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ABSTRACT

Roles for Cytoplasmic Dynein and thdJnconventional Kinesin, KIF1a, during
Cortical Development

Daniel Jun-Kit Hu

Radial glial progenitor (RGP) cells are neural stem cells that give rise to the majority of
neurons, glia, and adult stem cells during cortical development. These cells eliviee
symmetrically to form two daughter RGP cells or asymmetrically to form a daughter RGP cell or
a daughter neuron/neuronal precursor. In between divisions, the nuclei of RGP cells oscillate in
coordination with the cell cycle in a form of behaviorokvn as interkinetic nuclear migration
(INM). RGP nuclei migrate basally during G1, undergo S phase, and migrate apically during G2
to the apical, ventricular surface (VS). Mitosis only occurs when the nucleus reaches the VS.
Two microtubuleassociatedmotor proteins are required to drive nuclear movement: the
unconventional kinesin, Kifla, during &becific basal migration and cytoplasmic dynein
during G2specific apical migration. The strict coordination of motor activity, migratory
direction, and dé cycle phase is highly regulated and we find that a G2 cell ajetendent
protein kinase activates two distinct SRecific mechanisms to recruit dynein to nuclear pores.

The activities of these pathways initiate apical nuclear migration and mainiEear movement
throughout G2.

Originally identified in HeLa cells, we find the two &pecific recruitment pathways
(ARamBER2D20 and«ENRNopla3e conserved in RGP ce
pathway arrests apical nuclear migration but doesaffett Gtdependent basal migratioi.he
ARanBP2D20 pathway initiates early during G2
phase whi |l eCENFFed pMNMuphwWar3dy i s activated | ater in

to the nuclear envelope BY restores apical nuclear migration, with nuclei successfully reaching



the VS. We also find that the G2/Mpecific Cdkl serves as a master regulator of apical nuclear
migration in RGP cells. Pharmacological drug inhibitors of Cdk1 arrest apical roigvathout

any effect on Gdependent basal migration. Conversely, overactivating Cdkl causes premature,
accelerated apical nuclear migration. Specifically, Cdk1 drives apical nuclear migration through
activation of -BoioctDhn2 0t haen ddENRINDBPI223 hway s . Cdk1
phosphorylating RanBP2, priming it for BicD2 interaction. Forced targeting of BayD2in to

the NE in a RanBRihdependent manner rescues apical nuclear migration in the presence of
Cdkl drug inhibition. Additionally, Cdksk eems t o act i CENPEO t At fiNar
CENRPF level, phosphorylating the protein to trigger nuclear export.

INM plays an important role in proper cell cycle progression and we find that arresting
nuclei away from the VS prevents mitotic entry, desteating that apical nuclear migration to
the VS is not just a correlated with cell cycle progression, but is required. When apical
migration is restored by forced recruitment of dynein to the NE, mitotic entry is restored as well.
In contrast, we findhat arresting basal migration by Kifla does not have a major influence on
cell cycle progression. RGP cells still entepltase despite remaining close to the VS, revealing
that, unlike mitotic entry, hase entry is not coupled with nuclear positioningowever,
symmetric, proliferative divisions are favored over asymmetric, neurogenic divisions after
inhibition of basal migration.

We further find that Kifla and the proteins involved in the two recruitment pathways play
additional role latemn brain development. After a neurogenic division, the ndwasn neuron
migrates past the RPG nuclei and they undergo a multipolar morphology. After at least twenty
four hours, the immature neuron then transitions to a bipolar, migratory morphology ivhe

continues migrating towards its final destination along RGP fibers to the cortical plate. We



demonstrate that Kifla and NE dynein recruitment proteins seem to be involved in the multipolar
to bipolar transition and RNAi for these proteins prevemth&r migration by arresting the
immature neurons in a multipolar morphology. Kifla RNAI, in particular, also induced
comparable arrest in surrounding control neurons. Further analysis reveal that the multipolar
arrest in neurons is independent of theabauclear migration arrest in RGP cells. These results
identify the control mechanism for NE dynein recruitment in RGP cells to drive apical nuclear
migration, the relationship of cell cycle phase progression with nuclear positioning, and the

sequentiglindependent roles of these proteins, particularly Kifla, in neuronal maturation.
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CHAPTER 1

INTRODUCTION TO CORTICAL DEVELOPMENT : FROM RADIAL GLIAL

CELLS TO MICROTUBULE MOTORS.



Summary

The architecture of the brain in higher mammals is characterized by a larger size and
extensive gyrification, corresponding to an increased area within the neocortex and a greater
number of cortical neuronsThroughait development, neurons are produced by radial glial
progenitor (RGP) cells. RGP cells act as neural stem cells and can divide symmetrically to form
two daughter RGP cells or asymmetrically to differentiate into a neuron. RGP cells are highly
elongated wth processes spamming the apical to basal suréak their nuclei undergo
oscillatory movemeistin a behavior known as interkinetic nuclear migration (INNduring G1,
nuclei migrate basallyundergo S phasand then migrate apically to the apical surface during
G2. Mitosis then occurs once the nuclezmcheghe apical surface. In the rodent neocortex, the
kinesin Kifla drives basal movement while dynein drives apical nuclear migration.

The aim of thisthesis is to determine the mechanism involved in the recruitment and
regulation of dynein to thHE of RGP cells during G2. In Chaptell Qive a backgrounaf the
study rangingfrom a developmentakcaleto a proteinscale The introduction starts withn
overview of cortical development and the cell types involved, with emphasis on the RGP cells.
The introduction will then follow with a more detailed summary of INAd well as the other
forms of nuclearmovementwithin the neocortex. The mechanismsnvolved in recruiing
cytoskeleton components to the N#I then be introducedaind Chapter | concludes with an
overview of the microtubutassociated motors, dynein and kinesin.Chapter IlI,] discussthe
involvement oftwo distinct G2-specific pathways (RanBPRicD2 and Nup133ENR-F-NudE)
in recruiing dynein to RGP cell nuclear pores to drive apical INM. RNAI for these teweni
factors not only inhibipical migration, but also preventitotic entry. In Chapter Ill, Idiscuss

the involvement othe proteinkinase that activates these two-§#cific pathwaysoth in RGP



cellsand in noAneuronalcell types. The G2/Mpecific kinase, Cdkl, phosphorylates RanBP2
to recruit BicD2 and seems to also phosphorylate GEN® promoe¢ export from the nucleus.
In Chapter IV, | explore the consequences of basal nuclear inhimi&®GP cellsby Kifla
RNAI and examine the role of Kifla in later neuronal developm€&mally, in Chapter V, | tie
the datgpresented in Chapter Il, llind IV togetherand discuss the implications of these studies

in relationshipwith one another andortical development as a whole

Brief overview of neurogenesisaand the different types of neuronal precursors.

The cerebral cortex is the largest structure of the human brain and plays a crucial role in
sensory motor, andjnformation processing functis{De Juan Romero and Borrell, 20X5ao
et al.,, 2013 Evolution of the neocortex, the most developed of the cerebral tissues, has enabled
higher cognitive function and in humans, the neocortex is associated withwsedness,
perception, and languag&ecent models of neodaal development have been largely based on
studies of the mouse and (&lorio and Huttner, 20)4and aspiteits limited sizein the rodent,
the rat neocorteshars manyof the same characteristics as its human counterpart.

The neocortex is composed of six layers, with different poputdmeurons in each
layer. The development of the neocortex occurs in an kitlenanner, with the youngest layer
located within the most basal regigAngevine and Sidman, 196Gupta et al., 20Q2Rakic,
2007. Therefore, newhborn neurons must migratagt the existing layers to reach their final
destination. The neocortex consists primarily of excitatory pyramidal neyrtres majority of
which arise fromneural stem cellwithin this structure.Like all other substructures of the brain,
the neocortexoriginates from the neural plafeui et al., 201). The ends of the neural plate

eventually fold together to form the neural tube, shaping the neuroepithelium.



The neuroepitheliunoriginally conssts of a single layer of neuroepithelial cglidorio
and Huttner, 2014 These stem cells are highly polarizzdl theirnuclei oscillate within the
entire apicabasal axis as they progress throutje cell cycle, creating a pseudostratified
structure. Tight junctions and adherens juncsare concentrated at the most apical end of the
plasma membrane while receptors for basal lamina constifisris as ing@r i n U, ar e
basal most plasma membra@aku-Saraste et al., 199&o0tz and Huttner, 200 anabe et al.,
2002. Leading up to neurogenesis, the neuroepithelium is expanded as the neuroepithelial cells
continue to divide and seténewal. On the onset of neurogenesis, the neuroepithleégims to
expand intamultiple cell layers andorm thenascenneocortex As neuroepithelial celldegin
to generate neurons, thdgwnregulate certain epithelial factors, such as the tight junctions, and
begin to take on glial cell propertiédaku-Saraste et al., 199%toykova et al., 199Takahashi
et al., 199). Thesecells transform into and are completely replaced by a distinct cell type
known as the radi glial progenitor (RGP) cell.

