclusive.

Tempting aghe cell cycle lengthypothesisnay be several outstandinguestions
remainto be addressedrhe node ofcell division is likely to be determined lilge
counteracting effestetweerproliferative(symmetric)Jandproneuralasymmetricgenes.
How proliferative genes are regulated dunomglonged duration &1 remains largely
unknown. Additionally, while this modehas thus faemphasizd the duration ofS1as a
key regulator of fate in NSCehanges in duration and integrity of otleeil cycle
compartmentsnay also impact mechanisms of fate specificationonger S phasand
shorter Gzhave been reported proliferative progenitors compared to neurogenic

progenitordn the developing cortefrai et al., 2011 Calegari etl., 2005. Importantly,
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lengthening of G2 through reduction of Cdc25B without altering the total cell cycle length is
associated with a reduction in neuron production from N®€Eso et al., 2012)In another

report, shortening of G2 witupregulation of Cdc25B was demonstrated to induce an
elevation in mitotic entry and premature neuronal specific§Gouaber et al., 2011)

Therefore, a causative link is likely to exist between fate determination and regulation of cell
cycle compartments outside G1. Further investigation isakiid better understand how

these novel paradigms are regulated and whether or not the manipulation of these
mechanisms can be used@programmingf NSCs in various celbased therapies in the

future.
Neural progenitors in the postnatal subependymal zone

As previously mentioned, althoudjne vast majority of progenitor domains in the
central nervous system become dormant by birth, the subependymal zone (SEZ) of the lateral
ventricles and the rostral migratory stream (RMS) continue to harbor NSCs @wditNP
postnatal and adult mig&hashghaei et al., 2007; Kriegstein and AlveBeylla, 2009)
Cellularorganizationn SEZ stem cell niche diffefrom the embryonic stem cell niche. In
the SEZ niche, ependymal cells form an epitlidik@ barrierlining the wall of the lateral
ventricle. SEZ NSCsre displaced from the VZ regions and are situateterneatithe
ependymal layer@~ig.8). Despite the differences in cellular organization, postnatal SEZ
NSCs are highly related to embrnjic RGs. Lineage tracings demonstrated that perinatal
RGs give rise to postnatal SEZ NS@4erkle et al., 2004) Moreover SEZ NSCmaintain
astroglial characteristics includirgpressn of glial fibrillary acidic protein (GFAP)

(Doetsch et al., 1999a)
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SEZ NSCs give rise to transit amplifying progenitors (TAPs), which in turn generate
neuroblasts.Neuroblasts continue to divide as they actively migrate tangentially along the
rostal migratory stream (RMS) (Fig.8 After reading the olfactory bulljOB), neuroblast
differentiateinto interneurongLois et al., 1996; Luskin, 19935EZ NSCs are slow dividing
cells and are largely quiescent while TAPs and neuroblasts are actively divide{gostia
et al., 2011; Doetsch et al., 1999a; Garcia et al., 2004; Ponti et al., A20EBYuiescent
nature of adult NSCs is proposed to maintain the stem cell repertoire and to support lifelong
neurogenesi@urutachi et al., 2013)Following the initial division of SEZ NSCs, TAPs and
neuroblasts undergo more than one round of division be@menittinginto their next
lineage(Costa et al., 2011; Ponti et al., 2018pnceptually TAPs and neuroblasts
correspond toheembryonic IPG, divisions of which can amplifthe progenitor pool and
theneuronal outputSimilar to embryonic progenitorSEZ neural progenitors are
heterogeneousDifferent subsets of progenitors are found to reside in different regighe of
SEZ, express different transcription fact@sd ae required to generate different subsets of
OB interneurongKohwi et al., 2007; Stenman et al., 2003; Waclaw et al., 2006; Young et
al., 2007) For example, the transcription factor Paired box gene 6 (Far&pressetly a
subset of progenitors situatedtiredorsal SEZand is required fospecificationof
dopaminergic neurain the olfactory buldKohwi et al., 2005) However, compared to
embryonic NSCs and NPCs, the lineage progression and cell cycle profiling in postnatal

neural progenitors are less elucidated.
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Figure 8: SEZ neural stem cell niche in the postnatal brains. In the SEZ niche, ependymal celld
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rise totransit amplifying progenitors (TAPs), which in turn generate neuroblastslateral
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Introduction to the dissertation

The specificity protein (Sp) family of transcription factors has been associated with
progenitor functions including regulation of the cell cy@aur et al., 2010; Black et al.,
2001; Kruger et al., 2007; Marin et al., 199BIthough Sp family members are-co
expressed broadly, developn@defects exhibited by subtyspecific knockout mice
indicate that their functions may only partially over{8ouwman et al., 2000; Gollner et al.,
2001; Loo et al., 2003; Marin et al., 1997; Ngwéan et al., 2000; Supp et al., 1996)
couple of studies published during my thesis wibtstrated thabp2 is required for early
embryonic development in mice and zebra{Bhur et al., 2010; Xie et al., 201@ndthat
Sp2 overexpression in skin stem cell and progenitor populations is onco@g@mcet al.,
2010) Specifically, &ute loss of Spas shown tmegatively regulate the proliferation of
immortalized mouse fibroblas(Baur et al., 2010)However whether Sp2 functions as a
bona fide transcription factor has remained unclear; past reportsnicizceged that Sp2 has
little, if any, transcriptional activity or DN/inding capacity in mammalian cells
(Moorefield et al., 2004whereas anorerecent reporhasclaimedwidespread DNA binding
by Sp2, targetingegulatory regions of a wide range of vital ge(iesrrados et al., 2012)
Importantly, the cell biological relevance of Sp2dr@mainedelativelyunknownprior to

my thesis work
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MATERIALS AND METHODS

Animals

Animals were used under Institutional Animal Care and Use Committee and North

CarolinaState University regulationsAnimals were housed at Laboratory Animal Research

facilities at the Collegef Veterinary Medicine.The Sp2 floxed mice were generous gifts
from Dr. Horowitz (Department of Molecular Biomedical Sciences, College of Veterinary
Medicine, North Carolina State University$p2 floxed mice were generated using the

homologous recombation with targeting vectors including two LoxP sites flanking Sp2

exon 3 and 4To conditionally delete Sp2 in NSCs and NPCs Sp2 floxed mice were crossed

to thetransgenid\estincre (B6.CgTg (Nescre)1KIn/J; Jackson Lab, # 00377a&j) knock

in EmxZ"™ mice (B6.129S2Emx1tm1(cre)Krj/J; Jackson Lab, #005628)o track cre
mediated recombinatioiestircre or EmxX™ micewere crossed to mice expressing the
reporter tdTomato (tdTop(B6.129S6Gt (ROSA) 26Sortm14 (CA@Tomato) Hze/J;
Jackson Lab, # 0008) orLacZ (B6.129S4Gt (ROSA) 26Sortm1Sor/J; Jackson Lab,
#003309) Sp2 deleted floxed alleles were detected by PCR using the following primers:
SAF3 5 GAGATTCAGATTTAGAGGGCTACCAGHGTCCA
CGCTCAAGCCCCATTGCTGGGCCTGGTGACAA 3.

For mosaic aalysesMADM11-GT/TG:Sp2 F/+ :Nestircre mice were generated
using breeding schemes previously describédpenmeyer et al., 2010)n brief, the
Nestincre or EmxL™ mice were first crossed to the MADMAAT line while Sp2 floxed
mice were crossed to theADM11-TG line. The resultinddADM11-GT: Nestincre or

MADM11-GT: EmxZ"™ mice were then crossed to the MADMI®G:Sp2 F/+ mice to
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generate thIADM11-GT/TG:Sp2 F/+ :Nestirtre or MADM11-GT/TG:Sp2 F/+EmxT'.
For examination of crenediated recombinatioMADM11-GT/TG:Nestircre or MADM11-
GT/TGEmxZI"™ mice were generated without the Sp2 flox background.

Mice expressing the enhanced green fluorescent protein EGFP fused to the human
Centrin2 (CENT2::EGFP) (CBd@g (CAGEGFP/CETN2)34Jgg/J; Jackson Lab,068234)
were used for tracking centrioles.

For embryonic analyses, the morning of observed vaginal plug was designated as
embryonic day 0.5 (EO0.5)Embryos were harvested from tirpeegnant females
following Avertin overdose (7.5 mg/g body weight), thaiain removed and fixed with
4% paraformaldehyde for a minimum of 24 hours prior to proces$iogfixed analysesf
postnatal brainamice were sacrificed at multiple developmental stages by Avertin overdose
(7.5 mg/g body weight) followed by transcaidperfusion with 4% paraformaldehyde in 0.1
M phosphate buffered saline (PBS).

Tissue processing and immunohistochemistry

After perfusion, brains were removed and post fixed in 4% paraformaldehyde in 1x
PBS overnight at 4°CBrains were then sectionetd%0 pm on the vibratome (Leica VT
1000 S).Brain sections were blocked in 10% goat serum with 1% Triton X in 1x PBS for 1
hour at room temperature (RT), followed by overnight incubation with primary antibodies in
1x PBS at 4°C.Sections were washed tlerémes with 1x PBS followed by incubation with
appropriate secondary antibodies conjugate@ilexa 488, Cy3 or Alexa 64(diluted at

1:1000 in 1x PBShor 1 hour at RT.
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Primary atibodies used were as followsbbit antiRFP (Abcam; 1:1000), chicken
anti-GFP (Abcam; 1:1000), rabbit artfe (Covance; 1:500)abbit antiKi67 (Vision
Biosystems; 1:500), rabbit afRH3 (Millipore; 1:500), mouse antPH3 (Abcam; 1:500),
mouse antBrdU (BD Bioscience; 13:1000pat ant-BrdU (Abcam; 1:200, guinea pig ati-
DCX (Chemicon; 1:1000), mouse a@FAP (Millipore; 1:1000), , mouse afitieuN
(Millipore; 1:1000), rabitanttS1 0 0 B ( Si g ratbit antdDtx2(DrODO Eisenstat,
Manitoba Institute of Cell Biology, Winnipeg, MB, Canada; 1:1000), rabbit@si? (Dr.

K. Campbell; 1:4000), rabbit arlax6 (Millipore; 1:500)rabbit anticleaved caspase3 (Cell
Signaling; 1:100Q)rabbit antiBLBP (Chemicon; 1:500), rabbit afifbr2 (Chemicon;
1:1000),rabbitant-NG2 (Millipore; 1:1000),mouse antiTuj1 (Covance]l:1000),rabbit
anti-Cux1 (Santa Cruz; 1:500gabbit antiCtip2 (Abcam; 1:50Q) mo u s-tubulinn t i a
(Si gma; 1: 1 0-@ubujin (Sigma; &:bODX)Whanmneeded,\sections were
counterstained witthe Nissl stain (Invitrogen; 1:10007O-PRGO-3 lodide (Invitrogen;

1:2000) or DAPKVECTASHIELD mounting medium, Vector labs) for cytoarchitectonic
characterization of sections.

Staining the whole embryos for the bg@actosidase gene lacZ was as described
previously(Nagy et al., 2007)Whole embryos at E12.5 were harvested, with the
extraembryonienembranes removed. Embryos were fixed in the fixative solution (5mM
EGTA, 0.2% Glutaraldehyde arfstmM MgCl,in 1x PBS) at RT for 15 minutes. The fixed
embryos were then rinsed in the detergent solugor{ MgCl, and 0.02% NFLO in 1x
PBS) at RT for 15 minutes. The embryos were then incubated in the staining s@uitidn (

MgCl,, 0.02% NP40, 5mM Potassium ferricyanide, 0.01% Sodium deoxycholate and
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1mg/ml X-gal in 1x PBS) at 37 °C for 3 hours in the dark. After staining, the embryos were
dehydrated through a graded series of ethanol (70%, 90%, 95% and 100%darepare
xylene). For sectioninghe embryosvere cryopreserved with 30% sucrose in 1x PBS
overnight at 4°C followed by overnight freezing in tissue freezing medium (Triangle
Biomedical Sciences) aB0°C. Embryos were then sectioned at 20 um on a cryostat (Leica).
In situ hybridization

The probe used for in situ hybridizati on
variant, which is predicted to encode the full length Sp2 protEnms probe was generated
fromthe48% p porti on at the 5" end of (Ymaetse Sp?2
al., 2010) Amplified DNA fragments were subloned into vector pS@ (Promega) at the
TOPO binding site using the Zero Blunt® TOPO® PCR Cloning Kit (fogen. The
construct was sirlg digested with restriction enzymes XraridHindlIIl to create the sense
and antisense strands respectivellyo prepare digoxigenitabeled probes fan situ
hybridization, 4 upl of 5X transcription buff
21l pof RNase Out (RNasln), and RNA pol ymer as:
of linearized probe DNA and incubated for 2 hours at 371°&beled probes were purified
from unincorporated nucleotides with NucAway Spin Columns (Ambion), according to th
manuf act ur er Ansensenossensalpcobes wenesynthesized in these reactions

depending on the orientation of the cDNA insert within pSC

For tissue preparation, tools for perfusion were cleaned with the RNase Away
(Molecular Bioproducts) Brains were removed and kept in 4% paraformaldehyde in 1x

PBS/0.1% DEPC H20 at 4°C for 2 houBrains were placed in 10% RNase free sucrose
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solution (Sigma) with sterilized 1x PBS for 2 hours at 4°C and then placed in 30% RNase
free sucrose with sterilized 1x PBS overnight at 4Bains were immersed in tissue
freezing medium (Triangle Biomedicati®nces) overnight aB0°C,sectioned at 1fm by
the cryostaaind stored at80°C.

In situ hybridization of brains sections was performegrasiouslydescribedYin
et al., 2010) For pretreatment, slides with the brain sections weravarened at RT for 10
minutes followed by fixation with the 4¢araformaldehydat RT for 15 minutes.&stions
were washed twice in 1xPBS in 0.1% diethylpyrocarbonate (DEPC) at RT for 15 minutes,
and then equilibrated in 5x standard saline citrate (SSC) (R&OaCl and 75 v sodium
citratein 0.1% DEPC, adjust PH=7.0) at RT for 15minutes.-tBteridizatian of the sections
was performed in the hybridization buffer (50% Dehionized formamide, 0.02g Ficoll, 0.02g
Polyvinylpyrrolidone, 0.02g Bovine serum albumin and 0.1% Tw2@&m 5x SSC) at 60°C
for 2 hours. Sections were then incubated in the hybridizbtiéfer with the probe at 20
mg/ml, at 65°C overnightFor fluorescent in situ hybridization (FISH), after the overnight
hybridization, sections were blocked with 10% goat serum in 1x PBS at RT for 1 hour.
Blocking solutions were then replaced with theckbn antidigoxigenin (Abcam; 1:1000)
and other primary antibodies in 1x PBS at 4°C overni§actions were washed three times
with 1x PBS followed by incubation with appropriate secondary antibodies conjugated

Alexa 488, Cy3 or Alexa 64{@iluted at1:1000 in 1x PBShor 1 hour at RT.

