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ABSTRACT
Roles for Cytoplasmic Dynein and the Unconventional 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 divide either

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 behavior known 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 microtubule-associated motor proteins are required to drive nuclear movement: the
unconventional kinesin, Kif1a, during G1-specific basal migration and cytoplasmic dynein
during G2-specific apical migration.

The strict coordination of motor activity, migratory

direction, and cell cycle phase is highly regulated and we find that a G2 cell cycle-dependent
protein kinase activates two distinct G2-specific mechanisms to recruit dynein to nuclear pores.
The activities of these pathways initiate apical nuclear migration and maintain nuclear movement
throughout G2.
Originally identified in HeLa cells, we find the two G2-specific recruitment pathways
(“RanBP2-BicD2” and “Nup133-CENP-F”) are conserved in RGP cells.

Disrupting either

pathway arrests apical nuclear migration but does not affect G1-dependent basal migration. The
“RanBP2-BicD2” pathway initiates early during G2 and is maintained throughout the cell cycle
phase while the “Nup133-CENP-F” pathway is activated later in G2. Forced targeting of dynein
to the nuclear envelope (NE) restores apical nuclear migration, with nuclei successfully reaching

the VS. We also find that the G2/M-specific Cdk1 serves as a master regulator of apical nuclear
migration in RGP cells. Pharmacological drug inhibitors of Cdk1 arrest apical migration without
any effect on G1-dependent basal migration. Conversely, overactivating Cdk1 causes premature,
accelerated apical nuclear migration. Specifically, Cdk1 drives apical nuclear migration through
activation of both the “RanBP2-BicD2” and “Nup133-CENP-F” pathways.

Cdk1 acts by

phosphorylating RanBP2, priming it for BicD2 interaction. Forced targeting of BicD2-dynein to
the NE in a RanBP2-independent manner rescues apical nuclear migration in the presence of
Cdk1 drug inhibition.

Additionally, Cdk1 seems to activate the “Nup133-CENP-F” at the

CENP-F 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, demonstrating 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 find that arresting basal migration by Kif1a does not have a major influence on
cell cycle progression. RGP cells still enter S-phase despite remaining close to the VS, revealing
that, unlike mitotic entry, S-phase entry is not coupled with nuclear positioning. However,
symmetric, proliferative divisions are favored over asymmetric, neurogenic divisions after
inhibition of basal migration.
We further find that Kif1a and the proteins involved in the two recruitment pathways play
additional role later in brain development. After a neurogenic division, the newly-born neuron
migrates past the RPG nuclei and they undergo a multipolar morphology. After at least twentyfour hours, the immature neuron then transitions to a bipolar, migratory morphology where it
continues migrating towards its final destination along RGP fibers to the cortical plate. We

demonstrate that Kif1a and NE dynein recruitment proteins seem to be involved in the multipolar
to bipolar transition and RNAi for these proteins prevent further migration by arresting the
immature neurons in a multipolar morphology.

Kif1a RNAi, in particular, also induced

comparable arrest in surrounding control neurons. Further analysis reveal that the multipolar
arrest in neurons is independent of the basal nuclear 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
sequential, independent roles of these proteins, particularly Kif1a, 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 neurons. Throughout 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 with processes spamming the apical to basal surface and their nuclei undergo
oscillatory movements in a behavior known as interkinetic nuclear migration (INM). During G1,
nuclei migrate basally, undergo S phase, and then migrate apically to the apical surface during
G2. Mitosis then occurs once the nucleus reaches the apical surface. In the rodent neocortex, the
kinesin Kif1a drives basal movement while dynein drives apical nuclear migration.
The aim of this thesis is to determine the mechanism involved in the recruitment and
regulation of dynein to the NE of RGP cells during G2. In Chapter I, I give a background of the
study ranging from a developmental scale to a protein scale. The introduction starts with an
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 INM, as well as the other
forms of nuclear movement within the neocortex.

The mechanisms involved in recruiting

cytoskeleton components to the NE will then be introduced and Chapter I concludes with an
overview of the microtubule-associated motors, dynein and kinesin. In Chapter II, I discuss the
involvement of two distinct G2-specific pathways (RanBP2-BicD2 and Nup133-CENP-F-NudE)
in recruiting dynein to RGP cell nuclear pores to drive apical INM. RNAi for these recruitment
factors not only inhibit apical migration, but also prevent mitotic entry. In Chapter III, I discuss
the involvement of the protein kinase that activates these two G2-specific pathways, both in RGP
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cells and in non-neuronal cell types. The G2/M-specific kinase, Cdk1, phosphorylates RanBP2
to recruit BicD2 and seems to also phosphorylate CENP-F to promote export from the nucleus.
In Chapter IV, I explore the consequences of basal nuclear inhibition in RGP cells by Kif1a
RNAi and examine the role of Kif1a in later neuronal development. Finally, in Chapter V, I tie
the data presented in Chapter II, III, and IV together and discuss the implications of these studies
in relationship with one another and cortical development as a whole.
Brief overview of neurogenesis and 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, and, information processing functions (De Juan Romero and Borrell, 2015; Gao
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 with self-awareness,
perception, and language. Recent models of neocortical development have been largely based on
studies of the mouse and rat (Florio and Huttner, 2014) and despite its limited size in the rodent,
the rat neocortex shares many of the same characteristics as its human counterpart.
The neocortex is composed of six layers, with different populations of neurons in each
layer. The development of the neocortex occurs in an inside-out manner, with the youngest layer
located within the most basal region (Angevine and Sidman, 1961; Gupta et al., 2002; Rakic,
2007). Therefore, newly-born neurons must migrate past the existing layers to reach their final
destination. The neocortex consists primarily of excitatory pyramidal neurons, the majority of
which arise from neural stem cells within this structure. Like all other substructures of the brain,
the neocortex originates from the neural plate (Lui et al., 2011). The ends of the neural plate
eventually fold together to form the neural tube, shaping the neuroepithelium.
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The neuroepithelium originally consists of a single layer of neuroepithelial cells (Florio
and Huttner, 2014). These stem cells are highly polarized and their nuclei oscillate within the
entire apical-basal axis as they progress through the cell cycle, creating a pseudostratified
structure. Tight junctions and adherens junctions are concentrated at the most apical end of the
plasma membrane while receptors for basal lamina constituents, such as integrin α, are at the
basal most plasma membrane (Aaku-Saraste et al., 1996; Gotz and Huttner, 2005; Manabe et al.,
2002). Leading up to neurogenesis, the neuroepithelium is expanded as the neuroepithelial cells
continue to divide and self-renewal. On the onset of neurogenesis, the neuroepithelium begins to
expand into multiple cell layers and form the nascent neocortex. As neuroepithelial cells begin
to generate neurons, they downregulate certain epithelial factors, such as the tight junctions, and
begin to take on glial cell properties (Aaku-Saraste et al., 1997; Stoykova et al., 1997; Takahashi
et al., 1990). These cells transform into and are completely replaced by a distinct cell type
known as the radial glial progenitor (RGP) cell.
RGP cells share many characteristics with astroglial, including expression of glial
fibrillary acidic protein, astrocyte-specific glutamate transporter, and brain lipid-binding protein
(Anthony et al., 2004; Levitt and Rakic, 1980; Malatesta et al., 2000; Mori et al., 2005).
However, they still share certain epithelial properties with their predecessor. Molecularly, both
cell types express the intermediate-filament protein, nestin, and RGP cells still retain adherens
junction (Chanas-Sacrè et al., 2000; Kriegstein and Alvarez-Buylla, 2009; Malatesta et al.,
2000). Similar to neuroepithelial cells, RGP cells are bipolar in morphology, with a thin process
spamming from the apical, ventricular surface (VS) to and basal, pial surface of the neocortex
(Gotz and Huttner, 2005; Lui et al., 2011; Taverna and Huttner, 2010) (Figure 1-1). The cell
bodies remain tightly packed together and their nuclei continue to oscillate throughout the cell