RGP cellsshare many characteristics with astroglial, including expressioglialf
fibrillary acidic protein, astrocytgpecificglutamate transporter, and brain ligbthding protein
(Anthony et al., 2004 Levitt and Rakic, 1980Malatesta et al., 2000Mori et al., 2003.
However, they still share certain dptial properties with their predecessor. Molecularly, both
cell types express the intermedifitament protén, nestin, and RGP cells still retain adherens
junction (ChanasSacré et al. 200Q Kriegstein and AlvareBuylla, 2009 Malatesta et al.,
2000. Similar to neuroepithelial cellRGP cells ardipolar in morphology, with a thin process
spammingfrom the apical, ventricular surface (V39 andbasal, pialsurfaceof the neocortex
(Gotz and Huttner, 2003 ui et al., 2011 Taverna and Huttner, 20LQFigure t1). The cell

bodies remairtightly packed together and theiucla continue to oscillate throughout the cell



cycle, retaining the tissbes p s e u d o st r anlikefthe ealroepithalial cethucleus .
the RGP nucleus stays within a specific regiorof the apicalneocortexrather than the entirety of
the apicalbasal axis This region, the ventricular zor®Z) is the most apical region of the
cortex. RGP cells, while more fateestricted than their predecessors, still function as stem cells
and give rise to the majority afeurons in the brai(Noctor et al., 2001Noctor et al., 2004

RGP cells can either divide symmetricallyftom two daughter RGP cells asymmetrically to

selfrenewal angbroduce a neuron directly, or indirectly through a neuronal progenitor.

zone

Migrating
.. neuron

Subventricular ~
zone

Ventricular
zone

Figure 1-1: Different cell types are located in different regions of the cortex.

Radial glial progenitors (RGPs) exhibit a process spamming the entire cortex from the apical (ventricular) to basal
(pial) surface. Their nuclei, however, stay clustered in the most apical region of the cortex called the ventricular
zone. Intermediate pgenitors (IPs), produced from RGP cells, migrate and reside in the subventricular zone. An
outer subventricular zone (not shown) is not distinctive in the rodent brain and the few outer radial glia (0RGs) that
exist are located either in the upper sultkienlar zone or the intermediate zone. Newly boemrons migrate

either from the ventricular zone (if given rise by RGP cells) or the subventricular zone (if given rise by IPs) and
transition into a bipolar morphology, with a single leading proceghgiintermediate zone where they than migrate
radially to their final destination in the cortical platéigure adapted frorfLui et al., 2011)



Many signaling pathways, such as NOTCH, EGFR, and FGF have been implicated in
controlling cell fate of RGP cells, determining whether the cell will divide symmetrically or
asymmetricallyDang et al., 2006Gaiano et al., 20Q(Patten et al., 200&chmid et al., 2003
Yoon et al., 2004 The decision for an RGP cell to divide symmetrically vs asymmetrically has
been traditional correlated with spindle pole orientaitem and Shi, 2013 In Drosophila the
mitotic spindle ensures proper segregation of fate determinates such as NUMB and Prosper
(Choksi et al., 2006Spana et al., 1995 A vertical cleavage plane (closer @operpendicular
orientation alonghe VS) leads to a symmetricallyvdiion while a horizontal cleage plane
(closer to a parallel orientatialongthe VS)leads to an asymmetric divisiorHowever recent
evidence has suggested that this is not always theirtasammalian RGP cellandthere are
many other factors that influence cell fate of RGP cell©n the onset of cytokinesis, the
inheritance of either the apical or basal comgntsof the mother RGP cefleems to contribute
to the identity of the daughter cell

One such component is the plasma membrane within the apical surface itself. Despite
only containing a minimal percentage of the total plasma membrane (~1%gsyhenetric
inheritance of the apical processems to leatb an asymmetric divisiowhereas bisecting the
apically-bound plasma membrane seems to lead to a symmetric diiisodo et al., 2004
The exact importance of this small portion of plasma membrane is unknown and currently, the
glycoprotein prominin 1 is the only molecular marlsgecific for this region(Corbeil et al.,

1999 Weigmann et al.1997. Among other important componentfcated neathe apical
process include the centrosome and the primary cilium. During an asymmetric division, the

daughter cell that remains a RGP cell often inheritsribéher centrosome whereas the newly



born neuron/neuronal progenitor inherits the daughter antre (Wang et al., 20090
Similarly, the daughter RGP cell tends to inherit the ciliary memb{@agdaen et al., 20).3

Not only does differential inheritance of the apical process correlate with cell fate, but the
inheritance of the basal process is also linked to fate specificafiom.exactnheritances still
controversial and the importance of maintaining basal processs well as the associated
signals within the process amet clear. One hypothesis that during a symmetric divisiorthe
basal process is bisected and inherited by both RGR(Kek®do and Huttner, 2009 However,
it has been postulated that the basal proestherited by only on®f the daughter RGP cedl
during a symmetric divisiomequiringthe other daughter RGP c#dl form an entirelynew basal
process after divisio(Miyata et al.,2004 Noctor et al., 2004 The studyfurtherreported that
during an asymmetric divisiorthe daughter neuroimherits tre basal process and the daughter
RGP must grow a new basal proces3ther live imaging analyses, however, hawnthe
reverse with the daughter RGP cell maintaining the basal process and the daughter neuron
extending a new procegShitamukai et al., 2031 Further study is required to rectify these
differences

During neurogenesisheé different cell typesare organizedwithin the neocortex in
distinct regiongLui et al.,, 201} The nuclei of RGP cells congregate within the most apical
region of the neocortex, next to the ventricle, in the ventricular zone (VZ). After an asymmetric
division, either a neuronal progenitor or a neuron is formed. Both of these cell types ougrate
of the VZ. Neuronal progenitors, also known as an intermediate progenitor (IP), jreside
above the VZ in a region called the subventricular zone ($MZ)bensak et al., 200Moctor et
al., 2003 (Figure x1). IPs no longer have processes and downregthatenajority of RGP cell

propertiesand expressinique markerssuch as the transcription factdrbr2 (Englund et al.,



2005. IPs progress through the cell cycle before terminally dividing into two neuB®®sause
IPs donot selfrenewal, they are capable of producing neurons in great numbaeike RGP
cells, the nuclei of IPs do not migrate during the cell cycle.

RGP cells also give rise to a third neuronal progenitor type called the outer radial glial
cell (oRG)(Hansen et al., 2010 oRGs were originally thought to be unique to higher mammals
and a major contribot to the gyrencephalic brain in these animals contrast tothe
lissencephalic brain in rodentBlowever, the presenc# oRGs was later found iissencephalic
animalsthough at a far fewer abundan@&arciaMoreno et al., 201;2MartinezCerdeno et al.,
2012. oRGs reside in the uppei3, termed the outer SVZ (oSV4) higher mammalsand
are basally located compared to IPSigure 11). oRGs are classified as radial glial cells
because they express some markers specific to RGP cells, most notably the transcription factor
Pax6. However, they lack an epithelial, apicatal polarity and doat express most apically
localized membrane proteins such as CD133, Par3, and &RKIZ et al., 2010 Most oRGs
are unipolar with either a basal process taat reactihe basal surface or an apical process that
extendstowardsbut never reaches the VS. However, two other classes of oRGs also exist with
cells that contain both a basal and apical proced<alls that transitioned between an apical, a
basal, or both process@Betizeau et al., 201®ilz et al., 2013 Similar to RGP cellspRGscan
either selfrenewal o differentiate to form neuronsThe morphology of theRG is an indicator
of cell fate of the dividing cell, correlating wipindle pole orientation during mitosis, toell
type of daughter cellsand the morphology of any daughter oRG c@stizeau et al., 2013
LaMonica et al., 2013 The nucleus remains mostly static through most efall cycle, but
just prior to mitosis, the nucleus migrates unidirectionally in the basal direction (upward to 70

pm in the human neocortex§ertz et al., 20140strem et al., 2024 It is likely that because



0oRGs do not have a restrictive area competent for cell divisiswith RGP cells,a greater
percentage of oRGare capable oflividing within a giventime period and therebygenerate
neurons more effectively

Newly-born newons, whether from RGP cells or oRGs migrate basally past the
SVZ to the intermediate zone (I4Pe Juan Romero and Borrell, 2Q1ban and Shi, 2013
Taverna etl., 2014. Here, neurons undergo a multipolar morphology for over 24 hours where
their neurites dynamicallgrow and retrac{Noctor et al., 2004 During this stage, one of the
neurites grows and begins to develop into an axioite another neurite extends basally to form
the leading, migratory proceéBsai et al., 200)/ The neuron takes on a bipolarnplaologyand
migrates out of the IZ to itBnal destination within the neuronal layesthe CP(Figure 11).
The basal processes RGP cellsactas scaffolds to guide the immature neuron as it migrates
towards the pial surfadgui et al., 201). There are six neuronal layers upon the completion of
neurogenesis, which make dpe final, most basal region of the neocortex, the cortical plate
(CP). As neurogenesisompletes, the RGP cell delaminates, retracting their apical and basal
process. Tése cells then matuend becomastrocytes, ependymocytes, and oligodendrocytes
in the brain(Gao et al., 2014Kriegstein and AlvareBuylla, 2009 Rakic, 2007. A subset of
these RGP cells retain their stem cell characteristics, and reside as adult stem cells within the

adult SVZ.

Interkinetic nuclear migration.

RGP cells act as stem cells and give rise to the neurons within the neocortex, and
regulation of RGP celbehavioris crucial for proper development of the neocoffEaverna and
Huttner, 201). One of the hallmarkbehaviorsof RGP cells known as interkinetic nuclear

migration (INM), is the oscillation of its nucleus in coordination with the cell cy&lesodo,



2012 Lee and Norden, 201%pear and Erickson, 2012@igure 12). During G1, RGP cell

nuclei migrate basally until theuter regionof the VZ, 3650 pm from the ventricular surface
(VS). They remain at this site throughout S phase and then migrate apically back to the VS
during G2. The RGP ceatnly enters mitosis once the nucleaacheshe VSand he nuclei of

daugher RGP cells then continue this cycle. INM is not just restricted in the cortex, and the
behavior is conserved in the development of various tissues throughout multiple species. INM
has also been observed in the development dbtbeophilaimaginal disc, zebrafish retina and
neocortex, and the mammalian retina and mi@Batt et al., 2006Del Bene et al., 2008 eung

et al., 2011 Meyer et al., 201 1Yamada et al., 2013ru et al.,, 2011 While INM was first

observed around eighty years ago in 1935, many fundanpeimteiples of this behavior have

Figure 1-2: Radial glial cells nuclei undergo interkinetic nuclear migration .