Ex utero electroporation
Ex utero electroporation was performed as previously desqtitstt et &, 2005)

0.4 um tissue culture inserts (Ean) were placed on top 6fwell dishes (Falcon)2 ml of
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the sterile tissue culture grade water was added to the bottom of the dish and each culture

insert was incubated with 1 ml coating solution conteyr8.3 pg/ml Laminin (Sigma) and

83.3 ug/ml PolyD-lysine (Sigma) in the sterile tissue culture grade water overnight at

37°C/5% CO2. 4 pg/ul of the construct pCASEe (Addgene) was mixed with the fast green

FCF (sigma) aa dilution of1:20. Embryonic ains were harvested and kept in the ice cold
complete HBSS (2.5 mM Hepes, 30 mMgicose, 1 mM CaCl2, 1 mM MgSO4 and 4mM
NaHCO3 in the 1x Hank®"s Buffered Salt Sol uti
injected into each lateral ventricle oftheis at ed embr yoni ¢ heads usin
microinjector. Electroporation was performed using the ECM 830 electroporator (BTX) and

the parameters were set as follows: number of pulses = 6; pulse duration = 100 ms; voltage =

50 mv; interval = 100 mgolarity = unipolar.Coronal brain sections were immediately

collected at 250 pm by vibratome and plated in the Laminin/Pellysine coated culture

inserts. Sections were then cultured in the slice culture medium (20 rgWEbse, 1 mM

L-glutamine, 286 Complete HBSS, 1% Penicillstreptomycin and 5% Fetal bovine serum

in the Basal Medium Eagle) at 37°C with 5% CO2.

Neurosphere growth and differentiation assay

Fortheneurosphergrowthassay, brains were rapidly collected from PO and P21
cWT and cKOmice SEZ and RMS were microdissectedtie ice cold complete HBSS,
followed byenzymatic dissociation as descril{gdecquet et al., 2@@). In brief, the
microdissected tissue was enzymatically digested in the dissociation m@@amM
Na2S™4, 30 mM KkSO4, 6 mM MgCPR, 0.25 mM CaQ, 1 mM Hepes, 20 mM glucose)

with 3% Cysteine and 1% Papair)issociation was performed twice, 20 mies each, at
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37° Cwith 5% CO2. Cells were then washed and 1 million viable cells were culturégin
NEP basal mediuno B-27 supplementl% N-2 supplement and % L-glutamineand1%
penicillin-streptomycin irthe Neurobasal medium)Cdls were cultued at 37°Cb% CQ2
andweresupplementedvith growth factorEGF (L 0 O  plgvitragén) and bFGF10

M g /, Imditrogen) every 2 dayg.he reurospheres were passaged every 5 days by
mechanical dissociatioas previously describgdacquet et al., 2009aMeasurements of
the neurosphere numbers were obtained G aonfocal microscope equipped with
incubated stage for culture dishéBhe number of neurospheres was counted in 5 random
spots (each with the arealh62 mn®) from each culture wellonce a day throughout all

passages.

For the differentiation assageurospheres were platectire 8-well glass coverslips
coated with laminir{8.3 ul/ml in sterile HO) and Bly L-lysine (80 pug/ml in sterile HO).
Cultured neurospheres weakowed to differentiate fof days followed by immunostaining
for TuJ1, Ng2 and GFAP. Individual cells were visualibgadheDAPI nuclei acid stain
(VECTASHIELD mounting medium, Vector lahgnd the percentage of TuJ1 (+), Ng2 (+)
and GFAP (+) cells in the cell culture was quantified to assess the differentiation capacity

from the culture neurospheres.

BrdU and IdU Administration
Mice at various developmental stages were administered intraperitoneal injections of
bromodeoxyuridine (BrdYoriodinated deoxyuridinddU) (Sigma) at 100 pg/g body

weight. For pulsehase experimenta,single pulse of BrdU wdsllowed by sacrifice at
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0.5, 1, 4, o2 hours after thiastBrdU injection. For assessment of cell cycle exiting, 3
pulses of BrdU weredministered at zhour intervalsand injected mice were perfused 48

hours after the last pulse.

For estimation of the cetlycle duration, BrdU/IdU dual labeling was performed as
describedefore(Martynoga et al., 2005)IdU was injected initially followed by BrdU
injection 3 hours later (Ti) and mice wgrerfused.5 hours laterImmunoflorescent
staining wagerformed using the mouse aBlidU artibody (BD Biosciencesjhat
recognizes both IdU and BrdU and the rat-&mtU antibody Abcam) that only recognizes
BrdU. Under this regiment, cells that exit the S phase during the interval between IdU
injection and BrdU injection (Ti) are IdU+/Brduwhile the IdU+/BrdU+ cells are cells that
remain in the S phasd.ength of Sphase (Ts) is calculated as=TTi/ (humber of
[dU+/BrdU- cells/ number of IdU+/BrdU+ cells)To estimate the total cell cycle length
(Tc), immunofluorescent staining against Ki67 was performed to label cells that are in the
active cell cycleand Tc is calculated as: Tc=Tgumber of IdU+/BrdU+/ numbers of Ki67+

cells).

Flow cytometry and cell sorting

SEZ and RMS regions were microdissedi@lowed by enzymatic dissociation to
generate single cell suspensidfor cell cycle analysis, suspension was centrifuged at 1000
rpm for 5 minutes and supernatant was discard®ls were washed with 5 rof ice cold
1x PBS andsuspended by gentl@stexing for 5 secondsSuspension was centrifuged at

1000 rpm for 5 minutes artbecell pellet was resuspended with 0.5 ml ice cold 1x PBS and
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5 mlof 70% ethanol.After fixation, cells were washed with 5 ml ice cold 1x PBS and then
stained with RNasA (Roche) at 1 mg/ml in 1x PBS and Propidium iodide (Sigma) at 1
pg/mlin 1x PBS at RT ithedark for 45 minutesCells with staining solution were gently
vortexed for 5 seconds and then transferred to the fbatidm tube with nylon meshed cap
(BD Biosciences).Samples were kept in ice to avoid cell clumpifNA content of the
sample was then analyzed by flow cytometry in the Flow Cytometry and Cell Sorting

Laboratory, College of Veterinary Medicine, North Carolina State University.

For fluorescenceactivated cell sortingg single cell suspension from ttADM11-
GT/TG:Sp2 F/+ :Nestircre SEZ and RMS regions was sorted by the Dako Cytomation
MoFlo high speed sorteiGenomic DNA was then extracted from the sorted cells containing
redonly, green only or yellow fluorescence followed by PCR analysis for the Sp2 deleted

floxed alleles.

Time-lapse Live imaging

For cultured neural progenitgr85 mm glass bottom dishes (tWiak) were coated
with 20 pl/ml PolyD-lysine (Sigma) in the stiée tissue culture grade water at 37°C/5%
CO2 overnight. Solution was removed by aspiration and dishes were washed three times
with thesterile HO. Enzymatially dissociated cells frorthe SEZ and RMS were plated on
the dishesat the density of 300 del mm2. Cells were supplemented with growth factors
EGF (100 pg/ ml, l nvitrogen) an Borllwdirgaging( 1 0
isolatedcells were incubated in the LiveCell TM stage chamber (Pathology Devices)

equilibrated in 5% C@at 37T. Time-lapse imaging was performed on the Nikon Eclipse
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C1lfor the duration ofL5-20 hours with an interval ofLO or 30 minutes Cellular divisions

were analyzed with the Nikon EZ1 3.90 Freeviewer software.

For organotypic slice cultures, brains wérarvested from the E14.5 embryos and
coronal brain sectionsereimmediately collected at 250 puosing avibratome Slices were
thenseeded ontoetl culture inserts (Millipore) placed on top @ mm glasdottom dishes
(World Precision Instruments)Thedishes were incubated @WSKM stage top incubator
(Tokai Hit), with5% CQ, at 37°C Time-lapse confocal imaging was conductesihgan
Olympus IX81 confocal microscope and the images were captured every 15 minutes for a
duration of 2624 hours. Mitotic and cytokinetic events were analyzed with the Olympus
FV10-ASW 2.0 Viewer software.

Generation of the Sp2 constructs and transfection

cDNA for the fluorescent reporter EGFP was amplified by PCR from the existing
constructs in the Ghashghaei lab fofward primer was designed to contain an Xho |
restriction site: 5'TAT CTC GAG AGA GGT ACC GCC ACC ATG GTG AGC AAG GGC
GAG GAG-3'. The reverse primer contained an EcoR | restriction sit€/AA TTC ATA
CTT GTA CAG CTC GTC CAT GCC &3'. The amplifed EGFP sequence was then
inserted into a vector containing the CAG promotsing the Xho | and EcoR | restriction
digestion followed by ligation (T4 DNA Ligase, NEB). The vector was denoted as

pCAG:EGFP.

The Sp2 open reading frame (ORF) was amplibig PCR from the mouse Sp2

cDNA (Invitrogen, # FL100R A forward primer was designed to contain an EcoR |
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restriction site: 5TAT GAATTC ACT TGT ACT TGT ATG AGC GAT CCA CAG ATG

AGC ATG GCC GCC ACT GCT GCT3' and the reverse primer contained the Kagand

a Not I restriction site: 5CGT TAT GCG GCC GCT TAC AGA TCT TCT TCA GAA

ATAAGT TTT TGT TCC AAG CCC TTC GTG CCT AG3'. The amplified fragment

correspondsto S@2y pe |t r a(NM_00108@964), whach eneodes the full length

Sp2 protein The Sp2 ORF was then inserted into the pCAG:EGFP vector, 21 bps
downstream from the EGFP 3" end. Restrictio
by ligation was performed for the cloning. The final vector was denoted as

pCAG:EGFP::SP2.

The Nteminal half and @erminal half of the Sp2 cDNA were amplified to encode
the X 381 and 38612amino acids of Sp2, respectively. Amplification of the Sp2 N
terminal half used the forward primer containing the EcoR | restrictiorBSIifEAT GAA
TTC ACT TGT ACT TGT ATG AGC GAT CCA CAG ATG AGC ATG GCC GCC ACT
GCT GCT-3"and the reverser primer containing the Myc tag and Not | restrictiorbsite:
GCG TTA GCG GCC GCT TAC AGATCT TCT TCA GAAATAAGT TTT TGT TCG
ACG GTT GAT GTG GTT GG3'. Amplification ofthe Sp2 Germinal half used the
forward primer containing the EcoR | restriction siteTAT GAA TTC ACT TGT ACT
TGT ACC TGT AAC AGC CCT GCA3' and the reverse primer containing the Myc tag and
Not | restriction site5- CGT TAT GCG GCC GCT TAC AGA TCT TCT TCA GAA ATA
AGT TTT TGT TCC AAG CCC TTC GTG CCT A&3'. The N and Gterminal half
containing fragments were inserted into the pCAG:EGFP vector, 21bps downstream from the

EGFP 3" end. Restriction digestnwasr using Ec
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performed for the cloning. The vectors were denoted as pCAG.EGFRA(GB22612 for

the Sp2 Nterminal half and pCAG:EGFP::SRAN 1-381for the Sp2 @erminal half.

Cos7 and NIH3T3 cells were purchased from ATCC and cultured with DMEM
(Cellgro) with10% FBS (Gibco) and 1% penicillstreptomycin (Invitrogen)Cells were
passagedsing Trypsin EDTA (Sigma) when they we3@% confluent.For transfection, 0.4
pg of the pCAG EGFP::Sp2 was transfected into each well of the 6 well dishes using the
Effectene Transfection Reagents (Qiageh). monitor the cdocalization of Sp2 with

centrioles, cdransfection with the construct CETN2::RFP was performed.

Western Blotting and immunoprecipitation

SEZ and RMSnicrodissected tissgdrom cWT and cKO brains were collected in
the icecold lysis buffe50 mM TrisHCL pH 8.3, 1% Triton X100, 0.5 M EDTA pH 8.0,
100 mM NaCL, 50 mM NaF and one protease inhibitor tablet [Roche # 05892791001] per 10
ml of lysis buffer) followed by homogeration. Lysed tissue was then centrifuged for 20
minutes (12000 rpm at 4°C) and the supernatant was collected and protein concentration was
determined using a BCA Protein Assay Kit (Pierce; Thermo ScientFig).
immunoprecipitation, samples were inctdzhwith appropriate antibodies (diluted at 1:100)
overnight at 4°C under rotary agitation. The Dynabeads Portein A (Invitrogen) was added to
samples at 50 pl/ml, and the lysate beads mixtures were incubated at 4°C for 1 hour under
rotary agitation. Supgatants were removed from the beads and discarded. Beads were
washed three times with the lysis buffer, and proteins were boi#s1£10°C for 5 minutes

in the denaturing buffeld(1M TrisHCL (pH 6.8), 4% SDS, 20% Glycerol, 0.2%
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Bromophenol blue, and.2 mM B-mercaptoethanhl Samples were then run on a reducing
SDSPAGE gel followed by transfer @nitrocellulose membrane (Bigad). Membranes
were blocked with 5% nonfat dry milk in 1x TBST for 1 hour at RT followed by overnight
incubation withappopriate antibodie&iluted at1:1000) at 4°C.Membranes were washed
three times with 1x TBST and then incubated at RT for 1 hour with a goatbhttor goat
antrmousesecondary antibody conjugated to horsestageroxidase (Millipore; 1:1M0).
Following thorough washing, membranes were developed with the Pierce ECL Western
Blotting Substrate (Thermo Scientific). For loading control, membnaeesstripped and
re-probed with a mouse ardrctin antibody (BD Transduction Laboratories; 1:1000).
Antibodies used fammunoprecipitatiofwestern botting were rabbianti Sp2 (Sigma),
mouseanti Myc tag (Millipore), mous@anti ParRCDC25 (Sigma). For loading controls, the

western blotting with the mousanti Paractin (Sigma) was performed.