3

cycle, retaining the tissue‟s pseudostratified structure. Unlike the neuroepithelial cell nucleus,
the RGP nucleus stays within a specific region of the apical neocortex rather than the entirety of
the apical-basal axis. This region, the ventricular zone (VZ) is the most apical region of the
cortex. RGP cells, while more fate-restricted than their predecessors, still function as stem cells
and give rise to the majority of neurons in the brain (Noctor et al., 2001; Noctor et al., 2004).
RGP cells can either divide symmetrically to form two daughter RGP cells or asymmetrically to
self-renewal and produce a neuron directly, or indirectly through a neuronal progenitor.

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 progenitors (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 (oRGs) that
exist are located either in the upper subventricular zone or the intermediate zone. Newly born-neurons 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 process, in the intermediate zone where they than migrate
radially to their final destination in the cortical plate. Figure adapted from (Lui et al., 2011).
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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
asymmetrically (Dang et al., 2006; Gaiano et al., 2000; Patten et al., 2006; Schmid 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 orientation (Tan and Shi, 2013). In Drosophila, the
mitotic spindle ensures proper segregation of fate determinates such as NUMB and Prosper
(Choksi et al., 2006; Spana et al., 1995). A vertical cleavage plane (closer to a perpendicular
orientation along the VS) leads to a symmetrically division while a horizontal cleavage plane
(closer to a parallel orientation along the VS) leads to an asymmetric division. However, recent
evidence has suggested that this is not always the case in mammalian RGP cells and there are
many other factors that influence cell fate of RGP cells. On the onset of cytokinesis, the
inheritance of either the apical or basal components of the mother RGP cell seems to contribute
to the identity of the daughter cells.
One such component is the plasma membrane within the apical surface itself. Despite
only containing a minimal percentage of the total plasma membrane (~1%), the asymmetric
inheritance of the apical process seems to lead to an asymmetric division whereas bisecting the
apically-bound plasma membrane seems to lead to a symmetric division (Kosodo 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 marker specific for this region (Corbeil et al.,
1999; Weigmann et al., 1997). Among other important components located near the apical
process include the centrosome and the primary cilium. During an asymmetric division, the
daughter cell that remains a RGP cell often inherits the mother centrosome whereas the newly-
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born neuron/neuronal progenitor inherits the daughter centrosome (Wang et al., 2009).
Similarly, the daughter RGP cell tends to inherit the ciliary membrane (Paridaen et al., 2013).
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 specification. The exact inheritance is still
controversial and the importance of maintaining the basal process as well as the associated
signals within the process are not clear. One hypothesis is that, during a symmetric division, the
basal process is bisected and inherited by both RGP cells (Kosodo and Huttner, 2009). However,
it has been postulated that the basal process is inherited by only one of the daughter RGP cells
during a symmetric division, requiring the other daughter RGP cell to form an entirely new basal
process after division (Miyata et al., 2004; Noctor et al., 2004). The study further reported that,
during an asymmetric division, the daughter neuron inherits the basal process and the daughter
RGP must grow a new basal process. Other live imaging analyses, however, have shown the
reverse, with the daughter RGP cell maintaining the basal process and the daughter neuron
extending a new process (Shitamukai et al., 2011). Further study is required to rectify these
differences.
During neurogenesis, the different cell types are organized within the neocortex in
distinct regions (Lui et al., 2011). 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 migrate out
of the VZ. Neuronal progenitors, also known as an intermediate progenitor (IP), reside just
above the VZ in a region called the subventricular zone (SVZ) (Haubensak et al., 2004; Noctor et
al., 2004) (Figure 1-1). IPs no longer have processes and downregulate the majority of RGP cell
properties and express unique markers such as the transcription factor, Tbr2 (Englund et al.,
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2005). IPs progress through the cell cycle before terminally dividing into two neurons. Because
IPs do not self-renewal, they are capable of producing neurons in great numbers. Unlike 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 contributor to the gyrencephalic brain in these animals, in contrast to the
lissencephalic brain in rodents. However, the presence of oRGs was later found in lissencephalic
animals though at a far fewer abundance (Garcia-Moreno et al., 2012; Martinez-Cerdeno et al.,
2012). oRGs reside in the upper SVZ, termed the outer SVZ (oSVZ) in higher mammals, and
are basally located compared to IPs (Figure 1-1). oRGs aare 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, apical-basal polarity and do not express most apically
localized membrane proteins such as CD133, Par3, and aPKC (Fietz et al., 2010). Most oRGs
are unipolar with either a basal process that can reach the basal surface or an apical process that
extends towards but never reaches the VS. However, two other classes of oRGs also exist with
cells that contain both a basal and apical process and cells that transitioned between an apical, a
basal, or both processes (Betizeau et al., 2013; Pilz et al., 2013). Similar to RGP cells, oRGs can
either self-renewal or differentiate to form neurons. The morphology of the oRG is an indicator
of cell fate of the dividing cell, correlating with spindle pole orientation during mitosis, the cell
type of daughter cells, and the morphology of any daughter oRG cells (Betizeau et al., 2013;
LaMonica et al., 2013). The nucleus remains mostly static through most of the cell cycle, but
just prior to mitosis, the nucleus migrates unidirectionally in the basal direction (upward to 70
µm in the human neocortex) (Gertz et al., 2014; Ostrem et al., 2014). It is likely that, because
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oRGs do not have a restrictive area competent for cell division, as with RGP cells, a greater
percentage of oRGs are capable of dividing within a given time period and thereby, generate
neurons more effectively.
Newly-born neurons, whether from RGP cells, IPs, or oRGs, migrate basally past the
SVZ to the intermediate zone (IZ) (De Juan Romero and Borrell, 2015; Tan and Shi, 2013;
Taverna et al., 2014). Here, neurons undergo a multipolar morphology for over 24 hours where
their neurites dynamically grow and retract (Noctor et al., 2004). During this stage, one of the
neurites grows and begins to develop into an axon while another neurite extends basally to form
the leading, migratory process (Tsai et al., 2007). The neuron takes on a bipolar morphology and
migrates out of the IZ to its final destination within the neuronal layers of the CP (Figure 1-1).
The basal processes of RGP cells act as scaffolds to guide the immature neuron as it migrates
towards the pial surface (Lui et al., 2011). There are six neuronal layers upon the completion of
neurogenesis, which make up the final, most basal region of the neocortex, the cortical plate
(CP). As neurogenesis completes, the RGP cell delaminates, retracting their apical and basal
process. These cells then mature and become astrocytes, ependymocytes, and oligodendrocytes
in the brain (Gao et al., 2014; Kriegstein and Alvarez-Buylla, 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 cell behavior is crucial for proper development of the neocortex (Taverna and
Huttner, 2010). One of the hallmark behaviors of RGP cells, known as interkinetic nuclear
migration (INM), is the oscillation of its nucleus in coordination with the cell cycle (Kosodo,
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2012; Lee and Norden, 2013; Spear and Erickson, 2012b) (Figure 1-2). During G1, RGP cell
nuclei migrate basally until the outer region of the VZ, 30-50 µm 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 cell only enters mitosis once the nucleus reaches the VS and the nuclei of
daughter 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 of the Drosophila imaginal disc, zebrafish retina and
neocortex, and the mammalian retina and midgut (Bort et al., 2006; Del Bene et al., 2008; Leung
et al., 2011; Meyer et al., 2011; Yamada et al., 2013; Yu et al., 2011). While INM was first
observed around eighty years ago in 1935, many fundamental principles of this behavior have