The nuclei of adial glial progenitors (RGPs$h the mammaliameocortex oscillate in coordination with the cell

cycle. Nuclei migrate basally during G1, undergo S phase, and then migrate apically during G2. RGP rcells ente
mitosis at the ventriculapical surface.The centrosome is retained at the ventriculafaserthroughout interphase

and microtubules are uniformly oriented with their minus ends directed towards the centrosome and their plus ends
directed basally. Consistent with the polarity of the microtubule network, we findgicat enigration is driverby

dynein and basal migration is driven by Kifla.



only beenstudied within the past decad&auer and Walker, 19%9 Until recently, the
mechanisms driving and regulating INM, its relationship with cell cycle progressiobaiie
for spatial control of mitosigndthe developmental purpose of this behawas unknown.

In the mammalianneocortex, microtubule motors have been reported to drive INM
(Figure 13). During G1, S, and G2 phase of RGP cells, the centrosomes remain sequestered
near the ventricular end of the apical prodgdssi et al., 2010 Because the centrosomes act as
the microtubule organization centeéhe minus ends of microtubules are oriented towards the
centrosomes at th¥S while the plus ends are oriented b&gal Various centrosomal and
microtubule associated proteins, includiyCC, Cepl120, Hook3, PCM1, and Dockd@ve been
found to play a role in the early stages of neocortical develop(@enet al., 2010Xie et al.,

2007 Yang et al., 2012 Consistent with thenidirectionalmicrotubule arrangemeim RGP

cells cytoplasmic dynein and its regulator, LI&&d NudC have been found tbe specifically
involved in G2 apical nuclear migratiqappello et al., 203ITsai et al., 2006(Figure 13).

RNAI against these proteins inhibited apical migratiorhwio effect on basal nuclear migration
during G1. In contrast, KIF1A, a member of the plaad directed KinesH3 family, is involved

in basal migrationwith no major role driving apical movement(Tsai et al., 201). However,

other mechanisms have also been reported to drive basal migration in the mammalian neocortex.
One study reported the role of mymdl in driving basal migrationvhile anothereported that

basal movement of the nucleoscurspassivelyy n a s omewhat (Kosdoetcah,ast i c
2011 Schenk et al., 2009 In this passivemechanism, G1/S phase cells digplaced basally
towards theouter regiorof the VZas the nearby nuclei of G2 RGP cells push past them towards
the VS. AlthoughRNAI against KIF1A blocks basal movement, this does not completely rule

out displacement as a contributowardsbasal nuclear migration.
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In the mammalian retinaretinal progenitorsalso undergo INM. However, the
mechanisms responsible for INM in this organ is not as thoroughly investigated as in the
neocortex, with evidence suggesting the role of KIF5b, a plus end direction member of the
Kinesin1 family, drivingbasal migration and dynein driving apical migrat{dfu et al., 201}
Outside of the neroepithelium INM has also been observed in the developnagnmaliariiver
bud, midgut epitheliumand ureteric epithelium(Bort et al., 2006Yamada et al., 2033 The
epithelial sheets of these tissues resemble the VZ of the brain, with a vdikeiepical surface
and an outebasallumen. Usingmitotic markers and/oBrDU pulsechase exp@ments,the
epithelial cells are found to enter mitosis at the apical surface and guitas® at the most basal
distance travelled by the nucleufrogressiviy longer BrDU pulsechase results in BrDU+
nucleicloser to the apical surface. Though the cells in these tissues undergo INM similar to RGP
cells in the brain, the mechanism driving this movement has not been characterized.

INM also takes placduring invertebrate and nenammalian vertebrate developnt
(Figure E3). In invertebrates, the stem cells in Disophilawing disc and irthe Nematostella
vectensidarval ectodermundergo INM(Meyer et al., 2011 Just like in mammalgebrafish
neuronal progenitorandergo this behavior ithe retina and neocortexand chick neural stem
cells in the neural tube While INM in invertebrates and nemammalian vertebrates
synchronied with the cell cycle stagén the same manner as in mammalpical nuclear
movementhas mostly been reported to be driven by myosnmather than dyen (Leung et al.,

2011 Norden et al.,, 2009 However,there have been several studies vditfierent findings.
One studyhas provided evidence in the zebrafish retina that the dynein cofactor, dynactin, plays
a role in apical migratiofDel Bene et al., 2008 Inhibition of dynactin not only interferes with

apical movement, but also stimulates basal nuclear migratidnother study found that
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depolymerizing microtubules in the chick neural tube with colcemid blocked apical nuclear
migration, suggesting that this part of INM is microtubdépendent(Spear and Erickson,
20123. In contrast, te mechanism diing basal nigration has not been studied as thoroughly

in these systemsNo mechanism has been provided iforertebratesor chick but n zebrafish,
basal migrationhas been reported to lakiven passively by neighboring apically migrating
nucleidisplacing the nucleud.eung et al., 2001 While the basis for thpotentiallydivergent
mechanismsliriving INM between mammals and nrammmalsemains unclear, it is likely tha

the evolution of a more complex mammalian neocortex required Hesatotion of different
molecular forcegor INM. Specifically, the narrower process and geeaiscillatory distance of

INM in the mammalian RGP cathay require forces driven by microtubtdesociateanotors.

While the motor proteins that transport the nucleus dum@gnmalianINM may be
identified, it is only recently that the specifiecruitment mechanism of these proteins has begun
to be unveileqFigure 13). Furthermore, thearticipation ofcell cycle specifiqroteinkinases
in this recruitment has also only recently been examined. The Linker of Nucleoskeleton and
Cytoskeleton (LINC) complex involving the inner nuclear membrane protein, SUN, and the
outer nuclear membrane, Nesprin, spans the nuclear envelope (NEphterstts with the
cytoskeleton, including microtubule motdiGundersen and Worman, 2013.xton and Starr,
2014. Knocking out Nesprirl and-2 seem to inhibit apical and basal migration, though
expressing a dominant negative form of the Nesprogskot have an effect on INNYu et al.,

2011 Zhang et al., 200Q9(Chapter Il). Two GzZspecific nuclear porenediated NE dynein
recruitment pathways (involving the nuclear pore proteins RanBP2 and Nup133, and the dynein
adaptor proteins BicD2na CENRF respectively) were also found to recruit dynein to the NE

and drive apical INM in mammalian RGP cells (Chapter II). To activate these pathways, Cdkl
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Animal System Cell Type Apical INM Mechanism Proteins Examined Mitosis after Pertubation Basal INM Mechanisn

Mammalian Neocortex Radial Glial Cells Dynein/Microtubule  Dynein Heavy Chaimot directly tested Kifla/Microtubule
LIs1 N Passive Displacemer
NudC N Myosin Il/Actin
RanBP2 N
BicD2 N
Nup133 N
CENP-F N
SUN not directly tested
Nesprins not directly tested
TACC Y
Cepl20 Y
Hook3 Y
PCM1 not directly tested
Dock7 not directly tested
Tpx2 not directly tested
Mammalin Retina Retinal Progenitor Cell©ynein/Microtubule  SUN not directly tested not directly tested
Nesprins not directly tested
Mammalian Liver Hepatoblasts not directly tested n/a n/a not directly tested
Mammalian Midgut Midgut Epithelial Cells not directly tested n/a n/a not directly tested
Mammalian Ureter Ureteric Epithelial cells not directly tested n/a n/a not directly tested
Zebrafish Neocortex Neuroepithelial Cells Myosin ll/Actin Myosin I Y Passive Displacemer
Zebrafish Retina Retina Epithelial Cells Myosin [I/Actin Myosin Il Y Passive Displacemer
Dynein/Microtubule  Dynactin Y
Chick NeuroepitheliumNeuroepithelial Cells Microtubule Microtubule not directly tested not directly tested
Drosophila Wingdisc Imaginal Disc Cells Myosin Il/Actin Myosin I Y not directly tested

Actin Network Y

Figure 1-3: Multiple mechanisms driving interkinetic nuclear migration are observed across ifferent species.
Interkinetic nuclear migration (INM) is a behavior conserved in epithelial cells of many tissues across multiple
species. Conflicting observations of the mechanism driving this behavior however, have been made even within the
samespecies. While further study is required to resolve these discrepancies, it is likely that vertebrate- and non
vertebrate organisms utilize different mechanisms. In vertebrates, the general model (underlined in the table above)
is that dynein drives apitauclear migration while a combination of Kifla and/or passive displacement drives basal
nuclear migration. In invertebrates, the general model (underlined in the table above) is that myosin Il drives apical
migration while passive displacement drivesdlanuclear migration. The dependency of cell cycle progression
with nuclear position is also controversial. While cell cycle progression still seems to occur in invertebrates if nuclei
are arrested away from the apical surface, mixed observations éawedported in mammals. Whereas disrupting
centrosomal proteins seem to have no effect on mitotic entry, inhibiting apical migration by disrupting dynein
recruitement or associated proteins also inhibits mitotic entry.
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was shown to phosphorylate cooments within the pathway to recrudriousdyneinassociated
proteins, and thereby dynein, to the NE (Chapter III).