Centrosome isolation

Sucrose gradient centrifugation was used to isolate centre$mmeNIH3T3 cells
essentially the same as previously descr{pestrinidis et al., 2010) Cdls were grown on
two 100 mm plates with DMEM (Cellgro) with 10% FBS (Gibco) and 1% penigillin
streptomycin (Invitrogen)Cells at 7580% confluence were treated with 70 ng/ml
nocodazole (Sigma) in culture medium for 16 handthen 20 pg/ml of cytochakin B
(Sigma) in culture medium for 90 minuteSells were washed one time with cold 1xPBS
and lysed in cold lysis buffer (50 mM T+$Cl PH8.3, 1% Triton X, 0.5 M EDTA PH8.0,
100 mM NacCl, 50 mM NaF and one protease inhibitor tablet (Roche # 05 8927PAed

10 ml buffer). Cells with lysis buffer were gently mixed on a rocker in 4°C for 30 minutes.
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The mixed solution was centrifuged at 1,000 rpm for 5 minutes at A€ cell pellets were
saved for nuclear fraction analysiShe supernatant lysatea filtered througla 0.45 pm
polyethersulfone membrane (VWR International) and loaded on top of a 1 ml sucrose
cushion (10 mM PIPE&CI PH6.8, 1 mM EDTA, 0.1% Betmercaptoethanol and 60%
sucrose) in a thiwalled ultracentrifuge tube (# 344061, Beckman Coult8gmples wexr
centrifuged at 12,000 rpm at 4°C for 40 minutes in the SW28.1 dwioket ultracentrifuge

rotor (Beckman Coulter) using the Beckmanr&@M ultra centrifuge.The sucrose cushion

in the bottom was mixed with the lysate 2 ml above it to make a 20% ssototien and

this mixed solution was enriched with centrosomg&sliscontinuous sucrose gradient was
made by gently overlaying the lighter sucrose solution onto the dense sucrose (1 ml of 70%,
50% and then 40% sucrose in 10 mM PIPES PH6.8, 1 mM EDT#g Bdta

mercaptoethanol and 0.1% Triton X)Jubes were laid down to allow diffusion of the

solution for 2 hours before us&he 20% sucrose solution was overlaid on top of the
discontinuous sucrose gradient and centrifuged at 25,000 rpm for 80 mindit€s at

Fractions, 250 pl each, were collected from the bottom and centrifuged at 13,000 rpm for 30
minutes at 4°C.The pellets were suspended in 25 pl denaturing buffer and analyzed by
western blotting.Rabbit antiLamin B1 (Abcam; 1:1000) and mouse antubulin (Abcam;
1:1000) antibodies were used to identify nuclear fraction and centrosomal fraction,

respectively.

Microarray analysis
cWT and cKOmiceat P7 and P21 were sgenotyped by PCR amplification of the

sexdetermining region on the Y chromosanteorward and reverse primers were used as

48



foll ows: 5" TGGGACTGGTGACAAGGITET BCA GMTICT5 “3 “C
respectively. dtal RNA was extracted from SEZ and RMS microdissected refjions

males (n=3 per agelising TRIzol reagents (InvitrogenRuification of total RNA (Qiagen

RNeasy Mini Kit) and RNA integrity analysis (with Agilent RNA 1000 Nano reagents and

the Agilent 2100 Bioanalyzer) were performed prior to expression profiling at the University

of North Carolina Neuroscience Center, Funaiddenomics Core FacilityThe Affymetrix

GeneChip Mouse Gene 1.0 ST array was used for gene profiling and microarray data

analysis was performed using JMP Genomics ExXpression values were normalized with

RMA (Robust Multiarray Average) on the logale. Differentially expressed genes across

two different time points between cWT and cHKDIA were identifiedusingp value < 0.05

from one way ANOVAanalysis as the cutoff

Data analysis
Confocal images of Sp2 cWT and cKO were labeled for the apptepnarkers
using identical antibody concentrations. Tissue analyses were performed using the confocal
microscope (Nikon Eclipse C1 @iympus 1X81), followed by imaging analysis using the
Nikon EZ-C1 3.90 Freeviewer software thre Olympus FV1IASW 2.0 Viewer software
Data werequantified using standard stereological estimation as described pre\itasiyet
etal., 2009a, 2009bSi gni fi cance was d e-testanddll vabies weres i ng S

expressed as mean * standard error of the mean (SEM).
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CHAPTER 1

SP2 IS REQUIRED FOR PROLIFERATION IN NEURAL PROGENITORS

Results
1.1 Sp2 is expressed by embryonic and postnatal neural progenitors

In situ hybridization of the embryonic CNS revealed robust expression in germinal
layers of the E14.5 embryo. Particularly strong expression was detected in the ventricular
zones (VZ) andubventricular zones (SVZ) of the entire CNS includingcéérebral cortex
(CTX), the lateral ganglionic eminence (LGE), and the olfadboitip (OB) (Fig. 9A). Sp2
expression continued after birth only in structures that remain neurogenic during postnatal
and adult periods, including tls@bependymal zon&E2), rostral migratory streanRMS),

and theOB (Fig. 9B).

To determine the cell specificity of Sp2 mRNA expression, we conducted
fluorescence in situ hybridization (FISH) in combination with immunobtsemistry for
various cell types in the E14.5 cortex and LEH). 10A). The strongest expression was
seen in mitotic progenitors expressing phosphorylated form of Histone H3 (PH3) in the VZ
and SVZ of both progenitor domains (Fig. 10A). Correspondjngfyprogenitors in the
cerebral cortices immunoreactive for paired box gene 6 (Pax6), and genetic screened
homeobox 2 (Gsx2) in the LGE, both expressed Sp2. Basal NPCs exprebsixrain
gene 2 (Tbr2) in the cortex, and L&Recific NPCs expressingstatess homeobox 2
(DIx2) also expressed Sp2. Thus, Sp2 expression largely and ubiquitously overlapped with

NSCs and NPCs in the embryonic CNS.
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P56 - Adult |

Sp2-mRNA

Figure 9. Sp2 expression in the brain. (A) In situ hybridization using a probe specific to the full leng
transcript of Sp2 revealed high expression in the germinal zones of the E14.5 cerebral cortex (CT|
lateral ganglionic eminence (LGE), and olfactory bulb (O@) In situ hybridization fo Sp2 in the

P56 young adult brain revealed restricted expression in neurogenic regions including the subeper

zone (SEZ), rostral migratory stream (RMS), and @Bale bars: A, low mag, 200 um; high mag, 60

pum; B, low mag, 200 pum; high mag, 60 um.

FISH analysis in the SEZ and RMS of young adult (P56) mice indicated that Sp2
MRNA largely overlapped with cells within the cell cycle (e.g., PH3+), migrating neuroblasts
expressing doublecortin (Dcx), and a small fraction of astrocytes posititleefgtial
fibrillary acid protein (GFAP+; Fig. 108B)
postmitotic and do not proliferate, were devoid of Sp2 mRNA (Fig. 10B). Sp2 was also
expressed at low levels by some granule neurons in the olfactory(bigb40B. Thus,

Sp2 is primarily expressed in NSCs, NPCs, and migrating cells within the germinal zones of
the embryonic and adult brains, which suggested a potential role for 8p@rad progenitor

proliferation
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Figure 10. Cell specificity of Sp2 mMRNA expression. (A) Fluorescence in Situ Hybridization (FISH)
using the Sp2 probe (green)}kedbeled with antibodies (red) against BLBP, PH3, and Pax6 in the V4
and Tbr2 in the SVZ. Similar specificity for Sp2 expression was seen in the LGE whiedtieel
transcript overlapped with BLBP+, PH3+, and Gsx2+ progenitors in the VZ, and with DIx2+ proge
in the SVZ.(B) FISH characterization of Sp2+ cell types in the SEZ, RMS and OB. Sp2 mRNA (gr
overlapped with cells labeled for PH3 and Dcx (red), which label mitotic progenitors and migrating
neuroblasts in the SEZ and RMS, respectively. Subsets of neurons inrthle gell layer of the OB
(NeuN+, red) also expressed Sp2. Ependy mal
astrocytes labeled with GFAP antibody (red) largely failed to overlap with Sp2 mRNA. Scale bars

in BLBP in A applies to allxcept PH3 in B; both are 5 um.

1.2 Conditional deletion of Sp2 in embryonic and postnatal neural progenitors
Based ortheexpressiorof Sp2in bothembryonic and postnatBISCs/NPCswe
decided to examinthe role of Spatboth developmental time pds1 We adopted a lossf-

function approach via theonditional deletion of Sp2ising the crdox system.Efficiency
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of cremediated recombination variesarcell type and time pointspecific manner. Cre
mediated recombination fromNestincre transgeic line and aknockin EmxZ' line will be
examined in neural progenitors during developing and postnatal biiched\Nestincre lines
had been broadly utilized to direct recombination in neural progenitors kg™

mediates cre recombination in neural progenitors of the developing dorsal telencephalon. To
track cremediated recombinatioiestincre or theEmxf™ mice were crossed to mice
expressing the reporter gertd$omato(tdTon)  egalactdsidasd.@cZ)(Fig.11A).

Similar to past reports on the same line, we foundNlestircre mediated recombination
commencef the CNS during embryogenesis (Fig. 11Bjowever, much to our surprise,
in mice on a tdTomato (tdTom) reporter background the recombinat®weas extremely
insufficientin theventricular(VZ) and subventricular (SVZ) zones of the neocortex during
early (E12.5) and mid stagesfofebrain development (E14.5) (Fig. 11Bi contrast tdhe
time pointduring cortical developmenby PO the rbusttdTom expression was found

throughout the cerebral corticdsg. 11B).

To test whether the insufficieMestincre dependent reporter expression is due to a
low levelof creexpression, dditional expression analyses using-specific antibodis were
performed. The absence of cre expression in the proliferative regions VZ/SVZ in the
embryonic cerebral corticemnfirmedthe observed patterias tdTomat the various stages

of development (Fig. 11C).
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Figure 11. Recombination in NSCs and NPCs of Nestin-cre transgenic mice (A) tdTom reporter
expression mediated by Nestin ci(®) Sagittal view of tdTom expression in the developing CNS at
embryonic stage E12.&£14.5 and postnatal stage. RO) Cre expressiongfeen) in combination with
tdTom and DAPI (blue) ilNestincre (+) andNestircre (-) brains. Expression of cre was largely abse
in theE12.5VZ proliferative regiorand E14.5 VZ&VZ proliferative regionin PO pbust expression of

Crewas present in SEA&cale bars(B) 500 pm, (C) 30 um.

High-magnification imaging revealed an extremely low recombination rate in PH3 or
BrdU immunoreactive cycling NSCs and NPi@she E14.5 lateral ganglionic eminence
(LGE), olfactory ventricl§OV) and the cerebral cortex (Ctx) (Fig. 12A) (£.8.7% at

E12.5 and 7.4 4% at E14.5 of PH3+ cells in the VZ and SVZ, respectively; n=3
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mice/group). Consistent with these findinjjestincre on a different reporter line (Rosa

lacZ) also yielded lowdvels of reporter activity in the VZ of E12.5 cerebral cortices (Fig.
12B). In both reporter backgrounds, the majority of recombined cells were situated in the
preplate layer (PPL) of the E12.5 cortex as well as intermediate zone (1Z) and cortical plate

(CP) of the E14.5 cortex, suggesting that recombination became sufficient during postmitotic

stages of neuronal differentiation (Figs. XBA

A | E14.5
| PH3 tdTom

Ctx

Figure 12. Insufficient rate of recombination in embryonic NSCs and NPCs of Nestin-cre
transgenic mice. (A) Expression of tdTom in PH3 (+) (green) or BrdU (+) (blue) NSCs and NP(
in the LGE, OV the Ctx at E14.8B) Laminar pattern oNestincre mediated recombination in
NSCs and NPCs reported by LacZ expression in the E12.5 cerebex. d@tZ was predominantly|

expressed in the preplate (PPL), which consists of postmitotic cells, but not in the VZ, which

consists of cycling NSC&cale bars: 40 um.

In contrast, the rate of recombination in NSCs HRCs increased dramatically in the
subependymal zone (SEZ) and the rostral migratory stream (RMS) of newborn (P0O) mice

(Fig. 13). Nearly every BrdUabeled NSC and NPC expressed tdTom (93 + 5% of BrdU+),
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suggesting sufficieMlestincre mediated recombination in these cells. These findings

suggest a gradual increase in the ratdedtincre mediated recombination during perinatal

development in NSCand NPCs

PO

[ tdTom BrdU TO-PRO |

Figure 13. Sufficient rate of recombination in postnatal NSCs and NPCs of Nestin-cre
transgenic mice. The rate oNestincre mediated recombination in NSCs and NPCs reaches hi
levels at PO, revealed by expression of tdTom in nearly all cellsRRO+, blue) and BrdU

immunoreactive progenitors (green; arrows) of the subependymal zone (SEZ) and the rostrg

migratory stream (RMS Scale bars: 20 pm.

For comparison we utilized a knoak Emx£™ line of miceg in which the cre
mediated recombination occurriedthe dorsal telencephalic NSCs and NPGsrski et al.,
2002) In contrasto theNestincre line, Emxf"mediated recombination was sufficient in
the VZ/SVZ of the developing cortex atth E12.5 and E14.5 (Fig. 14A), which we
confirmed again using antibody staining for cre (Fig. 14B). In addition, robust
recombination was found in the majority (88%) of PH3+ progenitors in the E12.5 VZ and
SVZ of the cortex (Fig. 14C)The efficiency increased to nearly 100% by E14.5 (Fig. 14C).

Thus, the low degree of recombinatiorNastincre brains is not due to potential issues
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associated with crxP intgactions in embryonic progenitors, but is most likely related to

the transgene in this specific strain.
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Figure 14. Sufficient rate of recombination in embryonic NSCs and NPCs of Emx1°® knock-in
mice. (A) Robust tdTom expression (red) was detddn the entire cortex at both E12.5 and E1¢B%.
Analysis of cre expression at ages corresponding to sections in A, usingpecific antibody (green),
in combination with tdTom and DAPI (blue). Cre controls were obtained from brains of miceveegat
for EmxT"®, but genetically positive for tdTom report€€) High magnification of th&Emx L™ mediated
tdTom expression (red) at ages corresponding to sections in A. tdTom was highly expressed in th

regions (box) and ctocalized strongly with PH8 mitotic NSCs (green). Scale bars: A, 300 um; B, 3(

pm; C, low mag (left panesl), 20 um; high mag (right panels), 10 um.

To conclusively confirm our surprising findings on the developmental patterns-of cre

mediated recombination in NSCs and NPCs inNtastincre lines, and to rule out possible
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recombinogenic issues related to the Rosa locus in the reporter lines inttparfics the

study, we crossed both cre lines into the Mosaic Analysis with Double Markers on
chromosome 11 (MADML1) line of mice(Hippenmeyer et al., 2010)n thisline, cre
dependent mitotic recombination results in expression of GFP or tdTom indethgioden
together resulting in various cells with three potential expression paffegnd5, red, green,
yellow). Recombination can also occur in postmitotic cells during the GO phase, but in this

case only cells expressing both GFP and tdTom (yellols)ceill be obtained (Fig. 15).