Figure 1-2: Radial glial cells nuclei undergo interkinetic nuclear migration.
The nuclei of radial glial progenitors (RGPs) in the mammalian neocortex oscillate in coordination with the cell
cycle. Nuclei migrate basally during G1, undergo S phase, and then migrate apically during G2. RGP cells enter
mitosis at the ventricular/apical surface. The centrosome is retained at the ventricular surface throughout 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 find that apical migration is driven by
dynein and basal migration is driven by Kif1a.
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only been studied within the past decade (Sauer and Walker, 1959).

Until recently, the

mechanisms driving and regulating INM, its relationship with cell cycle progression, the basis
for spatial control of mitosis, and the developmental purpose of this behavior was unknown.
In the mammalian neocortex, microtubule motors have been reported to drive INM
(Figure 1-3). During G1, S, and G2 phase of RGP cells, the centrosomes remain sequestered
near the ventricular end of the apical process (Tsai et al., 2010). Because the centrosomes act as
the microtubule organization center, the minus ends of microtubules are oriented towards the
centrosomes at the VS while the plus ends are oriented basally. Various centrosomal and
microtubule associated proteins, including TACC, Cep120, Hook3, PCM1, and Dock7 have been
found to play a role in the early stages of neocortical development (Ge et al., 2010; Xie et al.,
2007; Yang et al., 2012). Consistent with the unidirectional microtubule arrangement in RGP
cells, cytoplasmic dynein and its regulator, LIS1 and NudC, have been found to be specifically
involved in G2 apical nuclear migration (Cappello et al., 2011; Tsai et al., 2005) (Figure 1-3).
RNAi against these proteins inhibited apical migration with no effect on basal nuclear migration
during G1. In contrast, KIF1A, a member of the plus-end directed Kinesin-3 family, is involved
in basal migration, with no major role driving apical movement (Tsai et al., 2010). However,
other mechanisms have also been reported to drive basal migration in the mammalian neocortex.
One study reported the role of myosin II in driving basal migration while another reported that
basal movement of the nucleus occurs passively in a somewhat „stochastic‟ form (Kosodo et al.,
2011; Schenk et al., 2009). In this passive mechanism, G1/S phase cells are displaced basally
towards the outer region of the VZ as the nearby nuclei of G2 RGP cells push past them towards
the VS. Although RNAi against KIF1A blocks basal movement, this does not completely rule
out displacement as a contributor towards basal nuclear migration.
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In the mammalian retina, retinal progenitors also 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
Kinesin-1 family, driving basal migration and dynein driving apical migration (Yu et al., 2011).
Outside of the neuroepithelium, INM has also been observed in the developing mammalian liver
bud, midgut epithelium, and ureteric epithelium (Bort et al., 2006; Yamada et al., 2013). The
epithelial sheets of these tissues resemble the VZ of the brain, with a ventricle-like apical surface
and an outer basal lumen. Using mitotic markers and/or BrDU pulse-chase experiments, the
epithelial cells are found to enter mitosis at the apical surface and enter S-phase at the most basal
distance travelled by the nucleus. Progressively longer BrDU pulse-chase results in BrDU+
nuclei closer 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 place during invertebrate and non-mammalian vertebrate development
(Figure 1-3). In invertebrates, the stem cells in the Drosophila wing disc and in the Nematostella
vectensis larval ectoderm undergo INM (Meyer et al., 2011). Just like in mammals, zebrafish
neuronal progenitors undergo this behavior in the retina and neocortex, and chick neural stem
cells in the neural tube.

While INM in invertebrates and non-mammalian vertebrates is

synchronized with the cell cycle stage in the same manner as in mammals, apical nuclear
movement has mostly been reported to be driven by myosin II rather than dynein (Leung et al.,
2011; Norden et al., 2009). However, there have been several studies with different findings.
One study has provided evidence in the zebrafish retina that the dynein cofactor, dynactin, plays
a role in apical migration (Del Bene et al., 2008). Inhibition of dynactin not only interferes with
apical movement, but also stimulates basal nuclear migration.
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Another study found that

depolymerizing microtubules in the chick neural tube with colcemid blocked apical nuclear
migration, suggesting that this part of INM is microtubule-dependent (Spear and Erickson,
2012a). In contrast, the mechanism driving basal migration has not been studied as thoroughly
in these systems. No mechanism has been provided for invertebrates or chick but in zebrafish,
basal migration has been reported to be driven passively by neighboring apically migrating
nuclei displacing the nucleus (Leung et al., 2011). While the basis for the potentially divergent
mechanisms driving INM between mammals and non-mammals remains unclear, it is likely that
the evolution of a more complex mammalian neocortex required the co-evolution of different
molecular forces for INM. Specifically, the narrower process and greater oscillatory distance of
INM in the mammalian RGP cell may require forces driven by microtubule-associated motors.
While the motor proteins that transport the nucleus during mammalian INM may be
identified, it is only recently that the specific recruitment mechanism of these proteins has begun
to be unveiled (Figure 1-3). Furthermore, the participation of cell cycle specific protein kinases
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 (NE) and interacts with the
cytoskeleton, including microtubule motors (Gundersen and Worman, 2013; Luxton and Starr,
2014). Knocking out Nesprin-1 and -2 seem to inhibit apical and basal migration, though
expressing a dominant negative form of the Nesprins does not have an effect on INM (Yu et al.,
2011; Zhang et al., 2009) (Chapter II). Two G2-specific nuclear pore-mediated NE dynein
recruitment pathways (involving the nuclear pore proteins RanBP2 and Nup133, and the dynein
adaptor proteins BicD2 and CENP-F respectively) were also found to recruit dynein to the NE
and drive apical INM in mammalian RGP cells (Chapter II). To activate these pathways, Cdk1
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Animal System
Cell Type
Mammalian Neocortex Radial Glial Cells

Apical INM Mechanism Proteins Examined
Dynein/Microtubule
Dynein Heavy Chain
LIS1
NudC
RanBP2
BicD2
Nup133
CENP-F
SUN
Nesprins
TACC
Cep120
Hook3
PCM1
Dock7
Tpx2

Mitosis after Pertubation
not directly tested
N
N
N
N
N
N
not directly tested
not directly tested
Y
Y
Y
not directly tested
not directly tested
not directly tested