The close coordination of INNb the cell cyclepromptsthe question whethenhibiting
either INM or cell cycleprogressiorwould inhibit progression of the otheultiple studies in
the mammalian neocortex and zebrafish retina have shown that INM is dependent on the cell
cycle phase. Arresting RGP cells in G1 phase by overexpressititf a8 inhibitor of the G1
specific @k4/6 kinase, blocks basal migratiand causean accumulation of nuclei at the VS
(Kosodo et al.,, 2001 In RGP cells located in the telencephalon, dmigikition of S phase
progression by fzacytidine accumulated nuclei away from the VS while drug inhibition of
G2/M by cyclophosphamide arrested nuclei close to the VS, as determined by the location of
BrDU+ nuclei aftera short BrDU puls€Ueno et al., 2006 Tpx2, a microtubuleassociated
protein, was reported to be enriched in the apical process of RGP cells durirmgndG2
knockdown of this protein reduced apical migration rgtéssodo et al., 2001 Finally,
inhibitors against the G&pecific kinase, Cdk1, blocked apical migration of retinal progenitors in
zebrafish(Chapter 111)

Normally, mitosis only occurs at the VS but it remains unclear whether arresting nuclei
away from the VS would caasectopic, basal mitosi@Figure 13). Initial, early data in
mammals suppaetd a cell cycle independency after INM inhibition but later studies pravide
evidence that inhibitindNM also prevents cell cycle progressioistudies have claimed that
disrupting the microtubule network with nocodazole treatment in the mammalian neocortex
blocked INM and increased the number of basal mitotic eveneplebng RGP cells of the
centrosomal proteins, Cepl120 and Hook3, as well as the microfadsdeiated protein,

TACC3, werealsoclaimed to cause ectopic mitosis as a result of blocked (G#&let al., 2010
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Xie et al.,, 2007 Yang et al., 2012 In zebrafish, itwas reported thablocking INM by

disrupting actirwith cytochdasin B or disrupting myosin Il with blebbistatiid not disrupt cell
cycle progressio(Strzyz et al., 2015 Similar effects of cytochalasB was seen iDrosophila

(Meyer et al., 2011 However, @pleting dynein specifically ormany of its interacting or
recruitment partners (LIS1, RanBP2, BicD2, Nupl138d CENRF) inhibited both apical
migration and mitosigm mammaliarRGP cellgTsai et al., 2006(Chapter Il and IIl)

Determining he effects ofiINM inhibition on cell cyck progression is complicated by
several factorand these factors may contribute to the discrepancy in the above findhiingly,
becausalifferent mechanisms driving INM have been reported even within the same sifstem
reliability of a strategyblocking INM may be called in questiorSecondlybecause RGP cells
are not the only progenitor cell in the brain, it is important to distingogsal mitotic events
from IPs and not all of the above studies examined mitosis specifically in RGP Thitslly,
the form of disrupting INM may have secomgl@ffects thatmay rescue a potential cell cycle
block. The existence of apecific site within the VZompotent for mitosisuggest that there
may besequestration of mitotic entry signalfNuclei that fail to make it to the VS mapt
receive these signals to enter mitosiSherefore,disrupting INM by disruphg polarity, the
centrosome, gunctions may release signals sequestered to th@aMBcause premature mitosis
independent of INM For these reasons, addressingefiects of INM inhibition on cell cycle is
best done using strategies that minimize perturbations of other cellular funclisisuld be
noted going forward that, similarly to migration mechanism, the dependency of cell cycle
progression on INM maglso be different between nemammals and mammals.

Because he centrosomeremairs tethered to the VS throughout cellycte, any

manipulation that detaels the centrosome would likely detach other apically sequestered
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proteins or molecules.The centrosome itself may be among the trigdger mitotic entry in
mammalian RGP cells because of its rolamitosis, specificallynuclear envelope breakdown
(NEB) andthe spindle poléBeaudouin et al., 200Raaijmakers et al., 2013alina et al., 2002
Tanenbaum and Medema, 2010n the rodent neocortex, the chick neural tube, and zebrafish
retina, the centrosome has been observed to depart from the VS just prior to (8fesisand
Erickson, 2012aStrzyz et al., 2005Chapter Ill) The centrosome then meets with the nucleus
as it finishes apical migrationvhere thisbehavior has been correlated with NEB. The role of
the centrosomavas shown to be unessentibbwever in zebrafish retina aserablating the
centrosome did at preventmitotic entry(Strzyz et al., 2015 The advantages of sequestering
mitosis to the VS is not clear but because the factorsstbatn tocontrol asymmetric vs
symmetric divisions are also sequestered to the cé8irolling inheritance of apicaligound
organelles is likely facilitatedhenmitosisoccursat the VS(Florio and Huttner, 20%4Tan and
Shi, 2013. This is evident in the zebrafish retina where forced ectopic mitosis awaraythe

VS caused thenore basal daughter cédl integrateimproperlyinto the epitheliun{Strzyz et al.,
2015.

The exact function and significance of INM remains largely unclear though several
studies have examined this furthéBecause mitosis occurs only at the VS, this severely limits
the surface area that is competent for cell divisidgrurthermore, a mitotic RGP cell takes
approximately twice as much space as an interphaséLeelland Norden, 20).3 Therefore,
INM has been hypothesized to clear out nuclei from this site after mitosis. Space isatteen m
available for other nuclei and the neurogenic output can be maximrteslalso allows a much
greater number of RGP cells to reside witthe VZ, without the need ohaverly extended/S.

Inhibiting basal migration by disrupting the basal proadéssugh TAG1 depletionforced an
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accumulation of nuclei at the V@®kamoto et al., 2093 As a result, mechanical strain was
placed on th neocortex and slightly deformed the brain structure, presumably caused by the
excess of nuclei at the VSGiven a severand longenough defect in basal migration, the
ventricle may even buckle amdvaginate from the number of nuclei that accumulate at the VS.
Alternatively, given a crowded enough space, RGP cell nuclei away from the Vi®ay not

even have enough force generated at the nucleapitally push past nuclei at the VS and
thereforeareunable to entemitosis.

Another function of INM may be to regulate cell fate. Given the highly polarized nature
of RGP cells, the environment between the VS andotlteregionof VZ may be different.
Specifically, it has been proposed that theeey be signalthat promotesymmetric, proliferative
divisionsaccumulated at the VS and/agrsals that promoteasymmetric, neurogenic divisions
away from the VgBaye and Link, 2008 Therefore, the time the nucleus spends at a given
location within the VZ during the cell cycle may influence its cell fate. A Notch signaling
gradient was identified in the zebrafish retina, with a higher concentration localized to the apical
side of theneuroepitheliun{Del Bene et aJ.2008. Slowingapical migration caused these cells
to exit the cell cycle prematurely and differentiate into neurons. In addition, increased distance
of basal migration increased the likelihood that the stem cell differentiaféte distance
travelled and the time theucleus takes to travel this distance is variable from RGP cell to RGP
cell, and how this is regulatedls potential effects on fatand whether the signaling is intrinsic

or extrinsicremains to be further explored

Nuclear migration in other neuronal cell types
Bipolar cortical rurons travel the span of the neocortex through the 1Z anasGRey

progress to maturity The leading, bipolar basal process of the neuron first advances and is
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followed by the nucleus/soma a series oktaggereddiscontinuous movemen{¥allee et al.,
2009h (Figure 24). Thr oughout mi gr ati on, O samcnhayactagas 6 f o1
form of adhesion to adjacent RGP cdlBellion et al., 2005 Schaar and McConnell, 2005
Centrosome movement also occdrging neuronal migratiobut the movements staggered
from nuclear movemengSolecki et al., 2004Tsai et al., 200/ The centrosome in neurons
movesindependently of the nucleus and the centrosome ofigrates basallpf the nucleus,
upwards to 20 pm in the developing rat neocart€entrosome movement may be dependent on
the swellings as the centrosome is normally located apitcatly this formation and is observed
to migrate towards the swelling. In the rare scenarios where the centrosome reaches the
swelling, the movement haltsntil another swelling appears basally along the procédse
sequential movement of the centrosome followed by the nusi@gests the involvement of the
centrosome in directing nuclear movement though instances have been reported where the
nucleus oveekes the centrosoméSakakibara et al., 2014 The general discontinuous
movement between the cell body and the leading prosesst limited to cortical neurons and
the behavior isalso consered in other neuronal types in other brain regions including the
interneurons from the ganglionic eminence arelgranule cells from the cerebelluas well as
glial precursors andvenglioma cells(Bellion et al., 2005Farin et al., 2006McManus et al.,
2004 Solecki et al., 2004 However, the centrosorreucleus behavior is not always maintained
in other forms of neuronal migratigmeshima et al., 2007