Using this strategy we found recombined cells with all three caleds ¢green,
yellow) throughout all layers of the cerebral cortice€imx1® MADM11 brains at E12.5
(Fig. 16A). In addition, recombined NSCs and NR@se colabeled with the mitosis
marker PH3 in the VZ region (Fig.16A). Thus, thexf™ knock-in allele is sufficient for

driving mitotic recombination in NSCs and NPCs as early as E12.5.
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Figure 15. Scheme of cre-induced reporter expression in Mosaic Analysis with Double Markers

on chromosome 11 (MADM-11) mice. Cre-dependent mitotic recombination results in expressior
GFP or tdTom independently or together resulting in various cells with three potential expressig
patterns (redgreen, yellow). Recombination can also occur in postmitotic cells during the GO ph

but in this case only cells expressing both GFP and tdTom (yellow cells) will be obtained.

In contrast to th&mxZI"™ line, Nestincre mediated recombination in the MADWL
background was extremeilyfrequent in the cerebral cortices at E12.5, and the few
recombined cells failed to dabel with PH3 in the VZ. Moreover, the few MADWL cells

were predominantly situated in the preplatBl(Pand all of these cells expressed both GFP

59



and tdTom, suggesting that recombination had occurred during postmitotic stages of their

development (Fig. 16A). At E14.5, a few more recombined cells could be foNesim

cre:MADM-11 cerebral cortices, idiewer clones could be detected in the VZ/SVZ

compared to 1Z/CP situated cellsloreover, the majority of VZ/SVZ recombined cells were

largely devoid of PH3 immunostaining (Fig. 16B). By E17.5, recombination became

sufficient in the entire cerebral cextand PH3+ recombined cells in both VZ and SVZ

regions could be readily detected (Fig. 16Bhese data confirm our finding that mitotic

recombination (i.e., recombination in NSCs and NPCs) only becomes sufficient during

perinatal development in the sgecNestincre line we obtained from the Jackson

laboratory.

| PH3 tdTom |
A Nestin-cre Emx1-cre
MADM-11 MADM-11

E12.5

| Nestin-cre MADM-11 | @0

| PH3  GFP tdTom |

| 145 | | E175 |

Figure 16. Analysis of mitotic and post-mitotic specificity of recombination in the cerebral cortices of Emx1°®
and Nestin-cre mice using the MADM-11 genetic system. (A) Scheme otreiinduced reporter expression in
Mosaic Analysis with Double Markers on chromosome 11 (MADM mice.(B) MADM -11 recombined cells in
E12.5Nestincre andEmxX™ cerebral cortices. Gmcalization of PH3 (blue) with recombined cetisvZ was
labeled byarrows.(C) Nestincre:MADM 11 recombined cells in E14.5 and E17.5 cerebral cort@efocalization

of PH3 (blue) with recombined cells VZ was labeled by arrowScale bars: B, 30m; C, 60um.
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Based on these findingsge utilized theEmxZ™ lines for the Sp2 conditional deletion
during the embryonic brain development while Kestincre lines were used to direct ere
mediated recombination to postnatal nepralgenitorgFig. 17A). The Sp2 floxed mouse
was a generous gift from Dr. Horowi2epartment of Molecular Biomedical Sciences,
North Carolina State University)n the Sp2 floxed mice two loxP sites were introduced to
flank Sp2 exon3 and exon4 (Fig. 17B)li ce carrying “fl oxed” Sp2

the Emxfor Nestincre lines to delete exon3 and 4, and prevent transcription of Sp2 due to

a frame shift (Fig. 17B).

A
o Ema®® s Nestinere

E10.5 E125 E14.5 E16.5 E18.5 PO P21

B

Cre floxed Sp2 locus Frame shift

FE3  E4 ESE6E7 E8 Ft E5 E8
X > Tll—rlii:l
loxP  loxP loxP

Cre

Figure 17. Generation of Sp2 Nestin:cKO and Emx1:cKO mice. (A) Time-graph illustrating the
temporal efficiencies of the Emxcre aNdstincre lines which weraised to differentially delete
Sp2 in the embryonic and perinatal NSCs and NF&)Breeding scheme for generation of

Nestin:cKO and Emx1:cKO mice.

1.3 Deletion of Sp2 causes growth retardation and histological anomalies in the brain
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Mice with genotype&Emxf™:Sp2 +/+, Nestincre:Sp2+/+, Sp2F/+,andSp2F/F
served as conditional control mice (cWT), wHimxL™:Sp2F/+andNestincre:Sp2F/+
were conditional heterozygous (Emx1EHand Nestin:cHT, respectively) and
Emx1"™:.Sp2F/FandNestincre:Sp2F/Fconditional homozygous (Emx1:cKO and
Nestin: cKO, r espeuwtt’ .virea ngadng sShere td generate k
Emx1:cKO PO pups in 25% of pups in each litter, only 16% were obtained at birth (n=19;
three independent litters), suggegtEmxtmediated deletion of Sp2 was partially selected
against in uter@Fig. 18A). This data suggests that embryonic deletion of Sp2 is partially
selected against in uter@onsistent with our previous findings that Nestincre is a poor
driver for eary embryonic neural progenitors, mendelian distribution of the NestiTchd

Nestin:cKO appeared normal at birth (progeny analyzed in 203 pups from 22 litters; P=0.82

from x2 test; Fig. 18B).
SP2F F % me1Cfe"Sp2F = sp2fF x Nestin-cre: sp2f/*
40 [ Expected 40
B Observed
= 20 =20
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10 ° 10
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Q Q F &t e
=) 9 Q,@%Qq/ (é(;Qﬂf(

Figure 18. Birth distribution of Nestin:cKO and EmxZ1:cKO pups at P8) PO Emx1:cKO pups werg
retrieved at the ratio lower than expected according to medallion distrib(Bipklendelian

distribution of the Nestin:cHE&nd Nestin:cKO appeared normal at birth.
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To confirm efficiency of the crenediated Sp2 deletion, we performed PCR analysis
of genomic DNAand western blot analysis of protein extracts from R€4tin:cKOwhole

brains and SEZ/RMSNear complet@leletion of Sp2 was confirmed (Fig.A®B).

orain SEZ/RMS
O O
$E £

Pan acting N/

Figure 19. Near complete deletion of Sp2 in the Nestin:cKO brains. (A) PCR analysis
of genomic DNA derived from P21 Nestin:cHET and Nestin:cKO brains to detect delg
of the Sp2 floxed alleles. Undeleted floxed allele yielded a 4.3 kb PCR productag/herg
the deleted allele was 0.6 kb in sig®) Western blotting against Sp2 in protein extracts
from whole brains or from microdissected SEZ/RMS obtained from PO mice indicated

complete absence of Sp2 in the Nestin:cKO brains.

Emx1:cKO embryos displayed growth retardation compared to control littermates.
(Fig. 20A). Despite an apparently normal embryonic development, Neldt#T and

Nestin:cKO mice grew more slowly during postnatal stages when compared to control cWT

littermates (Fig. 20B).
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Figure 20. Growth retardation in Sp2 mutant mice (A) Emx1:cKO embryos failed to grow
compared with littermate cWT controléB) Nestin:cHETand Nestin:cKO mice appeared

normal at birth (P0), but failed to grow during early postnatal life (e.g. at P7 and P21) com

with littermate cWT controlsScale bar: 30@um.

Specific defects within the CNS became apparent durmdjiét two weeks of
postnatal life and were most profound between postnatal days 7 (P7) anthe2g
included mild hydrocephalous in 32% of P21 Nestin:cKO mice (n=28) which indicated
potential defects in maintenance of homeostasis in the periventtissiae of theCNS.
Ectopic cellular accumulationsere observeth the P21 SEZ and RMS of both NestiHET
and Nestin:cKO micéFig. 21A). Stereological estimations of Nissl stained P21 brain
sections revealed significant reductions in the volumesso®iB, hippocampus, and

cerebellum in NesticHET and Nestin:cKO brains (n=3 per genotype; Fig. 12Bignificant

64



expansions were noted in the initial segment of the RMS {®MSooth NestincHET and
Nestin:cKO brains (Fig. 21B)These histological defects were never observed in brains from
Nestincre: Sp2+/+(Fig. 21A), Sp2F/+pr Sp2F/Fmice (data not shown), demonstrating

that the identified morphological phenotypes were independent of potentralated or

hypomorphic issues
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Figure 21. Histological anomalies in the brain of Nestin:cHET and Nestin:cKO. (A) Nissh
stained sagittal sections revealed ectopic cellular accumulations in ti&E224nd RMS of both
Nestin:cHETand Nestin:cKO mice (red arrow$B) Volumeindices, calculated using stereological
estimation methods, indicated significant reductionthe volumes of the Nestin:cHEhd
Nestin:cKO OB, hippocampal formation (HIPP) and cerebellum (CBL). Significant expansions
noted in the initial segment tie RMS (RMS:i) in both Nestin:cHETand Nestin:cKO brains. Scale

bar: 300um* P<0. 05, -t&t nr8lagengrolps  t
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1.4 Sp2 is required for proliferation in postnatal neural progenitors

Upon closer examination, marker analysis revedlath e , bul ge® i n t he
NestincHET and Nestin:cKO RMS was largely occupied by Dcx+ neuroblasts (Fig. 22A).
To determine if the neuroblalied bulges in Nestin:cKO SEZ and RMS corresponded to
disruptions in proliferation of NSCs and NPCs, BrdU was administered to PO and P21 mice
followed by one hour of survival. Quantification of the number of BrdU+ progenitors
revealed a significant reduction in the RMS in both NesdtlET and Nestin:cKO brains
(Fig. 22B). Based on the consistent decline in proliferation of both N&#sET:and

NestincKO progenitors, we decided to focus on comparing cWT and Nestin:cKO brains

hereafter.

Al cWT [ cHet ][ ckKO | B ocwr mcHet meko
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Figure 22. Accumulation of migrating neuroblasts and decreased proliferation in the

Nestin:cHET and Nestin:cKO RMS. (A) Confocal micrographs of Debabeled neurobkts (red) and
BrdU incorporated cells (green) in P21 RANM&8nd RMSd. (B) The expanded region in RMSvas
largely occupied by Dcx+ migting neuroblasts in Nestin:cHEhd Nestin:cKO brains, but the numb

of BrdU+ proliferating cells was significantlyedreased throughout the RMS regions. Scale bars: 1(

pm.* P<0. 05, -t&t nr8lagegroups t
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We next examined proliferation of the dividing progenitors in SEZ. Under a single
pulse of BrdU administration followed by 1 hour survival period, the BrdU incorporation in
SEZ would largely label actively dividing transit amplifying progenitors (TAH$)e pan
cell cycle marker Ki67 was also utilized to label cycling progenit@snsistent with the
proliferation defects in RMS, there was overall reductioof BrdU+ and Ki67+ labeled

progenitors in the Nestin:.cKO SEEigs. 23AB).
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Figure 23. Reduction of cycling progenitors in the postnatal Nestin:cKO brains. (A) Confocal
micrographs of Ki67+ and BrdU+ (red) cycling cells in the PO and P21 cWT and Nestin:cKO Sk
(B) Quantitative comparison of BrdU+ and Ki67+ cellular densities in the cWTNastn:cKO SEZ.

Scalebars: 20 um. P< 0. 05, -t&t nr@lagengrous  t

The SEZ transit amplifying progenitor pool comprises different subsets of
progenitors, which can be characterized by expression of the transcription factors Gsx2, DIx2

and Pax6(reviewed by Kriegstein and Alvard&aylla, 2009) To determine whether or not
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Sp2 is required for proliferation in all subsets of progeniteesnext utilized progenitor
type-specific markers in combined with the proliferation mametU (Fig.24). We found
that there was a universal reduction of BrdU labeling in all subsets of progenitors, indicating

thatSp2 is required for proliferation of all cycling populations (Fig. 24).
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Figure 24. Sp2 is required for proliferation of all cycling progenitors in the postnatal brains.

(A) The proliferating portions of progenitors expressing the transcription factors Gsx2, DIx2 and
were identified by a-hour BrdU pulse. Representative confocal photomicrographs illustiitdig
labeled (red)progenitosin the Gsx2,DIx2 andPax6 domain (green)B) Universal reduction in
BrdU (+) progenitorghatco-labeled withGsx2,DIx2 andPax6.Scale bars: 10 puniP<0.05,

St u d etest, ri=8/agé group.

68



Nextto determine the selenewing capacity of SEZ NSCs, the neurosphere assay
was performedReynolds and Weiss, 1998EZof PO and P21 cWT and Nestin:cKO brains
were microdissected and cultured to generate neurospherase with our in vivo findings,
the number of both primary and secondary neurospheres from Nestin:cKO progenitors were
compromised and progressively worsened between PO an@Fig225A-B). Taken together
these results suggested that Sp2 is an imporegulator of proliferation in postnatal NSCs

and NPCs.

A | PO l | P21 | B Primary  Secondary
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Figure 25. Neurosphere growth is retarded in the Sp2 mutant progenitors. (A) Primary
neurospheres generated from cWT and Nestin:cKO SEZ and RMS progenitors harvested at PO g

(B) Quantification of both primary and secondary neurospheres derived from P21 cWT and Nestif

progenitors. *&k=3/dyégroud Scalebarn200 en. t

1.5 Sp2 is required for proliferation in embryonic neural progenitors.

Consistat with our previous findings th&testinrcreis an insufficient driver for cre
recombination in embryonic NPQwefailed to detect sigficant proliferation phenotypeas

the embryonic cerebral cortical Nestin:ck@genitordFig.26).
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Figure 26. Lack of proliferation phenotype in the Nestin:cKO embryonic cerebral
cortices. (A) Density of PH3+ (green) and BrdU+ (blue) nuclei was indistinguishab
in the developing cortex destincre driven cWT and Nestin:cKO brains at E12.5,
owing to ineffident recombination (tdTom, red) in the V) PH3+ densities were

obtained in the VZ of Nestin:cKO and cWT mice and are presented as meanzs.e.n

Scale bar: 20 pm.