Basal INM Mechanism
Kif1a/Microtubule
Passive Displacement
Myosin II/Actin

Mammalin Retina

Retinal Progenitor Cells Dynein/Microtubule

SUN
Nesprins

not directly tested
not directly tested

not directly tested

Mammalian Liver
Mammalian Midgut
Mammalian Ureter

Hepatoblasts
not directly tested
Midgut Epithelial Cells not directly tested
Ureteric Epithelial cells not directly tested

n/a
n/a
n/a

n/a
n/a
n/a

not directly tested
not directly tested
not directly tested

Zebrafish Neocortex

Neuroepithelial Cells

Myosin II/Actin

Myosin II

Y

Passive Displacement

Zebrafish Retina

Retina Epithelial Cells

Myosin II/Actin
Dynein/Microtubule

Myosin II
Dynactin

Y
Y

Passive Displacement

Chick Neuroepithelium Neuroepithelial Cells

Microtubule

Microtubule

not directly tested

not directly tested

Drosophila Wingdisc

Myosin II/Actin

Myosin II
Actin Network

Y
Y

not directly tested

Imaginal Disc Cells

Figure 1-3: Multiple mechanisms driving interkinetic nuclear migration are observed across different 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
same species. While further study is required to resolve these discrepancies, it is likely that vertebrate and nonvertebrate organisms utilize different mechanisms. In vertebrates, the general model (underlined in the table above)
is that dynein drives apical nuclear migration while a combination of Kif1a and/or passive displacement drives basal
nuclear migration. In invertebrates, the general model (underlined in the table above) is that myosin II drives apical
migration while passive displacement drives basal nuclear 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 have been reported 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 components within the pathway to recruit various dynein-associated
proteins, and thereby dynein, to the NE (Chapter III).
The close coordination of INM to the cell cycle, prompts the question whether inhibiting
either INM or cell cycle progression would inhibit progression of the other. Multiple 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 overexpressing p18ink4c, an inhibitor of the G1specific Cdk4/6 kinase, blocks basal migration and causes an accumulation of nuclei at the VS
(Kosodo et al., 2011). In RGP cells located in the telencephalon, drug inhibition of S phase
progression by 5-azacytidine 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 after a short BrDU pulse (Ueno et al., 2006). Tpx2, a microtubule-associated
protein, was reported to be enriched in the apical process of RGP cells during G2 and
knockdown of this protein reduced apical migration rates (Kosodo et al., 2011).

Finally,

inhibitors against the G2-specific kinase, Cdk1, blocked apical migration of retinal progenitors in
zebrafish (Chapter III).
Normally, mitosis only occurs at the VS but it remains unclear whether arresting nuclei
away from the VS would cause ectopic, basal mitosis (Figure 1-3).

Initial, early data in

mammals supported a cell cycle independency after INM inhibition but later studies provided
evidence that inhibiting INM also prevents cell cycle progression. Studies have claimed that
disrupting the microtubule network with nocodazole treatment in the mammalian neocortex
blocked INM and increased the number of basal mitotic events. Depleting RGP cells of the
centrosomal proteins, Cep120 and Hook3, as well as the microtubule-associated protein,
TACC3, were also claimed to cause ectopic mitosis as a result of blocked INM (Ge et al., 2010;
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Xie et al., 2007; Yang et al., 2012).

In zebrafish, it was reported that blocking INM by

disrupting actin with cytochalasin B or disrupting myosin II with blebbistatin did not disrupt cell
cycle progression (Strzyz et al., 2015). Similar effects of cytochalasin B was seen in Drosophila
(Meyer et al., 2011). However, depleting dynein specifically or many of its interacting or
recruitment partners (LIS1, RanBP2, BicD2, Nup133, and CENP-F) inhibited both apical
migration and mitosis in mammalian RGP cells (Tsai et al., 2005) (Chapter II and III).
Determining the effects of INM inhibition on cell cycle progression is complicated by
several factors and these factors may contribute to the discrepancy in the above findings. Firstly,
because different mechanisms driving INM have been reported even within the same system, the
reliability of a strategy blocking INM may be called in question. Secondly, because RGP cells
are not the only progenitor cell in the brain, it is important to distinguish basal mitotic events
from IPs and not all of the above studies examined mitosis specifically in RGP cells. Thirdly,
the form of disrupting INM may have secondary effects that may rescue a potential cell cycle
block. The existence of a specific site within the VZ compotent for mitosis suggests that there
may be sequestration of mitotic entry signals. Nuclei that fail to make it to the VS may not
receive these signals to enter mitosis. Therefore, disrupting INM by disrupting polarity, the
centrosome, or junctions, may release signals sequestered to the VS and cause premature mitosis
independent of INM. For these reasons, addressing the effects of INM inhibition on cell cycle is
best done using strategies that minimize perturbations of other cellular functions. It should be
noted going forward that, similarly to migration mechanism, the dependency of cell cycle
progression on INM may also be different between non-mammals and mammals.
Because the centrosome remains tethered to the VS throughout cell cycle, any
manipulation that detaches the centrosome would likely detach other apically sequestered
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proteins or molecules. The centrosome itself may be among the triggers for mitotic entry in
mammalian RGP cells because of its role in mitosis, specifically nuclear envelope breakdown
(NEB) and the spindle pole (Beaudouin et al., 2002; Raaijmakers et al., 2012; Salina et al., 2002;
Tanenbaum and Medema, 2010). In the rodent neocortex, the chick neural tube, and zebrafish
retina, the centrosome has been observed to depart from the VS just prior to mitosis (Spear and
Erickson, 2012a; Strzyz et al., 2015) (Chapter III). The centrosome then meets with the nucleus
as it finishes apical migration, where this behavior has been correlated with NEB. The role of
the centrosome was shown to be unessential, however, in zebrafish retina as laser ablating the
centrosome did not prevent mitotic entry (Strzyz et al., 2015). The advantages of sequestering
mitosis to the VS is not clear but because the factors that seem to control asymmetric vs
symmetric divisions are also sequestered to the VS, controlling inheritance of apically-bound
organelles is likely facilitated when mitosis occurs at the VS (Florio and Huttner, 2014; Tan and
Shi, 2013). This is evident in the zebrafish retina where forced ectopic mitosis away from the
VS caused the more basal daughter cell to integrate improperly into the epithelium (Strzyz et al.,
2015).
The exact function and significance of INM remains largely unclear though several
studies have examined this further. Because mitosis occurs only at the VS, this severely limits
the surface area that is competent for cell division. Furthermore, a mitotic RGP cell takes
approximately twice as much space as an interphase cell (Lee and Norden, 2013). Therefore,
INM has been hypothesized to clear out nuclei from this site after mitosis. Space is then made
available for other nuclei and the neurogenic output can be maximized. This also allows a much
greater number of RGP cells to reside within the VZ, without the need of an overly extended VS.
Inhibiting basal migration by disrupting the basal process through TAG-1 depletion forced an
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accumulation of nuclei at the VS (Okamoto et al., 2013). As a result, mechanical strain was
placed on the neocortex and slightly deformed the brain structure, presumably caused by the
excess of nuclei at the VS. Given a severe and long enough defect in basal migration, the
ventricle may even buckle and invaginate from the number of nuclei that accumulate at the VS.
Alternatively, given a crowded enough space, any RGP cell nuclei away from the VS may not
even have enough force generated at the nucleus to apically push past nuclei at the VS and
therefore, are unable to enter mitosis.
Another function of INM may be to regulate cell fate. Given the highly polarized nature
of RGP cells, the environment between the VS and the out region of VZ may be different.
Specifically, it has been proposed that there may be signals that promote symmetric, proliferative
divisions accumulated at the VS and/or signals that promote asymmetric, neurogenic divisions
away from the VS (Baye 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 the neuroepithelium (Del Bene et al., 2008). Slowing apical 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 differentiated.