Nuclear movement duringeuronal migration is driven by the dual involvement of
myosin Il and cytoplasmi¢Bellion et al., 2005 Schaar and McConnell, 2005olecki et al.,
2004 Solecki et al., 2009Tsai et al., 200)/(Figure :4). Myosin Il is found to be concentrated

at the rear of the nucleus, suggesting the motor contracts the sides of the cortical neuron behind
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the nucleus to push it forwardThe microtubule networkranch out from the centrosome and
wrap aroundthe nucleusn a cagelike manney and dynein force are likely to pull the nucleus
towards the minugnds of the microtubules emitting from the basally located centrod®mwees

and Hatten, 1995Solecki et al., 2004 RNAI against dynein or LIS1 does not affect extension

of the leading process despite arresting the nucleus and results in-@toogated proceg3 sai

et al., 200]. Furthermore, dynein or LIS1 depletion blocks centrosome movement in addition to
nuclear movementand the centrosomeemains close to the arrested nucleuBhs block in
certrosome movement is not observed after myosin Il inhibition and in this case, the centrosome
trails far away from the arrest nucleusHowever, another study found that centrosome
movement correlated with actin flow and acute inhibitionngfosin 1l affeced centrosome
movement(Solecki et al.,, 2009 Because of the involvement of dynein in centrosome
movement, it is likely that there are dynein forces generated from the swellings in the leading
process to pull on microtubules extending from thetrosome and thereby transporting the
microtubule network and the centrosome forwavti,osin Il may also cooperate with dynein for
proper centrosome positioninghfter centrosome maent, the nucleus is then transported by
myosin Il forces pushing at theack of nucleus as well as potential dynein forces acting from the
NE to pull the nucleusorward Consistent with this modaiechanisms that recruit dynein to

the NEfacilitate this movement, specifically the LINC compléXu et al., 2011Zhang et al.,

2009. Disrupting the complex by mice knockout models or dominant negative expression
abolishes nuclear movement. Unsurprisingly, disrupting the dynein fepeesfically at the
nucleus does not seem to affect the potential dynein forces at the swelling and the centrosome is
still capable of basal movement. As a result, taetrosome is found to tragway from the

arrested nucleus aftdrsruption of the LINC complex

19



Growth '\
Cone :

Swelling

© Dynein — Microtubule @ +TIPs @ Centrosome Ll Myosin |l

Figure 1-4: Nuclear movement during neuronal migration is a twestroke process requiring dynein and

myaosin Il

During neuronal migration the somata moves by sequential, coordinated migration of the centrosome and the
nucleus. A swelling forms in the leading process of the neukprb@sally oriented to the centrosome and nucleus.
Dynein forces generated at theelling pulls the centrosome forwarB @ndC). Myosin Il may also act in this

process to position the centrosome. Following centrosome movement, the nucleus migrates towards the centrosome
(D). Dynein acts at the nuclear envelope to pull the nucléhike wnyosin Il localizes at the apical end of the
nucleus to push the nucleus forward. A swelling then forms further basally along the leading process and the
process repeat&). Figure adapted fromQooper, 2012)

oRGsalso undergo nuclear migratidrut the movement occurs only once, just prior to
mitosis (Gertz et al.,, 2014 Ostrem et al., 2004 This process, termed mitotic somal
translocation(MST), is a rapid, longlistance migration of the nucleus along the basal fiber,
towards the CP.MST was observed to be myosindépendent, as blebbistatin abolished this
movement. This behavior does not seem to be driven by microtubated motors loause

depolymerizing microtubules withocodaole increased the distance of nuclear migration during
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MST rather tharabolishingit (up to threefold, over 200 pm in higher mammal&pstrem esl.,
2014. In addition, the centrosome remadisthe nucleus throughout this neavent. Myosin I
activation during MSTwas shown to bedependent on the Rho effector, ROCK. In turn, Cdkl
has been shown fehosphorylate RhoA and the spike of Cdkl activity that occurs just prior to

mitosis may behetrigger for MST. The function of MST, however, is currently unknown.

Recruitment of dynein to the NE in non-neuronal systems

Nuclear movement is seen in many different cell types during developraeging from
C. eleganshypodermalcells to mammalian myotubeto neuronal migratior{Fridolfsson and
Starr, 2010 Wilson and Holzbaur, 2012015 Zhang et al., 2009 Nuclei positioningplays
particularly important roles in influencing cellular organization, polarity, and signaling pathways
(Gundersen and Worman, 2013The nuclei move by either attaching to the cytoskeletoto
one of its corresponding motor proteins (myosin 1l, dynein, or kinesin). Among the most
common mediator between the NE and the cytoskeleton isIiN@ complex, which consist of
the inner nuclear membrane SUN protein and the outer nuclear membrane Nesprir(@amtein
and Starr, 2005Figure 1-5). There are five genes that code the SUN proteins though only two
of which (Synel and Syne) are widely expressed in mammég&tarr and Fridolfsson, 2010
These proteins contain a SUN domain, located within the perinuclear space, antéthenNs
binds to nuclear lamins at the intranuclear side of the NE, which serves as an ahbkbor.
Nesprin proteinspf which there are four isoformgontaina KASH domain in the @erminus
that interacts with the SUN proteins. Thetédminus end is exposed to the cytoplasm and
interacts with actithrough TAN linesas well as the microtubule motors, dynein and Kinésin
(Fridolfsson and Starr, 2018utscheidt et al., 20t4_uxton et al., 20100stlund et al., 20Q9

Wilson and Holzbaur, 201%u et al., 201}

21



I

SUN-nesprin
{1/
o o

Nup133-CENPF-NudE/L -

RanBP2-BicD2-Dynactin - ¢

LISt

Nuclear
envelope

el
=g

Figure 1-5: Dynein is recruited to the nuclear envelope by three pathways.

Dynein can be recruited by nesprins, which are anchored across the nuclear membrane by its interaction with SUN

proteins. Dynein can also interacts with nuclear pores througsp€dfic recruitment mechanisms. The nuclear
pore RanBP2 recruits BicD2, witi forms a complex with dynein and dynactin. The formation of this complex is
facilitated by LIS1. Additionally, the nuclear pore Nup133 recruits CIEEN&hd NudE, which in turn, recruits
dynein. Figure adapted frorfVallee et al., 2012a)

The recruitment of microtubulenotors to the NE is also involved in roles outside of
nuclear movementThe centrosome in HeLa and U20S cells is located at variable distance from
the nucleus during G1 and S phase, but is closely tethered near the NE du(Bgig2et al.,

20171 Splinter et al., 2010 This dange in behavior is likelp keep the centrosome close to the
nucleus as the cell prepares to enter mitpgasnptyand pr eci sely because
role iInNEB and chromosome capturBecause the minus ends of the microtubuleasanted
towards the centrosomes the acting microtubule organization center (MTOC), dynein is the
primary motor involved in maintaining the proximity of the nucleus and centrosome. Rather
than using the INC complex to recruit dynein, these cells employ-$p2cific pathwayshat

recruit the microtubule motor to tiNE through the nuclear poréolhy et al., 2011Splinter et

al., 2010 (Figure 1-5). Because centrosomes are amtainednear the nucleus during G2,is

likely that pathways active during this specific cell cycle prasgreferred over theell cycle

independent LINC complex.
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Nupl33 and RanBP2 (also known as Nup358) are components of the nuclear pore
complexthat are oriented towards the cytoplasmic side of the NPC anddiegrpfovidea link
between the cytoskeletaand the NE(Berke et al., 2004Pemberton et al., 199%Wu et al.,
1995 Yokoyama et al., 1995 The two nucleoporins, however, play different roles within the
nuclear pore complexNup133 ispart of the Nup10-460 sicomplex, consisting of eight other
subunits, and plays a role in pasitotic NPC reassembl{Doucet et al., 200N ozniak etal.,
2010. A knockout model of Nup133 survives until E9 with gross development defects and
Nupl33, among other functions, seemglay a role in directing differentiation everftaupu et
al., 2008. Only the Gterminal domain of Nup133 (amino acid 545%) seems to @y a role
in nuclear pore assembly but thet&tminal half is required for dynein recruitment to the NE
(Bolhy et al., 2011 This domain directly interacts with CENR which recruitsthe dynein
regulatorNudE and, in turn, recruits dyneinCENRF expression increases through tedl
cycle progresseand accumulates within the nucletlisoughout most of G2. During late G2,
CENRF is then farnesylated arekported outside the nucleus for recruitmé@dtssein and
Taylor, 2003. The CENR-F-NudE recruitment pathway is alsative during mitosis, where it
recruits dynein to the kinetochoféergnolleand Taylor, 200;7Zuccolo et al., 2007

RanBP2interacts tightly with the Ran GTFé&ctivation protein RanGAP1, targeting the
complex to the nuclear pore complékahajan et al.,, 1997 RanBP2 plays a role in
nucleocytoplasmic transport by acting as a docking fabiatr the nuclear pore component is
also an E3 ligase and acts in conjunction with the ubigliken protein SUMO1 for
posttranslational modification&orlich and Kutay, 199%ichler et al., 2002 The C-terminal
end of RanBP2 (amino acids 212293) recruits the dynein adaptor BicD2 during & it can

also independently recruit kinesinto the NEthrough a direct interactiofSplinter et al., 2010
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The Gterminal end of BicD2 binds to RanBP2 and théekininal portion interacts with dynein
directly for recruitment. Unlike CENRF, which mainly plays roles during G2 and mitosis,
BicD2 is expressed abundantly duri@d, where it interacts with the small GTPase Rab6 and
recruits dynein to the Rab6+ vesicles transportfrom the Golgi apparatudioogenraad et al.,
200% Hoogenraad et al., 200®1atanis et al., 2002 During G2, BicD2 no longer associates
with vesicles and is recruited to the NE instg&plinter et al., 2010 BicD2-dependent
recruitment of dynein to both vesicles and the NE is facilitated with the interaction of @ymkin
its regulatory protein dynactin to ultimately fomBicD2-dyneindynactin compleXSplinter et

al., 2012. In turn, BicD2 also promotes a stable interactiomvben dynein and dynactin. LIS1
also plays a role in stabilizing this recruitmémughthe meansn whichit accomplisheshis is

not entirely clear.