To assess if embryonic NSCs and NPCs require Sp2 for their proliferation,
alternatiely we expressed cre in Sp2F/F and Sp2+/+ embryonic brains with tdTomato cre
recombination reporter (tdTom) by means ofuégro electroporation using a pCAcee
construct (Fig. 27A). The brains were harvested and organotypic slices were collected and
maintained for two days in vitro (E13.5 + 2 DIV;Fig. 27B). The cultures were supplemented
with BrdU for 1 hour followed by fixation and immunohistochemistry to visualize BrdU+
cells. Cremediated recombination in embryonic Sp2F/F brains resulted in aicigmif

decrease in the percentage of BrdU+ cells in the tdTom+ population in the VZ and SVZ of
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the developing cortex (Fig. 27B). These findings led us to concludakimatio postnatal
NSCs and NPCs, the proliferation of embryonic progenitors within thand SVZis Sp2

dependent.
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Figure 27. Sp2 is required for proliferation of embryonic NSCs and NPCs. (A) Ex vivo
electroporation of a pCA®@re construct into the embryonic brains of E13.5 tdTomato (tdTom)
reporter mice on a Sp2+/+ and Sp2F/F backgdsuB) tdTom+ cells (red) reported on ere
mediated recombination. Fractions of proliferating tdTom+ cells were determined by staining
BrdU (green; BrdU applied to culture bath 1 hour prior to fixatidBharts illustrate differences in
percentage adTom+ cells ceabeled with BrdU in the ventricular zone (VZ) and subventriculg
zone (SVZ) of the developing cerebral cortices. Scale bar: 10 filn< 0 . 05, -t&t, ud e

n=3/age group.
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CHAPTER 2
SP2 IS REQUIRED FOR CELL CYCLE PROGRESSION IN NEURAL
PROGENITORS

The findings in chapter 1 demonstrate that Sp2 is highly expressed by embryonic and
postnatal NSCs and NPCs. Conditional deletion of Sp2 mediated by the time point specific
driversNestincre andEmx1"™ clearly demonstrate that Si2required for proliferation of all
cycling progenitors in both the embryonic and postnatal neural stem cell niche. The
significant decline in BrdU incorporation in conditional Spal NSCs and NPCs prompted
us to investigate the role of Sp2 in cell leyprogressionWe addressed this issue by a
combination of approaches including a series of Bii@dlding experiments, cell cycle

analysis by flow cytometry and tirdapse live imaging.

Results

2.1 Sp2 deficiency causes elevated M phase labeling in neural progenitors

To address whether the dynamic of cell cycle progression is disrupted or not in the
Sp2null cells, we first use theresumptive M phase cells expressing the phosphorylated
form of histone H3 (PH3) Surprisinglywe observed aelevateddensity ofPH3+
progenitors in the postnatal Nestin:cKO SEZ and RM$Spite the overall reduction of

BrdU+ and Ki6%# cyclingprogenitor poo(Fig. 28).
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Figure 28. Elevated expression of the M-phase marker PH3 in the Sp2-null
brains. (A) Confocd micrographs of PH3+ (green) labeled progenitors in the
and P21 SEZ/RMSB) Significant increase in density of PH3+phase cells in

the PO and P21 Nestin:cKGcale bar: 10 unt P<0 . 05, -ttt nr8lage

group.

To test whether the elevategpressiorof PH3 in theNestin.cKONSCZNPCsis cell
intrinsic or not, we microdisecte¥WT and Nestin:cKO SEZ/RMS progenitors followed by
cell culturein vitro for 5 days We found that Nestin:cKO culturexpressed PH3 in
significantly higher numbers than control cultu(Egy. 29),suggesting a potential M phase

arrest in Spzhull progenitors.
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Figure 29. Elevated expression of the M-phase marker PH3 in cultured Sp2-null progenitors.
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(A) PH3 staiing (green) in P7 SEZ/RMS cells (tdTom, red) plated on-pédlysine for five days.
(B) Sp2null cultured progenitors contained a higher percentage of cells colabled with PH3 (d

among the total population of tdTom+ cells. Scale bar: 10*@%0.05, $ u d e +4est,"ns3/age

group.

To conclusively exclude potential cell nantonomous effects of Sp2 deletion in
vivo, we next utilized Mosaic Analysis with Double Markers genetic mice with targeted
» MADM" insertions into 1Lti(MAOM-3IL)(Fig.8yi on of <chro
(Hippenmeyer et al., 2010)Since chromosome 11 also carries the Sp2 gene in mice,
progenitors carrying one floxed allele of Sp2 on the homozygous MADMackground
will undergo cremediated mitotic recombination resultingganeration of cWT (tdTom+),
NestincHET (GFP+ tdTom+), antllestin:cKO (GFP+) cells from clones of NSCs and NPCs
that label distinctly with fluorescent reporters. Howeversmesgliated mitotic recombination

is not ubiquitous andnly occurs in a small fréion of NSCs and NPCs, which allows for
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mosaic and clonal analysis of progenitor functions in a mixed heterozygous and wildtype

background.
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Figure 30. Diagram for the Mosaic Analysis of Double Marker (MADM). Mosaic Analysis with
Double Markers genetic miceas utilized withtargeted, MADM" cassehte { hse
of chromosome 11 (MADML1) (Hippenmeyer et al., 2010)Since chromosome 11 also carries the
Sp2 gene in mice, progenitors carrying onedid allele of Sp2 on the homozygous MABIM
background will undergo crmediated mitotic recombination resulting in generation of cWT
(tdTom+), Nestin:clET (GFP+ tdTom+), and Nestin:cKO (GFP+) cells from clones of NSCs and

NPCs that label distinctly witHforescent reporters.
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To confirm that cellular genotypes matched the expected reporter combinations,
MADM cells were sorted subjected to PCR genotyping, which indicated that Sp2 genotypes

(i.e., wildtype, heterozygous, or homozygous) were concordiéimtire expression of

MADM reporters(Fig. 31).
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Figure 31. Distinctly labeled MADM-11 cells faithfully carry allelic deletion of Sp2
corresponding to their specific combinatorial expression of fluorophores. (A) Nestincre:Sp2
F/+:MADM-11 cells from PO mice were harvested and sorted using fluorescence activated cell

sorting. (B) PCR analysis of DNA confirmed genotypes of distinctly sorted populations

corresponding to Red = cWT, green = cKO, and yellostHET genotypes.

Subsequent in vivo analysesiéstircre:Sp2F/+:MADM 11 progenitors
substantiated our findings that the percentages of PH3+ nuclei in Nestin:cKO and
NestincHET populations (green and yellow cells respectively; BR).were significantly

higher than inlte cWT progenitor pool (red cells; F8R). Thus, the elevated density of
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PH3+ (presumptive M phase) cells in the absence of Sp2 expression, despite the severe
depletion of other proliferation indices, strongly favored a possible defect in cell cycle

progression in postnatal neural progenitors.
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Figure 32. In vivo analysis of Nestin-cre:Sp2 F/+:MADM-11 progenitors. (A) Sagittal sections of
the P21Nestincre:Sp2 F/+:MADM11 brains. (B) Percentages of PH3+ (blue) cells that were
Nestin:cKO (green) andestin:cHET (yellow) were significantly higher than cWT (red) progenito

(PH3+ color labeled cells, arrow head). Scale bar: 10 um.

Similarly, despite the overall reduction of BrdU incorporation upon the acute deletion
of Sp2 in tke embryonic progenitorpercentage dPH3+ labeled progenitor celgas
significantly elevated in the VZ and SVZ of embryonic Sp2F/F cortical slices electroporated

with pCAG-cre (Fig. 3).
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Figure 33. Acute deletion of Sp2 induces elevated M-phase labeling in embryonic NSCs

and NPCs. (A) Ex vivo electroporation of a pCAGre construct into the embryonic brains of
E13.5 tdTomato (tdTom) reporter mice on a Sp2+/+ and Sp2F/F backgréBhttl om+ cells
(red) reported on crmediated recombation. Fractions of proliferating tdTom+ cells were
determined by staining for PH3 (greergharts illustrate differences in percentage of tdTomj
cells coelabeled with PH3 in the ventricular zone (VZ) and subventricular zone (SVZ) of thg

developing cerelad cortices. Scale bar: 10 um. P <0 . 05, -ttt nr@lagegrolps  t

We have established that tBenxx£ line is a suitable in vivo modébr sufficient
cremediated recombination embryonic NSCs and NPCsdn contrast to the lack of
embryonic phenotype in the Nestin:cKO, a profoungihse defects was detected in the
Sp2null brains mediated by tHemx£™ lines. Every E14.5 Emx1:cKO cortex exhibited
significant increase in density, and profound disarpin organization of PH3+ nuclei in the

VZ and SVZ (Fig. 8). Togethedeletion ofSp2 caused elevated M phase labeling in
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postnatal and embryonic neural progenitors despite the overall reduction in proliferation,

which strongly favored aM phasedefed in the absence of Sp2.
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Figure 34. Expression pattern and density of PH3+ cells is disrupted in the Emx1:cKO cerebral
cortex. (A) The laminar organization of PH3+ progenitors were disrupted the VZ and SVZ of the

Emx1:cKO cerebral cortices at EB4arrows). (B) The density of PH3+ Spall progenitors was

significantly higher compared to the cWT. Scale bar: 40uR.< 0 . 05, -ttt nr8lagergrolps

2.2 Sp2 is required for timely progression from G2 to M phase

To determine itycling progenitor cells were arrested in, or progressed more slowly
through G2/M, a series of in vivo BrdU puskase and in vitro flow cytometric experiments
were conducted on postnatal NSCs and NPIZsassess the acute effects of Sp2 deletion on
the S-to-M transition, a single pulse of BrdU at PO and P21 was followed by a one hour

survival time (Fig. 3A). BrdU labeling was then combined with PH3
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immunohistochemistry to detect cells that had undergetoeG2/M transition during the 1
hour chase peayd in both PO and P21 brains (Fi®A3. The percentage of BrdU+ cells
colabeled with PH3+ was significantly higher in Nestin:cKO mice at PO and P21 %Big. 3
C). Thus, BrdU incorporated nuclei appeared to rapidly transition into M, suggésiinpe

length of Sto-G2/M transition was shortened in the absence of Sp2.

[ ] 100, OCWT
— + W cKO
D 80
2|13 2
o ~ 60 * *
— +
S ™ 40
ge] € *
5[0 L 5
0 < <
0
HiN PO P21

Figure 35. Transition from S-G2/M phase during 1 hour BrdU tracing in the PO and P21
progenitors. (A) Cell cycle progression was assessed in vivo by means of administering pulses
BrdU followed by a thour chase period prior to sacrificéB) S to M progression was quantified by
co-labeling for BrdU (red) and PH3 (green; arrow§)) Nestin:cKO progenitors had a consistent

increase in percentage of BrdU+/PH3+ cells over total BrdUls.¢ceP <0 . 0 5, -ttt nrélage

group.

Next, to determine if the transition defect in Sp#l NSCs and NPCs was due to
changes in $hase duration or faulty G2/M progression, the lengtiphase was
determined by a single pulse of IdU folted by a pulse of BrdU three hours later (FBB)3

Double labeling for BrdU and IdU and estimation gplsase length failed to identify
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significant changes in Nestin:cWT and Nestin:cKO NSCs and NPiGs36C-D). This
finding suggested that tlturation of S phase was independent of Sp2 expression, and that

the length of the GR transition was shortened.
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Figure 36. 1dU/BrdU dual labeling for estimation of the S-phase and total cell cycle length. (A)
An antibody specific to BrdUailed to label IdU incorporated cells (green) in the absence of BrdU
injection.(B) A pulse of IdU was followed by a pulse of BrdU 3 hours later which allowed for
labeling using an antibody that recognizes both BrdU and IdU (green) and one that is tp&cidiJ
(red).(C) Representativeonfocal micrographs of IdU (green) and BrdU (red) in the P21 Nestin:c
and Nestin:cKO SEZ. Red dots were added to highlight IdU+BrdU+ ¢Bli€stimatedength ofthe

S phaseTs) and the total cell cycle (Tc) in tH0 and P21 wildtype and mutant SEZ progenitors.

To gain more insight into the fate of Spall cycling cells that transitioned into M

rapidly, we extended the survival time to four howtsch still yielded a higher percentage
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of BrdU+ PH3+ NSCsrad NPCs in Nestin:cKO brains (Fig/A8). In addition, a significant
fraction of PH3+ cells in the Nestin:cKO SEZ and RMS remained Breghtive (Figs. 2B-
C), suggesting that Spaull progenitors may be arrested in G2/M at the time of BrdU

administration, and remained PH3+ throughout the four hour chase period.
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Figure 37. Transition from S-G2/M phase during 4-hour BrdU tracing in the PO and P21
progenitors. (A) Cell cycle progression was assessed in vivo by means of admirggpeises of
BrdU followed by a 4hour chase period prior to sacrificéB) S to M progression was quantified b
co-labeling for BrdU (red) and PH3 (green; arrowd)phase cells that did not incorporate BrdU
were labeled as PH3+/ Brdhkgative (arrowheadlg C) Nestin:cKO progenitors had a consistent
increase in percentage of BrdU+/PH3+ cells over total BrdU+ cells. Percentage of BrdU
incorporated PH3+ celsgnificantly decreaseih the Nestin:cKQprogenitors* P< 0. 05,

t-test, n=3/age group.
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2.3 Sp2-null progenitors are arrested in M phase

To testthe possibility of potential M phase arrest allowed longer survival after
BrdU administration (12 hours) to quantify loss of PH3 immunoreactivity in BrdU+ cells
(Fig. 33A). Again, thepercentage of BrdU+PH3+ cells was significantly higher in the

Nestin:cKO progenitors (Fig.8B).
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Figure 38. 12 hour BrdU tracing in the PO and P21 progenitors. (A) Cell cycle progression wag
assessed in vivo by means of administering pulses of Brttiwied by a 1zhour chase period
prior to sacrificeBrdU + cells (red) that remained PH3+ (green) were indicated by arr@ys.
Nestin:cKO progenitors had a consistent increase in percentage of BrdU+/PH3+ cells over t

BrdU+cells* P< 0. 05, t-t&t nr@lamengrotis

To assess the proportion of progenitors within distinct stages of the cell cycle, SEZ
and RMS cells were isolated from PO and P21 animals, labeled with propidium iodide, and

subjected to flow cytometry. Normalization of flomtdandicated significantiyiigher
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proportions of Nestin:cKO cells in G2/M compared to wildtype at both PO and P219jFig.3

These findings confirmed that NCSs and NPCs in Nestin:cKO brains were at least partially

arrested in G2 and M phases of the cetleyInterestingly, we also identified a significant

reduction in the proportion of cells in G1/@&g.39B), which may contribute toward a

significant, yet moderate, increase in total cell cycle length in the cKO NSCs and NPCs in

the postnatal brain (§i 36D).
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Figure 39. Flow cytometry for cell cycle analysis. (A) Flow cytometric data from cycling
cells harvested from P21 cWT and Nestin:cKO SEZ and RB)SThere was a

significantly higher proportion of cells in the G2/M phases and reduced proportion of

2.4 Cell cycle exiting is delayed in the absence of Sp2

The defect in G2/M transition in Spfull brains provoked us to determine whether

Nestin:cKO cells were capable of exiting the cell cycle at a similar rate as wildtype
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progenitors. To quantify cell cycle exiting, three pulses of BrdU were administengd eve
two hours to PO and P21 Nestin:cKO and cWT mice, followed by a 48 hour survival period
(Fig.40A). In this regimen, BrdU immunoreactivity was combined with Ki67 staining in
order to distinguish progenitors that had remained in,-entered, the cetlycle after 48

hours (BrdU+/Ki67+), from cells that had exited the cell cycle (BrdU+/Ki6@ative). A
significantly higher proportion of BrdU+ Nestin:cKO progenitors were Ki67+ compared to

cWT progenitors, indicating a decline in cell cycle exiting (BiA-B).
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Figure 40. Cell cycle exiting is delayed in the Nestin:cKO progenitors. (A) For assessment of
cell cycle exiting, 3 pulses of BrdU were administered-aoa@r intervals, and injected mice were
perfused 48 hours after the last pulse. Brdtsdporatd cells that remained or reentered the cell
cycle during the 48 hours chasing period were labeled as BrdU+/Ki67+ (arrow(Bads).
Percentage of cells remained or reentered the cell cycle (BrdU+/Ki67+ cells over total BrdU
during 48hrs chasmperiod was dramatically increased in Nestin:cKO progenitors. *P<0.05,

St u d etest, i=8/agé group.
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2.5 Sp2 is required for completion of cytokinesis

Theextensive cell cycle analysssonglyindicated that Sp2ull NSCs and NPCs
werepartially arrested in M phasd.o conclusively confirm the M phase defects and to
identify specific substages of M phase the Spll cells were arrested in, we next
performedtime-lapse analysis to monitor progenitor cell divisiole utilized the MADML.1
system as described before and thencegliated mitotic recombination will be driven by
either theNestincre or Emx£'™ lines. Under this breeding schenwADM -cWT, MADM-
cHET, and MADM-cKO cells can be clearly distinguished with fluorescent reporters
(tdTom+= MADM-cWT; GFP+ tdTom+ MADM -cHET; GFP+ = MADM-cKO). The
power of the MADM system lies in the low levels of recombination in a small fraction of

progenitors which allows for mosaic and clonal analysis of progenitor functions.