The distance

travelled and the time the nucleus takes to travel this distance is variable from RGP cell to RGP
cell, and how this is regulated, its potential effects on fate, and whether the signaling is intrinsic
or extrinsic remains to be further explored.
Nuclear migration in other neuronal cell types.
Bipolar cortical neurons travel the span of the neocortex through the IZ and CP as they
progress to maturity. The leading, bipolar basal process of the neuron first advances and is
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followed by the nucleus/soma in a series of staggered, discontinuous movements (Vallee et al.,
2009b) (Figure 1-4). Throughout migration, „swellings‟ form within the neuron and may act as a
form of adhesion to adjacent RGP cells (Bellion et al., 2005; Schaar and McConnell, 2005).
Centrosome movement also occurs during neuronal migration but the movement is staggered
from nuclear movement (Solecki et al., 2004; Tsai et al., 2007). The centrosome in neurons
moves independently of the nucleus and the centrosome often migrates basally of the nucleus,
upwards to 20 µm in the developing rat neocortex. Centrosome movement may be dependent on
the swellings as the centrosome is normally located apically from this formation and is observed
to migrate towards the swelling.

In the rare scenarios where the centrosome reaches the

swelling, the movement halts until another swelling appears basally along the process. The
sequential movement of the centrosome followed by the nucleus suggests the involvement of the
centrosome in directing nuclear movement though instances have been reported where the
nucleus overtakes the centrosome (Sakakibara et al., 2014).

The general discontinuous

movement between the cell body and the leading process is not limited to cortical neurons and
the behavior is also conserved in other neuronal types in other brain regions including the
interneurons from the ganglionic eminence and the granule cells from the cerebellum, as well as
glial precursors and even glioma cells (Bellion et al., 2005; Farin et al., 2006; McManus et al.,
2004; Solecki et al., 2004). However, the centrosome-nucleus behavior is not always maintained
in other forms of neuronal migration (Umeshima et al., 2007).
Nuclear movement during neuronal migration is driven by the dual involvement of
myosin II and cytoplasmic (Bellion et al., 2005; Schaar and McConnell, 2005; Solecki et al.,
2004; Solecki et al., 2009; Tsai et al., 2007) (Figure 1-4). Myosin II 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 forward. The microtubule network branch out from the centrosome and
wrap around the nucleus in a cage-like manner, and dynein force are likely to pull the nucleus
towards the minus-ends of the microtubules emitting from the basally located centrosome (Rivas
and Hatten, 1995; Solecki et al., 2004). RNAi against dynein or LIS1 does not affect extension
of the leading process despite arresting the nucleus and results in an over-elongated process (Tsai
et al., 2007). Furthermore, dynein or LIS1 depletion blocks centrosome movement in addition to
nuclear movement, and the centrosome remains close to the arrested nucleus. This block in
centrosome movement is not observed after myosin II inhibition and in this case, the centrosome
trails far away from the arrest nucleus.

However, another study found that centrosome

movement correlated with actin flow and acute inhibition of myosin II affected 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 the centrosome and thereby transporting the
microtubule network and the centrosome forward. Myosin II may also cooperate with dynein for
proper centrosome positioning. After centrosome movement, the nucleus is then transported by
myosin II forces pushing at the back of nucleus as well as potential dynein forces acting from the
NE to pull the nucleus forward. Consistent with this model, mechanisms that recruit dynein to
the NE facilitate this movement, specifically the LINC complex. (Yu et al., 2011; Zhang et al.,
2009). Disrupting the complex by mice knockout models or dominant negative expression
abolishes nuclear movement. Unsurprisingly, disrupting the dynein forces specifically 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, the centrosome is found to trail away from the
arrested nucleus after disruption of the LINC complex.
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A

B

C

D

E

Figure 1-4: Nuclear movement during neuronal migration is a two-stroke process requiring dynein and
myosin II.
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 neuron (A), basally oriented to the centrosome and nucleus.
Dynein forces generated at the swelling pulls the centrosome forward (B and C). Myosin II 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 nucleus while myosin II 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 repeats (E). Figure adapted from (Cooper, 2012)

oRGs also undergo nuclear migration but the movement occurs only once, just prior to
mitosis (Gertz et al., 2014; Ostrem et al., 2014).

This process, termed mitotic somal

translocation (MST), is a rapid, long-distance migration of the nucleus along the basal fiber,
towards the CP. MST was observed to be myosin II-dependent, as blebbistatin abolished this
movement. This behavior does not seem to be driven by microtubule-based motors because
depolymerizing microtubules with nocodazole increased the distance of nuclear migration during
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MST rather than abolishing it (up to three-fold, over 200 µm in higher mammals) (Ostrem et al.,
2014). In addition, the centrosome remains at the nucleus throughout this movement. Myosin II
activation during MST was shown to be dependent on the Rho effector, ROCK. In turn, Cdk1
has been shown to phosphorylate RhoA and the spike of Cdk1 activity that occurs just prior to
mitosis may be the trigger 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 development, ranging from
C. elegans hypodermal cells to mammalian myotubes to neuronal migration (Fridolfsson and
Starr, 2010; Wilson and Holzbaur, 2012, 2015; Zhang et al., 2009). Nuclei positioning plays
particularly important roles in influencing cellular organization, polarity, and signaling pathways
(Gundersen and Worman, 2013). The nuclei move by either attaching to the cytoskeleton or to
one of its corresponding motor proteins (myosin II, dynein, or kinesin). Among the most
common mediator between the NE and the cytoskeleton is the LINC complex, which consist of
the inner nuclear membrane SUN protein and the outer nuclear membrane Nesprin protein (Cain
and Starr, 2015) (Figure 1-5). There are five genes that code the SUN proteins though only two
of which (Syne-1 and Syne-2) are widely expressed in mammals (Starr and Fridolfsson, 2010).
These proteins contain a SUN domain, located within the perinuclear space, and the N-terminus
binds to nuclear lamins at the intranuclear side of the NE, which serves as an anchor. The
Nesprin proteins, of which there are four isoforms, contain a KASH domain in the C-terminus
that interacts with the SUN proteins. The N-terminus end is exposed to the cytoplasm and
interacts with actin through TAN lines as well as the microtubule motors, dynein and Kinesin-1
(Fridolfsson and Starr, 2010; Kutscheidt et al., 2014; Luxton et al., 2010; Ostlund et al., 2009;
Wilson and Holzbaur, 2015; Yu et al., 2011).
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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 through G2-specific recruitment mechanisms. The nuclear
pore RanBP2 recruits BicD2, which forms a complex with dynein and dynactin. The formation of this complex is
facilitated by LIS1. Additionally, the nuclear pore Nup133 recruits CENP-F and NudE, which in turn, recruits
dynein. Figure adapted from (Vallee et al., 2012a).