Dynein and itsassociatedoroteins.

Cytoplasmic dynein is a mintend directed microtubule motor protein, consisting of
multiple subunits: heavy chain, light intermediate chain, intermediate chain, and light chain
(Vallee et al., 2012b Two of these complexes dimerize to form a processive, high force motor
that walks along microtubule in the retrograde direction. Dynein playsnandnt role in
retrograde transport but also plays important roles in chromosome dynamics, mitotie spindl
assembly and orientatioNEB, and growth cone pmitsions (Bader and Vaughan, 2010
Beaudouin et al., 200Bolhy et al., 2011 Caviston and Holzbaur, 2006lebbar et al., 2008
Jodoin et al., 20L32Raaijmakers et al., 2013alina et al., 2002Splinter et al., 201,0vallee et
al.,, 2009 Vesicles and organelles are transported by dynein and in the case of nuclear
migration or nucleokinesis, the nucleus can act as a cargo for dynein, requiring the concerted

effort of many dynein moleces to travel along the microtubule netw@Bkidolfsson and Starr,
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201Q Lam et al.,, 2010Tan et al., 2011 Tsai et al.,, 2007 Tsai et al., 201,0Wilson and
Holzbaur, 2012Yi et al., 2011 Zhang et al., 2090 These functionsre driven by the major
form of dynein, dyneiri. A secondorm of dynein, dynein 2, drives retrograde transport within
cilia and flagella.

The heavy chain of dyneis the largest of the subunits (530 k2ad is comprised of a
6t ai | 6tthe dgrmimal end and the motor domain at theée@ninal end, with a linker
region connecting the two domaingCarter, 2018 Binding and movement along the
microtubule is powered by the motor domain, whilorganized in similar fashion to the AAA
family of ATPasesand exhibits a rindijke structure of six catalytic units. The motor domain
runs through a mechanochemical cycle, powered by ATP hydrolysis, and alternates between a
high-affinity microtubulebi ndi ng st ate and a O6powernforvgatdr ok e 6
(Kon et al., 2009Kon etal.,200p The coordination of these step
along microtubules, moving one of the heavy chains at a tififee microtubule binding portion
of the motor domain is located between therth and fifth catalytic unit in a regiotefined as
t he ({Gatten ét kI.0 2008 The tail region of the heavy chain is involved in dimerization
and binding to theother subunits of dynein. Theaccessory chainmediatecargo binding.
The light and light immediate chains also help stabilize the dynein complex while the immediate
chan is often the binding region die various dynekwassociated protesiregulatingthe motor
p r ot macesgivay(Allan, 2017).

The movement of dynein along microtubules is heavily influenced by a variety of dynein
associated proteins. Several of these proteins play an important role imezargonent and the
majority of vesicles and organelle transported by dynein is facilitated by adapitierent

dyneinassociated recruitment proteins are involved in the different functions of dynein. -CENP
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F and BicD2 recruit dynein to the NE duritige G2 cell cycle phase while BicD2 also recruits
dynein to Rab6 vesicles during G1 and S ph&@hy et al., 2011Hoogenraad et al., 2001
Matanis et al., 2002Splinter et al., 2000 ZW10, a kinetochore prate during mitosis, is
involved in targeting dynein tonitotic kinetochores buhas also been implicated in dynein
recruitment to the Golgpparatudor vesicle tafficking (Varma et al., 2006Yang et al. 2007%.
Many o f dyneinds f unct alsoregilatediby d@adombinadtibneof theee Imain ar e
regulators of dyneiactivity: dynactin, LIS1, and Nudf/allee et al., 2012b

Dynactin is a large, muksubunit complex involved in most aspeof dynein function.
The working subunit of dynactin, p18tf¢ is comprised of a CABly domain that binds to
microtubules and a pair of coileil domains, with the first coiledoil region interacting with
dynein (Ayloo et al., 2014 CulverHanlon et al., 2006Kardon et al., 200King and Schroer,
2000 McKenney et al., 20t4Moughamian and Holzbaur, 2017ripathy et al.,, 2014
Urnavicius et al., 2005 The interaction of dynactin with dynein and microtubules increases
dyneinprocessivity along microtubuled.IS1 and NudE often act in concert to promote dynein
activity and have been showmvitro to act in a complex to induce dyneima persistentorce
state under high load®cKenney et al., 20%0Torisawa et al., 201 Such a state is likely
required for transportation of larger cargo, such as the nucleus. NudE contains a glebular C
termind domain that associates with the intermediate chain of dynein and a-coiletbmain
that recruits LIS{Feng et al., 200Niethammer et al., 20Q0&asaki et al., 200GBtehman et al.,
2007 Tai et al., 2002Tarricone et al., 2004 LIS1 then binds within the catalytic ring (between
the third and fourth unit) of the dynein motor domg@ituang et al., 2002 The separate role of
each protein individually, however, has different effects and in the absence of LIS1, NudE

inhibits dynein binding to the microtubule despite no clear interaction with the motor domain
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(McKenney et al., 2010 LIS, in the absencef NudE,remains bound to the motor domain of
dyneinand promotesnicrotubule binding of dynein. Because NudE facilitates LIS1 and dynein
binding, LIS1 alone acts at a lower efficiency than in combination with NuttEvever, a later
study reported thatvhile LIS1 without NudEpromotes microtubule bindingt also prevents

dynein from detachinffom microtubulegHuang et al., 2012

The Kinesin families and KIF1la.

While dyneinis divided intoonly two classes, dynein | (predominantly cytoplasmic) and
dynein Il (axonemal), there afi#éeen kinesin familiewith multiple kinesins within each family
(Hirokawa and Tanaka, 201¥allee et al., 2012a Most kinesins serve a similar function as
dynein in vesicle or organelle transport along the microtubule network, but transport cargo in the
opposite plusend direction(Hirokawa et al 2009). These kinesins (Kinesih, -2, and-3)
generally act as dimer, with an Nterminal motor domain thadrives ATP hydrolysis and
microtubule bindingVerhey et al., 2011 ATP hydrolysis facilitate:
handod rwhen the motor domain @ne subunit binds to the microtubule and the motor
domain of the other subunit releases and extends forward along the micr¢Adhuey et al.,

2003 Kaseda et al., 200¥ildiz et al., 2004. The Gterminal end of plugnd directed kinesm
containthe cargebinding site but, in some kinesin families such as Kindsithe region also

exhibits autoinhibitory function and foklon itself to prevent microtubule bindi@oy et al.,

1999 Friedman and Vale, 199¥erhey and Hammond, 2009 In other kinesin familiessuch
asKinesinR3, the O0stalkdé region just downstream of
as dimerization rolefHirokawa et al., 2009dHuo et al., 2012Lee et al., 2004 Unlike dynein,

where a host of associated proteins have been identified to facilitate efficient cargo transport, less

is undersbtod about the regulation of kinesin activity, largely because associated molecules are
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often specific even within members of a given kinesin family. Various Rab GTPases and protein
kinases have been identified to play a role in regulating ruat@o inteaction while post
translational modification along the microtubule track itself influences the affinity of kinesin
binding (Bulinski, 2007 Hirokawa and Tanaka, 201¥erhey and Rapoport, 20D1 Different
MAPs along the microtubule have also been suggested to positively and negatively influence the
binding of various kinesins to the microtubul€ai et al., 200p Finally JNK-interacting
proteins, JIPs, are scaffolding proteins that facilitateesindependentransport of cargo by
responding to signaling pathways within el (Inomata et al., 200Xoushika, 2008Sun et
al., 2011 Verhey et al., 2001

In contrast to dynein, which has more universal roles among cell types, the diversity
among kinesins leads towards specialization of the kinesin fanfiieskawa et al., 2009b
Verhey and Hammond, 2009 A small subset of kinesins are mirersd directed along the
microtubules (Kinesi13) while others play a role in depolymerizing microtubules (Kinédin
(Gupta et al., 20Q6Tulu et al., 2006Varga et al., 2006 The location of the motor domain
differs in these kinesins with the motor domain at theer@inal end in minugnd directed
kinesins and the motor domain towards the middle of the microtdleyelymerizing kinesins.
Finally, certain kinesin families function specifically during mitosisayplg roles in
chromosome positioning (Kines#hand-10) and spindle pole orientation/separation (Kinésin
-6, and-12), with minimal roles in vesicle transport during interph@&erhey and Hammond,
2009. Regulatn of these kinesingrgely occurs by controllinglifferences in protein levels,
sequestration, and activation byrR@TPases.

KIFla, a member of the Kinesifamily, is a 191 kDa pluended microtubule directed

kinesin that plays a dominant role in transporting synaptic vesicle precursors such as
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synaptophysin, synaptotagn, and Rab3a GTPase in new@Hall and Hedgecock, 199Niwa
et al., 20080kada et al., 1995 onekawa et al., 1998 However, KIF1a has been implicated in
other roles including other types of vesicle transport sradeand nomeural cell typesBDNF
in neurons,p75 in nonpolarized MDCK cells, and nucleus transport in RGP dglts et al.,
2011 Tsai et al.,, 2010Xue et al., 2010 Originally identified as a monomer with weak
transport capabilities, later studies have shown that KIFla dimeniz@go to greatly increase
processive movemeriHuo et al., 2012Nitta et al., 2004 Okada and Hirokawa, 199200Q
Tomishige et al., 2002v'ue et al., 2018 As a monomer, KIFA moves along the microtubules
by alternative electrostatic interaction between positively chargédofK among its motor
domain and the negatively chargeeh&k of the Germinal end of the microtubule. This
interaction causes KIFla to never fully détdom the microtubuleand diffusional forces bias
movement towards the next binding site in the 4glnd direction. In its more dominant form as
a di mer , KI'F1a hydrolyzes ATP in its motor
handd manner.