First,we harvestedells from PMNestircre:Sp2 F/+:MADM11 brains and
fluorescent cells weraubjected to timdapse imagingNeural progenitorfrom all three
genotypes underwentitotic round up and initiated cytokinesis (F). However
completion of cytokinesis was significantly retarded in-8pfcient cells, and often failed in
Nestin:MADM-cKO cells (Fig.41B). In the cKO dividing cell pairs that failed to complete
cytokinesis, the intercellular bridge (ICB) elongated busigézd between the nascent
daughter cells, indicating a specific defect in abscission at the terminal stage of cytokinesis.
Within the small fraction of Sp2 mutant progenitors that completed cytokinesis its duration

was significantly increased (Fig1C).
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Figure 41. Nestin-cHET and Nestin-cKO progenitors fail to complete cytokinesis. (A)
Time-lapse imaging of cultured neural progenitors harvested Mestincre:Sp2 F/+:MADM
11 mice. Duration of cytokinesis (labeled with asterisks) was consistently longer ioHBth
(yellow) and cKO (green) progenitors than in the cWT (red) populafi@me-lapse scale,
hours:minutes(B) Percentages of cWT, &T, and cKO cells that complateytokinesis over
12 hours of imaging(C) Average duration of cytokinesis in cWT, EM, and cKO cells

*P<0. 05, -t&tnu3dagergtolps t
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To confirm the cytokinesis defeatsvivo,we next monitor progenitor divisions in
the developing cerebral cortice®rganotypic brain slices were harvested from E14.5
Emx1"™ /Sp2F+/MADM11 mice followed by timdapse imaging.For clarity we focused on
apical radial glia cells (RGs) in the vantriar zone (VZ) of the cerebral cortices as they
exhibit highly reliable temporal and spatial patterns of cellular divigiG$éz and Huttner,
2005) Consistent to isolated postnatal progenitors, RGs from all three genotypes underwent
mitotic round up and initiated cytokinesis, as judged by the appearance of the cleavage
furrow (Fig. £A). Cytokinesis often failed in EmxMADM -cHET and Emx1: MADM
cKO cells (Fig. 2B). Time to abscission was significantly longer in Emx1:MARMET
and Emx1:MADMcKO cells that completed cytokinesis than in cWT cells (R28)41.9 +
0.1 hrsin cWT; 5.2 £ 0.4 hrs cHET, 8.3 £ 0.4 hrs inK€O; n=10 cells/genotype/animal, 3
animals total; p<0.05)The persistent duration of ICB was often found in Sp2 mutant
dividing cell pairs that failed to complete abscission (B&f\). Thusin vivoandin vitro
time-lapse live imaging combined with tin@osaic analysis system clearly demonstrated that
Sp2 is ceHautonomously required for completion of abscission, the terminal stage of M

phase.
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Figure 42. Emx1:Sp2-cKO NSCs exhibit defective cytokinesis and fail to complete abscission. (A)
Time-lapse imaging of cultured cortical slice from E14.5 Emx1:Sp2 F/+:MADIMmice. White
arrowheads indicate mother cells and the subsequent daughter cells they divided into. Blueadso
indicate cleavage furrow during cytokinesis initiation and the intercellular bridge (ICB) at later stg
Time lapse scale: minutes (nonlinegB) Percentagesf Emx1:MADM-cWT, Emx1:MADM-cHET
and Emx1:MADMcKO cells that completed cytokinesis ovértiours of imaging. Average duration

of cytokinesis in Emx1:MADMcWT, Emx1:MADM-cHET and Emx1:MADMcKO cells is presented

inhours* P<0. 05, -t&tna3dagergtodps t
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Consistent with the cytokinesis defects, MADM mutant progenitors posgessy or
more nuclei were abundant in cultures fixed after three days @)igThe multinucleated
cell formation indicates that mutant progenitors that failed to complete abscission often

remain fused.

TO-PRO

Figure 43. Multi-nucleated cell formation in the cultured MADM Nestin:cHET

and MADM Nestin:cKO progenitors. TO-PRO stain (blue) was used to visualize

nuclei.

2.6 Centrosome defects in Sp2-null NSCs

To gain more insights into the M phase defects, we next examined a potential
disruptionin the integrity ofmitotic spindle apparatus asskly, centrosome duplication and
motility during Sp2 mutant progenitor divisiofor visualization of centrosomes, neural
progenitorsvereharvestedrom thetransgenianice expressing theentrosomal pretin
Centrin2 fused to GFP (CETN&EFP) Quantification of centriole numbers revealed that the
SEZcKO population displayed significant increases in the incidence of cells containing more

thana pair of centriolegFig. 44A-B). Thus, centrosomal numbergme disrupted in the
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cKO popul ation. | mmunof | uor e-wbulenwas peforrmedni n g
to label mitotic spindlesMisaligned mitotic spindle formation was frequently observed in
the cKO cells (Fig. 4B). These data suggest that $pPequired for appropriate number of

centrosomes and alignment of mitotic spindle during cellular division.
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Figure 44. Centrosome number and mitotic spindle formation is disrupted in the cultured
postnatal neural progenitors. (A) Cultured neural mrgenitors harvested from the SEZ of cWT and
cKO mice on CETN2::GFP transgenic background. cKO cells consistently contained multiple
CETN2::GFP + aggregates (green, arrowheads) and misaligned microtubles (red). Insets illustra

localization of CETN2::G P witubutin+ pericentrosomal complexes (redB) Percentages cWT

and cKO cells with multiple CETN2::GFP+ particles.P <0 . 05, -t&tna3dagergtolips t

To determinavhethercentrosome maoitility irividing Sp2null cells wasdynamically
defective, we subjected cKO and cWT cells on the CETNZ2::GERgoound to timdapse
imaging. Centrosome movement was clearly present in cultured @I® during mitotic

roundup (RU), furrow ingression (FI), and intercellular bridge foromaiiiCB; Fig. HA).
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During abscission, centrioles localized mostly near the nucleus of the nascent cWT daughter
cells, whereas the centrioles in one or both cKO daughter cells remained in close proximity
to the intercellular bridge (Fig54\). For the duation of ICB stage, when the daughter cells
were still connected, the centrioles moved only once into the ICB in the majority of control
cWT cells (90.0 + 8.3%). In contrast, centrosomal movement in and out of the ICB was
significantly excessive in cytaketic cKO cells (Fig. BA,C). In many cKO cells, the

abnormal centrosomal positioning was detected up to 10 hours after bridge formation.
Consistent with these results, only 40 + 11% of cKO cells completed cytokinesisgBjg. 4
Interestingly, in therkction of cKO cells that managed to complete cytokinesis, 67+14%
contained centrioles that migrated into the ICB only once prior to abscission (n=30 cells from

3 independent mice).

The abovdindings suggested that the abscission defect in cKO progenitay be
directly associated with the subcellular pattern of centriole movement prior to abscission. In
fact, the average time spent by cWT centrioles in the ICB was significantly shorter than the
time spent by cK@entrioles (Fig. 8D). In turn, abscion occurred within minutes after
CWT centrioles exited the ICB, whereas time to abscission was significantly longer in the
few cKO cells that managed to undergo abscission (Blg).4The disconnection between
centriole movement and the timing of absms indicated that a potenti@inction of
centriole movement into the ICB prior to abscission was defective in the absence & Sp2.
sum, results from series of BrdU tracings, flow cytometry analysis anddjpse live
imaging conclusively show thap3 is required focell cycle progression of M phase in

neural progenitors.
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Figure 45. Centrosomal motility during cytokinesis of Sp2-null progenitors is disrupted. (A)
Time-lapse imaging analysis of centrosomal dynamics durjytgkenesis in CETN2::GFP+ cWT and
cKO progenitors. Centrioles in cKO progenitors excessively shuttled between perinuclear locatig
(white arrows) and the intercellular bridge (orange arrows). Elapsed time is denoated by hours:n
in each frame (noimear in cKO panels)(B) Percentage of cWT and cKO cells that completed
abscission.(C) Percenage of cWT and cKO cells in which centriolar migration into the ICB occur
1, 2, or 3 times following ICB formation during 12 hoursrofging. (D) Average duration of
centriolar persistence in the ICB in cWT and cKO cells (in hoyiE). Average elapsed time to
completion of abscission following centriolar exit from the ICB in cWT and the fraction of cKO ce

that underwent abscissioriP<0.05, Studerit stest n=3/age group.
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CHAPTER 3

MECHANISM OF SP2 IN NEURAL PROGENITOR CELL CYCLE REGULATION

The findings in chapter 2 clearly demonstrated that Sp2 is a critical cell cycle
regulator in neural progenitors during embryonic and postnataidserh combination of
approacheted toidentification of defective52/M transition M-phase arrestyhereas the S
phase appears intact in Spall NSCs andNPCs. Additional defects associated with
centrosome number and motility during M phase were iiiietht These findings prompted
us to begin investigating the mechanisms through which Sp2 exerts its role in cell cycle
regulation. We addressed this issue by examining both transcription and potential non
transcription functions of Sp2. We postulatedttSp2dependent mechanisms likely include

its interaction with sweellular organelles and regulators implicated in cell cycle progression.

Results
3.1 Microarray analysis of Sp2-null NSCs

Based on the putative role of Sp2 as a potential transcription factor, we first
conducted a transcriptome microarray analysiblestincWT andNestincKO RNA
extracted from microdissected SEZ and RMS tissue at P7, andRe2lilts revealed
significant clanges in the levels af multitude of transcript®n cKO samples relative to
controls (=6309 genes; one way ANOVA, P<0.03jowever, only four genes exhibited
changes in their level of expression of two foldyoeater (all dowsregulated ircKO SEZ
andRMS relative to cWT. At this junction, it still remains to be determined whether or not

the putative transcriptional function of Sp2 is compensated by other transcriptional
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regulators. Differentially regulated genes with 1.5 and greater fold chantesrilevel of
expressiomwill be subjected for future analysidleanwhile Spas likely a weak
transcriptional regulator in vivo, whiaghatches findings from previous reports by the
Horowitz group which indicated wedkNA binding, and little if any trariptional activity

by Sp2 in various mammalian céties (Moorefield et al., 2004).

3.2 Sp2 is a nuclear and centrosomal associated protein

Despite lack of clear evidence for transcriptional function directly regulated by Sp2,
we nextpostulate thatSp2may perform alternative cell biological functions. To determine
whether Sp2 exerts its role through structural mechanigreet out to carefully document
the dynamics of Sp2 protein during various stages of the cell cycle in cultured NSCs. To
accomplish this goal a construct that encoded for the full length Sp2 protein fused to EGFP
under t he ub i-agtin pronierySp2:.EGF®)kwasrclorg&the Sp2::EGFP
construct was electroporated into embryonic cortical progenitors and +tekular
localization was examinedsp2 was largely localized to tineicleusas reported previously
(Moorefield et al., 2006)however, Sp2::EGFP also appeared inpgrnuclear region
resembling the microtubule organizing center in both NSCs and various cell line$jFig.
To test this possibility, Sp2::EGFP wasealectroporated with a CETN::RFP construct to
simultaneously visualize centrioles and Sp2 in neural progenitors. Confocal analysis

confirmed celocalization of Sp2::EGFP with CETN::RFP (F48).
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CETN:RFP Merged

Figure 46. Sp2 is a nuclear and centrosome-associated protein in neural
progenitors. RGsin E14.5 cortical slicesiereelectroporated witlsonstructs

encoding Sp2::EGFP and CETN2::RFP. Sp2::EG#&IBcalizedwith centrioles

reported by CETNRFP.

To canfirm the nuclear and centrosome localization of $fRl-3T3 cells were lysed
and subjected to a sucregmdient fractionation procedure to separate the nuclear and
centrosomafractions (Fig47). Confirming our subcellular elmcalization data, botthe
centrosomal and nuclear fractions immunoblotted for Sp2. Thus, our findings for the first

time revealed that Sp2 is both a nuclear and centrosgsuxiated protein (Fig7).
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Nucleus containing Centrosome-enriched
fraction fractions

1 2 3 4 5 6 7 8 9

y-tubulin | A— S — _22 EBZ

_ , —75 kDa
Lamin B | — ‘ _ 50 kDa
Sp2 | — % S— — 75 kDa

Figure 47. Co-sedimentation of Sp2 with the nucleus and centrosome- containing fractions.

Cell fractionation experiments to determine Sp2 localization to both the nucleus and centro
Lanes in each blot: 1, cell pellet; 2, lysate supernatant; 3, lysate inl20és&e cushion; 4, secon
fraction; 5, sixth fraction; 6, tenth fraction; 7, seventeenth fraction; 8, twenty first fraction; 9,
twenty fourth fraction. -tubainuLanoirbBl, and $p2 we r ¢

antibodies to determine specificity ofafprotein to distinct fractions.