The recruitment of microtubule motors to the NE is also involved in roles outside of
nuclear movement. The centrosome in HeLa and U2OS cells is located at variable distance from
the nucleus during G1 and S phase, but is closely tethered near the NE during G2 (Bolhy et al.,
2011; Splinter et al., 2010). This change in behavior is likely to keep the centrosome close to the
nucleus as the cell prepares to enter mitosis promptly and precisely because of the centrosome‟s
role in NEB and chromosome capture. Because the minus ends of the microtubules are oriented
towards the centrosome as 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 LINC complex to recruit dynein, these cells employ G2-specific pathways that
recruit the microtubule motor to the NE through the nuclear pores (Bolhy et al., 2011; Splinter et
al., 2010) (Figure 1-5). Because centrosomes are only retained near the nucleus during G2, it is
likely that pathways active during this specific cell cycle phase are preferred over the cell cycle
independent LINC complex.
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Nup133 and RanBP2 (also known as Nup358) are components of the nuclear pore
complex that are oriented towards the cytoplasmic side of the NPC and therefore, provide a link
between the cytoskeleton and the NE (Berke et al., 2004; Pemberton et al., 1995; Wu et al.,
1995; Yokoyama et al., 1995). The two nucleoporins, however, play different roles within the
nuclear pore complex. Nup133 is part of the Nup107-160 subcomplex, consisting of eight other
subunits, and plays a role in post-mitotic NPC reassembly (Doucet et al., 2010; Wozniak et al.,
2010). A knockout model of Nup133 survives until E9 with gross development defects and
Nup133, among other functions, seems to play a role in directing differentiation events (Lupu et
al., 2008). Only the C-terminal domain of Nup133 (amino acid 545-1156) seems to play a role
in nuclear pore assembly but the N-terminal half is required for dynein recruitment to the NE
(Bolhy et al., 2011). This domain directly interacts with CENP-F, which recruits the dynein
regulator NudE and, in turn, recruits dynein. CENP-F expression increases through the cell
cycle progresses and accumulates within the nucleus throughout most of G2. During late G2,
CENP-F is then farnesylated and exported outside the nucleus for recruitment (Hussein and
Taylor, 2002). The CENP-F-NudE recruitment pathway is also active during mitosis, where it
recruits dynein to the kinetochore (Vergnolle and Taylor, 2007; Zuccolo et al., 2007).
RanBP2 interacts tightly with the Ran GTP-activation protein RanGAP1, targeting the
complex to the nuclear pore complex (Mahajan et al., 1997).

RanBP2 plays a role in

nucleocytoplasmic transport by acting as a docking factor, but the nuclear pore component is
also an E3 ligase and acts in conjunction with the ubiquitin-like protein SUMO1 for
posttranslational modifications (Gorlich and Kutay, 1999; Pichler et al., 2002). The C-terminal
end of RanBP2 (amino acids 2142-2293) recruits the dynein adaptor BicD2 during G2, but it can
also independently recruit kinesin-1 to the NE through a direct interaction (Splinter et al., 2010).
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The C-terminal end of BicD2 binds to RanBP2 and the N-terminal portion interacts with dynein
directly for recruitment. Unlike CENP-F, which mainly plays roles during G2 and mitosis,
BicD2 is expressed abundantly during G1, where it interacts with the small GTPase Rab6 and
recruits dynein to the Rab6+ vesicles for transport from the Golgi apparatus (Hoogenraad et al.,
2001; Hoogenraad et al., 2003; Matanis et al., 2002). During G2, BicD2 no longer associates
with vesicles and is recruited to the NE instead (Splinter et al., 2010).

BicD2-dependent

recruitment of dynein to both vesicles and the NE is facilitated with the interaction of dynein and
its regulatory protein dynactin to ultimately form a BicD2-dynein-dynactin complex (Splinter et
al., 2012). In turn, BicD2 also promotes a stable interaction between dynein and dynactin. LIS1
also plays a role in stabilizing this recruitment though the means in which it accomplishes this is
not entirely clear.
Dynein and its associated proteins.
Cytoplasmic dynein is a minus-end 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 plays a dominant role in
retrograde transport but also plays important roles in chromosome dynamics, mitotic spindle
assembly and orientation, NEB, and growth cone protrusions (Bader and Vaughan, 2010;
Beaudouin et al., 2002; Bolhy et al., 2011; Caviston and Holzbaur, 2006; Hebbar et al., 2008;
Jodoin et al., 2012; Raaijmakers et al., 2012; Salina et al., 2002; Splinter et al., 2010; Vallee et
al., 2009a). 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 molecules to travel along the microtubule network (Fridolfsson and Starr,
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2010; Lam et al., 2010; Tan et al., 2011; Tsai et al., 2007; Tsai et al., 2010; Wilson and
Holzbaur, 2012; Yi et al., 2011; Zhang et al., 2010). These functions are driven by the major
form of dynein, dynein 1. A second form of dynein, dynein 2, drives retrograde transport within
cilia and flagella.
The heavy chain of dynein is the largest of the subunits (530 kDa) and is comprised of a
„tail‟ region at the N-terminal end and the motor domain at the C-terminal end, with a linker
region connecting the two domains (Carter, 2013).

Binding and movement along the

microtubule is powered by the motor domain, which is organized in similar fashion to the AAA
family of ATPases, and exhibits a ring-like structure of six catalytic units. The motor domain
runs through a mechanochemical cycle, powered by ATP hydrolysis, and alternates between a
high-affinity microtubule-binding state and a „power stroke‟ that propels the heavy chain forward
(Kon et al., 2009; Kon et al., 2005). The coordination of these steps allows the dynein to „walk‟
along microtubules, moving one of the heavy chains at a time. The microtubule binding portion
of the motor domain is located between the fourth and fifth catalytic unit in a region defined as
the „stalk‟ (Carter et al., 2008). The tail region of the heavy chain is involved in dimerization
and binding to the other subunits of dynein. These accessory chains mediate cargo binding.
The light and light immediate chains also help stabilize the dynein complex while the immediate
chain is often the binding region of the various dynein-associated proteins regulating the motor
protein‟s processivity (Allan, 2011).
The movement of dynein along microtubules is heavily influenced by a variety of dyneinassociated proteins. Several of these proteins play an important role in cargo recruitment and the
majority of vesicles and organelle transported by dynein is facilitated by adaptor. Different
dynein-associated recruitment proteins are involved in the different functions of dynein. CENP-
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F and BicD2 recruit dynein to the NE during the G2 cell cycle phase while BicD2 also recruits
dynein to Rab6 vesicles during G1 and S phase (Bolhy et al., 2011; Hoogenraad et al., 2001;
Matanis et al., 2002; Splinter et al., 2010). ZW10, a kinetochore protein during mitosis, is
involved in targeting dynein to mitotic kinetochores but has also been implicated in dynein
recruitment to the Golgi apparatus for vesicle trafficking (Varma et al., 2006; Yang et al., 2007).
Many of dynein‟s functions within the cell are also regulated by a combination of three main
regulators of dynein activity: dynactin, LIS1, and NudE (Vallee et al., 2012b).
Dynactin is a large, multi-subunit complex involved in most aspects of dynein function.
The working subunit of dynactin, p150Glued, is comprised of a CAP-Gly domain that binds to
microtubules and a pair of coiled-coil domains, with the first coiled-coil region interacting with
dynein (Ayloo et al., 2014; Culver-Hanlon et al., 2006; Kardon et al., 2009; King and Schroer,
2000; McKenney et al., 2014; Moughamian and Holzbaur, 2012; Tripathy et al., 2014;
Urnavicius et al., 2015). The interaction of dynactin with dynein and microtubules increases
dynein processivity along microtubules. LIS1 and NudE often act in concert to promote dynein
activity and have been shown in vitro to act in a complex to induce dynein to a persistent-force
state under high loads (McKenney et al., 2010; Torisawa et al., 2011). Such a state is likely
required for transportation of larger cargo, such as the nucleus. NudE contains a globular Cterminal domain that associates with the intermediate chain of dynein and a coiled-coil domain
that recruits LIS1 (Feng et al., 2000; Niethammer et al., 2000; Sasaki et al., 2000; Stehman et al.,
2007; Tai et al., 2002; Tarricone et al., 2004). LIS1 then binds within the catalytic ring (between
the third and fourth unit) of the dynein motor domain (Huang et al., 2012). 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). LIS1, in the absence of NudE, remains bound to the motor domain of
dynein and promotes microtubule binding of dynein. Because NudE facilitates LIS1 and dynein
binding, LIS1 alone acts at a lower efficiency than in combination with NudE. However, a later
study reported that while LIS1 without NudE promotes microtubule binding, it also prevents
dynein from detaching from microtubules (Huang et al., 2012).
The Kinesin families and KIF1a.
While dynein is divided into only two classes, dynein I (predominantly cytoplasmic) and
dynein II (axonemal), there are fifteen kinesin families with multiple kinesins within each family
(Hirokawa and Tanaka, 2015; Vallee 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 plus-end direction (Hirokawa et al., 2009b). These kinesins (Kinesin-1, -2, and -3)
generally act as a dimer, with an N-terminal motor domain that drives ATP hydrolysis and
microtubule binding (Verhey et al., 2011). ATP hydrolysis facilitates movement in a „hand over
hand‟ manner where the motor domain of one subunit binds to the microtubule and the motor
domain of the other subunit releases and extends forward along the microtubule (Asbury et al.,
2003; Kaseda et al., 2003; Yildiz et al., 2004). The C-terminal end of plus-end directed kinesins
contain the cargo-binding site but, in some kinesin families such as Kinesin-1, the region also
exhibits autoinhibitory function and folds on itself to prevent microtubule binding (Coy et al.,
1999; Friedman and Vale, 1999; Verhey and Hammond, 2009). In other kinesin families, such
as Kinesin-3, the „stalk‟ region just downstream of the motor domain plays autoinhibitory as well
as dimerization roles (Hirokawa et al., 2009a; Huo et al., 2012; Lee et al., 2004). Unlike dynein,
where a host of associated proteins have been identified to facilitate efficient cargo transport, less
is understood about the regulation of kinesin activity, largely because associated molecules are