Unlike the conventional Kinseith family, which consists of a heavy and a light chain,
each KIF1la monomer consists of a single subiimita et al., 2004Nitta et al., 2008(Figure &
6). Like other plussnded directed kinesins, the mottwmain of KIFla is located at the-N
terminus. A short coiledoil domain called the neck coil is just downstream of the motor
domain and initiates dimerization. A series of three shortaootinuous coilegtoil domains
(CC1, CC2, and CC3) follows thisitial neck coil and plays a dominant role in regulating KIF1a
activity (Al-Bassam et al., 200Blammond et al., 200Huo et al., 2012Yue et al., 2018 A
forkheadeeassocation (FHA) domain lscatedbetween CC1 and CC2 and is part of the motor

regulatory region. CC1 dicly sequesters the neck coil to prevent dimerization whelreas

29



FHA domainfacilitates dimerization by interacting with C@hd preventing CC1 from further
interacting with the neck colil Finally, CC2 supports CC1 activity by interfering with FHA
function. The role of CC3 is largely uncharacterized but there is evidence suggesting its role in
facilitating cargo binding. The cargo binding domain is at tier@inal end of the protein and

the largeregion between CEand the cargo binding domasm ar@ consisng of over half of

the proteinjs uncharacterized. The cargo binding area is made up of the Pleckstrin homology
domain (PH), a 120 amino acid sequence that recognizes phosphatidylir{&s$aplenstein and

Vale, 2004 Xue et al., 201D These lipids linemany of the membranes in cells, including
vesicles, and the PH domain of KIFla has been show to interact directly with its cargo in this
way. Because KIFla has been shown to facilitate nuclear movement, presumably by directly
transporting the nucleus dsetcargothis suggests that there are phosphatidylinositols associated
with the nuclear membrane. The exact role of the PH domain in basal INM in RGP cells,

however, has yet to be explored.

Motor Neck CC1 FHA Cc2 CC3 PH
[]
o Ty o N —
L J U \"/ —_—
Microtubule Binding Region T S Cargo Binding Region
Dimerization Regulatory Region

Dimerization Region

Figure 1-6: Kifla is a homodimer that consistof multiple domains to regulatemotor activity .

Like other kinesins, the motor domain of Kifla is involved in microtubule binding and ATP hydrolysis to drive
transport Though Kifla has been found to function as a monomer, dimerization greatly increases Kifla
processivity. The neck linker initiates dimerization and is regulated by a series of downstream domains. CC1
activity prevents dimerization and is inactivateglthe forkheaehssociation (FHA) domain. CC2 promotes CC1
activity by sequestering the FHA domain. The Pleckstrin homology (PH) domain is the cargo binding portion of
Kifla, which is facilitated by CC3.
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CHAPTER 2

DYNEIN RECRUITMENT TO NUCLEAR PORES ACTIVATES APICAL

NUCLEAR MIGRATION AND MITOTIC ENTRY IN BRAIN PROGENITOR

CELLS.
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Summary

Radial glial progenitors (RGPs) are elongated epithelial cells which give rise to neurons, glia,
and adult stem cells during brain development. RGP nuclei migrate basally during G1, apically
using cytoplasmic dynein during G2, and undergo mitosis at éh&igular surface. By live
imaging ofin utero electroporated rat brain, we find that two distinct-$p2cific mechanisms

for dynein nucl ear pore recruitment are esser
Bi cD20 an<«ENRNo p D23 h weaguestiallya with Nupl33 or CENP RNAI
arresting nuclei close to the ventricular surface in anptetic state. Forced targeting of dynein

to the nuclear envelope rescues nuclear migration and cell cycle progression, demonstrating that
apical nucleamigration is not simply correlated with cell cycle progression from G2 to mitosis,

but rather, is a required event. These results reveal that cell cycle control of apical nuclear
migration occurs by motor recruitment, and identify a role for nueleusl centrosome

associated forces in mitotic entry.
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Introduction

Radialglial progenitor (RGP) cellare precursors for the majority of neurons and iglia
the vertebrate neocorteas well as for adult stem ce(l&6tz and Huttner, 2005; Kristgin and
AlvarezBuylla, 2009) RGPs are elongated epithelial cells which sgza neural tube and
developing cortex fronthe ventricular to the pial surfaceThey are highly proliferativéNoctor
et al., 2001)but also serve as tracks the migration of postmitotic neurofRakic, 1988) For
these reasons, these cells play a uniquely important role in the development of the nervous
system.

RGP cellsalso exhibit a distincive and, until recently, largely mysterious form of eell
cycle dependent oscillatory nuclear movemlembwn as interkinetic nuclear migration (INM
(Kosodo, 2012; Lee and Norden, 2012; Sauer, 1935; SpedErakton, 2012a; Taverna and
Huttner, 2010) Mitotic divisions of RGP cells occur at the apical end of the cell, close to the
ventricular surface of the developing neocortex (Figure 3A). The nuclei of RGP cells then
ascend fAbasal |l yo S phase,iandgretulapically todhe rveantricular surface
during G2, where they again undergo mitosis. INM is a conserved form of behavior observed in
multiple species and in the development of various tis@igisfimoto et al., 2013)including
mammalian and zebrafish neocortex and refipaung et al., 2011and Drosophila imaginal
disc(Meyer et al., 2011)The developmental purpose of this behavior is unknown, though it has
been suggested that it contributes to cell fate reguléideh Bene et al., 2008)r to maximize
the packing densitgf proliferating cellfKosodo, 2012)

The underlying mechanisms responsible for INM, its relationship to cell cycle
progression, and the basis for spatial control of mitosis remained largely unaddressed until

recently. We previously reported roles faricrotubulemotor proteins iflNM (Tsai et al., 2005;
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2010) By live imaging of the rat brain, we observed thantcosome of RGP cellsemain at
the ventricular terminus throughout IM (Tsai et al., 2010) Microtubules were almost
uniformly orientedwith their minus endslirected towardhe ventricular surface and their plus
endsorientedbasally Consistent wittthis arrangement, we found that RNAI tbe microtubule
plus enddirected kinesinKIF1A, specifically inhibitedbasalnuclearmigration whereas RNAI
for cytoplasmic dyneinand its regulator LIS1 specifically inhibited apical nucleaigration
(Tsai et al., 2010) Another study found that inhibition of the dynaiofactor dynactin interferes
with apical, but stimulates basal nuclear migration in zebrafish retinal neuroepitheligDeglls
Bene et al., 2008) Roles for myosin Il in INM in that syste(Morden et al., 2009nd in basal
nuclear migration in the embry@mnmouse neocortex have also been repofSzherk et al.,
2009) No suchrole was detected in owwn rat brain studieéTsai et al., 201Q)and the basis
for the divergent results remains uncertain. A role focrotubules in the early stages of
vertebrate brain devgdonent hasalso been supported by RNAI for diverse centrosomal and
microtubuk associated proteir(&e et al., 2010; Kosodo et al., 2011; Yang gt2412)

Although centrosomes remain associated with nuclei during migration in a wide range of
cell types,the centrosomendependennuclearmigration we haveobserved in rat brain RGP
cells(Tsai et al., 20103uggest that motors might act locally from the nuclear surfaSach a
mechanism has been implicated in the transpanuofei withinmammalian myotube@Cadot et
al., 2012; Wilson and Holzbaur, 20120d C. eleganshypodermal cellgFridolfsson and Starr,
2010) In the latter case, cytoplasmic dynein is recruited to the nucteasiope (NE) by a
combination of nesprin and SUN proteins (the

and inner NE(Fridolfsson ¢ al., 2010; Starr and Fridolfsson, 2010Members of these gene
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families have also been implicated in neuronal migration in the developing mouse brain using
genetic and RNAI approachgshang et al., 2009)

Additional mechanisms for dynein recruitment to tHhE have been identified in @
phase HeLa and U20S cells. NE dynein has been reported to facilitate NE breakdown (NEB)
(Beaudouin et al., 2002; Hebbar et al., 2008; Salina et al., 20@P)ethethe nascent mitotic
spindleto the NE forpole separatior{Raaijmakers et al., 2012nd efficient chromosome
capture (Bolhy et al., 2011; Jodoin et al., 2012; Splinter et al., 20D3)nein is linked to the NE
via interactions originating from twdistinct nuclear pore componentisdure2-1A-2-1B). The
nucleoporin RanBP2 recruits BicD2, which, in turn, recruits both cytoplasmic dynein and its
regulatory complex dynactin to the nuclear surfé8elinter et al., 2012; 2010) Nup133
another nucleoporinndependently recruits CENE (Bolhy et al., 2011) CENRF, in turn,
recruits Nud and NudEL, each of which bind dieto cytoplasmic dynein and its regulator
LIS1 (Mckenney & al., 2010; Niethammer et al., 2000; Sasaki et al., 2000his latter
mechanism for dynein recruitment becomesvacin late G2prophase(Bolhy et al., 2011)
though the extent of temporal overlap with BieD2 pathway is uncertain.