Next, dynamic changes in subcellular localization of Sp2 during the cell cycle were
revealed by timdapse imagingf Sp2::EGFP transfected Cos7 celBuring interphase,
Sp2::EGFP was confined to both subnuclear éod the centrosom¢Big. 48). At the onset
of nuclear envelope breakdown during prophase the nuclear portion of Sp2::EGFP rapidly
disappeared, likely due to diffusion in the cytoplasm (B&). The portion of Sp2::EGFP
associated with the centrosomemained intact and migrated toward the opposing poles of

the cell as it proceeded into metaphase @Y. The nuclear portion of Sp2::EGFP
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relocalized to the reforming nuclear envelope (B8). Following cleavage furrow
ingression, a single speck $p2::EGFP appeared in the ICB connecting the two daughter
cells during late telophase (F¥g), which was rapidly followed by alission. This finding
clearly illustrates that sutellular localization of Sp2 changes dynamically during cell
division andmotility of Sp2::EGFP into ICB prior to abscission matched our findings of

centriole movement duringeural progenitocytokinesis.

Sp2::EGFP

Figure 48. Subcellular localization of Sp2 changes dynamically during cell division. Time-
lapse confocal scans of a mitotic Cos7cell electroporated with a pCAG:EGFP::SP2 constr
Sp2::EGFP remained bound to the centrosomes throughout cytokinesis (white arrows), wh
nuclear Sp2::EGFP diffused away during nuclear breakdown. A SpRREound centrosome
from one of the daughter cells migrated into the intercellular bridge (ICB; yellow arrow) onl
once prior to abscission. Different stages of cytokinesis: RU, mitotic round up; FI, furrow

ingression. Timdapse scale, hours:minutes (fioear).
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3.3 The amino- and carboxyl halves of Sp2 are uniquely required for the completion of
cytokinesis in Cos7 cells

The newly identified dual localization of Sp2 in the nusland the centrosomes
raised two important questions: 1) which donsaof Sp2 are required for the
nuclear/centrosomal localization, 2) whether nuclear and centrosomal localizing domains of
Sp2 are collaboratively or uniquely required for Slgpendent mechanisms during
cytokinesis. To address the first question, we perédl domain analysis by generating each
half of the fullength SpZorotein. The domain that contains amino ack#81 of Sp2 was
t er me d -6I2QN-d®rBaih) and the domain that contained amino acids6322vas
t er me 881 AXNddmain) (Fig49A). The fluorescent reporter EGFP was fused to each
domain to track their subcellular localization in Cos7 cells. 24 hours after transfection, we
found t hal2: EQ@QFBRis@agelicentrosomal localizatioasrevealed byo-
localization withCETN::RFR However A C  3%6822EGFHailed to localize to nucleuss
was expected in previously reported by the Horowitz g{dMugorefield et al., 2006(Fig.
49B). | n c o n t-B8a:£GFKRispldyddboth centrosomal and nuclear localization (Fig
49B). These data suggest that the artiati of Sp2 containgne or multiplecentrosomal
localizing signalsvhile its carboxythalf contains botltentrosomaandnuclearlocalizing

signals

99



1 a.a. 381 a.a.

Sp2 ACas2-612 ST -

382 a.a. 612 a.a.

Sp2 ANi-3s1

Btd Zinc finger
box

CETN::RFP

CETN::RFP

Figure 49. The N- and C-domains of Sp2 contain distinct subcellular localizing

signals. (A) Diagram for Sp2 Nand Gdomains containing-B81 a.a. and 38812 a.a.
of Sp2, respectively(B) T h e A-6123E&EP domain (green) exhibits centrosomal
localization revealed by CETN::RFP (red), but not nuclear localizafioh.e -AN1

381::EGFP has both centrosomal and nuclear localization.

To gain more insight into thaologicalrole of eactdomainin cell division Cos7
cellstransfectedvith each construct wetene-lapse imagedor 48-72 hours post

transfection.We foundthat a significant percentagé AC 382612::EGFPandAN1-
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381::EGFPexpressingellsexhibited defectiveytokinesis corpared tocells transfected

with the control construcpCAG:EGFP(Fig. 50A-B). Thesedata suggest that

overexpression of Sp2-Mnd Gdomains causes dominant negative effects in completion of
cytokinesis and both domains are likely to be required for completion of cytokinesis.
Interestingly, expression of each domain appeared to ayteg&ireesis at different stages.
Transfection oAC 382612::EGFRnduced a prolonged duration in ICB faatronand the
putative centrosombound EGFP fusion displayed arcessive shuffling within ICB (Fig.
50A). The defects in centriole motility accomped with the abscission failure surprisingly
mimicked the phenotype observed in the-8pf neural progenitors, indicating that N
domain expression potentially interfere with the function of endogenous Sp2 in abscission.
Interestingly, expression of-@omain that was sufficient for both centrosomal and nuclear
localization induced a prolonged duration in mitotic rowpdstage and a failure in the early
stage of cytokinesis, in which the cleavage furrows regressed followed by cytokinesis
initiation (Fig.50A). Together, these data indicate that both domains are likely to be

cooperatively required for timely progression through different stages of cytokinesis.
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Figure 50. The N- and C-domains of Sp2 are both required for completion in cytokinesis. (A)
Time-lapse imaging of dividing Cos7 cells transfected with EGFP only, D ®322EGFP or DN1
381::EGFP constructs. Prolonged duration of centrosooumd EGFP in the ICB was found in the

C382612::EGFP transfected cells (yellow arrowBE)me-lapse scale, hours:minut€B) Transfection

of both N and Gdomain of Sp2 significantly decreased percentage of cells with completed cytokif

D
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3.4 ldentification of Sp2 interacting proteins

As previously mentionedhe centrosome hasnerged as a critical regulatory site for
CDKl/cyclin complex (eg., CDK1/cyclin B),activation andnactivation of whicttriggers
subcellulareventsunderlyingcell cycle progression. Importantly, the centrosome also serves
as an important docking siterfregulatory proteins in cytokinesis. Thus the newly identified
Sp2 centrosomal localization prompted us to investigate its protein interacfoyeast
two-hybrid screen yielded potential Sp2 interacting proteins that displayed the CDC25
homology domairshared by all members of the Cdc25 phosphatase family (Cdc25A,
Cdc25B and Cdc25C). Additional biochemical analysis confirmed that Sp2 was in a

complex associated with members of the Cdc25 family in the embryonic fore@prmynsl).

A B
Input: Sp2cWT  Sp2cKO
i . Sp2cWT  Sp2cKO
IP anti-Sp2: P p
WB anti-Sp2 — . ant-sp
; : WB anti-Sp2 ———
WB anti-Cdc25 R —
WB anti-actin - P WB anti-Cdc25 ey

Figure 51. Sp2 interacts with members of the Cdc25 family. (A) Western blotting against Sp2
in protein extracts frolPOwhole brainsonfirmed a near complete deletiohSp2from the
Nestin:cKOmice Western blotting using the pafdc25 antibody demonstrated fweesence of
Cdc25 in both cWT and cKO protein extrad®) Immunoprecipitation against Sp2 was
performed in proteins demonstrated in (Bhdogenou$p2 coimmunoprecipitates with

endogenous Cdc25 in cWT protein samples.
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In addition, the potentialihction of SpAN- and G domains in cell division prompted
us to further investigate their interaction with Cdc2Bimunoprecipitatiorwestern blot
analysis was performed followed by transfection with a ¥agged Sp2 construct-N
domain and @omain in @s7 cells. Results demonstrated that Cdasl2fart of a protein
complex that associates witle Sp2, but not with the Sp2 Nr C-domains when expressed

on theirown (Fig. 2).

) o & B & W© &
S S & &
$ & & & S @ @ &
N oZ £ & & = O «
rf} q’% QSJ 0‘é CO& (9& C’JQ{L P
IP anti-Myc: g < IP anti-Myc:
150kD . e y 75kD
WB anti-Cdc25 A
- —— '3 100kD BRI o 50KD
WB anti-Myc — ~  75kD
Input:
o 50kD

WB anti-Cdc25

Figure 52. Sp2 full length but not Sp2 N- and C- domain interacts with members of the Cdc25
family. Constructs encoding a Myc tag fused to the Sp2 full lengitipiain and &omain were
transfected in Cos7 cells followed by immunoprecipitatiestern blot analysis 24hbrs post
transfection(A) Immunoprecipitation againghe Myc antibodypulled down correspondingyc-
taggedSp2 domains at expected s£kabeled with asterisksjB) Endogenous Cdc25
coimmunoprecipitates with Mytagged Sp2 full length but not with Mytfagged Sp2 Nand Gdomain.
Protein extracts from Cos7 cells with no transfection were demonstrated as negative controls in

B.

In sunmary,our cell biological and moleculanalysisof Sp2 has revealed a novel
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duallocalization of $2 to the nucleus and centrosom&be amine and carboxyl halves of
Sp2 contain distinct yet cooperative signals, both of which are required for successful
completion of cytokinesisPreliminary biochemical analyses have identified the Cdc25
phosphatastamily as potential physical partners®h2 which raise exciting hypotheses
regarding the mechanism of Sp2 function during cytokinesis specifically, and cell cycle

progression in general.

105



CHAPTER 4

SP2 IS REQUIRED FOR CELL FATE DETERMINATION IN NEURAL
PROGENITORS

In the previous chapters we demonstrated that Sp2 is a critical regulator of neural
progenitor proliferation and cell cycle progression. Based on recently established paradigms
described in my introduction regarding ihgact of cell cycle regulators on fate
specification in neural progenitors, we next began to explore whether mechanisms regulated
by Sp2 impact fate decisions in dividing NSO% address this issue we examined the
production of NSCs, IPCs and neuranwivoat various developmental time points.
addition, the rurosphere assayas utilized to assess the differentiation potential of neural

precursorsn vitro.

Results
4.1 Loss of Sp2 favors NSC cell fate and disrupts production of NPCs and neurons

We sought to identify the impact of Sp2 deletion loe flate of NSCs and NPCsVe
first focused on the embryonic cerebral cortex, in which RGs serve as NSCs and give rise to
neuronal IPCs. RGs express the transcription factor Pax6, which is requiR@ &elf
renewal and multipotendsansom et al., 200&nglund et al., 2005)During the transition
from RGs to IPCs, downregulatimf Pax6 associates with upregulation of Thr2, a
transcription factor required for neurogenesis in the $AMfAold et al., 2008; Englund et al.,
2005) Therefore Pax6 and Thr2 will be utilized as the markers for RGs and IPCs,

respectively. During the early stage of neurogenesis at EigaHy the entire thickness of
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the Emx1:cKO cerebral cortex was occupied by Pax6+ cells, whereas cWT Pax6+ NSCs are
confined to the VZ (Fig. 3A). Moreover, TuJ1+ postmitotic neurons were significantly
reduced (Fig. 52A) resulting in a severe reductiothe size of the preplate (Fig35).

Additionally, the percentage &fax6+NSCs within all PH3+ progenitors was elevated in the

Emx1:cKO cerebral cortices compared to cWT controls (RBG)5
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Figure 53. Disruption of neurogenesis in the E12.5 Emx1:cKO cerebral cortices. (A) Confocal
micrographs of the embryonic cerebral cortex stained for Pax6 (green) and Tuj1 (purple) in th
E12.5 (Arrows point to the pial surface of the cortefB) Percentage obtal cortical thickness
occupied byZ and PPLat E12.5 (normalized to the average thickness of wildtype cor(€y).

Percentage of Pax6+ progenitatsE12.5amongall PH3+ cells in the wildtype and Sp2utant

cerebral coites Scale bars: 20 uniP<0.06 , St utdsens3/afesgroup.
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By E14.5, Thr2+ IPCs werggnificantly less dense in the Emx1:cKO SVZ (Fig.
54A), resulting in significant disruption in apicbasal organization of the cortex (FiglB).
Additionally the percentage of PH®¢lls double labeled with Thbr2 was significantly
retarded in the mutant basal VZ and SVZ at E14.5 (FG)5 Thus, it appeared that in the
Sp2null cerebral cortex proliferating progenitors were arrested as Pax6+ NSCs at the
expense of production in Th¥2ZNPCs and Tujl+ neurons, suggesting defiectate

specification and differentiation in the early embryonic cortex.
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Figure 54. Disruption of intermediate progenitor production in the E14.5 Emx1:cKO cerebral
cortices. (A) Confocal micrograph of the embryonic cerebral cortex stained for Thr2 (green) and P
(purple) in the E14.5 cerebral corticd®) Percentage of total cortical thickness occupied by VZ, SV
IZ and CP at E14.5 (normalized to the average thickness of wildtype cof@xpercentage ofbr2 +
progenitorsat E14.5amongall PH3+ cells in the wildtype and Sp2utantcerebral cortes Scale bars:

20um.* P<0. 05, -t&tna3dagergtolps t
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As previously mentionedluring cortical development neurons are bornraigtate
to the cortical plates in an insideit manner, which means eallgrn neurons are situated in
deeper layers while lateorn neurons are situated in upper layérise defects of
neurogenesis prompt usfiorther examine the impact of Sp2 debdetion neuronal
differentiation andaminar organization in the PO Emx1:cKO cortexxpression of the
transcription factor Ctip2 (COUPF interacting protein 2) selectively labels upper layer of
cerebral cortex (layer Vand Cux1 (cutike homeobox 1) settively marks the deeper
layers (layer HIV) (Alcamo et al., 2008; Cubelos et al., 2008herefore, immunostaining
against Cux1 and Ctip2 was performed to identify different layers of the cerebral cortex (Fig.
55B). Cux1+ cells in tke mutant cortex were largely absent in the upper cortical layers and
distribution of Ctip2+ cells failed to specify layer V as in cWT cortices (4., B).
Additionally, ectopic and densely packed clusters of Ctip2+ cells were detected in the PO

cortexsuggesting disruption of their differentiation or migration (FEAB
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Figure 55. Organization of interneurons is disrupted in the PO Emx1:cKO cerebral
cortices. (A) Confocal micrographs of Cux1 (green) and Ctip@rple in the POcWT and
cKO cerebral cortex(B) Percentage of total cortical and white matter thickness (gray)
occupied by Cux1+ (green) and Ctip2+ (purple) projection neurons mrRtalized to the
average thickness of witype cortex. Brackets indicate degree ofrtage between Cuxl1 andg

Ctip2 domains for each genotygcale bar: 50 pum.

4.2 Loss of Sp2 arrests NPCs in a Pax6 fate and disrupts neuronal and glial
differentiation

To determine if perinatal deletion of Sp2 would similarly impact linetionships
between postnatal NSCs and NPCs, we used Pax6, DIx2, and Gsx2 staining in the
Nestin:cKO SEZ and RMS. Remarkably, Sp2 deletion resulted in accumulation of Pax6+
cells concomitant with disruption of G&x or DIx2+ progenitors and Deéxneurobasts in

the mutant SEZ and RM&ig.56).
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Figure 56. Expression pattern of the progenitor cell-type specific markers are

disrupted in the Nestin:cKO stem cell niche. Confocal micrographs of Pax6A(green)
Gsx2 B, green) andIx2+ (C, green)NSCs and NPCs in the P21 SEZ and RMS (outlineq
by dashed line). Tissues were costained for Dcx and BrdU (1 hour acute pulse) as lab

(purple). Scale bar: 20 pm.