27

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 motor-cargo interaction while posttranslational modification along the microtubule track itself influences the affinity of kinesin
binding (Bulinski, 2007; Hirokawa and Tanaka, 2015; Verhey and Rapoport, 2001). Different
MAPs along the microtubule have also been suggested to positively and negatively influence the
binding of various kinesins to the microtubule (Cai et al., 2009).

Finally JNK-interacting

proteins, JIPs, are scaffolding proteins that facilitate kinesin-dependent transport of cargo by
responding to signaling pathways within the cell (Inomata et al., 2003; Koushika, 2008; Sun 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 families (Hirokawa et al., 2009b;
Verhey and Hammond, 2009). A small subset of kinesins are minus-end directed along the
microtubules (Kinesin-13) while others play a role in depolymerizing microtubules (Kinesin-14)
(Gupta et al., 2006; Tulu et al., 2006; Varga et al., 2006). The location of the motor domain
differs in these kinesins with the motor domain at the C-terminal end in minus-end directed
kinesins and the motor domain towards the middle of the microtubule-depolymerizing kinesins.
Finally, certain kinesin families function specifically during mitosis, playing roles in
chromosome positioning (Kinesin-4 and -10) and spindle pole orientation/separation (Kinesin-5,
-6, and -12), with minimal roles in vesicle transport during interphase (Verhey and Hammond,
2009). Regulation of these kinesins largely occurs by controlling differences in protein levels,
sequestration, and activation by Ran GTPases.
KIF1a, a member of the Kinesin-3 family, is a 191 kDa plus-ended microtubule directed
kinesin that plays a dominant role in transporting synaptic vesicle precursors such as
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synaptophysin, synaptotagmin, and Rab3a GTPase in neurons (Hall and Hedgecock, 1991; Niwa
et al., 2008; Okada et al., 1995; Yonekawa et al., 1998). However, KIF1a has been implicated in
other roles including other types of vesicle transport in neural and non-neural cell types: BDNF
in neurons, p75 in non-polarized MDCK cells, and nucleus transport in RGP cells (Lo et al.,
2011; Tsai et al., 2010; Xue et al., 2010). Originally identified as a monomer with weak
transport capabilities, later studies have shown that KIF1a dimerizes in vivo to greatly increase
processive movement (Huo et al., 2012; Nitta et al., 2004; Okada and Hirokawa, 1999, 2000;
Tomishige et al., 2002; Yue et al., 2013). As a monomer, KIF1a moves along the microtubules
by alternative electrostatic interaction between positively charged K-loop among its motor
domain and the negatively charged E-hook of the C-terminal end of the microtubule. This
interaction causes KIF1a to never fully detach from the microtubule and diffusional forces bias
movement towards the next binding site in the plus-end direction. In its more dominant form as
a dimer, KIF1a hydrolyzes ATP in its motor domain to drive motion in a classic „hand over
hand‟ manner.
Unlike the conventional Kinsein-1 family, which consists of a heavy and a light chain,
each KIF1a monomer consists of a single subunit (Nitta et al., 2004; Nitta et al., 2008) (Figure 16). Like other plus-ended directed kinesins, the motor domain of KIF1a is located at the Nterminus. A short coiled-coil domain called the neck coil is just downstream of the motor
domain and initiates dimerization. A series of three short non-continuous coiled-coil domains
(CC1, CC2, and CC3) follows this initial neck coil and plays a dominant role in regulating KIF1a
activity (Al-Bassam et al., 2003; Hammond et al., 2009; Huo et al., 2012; Yue et al., 2013). A
forkheaded-assocation (FHA) domain is located between CC1 and CC2 and is part of the motor
regulatory region. CC1 directly sequesters the neck coil to prevent dimerization whereas the
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FHA domain facilitates dimerization by interacting with CC1 and preventing CC1 from further
interacting with the neck coil. 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 the C-terminal end of the protein and
the large region between CC3 and the cargo binding domain, an area consisting of over half of
the protein, is uncharacterized. The cargo binding area is made up of the Pleckstrin homology
domain (PH), a 120 amino acid sequence that recognizes phosphatidylinositols (Klopfenstein and
Vale, 2004; Xue et al., 2010). These lipids line many of the membranes in cells, including
vesicles, and the PH domain of KIF1a has been show to interact directly with its cargo in this
way. Because KIF1a has been shown to facilitate nuclear movement, presumably by directly
transporting the nucleus as the cargo, this 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.