We reasoned that, because apical INM is dyadependenand occurs during G2, related
mechanisms might play a role in INM in the developing brain. mleemouse, which has a
missense mutation in Nup133, in fact, shows defects in early embryonic brain development,
though the underlying mechanism was not explditagu et al., 2008) We report herehat
interference with each of theG2-specific dynein recruitment pathwaysspecifically inhibits
apical but not basahuclearmigration providing evidence that these pathways are important in
brain development and supporting a role for NE dynein in INKhibition of the BicD2 and

Nupl33 pathways arregtsiclei earlyvs.late in apical migration, respectively, and in each case,

52



in a premitotic state. Forced recruitment of dynein to therbdtue apical migration and
provides experimental evidence for spatial control of mitotic entry. These resultdepnsight
into the role of microtubule motor proteins in INM, and the first clues into the mechanism for its

cell cycle control.
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Results
Relative roles of NE dynein recruitmentfactors in non-neural cellsin vitro.

As a basis forinterpreting the relative roles of the three NE dynein recruitment
mechanisms (Figure-2A) in vivo, we examined their temporal interrelationship furth&he
RanBP2BicD2 andNupl133CENRF pat hways (hereafter ter med
pathways, referring to the most upstream component targeted in this bdy)each been
implicated in G2mediated force generation between the centrosmane&erednicrotubule array
and the NEBeaudouin et al., 2002; Bolhy et al., 2011; Salina et al., 2002; Splinter et al., 2010)
The participatio of Nup133 and RanBP2 in the two pathways suggested that dynein might
directly localize to nuclear pores, rather than to the entire NE surface. Usisgugiured
illumination microscopy(3D-SIM), we found that dyneindynactin and BicD2appeared as
discrete puncta along the NE (Figurd@). The puncta were significantly associated with the
nuclear pores in G2 Hela cells, supportspgcificnuclear pore associationsderlying dynein
linkageto the NE.

We observed that CENP localization to theNE was restricted to prophase cells,
identified by phosphohistone H3 (PH3) staining and DNA condensation, whereas BicD2 was
observed at the NE in nearly all cyclin B1+ cells (not shown). This sugipegtthe BicD2
pathwaybecomes activerior to the Nup33 pathway As a test of this possibility, we double
labeled HeLa cells with arR€ENRF and antiBicD2 antibodies (Figure-2D). We found aly
21.4% 5.7 ofBicD2-positive nucleito react with antCENRF (n=107) whereas100% of
CENPRF-positive nuclereacted with aniBicD2 (n=64) These data support eafb2 activation

of the BicD2 pathwayand aradditiverole for the two pathwaystein G2-prophase.
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Figure 2-1: Mechanisms for cytoplasmic dynein recruitment to the nuclear envelope.

A. Diagram representing G&pecific NE dynein recruitment mechanisms via nucleoporins Nup133 and RanBP2.
Dynein is also shown linked to the NE by SWsprin complexes, a mechanism not known to be cell cycle
regulated. B. Triple staining with antdynein,anti-Cyclin B1, and DAPI (DNA) showing NE dynein localization
specifically in cyclin B1 expressing HelLa cell€. 3D-Structured Illlumination Microscopy (38IM) revealing the
association of BicD2, dynein, and dynactin with HeLa cell nuclear pores, maskegiMab414 and arRRanGap1.

D. HelLa cells were doublmbeled with antBicD2 and aniCENPF antibodies to test for temporal overlap
between the two cell cycléependent NE dynein recruitment mechanisms. All cells exhibiting GENGSitive

NEs werealso positive for BicD2, but only a fraction of BicE@sitive cells showed NE CENP staining.

We also evaluated the distribution and function of nespuiN complexes in
nonneuronal cells. As judged by immunostaining, Nesprand-2 were present at the Hela
cell NE throughout the cell cycle (Figure22). Expression of a dominant negative KASH
domain constructfRFRKASH (Luxton et al., 201Q)which interferes broadly with nespr8lUN
interactions, displaced Nespiinand-2 from the NE, but had no detectable effect on dynein
localization (Figure 2B-2-2C). These results support a primary role ferfupl133 and BicD2

mechanisms in dynein NE recruitment in HeLa cells.
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Figure 2-2: Nesprins are not required for dynein recruitment to the HeLa NE during G2.

A. Immunostaining of Nesprin 1 and 2 in HeLa cells revealed NE localization in cyclpoBifive as well as cyclin
B1l-negative cells. B. Overexpressed KASHRFP dominant negative clearly decorated the NE in most cells, and
displaced both Nesprin 1 and 2 @84 and 399 cells, respectivel\§.. Overexpression of the KASRFP dominant
negative causes minimal displacement of dynein from the NE of G2 cells identified by cyclin B1 staining (n=163
control cells and 179 transfected cells). ***P<0.001; N.S., Slghificant; Error bars = S.D.

NE dynein recruitment in rat brain development.

We also tested whether dynein could be detected at the NE in RGRncsita by
immunostaining. The high levels of soluble and vesicular dynein in cytoplasm have historically
made its localization difficult even in flat, nereuronal cells. Using minimal fixation, however,
we detected clear dynein staining at the nuclear rimomes but not all, RPG cells in the
ventricular zone of the E20 rat neocortex (Figus8).2 We also observed douHdbbeling of
nuclei with antidynein and amnBicD2 antibodies, supporting a potential role for the
nonneuronal dynein recruitment mechanismBPG cells.
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Figure 2-3: Dynein and BicD2 localizes to the nuclear envelope in RGP cells.

A. NE labeling in the ventricular zone (VZ) in E19 rat brain sectiohgp row, NE dynein staining was seen in a
subset of RGRells (yellow arrowhead), but absent in others (blue asterisks). RGP cells were identified by Pax6
immunostaining. Bottom, dynein and BicD2 colocalize at the NE, with many Bid3Rive cells also positive for
dynein. Confocal microscopy was used tlyloout unless otherwise stated®. As negative controlssecondary
antibodies produced no detectable signal at the NE of RGP cells in rat brain sections.

To test this possibility more directliywe expressed shRNAs for the NE dynein
recruitment genes usirig utero electroporation in E16 rdirain, each of which were found to
reducetargetexpressionevels in Rat2 cells (Figurg-4). In E20 control rat brain, we observed
extensivedistribution of reurons throughouhe outer regions of the developing neocortex, the
intermediate zone (1Z) ancbrtical plate (CP; Figure-2A-2-5B). In contrast, cells expressing
shRNAs forBicD2, Nup133, and CENfF exhibited severe impairment in neuronal distribution,
evidenced byan almost complete absencé# cellsin the 1Z and CP regions. This effegts
similar to thatpreviouslyobserved for LIS1 and dynein RNAFigure 2-5A) (Shu et al., 2004;
Tsai et al., 2005)consistent with a@ole for the recruitment genes dynein regulaon. Triple
mutant shRNAs for BicD2 and Nupl133 had no effect on neuronal distribution (Fiefhg¢. 2
RNAI targeting of BicD1, a BicD®aralogudhat participates in targeting of dynein to the Golgi
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Figure 2-4: shRNA knockdown of Nup133, CENPF and BicD2.

A. Relative mRNA levels in Rat2 cells, 48 hour ptransfection with Nup133, CENP or BicD2 shRNA plasmids

measured by quantitative Real Time PCR (RTR) . Level s wer-actinnB. BioD& proteined agai
knockdown in Rat2 cells expressing BicBBRNA plasmid for 3 days.C. GFPy-mNupl133 knockdown by
coexpression of Nup133 shRNA or triple mutant Nup133 shRNA plasmids in HeLalEgits.bars = S.D.

apparatus, but has no role at the [&plinter et al., 2010)produced no effect on neuronal
distribution (Figure 25A).

BicD2, Nupl133 and &NP-F RNAi each caused a&eduction in thenumber of
postmitotic neurongs judged using the neuronal marker, NeuN (Figub€R Of the NeuN
positive cells, most were located in the SVZ and had a multipolar morphology, thoegh a f
bipolar cells could also be detected in the lower IZ in the case of Baid2ENP-F RNAI
(Figure2-5D). Together, these results suggested that passage through the stages of neurogenesis
and migration, including the multipoko-bipolar transitionwas inhibited. RNAI forBicD2,
Nupl33 and EENP-F each caused ancrease irthe percentage @GP cells as determined by
Pax6, a marker specific for RGP cgllsgure2-5C). These observatiorsiggestd a failure in

the nitial stages of neurogenesis
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Figure 2-5: Inhibition of dynein NE recruitment mechanisms affects overall neuronal migration in embryonic

rat brain.

A. E16 rat embryonic brains were subjectedntaiteroelectroporation with the pRNAT vector expressing shRNAs
corresponding to the genes noted along with a fluorescent reporter, or with a0ASIFHPconstruct (n=3 brains per
condition). Brain tissue was fixed and sectioned at E20. Expression of BicD2, NuwlBENRF shRNAs
resulted in a marked reduction in distribution of electroporated cells throughout the intermediate zone (1Z) and
cortical plate (CP), comparable to the effects of LIS1 shRNA. KASH expression resulted in an intermediate cell
redistributon phenotype. No clear effect was observed for BicD1. Scale bar mpm50B. Quantification of
transfected cells within the VZ, subventricular zone (SVZ), and 1Z+CP show an increase in Nup133; GNP
BicD2 shRNAexpressing cells in the SVZ, and actease in the 1Z+CPC. Quantification of Pax6+ (RGP) and
NeuN+ (neuronal) cells in brain electroporated with BicD2, Nup133, or GENFRNA shows an increase in RPG

cells and a decrease in neuron®. Quantification of NeuN+ neurons that exhibited a maigry, bipolar
morphology supports a loss in migrating neurons. *P<0.05; **P<0.01; **P<0.001; N.S., Not Significant; Error
bars = S.D.
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