Finally to assess the impaot Sp2 on the differentiation potential of postnN&Cs
and NPCs, P21 Nestin:cKO SEZ and RMS cells were cultured to generate neurospheres
followed by plating for differentiation (Fig.7. While cWT neurospheres generated
astrocytes (GFAP+), oligodendrocytes (NG2+), and neurons (Tujl+), cKO neurospheres
were largely astrocytogenic, and their ability to differentiate into oligodendrocytes or neurons

was significantly retarded (Fig7h Thus, these resulssiggest that Sp@ependent
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regulation of the cell cycle is required to drive the progeny of cycli@@&Nand NPCs
toward their programmed neuronal and glial fates during corticogenesis and postnatal
neurogenesis. Disruption of Sp2pendent cell cycle progression appears to favor the

maintenance of an early NSC type in the developing and postnataledtenciues.

Nestin:cKO || Nestin:cWT
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Figure 57. Differentiation potential of the Sp2-null neurosphere is compromised. Confocal
micrographs otulturedTujl+ neurongA, yellow), GFAP+ astrocyte@B, yellow),and NG2+
oligodendrocyte$C, yellow) obtained from cWTral Nestin:cKO SEZ and RMS progenitors and
differentiatedfor 6 daysfollowing neurospherelating Percentagsof each cell type among all

DAPI labeled nucle{blue).
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In sum conditional deletion of Sp2 favors arrest of progenitors in a Pax6+&t8C
at the cost of generation of NPCs and neurons in the developing and postnatal®uains

results indicate that Sp2 plays a critical role in cell fate determination in neural progenitors.
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DISCUSSION
Sp2 is a novel regulator of cell cycle progression

In the first part of my thesis workuihcovered a novel role for the transcription factor
Sp2 in cell cycle homeostasis within developing NSCs and NPCs. A combination of
approaches led to identification of rapid G2/M transitidrnphase arresind shorter G1
while the Sphase appears irtlain Sp2null NSCs and NPCsThis function of Sp2 is not
confined to a specific developmental stage, but equally impacts embryonic and postnatal
NSCs and NPCs. M phase arrest in embryonic agthptal Spull NSCs and NPCs is
concomitant with overall decline in the number of cycling cells, which is consistent with the
notion that proper progression through mitosis is required for maintenance of neural
progenitor pools during brain developmé@réng and Walsh, 20@4Gruber et al., 2011;
Jacquet et al., 2009a; Lizarraga et al., 2010; Sakai et al., 2012; Silver et al., 2060&)\ver,
unlike the miotic arrest due to deletion of Tcofl/Treakle (a centrosomal protein) which
results in reduction of both apical and basal cortical progeri{Baisai et al., 2012pur
findings show that Spaependent mitotic arrest may preferentially expand apical NSCs at
the xpense of basal NPCs. Since severgiiMse regulators such as Aurérand Polo
kinase can exert dual roles in cell cycle progression and fate determimatiewed by
Budirahardja and Gonczy, 200%)is conceivable that potential cross talk between Sp2
functions and various cell che-activekinases may couple M progression with fate
specification in NSCs and NPCs. Such coupling may differentially impact symmetric and

asymmetric cell divisions in apical and basal progenitors of the cerebral cortex.

In addition to Mphase arrest in NSCs aNdPCs, transition through G2/M is
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accelerated in the absence of Sp2. In this context, the mitotic entry netwdiegvo
upregulation ofcdkY/cyclin B complex and its activation through posttranscriptional
modifications(Bollen et al., 2009; Fung and Poon, 2005; Lindqvist et al., 2009; White et al.,
2009) Notably, many kinases and phosphatases that form the mitotic entry network are also
required for progression through (Bollen et al., 2009; Lindqvist et al., 2009; Pomerening et
al., 2008) for example by coupling timely Gl transition to centrosome maturation for
appropriate mitotic spindle orientation in neural progenifGrsiber et al., 2011)At this

juncture it remains unclear how Spg2pendent mechanisms regulatel@2ransition in

parallel with M phase progression.

Our lorg term BrdU tracing experiments revealed a lower rate of cell cycle exiting in
Sp2 mutant progenitors, which can be explained by arrest in M or by cell cyarérye
instead of cell cycle exit. However, SpRll progenitors exhibit only a moderate ingean
total cell cycle length which may at least in part be due to a simultaneous decline in G1
duration (indicated by flow data) combined with a prolonged M. Thus it appears that Sp2
null progenitors have shortened gap phases, a prolonged M phas&ebnakienter the cell
cycle constitutively, which is likely the root of the rapid decline in total NSCs and NPCs due
to theabsence of mechanisms for quiescence. In this situation, an intriguing parallel may be
drawn regarding the lack of, or very briéfl and G2 in early embryonic stem céBsirdon
et al., 2002; Stead et al., 2002)s development proceeds, the two gap phases emerge and
progressively lengthefespecially G1) with a concomitant decline in the rate of stem cell
divisions(He et al., 2009) By the time the neuroepithelium is specified the two gap phases

are established in early NSCs, however the length of G1 is significantly shorter in cerebral
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cortical progenitors at early (E11.5tile mouse) versus late (E16.5 in the mouse) stages of
developmen{Takahashi et al., 1996)Gap phase alterations are critical for prolonged
maintenance of NSCs and NPCs as well as influencing the fate of their neuronal and glial
progeniegBurns and Kuan, 2005; Cameron and MgK2001; Hayes and Nowakowski,

2002; Lu et al., 2007; Smith and Luskin, 1998he perturbed duration of Gap phases in

Sp2 null NSCs and NPCs at least partially resembles early stem cells, which suggests that
Sp2dependent mechanisms may be impontagtilators of cell cycle maturation in stem

cells and progenitors during embryonic and postnatal development.

Sp2 is required for completion of cytokinesis
Time-lapseimagingcombined with mosaic analysis with double marK&tsDM)

conclusivey demonstrated that Sp2 is ealitonomously required for completion of
cytokinesis, which is why SpRull NSCs were found to be {dhase arrested in vivo.
Interestingly, early stages of cytokinesis, including formation of the cleavage furrow and
intercelular bridge (ICB), appear intaict the absence of Sp2nstead Spull progenitors

failed in the cleavage of ICB, indicating that Sp2 may have a focused role in regulation of
abscission, the final step of cytokinesis. Importantly, we demonstratad thatcontrol
progenitor cell division, centrioles transiently moved into ICB once during the final stage of
cytokinesis, and movement of the centriole away from the bridge correlates with induction of
abscission. This unique centriolar motility durimgal stage of cytokinesis has been

observed in mammalian cell lines for some time, and the centriole positioning into ICB were
associated with narrowing of the bridge and depolymerization of microtubules within the

central spindl€Piel, 2001) Subsequent functional studies have identified individual
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centrosomal proteins including Centriolin and Cep55 with roles in abscission, whereby both
proteins exhibit transient movements into the ICB. Both these proéeges membrane

vesicle tethering complexes (exocysts) and membrane vesicle fusion complexes (SNARES)
to promote fusion of the plasma membrane at the abscissid@rit@ley et al., 2005; Zhao

et al., 2006) Therefore centriolar motility during late cytokinesis has been funclyonal

linked to abscission in mammalian cell lines and our study for the first time indicates that
Sp2dependent mechanisms that need to be better defined impact the integrity of this

abscission machinery in neural progenitor cell.

In the absereof Sp2 we found that an excessive shuffling of centriole movement
into ICB is accompanied with abscission failure. This result suggests that while initiation of
trafficking of centrioles to ICB is tontact
the ICB through its interaction with the centrosomes may provide important signals in
initiation of abscission in the ICB. This hypothesis may be tested in future studies in the
context of two possibilities: (1) Sp2 and its associated protein consphéxentrosomes
might provide a signal to cellular machineries that drive abscission. For example, Sp2
transport may be required as a cofactor for enzymes involved in microtubule severing and
plasma membrane fusion as described in the introductionsathibsis. (2pp2 may also
function as a communicator between the nuclear matrix and the ICB to time nuclear
reassembly following chromosome segregation with abscission at the ICB. In this
possibility, centrosomes may function as transport portals ltbat 8p2 to be shuttled
between the nuclear matrix and the ICB. Sp2 mayasigprough recruitment of several

kinases with known localization to the ICB and the midbody precisely during the same
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period when Sp2 null defects are so prevalent. In factrakeentrosomal proteins are
subject to phosphorylation by a number of kinases active during cytokinesis, and these
phosphorylation events have been shown to be critical to the integrity of abs(Bzstos

and Barr, 2010; Fabbro et al., 200Fjor example, Cep55 is phosphorylated by CDK1, and
ectopic expression of Cep®bth a mutant phosphorylation site causes abscission failure and
a surprisingly elevated localization of Cep55 to the [E&bbro et al., 2005)Although the
guestion of how centrosome proteins (e.g., Cep53eanporally and spatially regulated by
cell cycle regulators (e.g., CDK1) for abscission still remains unanswered, these studies
present a possibility that a master regulatory machinery governing CDK1 activity could in
turn regulate the timing of abscissiokxcitingly, based on the biochemistry analysis we
begin to identify a potential interaction of Sp2 with family of the Cdc25 phosphatases, two
members of which (Cdc25A and Cdc25B) are vesliablished regulators of CDKl¢in B
activation at the onsef mitosis(Timofeev et al., 2010) Thus future direction of our studies
using Sp2 signaling as a model vd#terminghe specific Cdc25 isoforms that interact with

Sp2, and howthese interactions affect COKactivity during mitosis and abscission.

Finally our study provides the first model of abscission failure in neural progenitors to
this date. Thus far mly few proteinshave been implicated in regulationayftokinesisin
neural progenitorThe best characterized player is the Rfffector citron kinase (CitK),
deletion of which causes cytokinesis failure in cortical neural progefarkisian et al.,
2002) However, identification of binucleated cells was the sole tool adopted in defining
cytokinesis failure and the dynamic of mutant progenitor cell division was not further

investigated in that study. Moreover deletion okCits demonstrated in mammalian cell
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lines, causes cleavage furrow and midbody regression suggesting a defect in early
cytokinesis, unlike the results we have obtained from Sp2 deleSiomlar to our study,
mutation in CitK causes a decrease in thektiess of the cerebral cortex and compromised
neuronal productiofAnastas et al., 2011; Sarkisian et al., 2002pwever the massive cell
apoptosis observed in the CitK mutant progenitors were not foundrgotin the Sp2
mutant cortical progenitorsThis discrepancy might suggest a different sensitivity in
apoptosis when cells fail at different stages of cytokindsisddition, CitK is required for
cytokinesis in neuronal precursors but not for gliglcprsor cytokinesis, indicating that
different cytokinetic machinery might be employed by precursors that are committed to
different cell linaggSarkisian et al., 2002)At this junction, further investigations are
needed to determine if Sp2 is required for progenitor division in all stem and progenitor cells.
Moreover, it will be critical to detemine whether Sp2 functions impact both symmetric and
asymmetric divisions equally. These future studiesfutithershed light on how Sp2 might

couple cell division with cell fate determination.

Sp2 deletion impacts the fate of NSC and NPC progenies
Numerous studies have illustrated changes in cell cycle compartments that impact

neurogenesis and the differentiation potential of NSCs and NPCs. For example, the total
length of the cell cycle and the duration of G1 clearly impact neurogenic NPCs cdrtgpare
early proliferative NSQ€alegari et al., 2005; Salomoni and Calegari, 20 Rrthermore,
lengthening of G1 is highly correlated with the transition from apical NSCs to basal NPCs in
the developing cortefArai et al., 2011) Similarly, lengthening the cell cecpromotes

expansion of the NPC pool and enhances neuronal production in human neural progenitors
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(GarciaGarcia et al., 2012)Moreover, as G2 lengthens during embryonic development it
slows the rate of $&2-M transition in basal NPCs, but not in apical N§Calegari et al.,

2005) Thus, the normal maintenance of a stem cell niche entails preservation of some
progenitors with characteristics of developmentally early NSCs, as is also evident in the

presence of slowdividing NSCs in the adult mouse SHZoetsch et al., 1999b, 1999c)

Disruption of the cell cycle in the absence of Sp2 severely impacts fate specification
in NSCs and NPCs, where a significant expansion of Pax6+ NSCs is umctoof with
depletion of Thr2+ NPCs, and correlates with near absence of postmitotic neurons in the
cortical plate, a lineage that is well establisfiedglund et al., 2005; Sessa et al., 2008)
conceptually similar phenotype was apparent in the SEZ/RNNestirrcre deleted Sp2
brains where presumpé Pax6+ NSCs were expanded, whereas the Gsx2+ and DIx2+ NSCs
and NPCs were relatively unaffected in the mutant SEZ. This observation is in sync with a
past report that Pax6 deletion leads to ectopic upregulation of DIX2 in the dorsal
telencephaloifToresson et al2000) However, these findings must be interpreted
cautiously as the lineal relationships among Pax6, Gsx2, and DIx2 expressing populations in
the postnatal SEZ and RMS are complex, partially overlapping, and likely nor{Bréhet
al., 2008) Whether the misregulated timing of NPC expansi®mvell as neuronal
production directly contribute to the defects in the cortical progenitor organization still
remains to be determinedn &ddition, Spalependent cell cycle regulati@appears to be
required for differentiatiof both postnataheuronal and oligodendgbal lineages by
functioning as a keyegulator of the switcirom proliferation to differentiatiom NSCs and

NPCs. How the timing of cell cycle progression reguiapgogrammed fate decisions during
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neurogenesis and gliogenesis remains largely unknown.
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SUMMARY OF DISSERTATION
In summary, our study for the first time reveals that-8p@endent regulation of

transitions through distinct cedlycle phases is critical for developmental maturation of early
embryonic NSCs into neurogenic and gliogenic NPCs in the cortex and the postnatal stem
cell niche. How Sp2 carries out these important functions is the subject of future studies.
Molecular mehanisms of Sp2 as a putative transcription factor have remained largely
enigmatic; while a recent study implicates Sp2 as a global transcriptional re§u&tados

et al., 2012)a number of past studies failed to identify strong Dihding or

transcriptional activity by Sp2 suggesting these functidi&p@ may be negatively regulated

in mammalian cell§Moorefield etal., 2004) At this juncture it is tempting to speculate that
loss of Sp2 may severely impact symmetric and asymmetric decisions in NSCs and NPCs
through misregulation of cell cycle progression and in particular G2/M progression. An
important futuredirection of the current work is to determine whether or not Sp2 directly
participates in symmetric and asymmetric division of NSCs and NPCs in the developing and
postnatal brains as a putative transcription factor or through alternative cell biololgisal ro
Conditional deletion of Sp2 will provide a suitable model for studying the link between cell

cycle regulation and fate specification in NSCs and NPCs in these future studies.
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