Figure 1-6: Kif1a is a homodimer that consists of multiple domains to regulate motor activity.
Like other kinesins, the motor domain of Kif1a is involved in microtubule binding and ATP hydrolysis to drive
transport. Though Kif1a has been found to function as a monomer, dimerization greatly increases Kif1a
processivity. The neck linker initiates dimerization and is regulated by a series of downstream domains. CC1
activity prevents dimerization and is inactivated by the forkhead-association (FHA) domain. CC2 promotes CC1
activity by sequestering the FHA domain. The Pleckstrin homology (PH) domain is the cargo binding portion of
Kif1a, 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 the ventricular surface. By live
imaging of in utero electroporated rat brain, we find that two distinct G2-specific mechanisms
for dynein nuclear pore recruitment are essential for apical nuclear migration. The “RanBP2BicD2” and “Nup133-CENP-F” pathways act sequentially, with Nup133 or CENP-F RNAi
arresting nuclei close to the ventricular surface in a pre-mitotic state. Forced targeting of dynein
to the nuclear envelope rescues nuclear migration and cell cycle progression, demonstrating that
apical nuclear migration 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 nucleus- and centrosomeassociated forces in mitotic entry.
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Introduction
Radial glial progenitor (RGP) cells are precursors for the majority of neurons and glia in
the vertebrate neocortex, as well as for adult stem cells (Götz and Huttner, 2005; Kriegstein and
Alvarez-Buylla, 2009). RGPs are elongated epithelial cells which span the neural tube and
developing cortex from the ventricular to the pial surface. They are highly proliferative (Noctor
et al., 2001), but also serve as tracks for the migration of postmitotic neurons (Rakic, 1988). For
these reasons, these cells play a uniquely important role in the development of the nervous
system.
RGP cells also exhibit a distinctive and, until recently, largely mysterious form of cellcycle dependent oscillatory nuclear movement known as interkinetic nuclear migration (INM)
(Kosodo, 2012; Lee and Norden, 2012; Sauer, 1935; Spear and Erickson, 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 “basally” during G1, undergo S phase, and return apically to the ventricular 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 tissues (Kishimoto et al., 2013), including
mammalian and zebrafish neocortex and retina (Leung et al., 2011) and 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 regulation (Del Bene et al., 2008) or to maximize
the packing density of proliferating cells (Kosodo, 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 for microtubule motor proteins in INM (Tsai et al., 2005;
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2010). By live imaging of the rat brain, we observed that centrosomes of RGP cells remain at
the ventricular terminus throughout INM (Tsai et al., 2010).

Microtubules were almost

uniformly oriented with their minus ends directed toward the ventricular surface and their plus
ends oriented basally. Consistent with this arrangement, we found that RNAi for the microtubule
plus end-directed kinesin, KIF1A, specifically inhibited basal nuclear migration, whereas RNAi
for cytoplasmic dynein and its regulator LIS1 specifically inhibited apical nuclear migration
(Tsai et al., 2010). Another study found that inhibition of the dynein-cofactor dynactin interferes
with apical, but stimulates basal nuclear migration in zebrafish retinal neuroepithelial cells (Del
Bene et al., 2008). Roles for myosin II in INM in that system (Norden et al., 2009) and in basal
nuclear migration in the embryonic mouse neocortex have also been reported (Schenk et al.,
2009). No such role was detected in our own rat brain studies (Tsai et al., 2010), and the basis
for the divergent results remains uncertain. A role for microtubules in the early stages of
vertebrate brain development has also been supported by RNAi for diverse centrosomal and
microtubule associated proteins (Ge et al., 2010; Kosodo et al., 2011; Yang et al., 2012).
Although centrosomes remain associated with nuclei during migration in a wide range of
cell types, the centrosome-independent nuclear migration we have observed in rat brain RGP
cells (Tsai et al., 2010) suggests that motors might act locally from the nuclear surface. Such a
mechanism has been implicated in the transport of nuclei within mammalian myotubes (Cadot et
al., 2012; Wilson and Holzbaur, 2012) and C. elegans hypodermal cells (Fridolfsson and Starr,
2010). In the latter case, cytoplasmic dynein is recruited to the nuclear envelope (NE) by a
combination of nesprin and SUN proteins (the “LINC” complex), which together span the outer
and inner NE (Fridolfsson et al., 2010; Starr and Fridolfsson, 2010). Members of these gene
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families have also been implicated in neuronal migration in the developing mouse brain using
genetic and RNAi approaches (Zhang et al., 2009).
Additional mechanisms for dynein recruitment to the NE have been identified in G2
phase HeLa and U2OS cells. NE dynein has been reported to facilitate NE breakdown (NEB)
(Beaudouin et al., 2002; Hebbar et al., 2008; Salina et al., 2002) and tether the nascent mitotic
spindle to the NE for pole separation (Raaijmakers et al., 2012) and efficient chromosome
capture (Bolhy et al., 2011; Jodoin et al., 2012; Splinter et al., 2010). Dynein is linked to the NE
via interactions originating from two distinct nuclear pore components (Figure 2-1A-2-1B). The
nucleoporin RanBP2 recruits BicD2, which, in turn, recruits both cytoplasmic dynein and its
regulatory complex dynactin to the nuclear surface (Splinter et al., 2012; 2010). Nup133,
another nucleoporin, independently recruits CENP-F (Bolhy et al., 2011). CENP-F, in turn,
recruits NudE and NudEL, each of which bind directly to cytoplasmic dynein and its regulator
LIS1 (Mckenney et al., 2010; Niethammer et al., 2000; Sasaki et al., 2000).

This latter

mechanism for dynein recruitment becomes active in late G2-prophase (Bolhy et al., 2011),
though the extent of temporal overlap with the BicD2 pathway is uncertain.
We reasoned that, because apical INM is dynein-dependent and occurs during G2, related
mechanisms might play a role in INM in the developing brain. The mer mouse, which has a
missense mutation in Nup133, in fact, shows defects in early embryonic brain development,
though the underlying mechanism was not explored (Lupu et al., 2008). We report here that
interference with each of the G2-specific dynein recruitment pathways specifically inhibits
apical, but not basal nuclear migration, providing evidence that these pathways are important in
brain development and supporting a role for NE dynein in INM. Inhibition of the BicD2 and
Nup133 pathways arrests nuclei early vs. late in apical migration, respectively, and in each case,
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in a premitotic state. Forced recruitment of dynein to the NE rescues apical migration and
provides experimental evidence for spatial control of mitotic entry. These results provide insight
into the role of microtubule motor proteins in INM, and the first clues into the mechanism for its
cell cycle control.

53

Results
Relative roles of NE dynein recruitment factors in non-neural cells in vitro.
As a basis for interpreting the relative roles of the three NE dynein recruitment
mechanisms (Figure 2-1A) in vivo, we examined their temporal interrelationship further. The
RanBP2-BicD2 and Nup133-CENP-F pathways (hereafter termed the “BicD2” and “Nup133”
pathways, referring to the most upstream component targeted in this study) have each been
implicated in G2-mediated force generation between the centrosome-centered microtubule array
and the NE (Beaudouin et al., 2002; Bolhy et al., 2011; Salina et al., 2002; Splinter et al., 2010).
The participation of Nup133 and RanBP2 in the two pathways suggested that dynein might
directly localize to nuclear pores, rather than to the entire NE surface. Using 3D-structured
illumination microscopy (3D-SIM), we found that dynein, dynactin, and BicD2 appeared as
discrete puncta along the NE (Figure 2-1C). The puncta were significantly associated with the
nuclear pores in G2 HeLa cells, supporting specific nuclear pore associations underlying dynein
linkage to the NE.
We observed that CENP-F localization to the NE 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 suggests that the BicD2
pathway becomes active prior to the Nup133 pathway. As a test of this possibility, we doublelabeled HeLa cells with anti-CENP-F and anti-BicD2 antibodies (Figure 2-1D). We found only
21.4% ±5.7 of BicD2-positive nuclei to react with anti-CENP-F (n=107), whereas 100% of
CENP-F-positive nuclei reacted with anti-BicD2 (n=64). These data support early G2 activation
of the BicD2 pathway, and an additive role for the two pathways late in G2-prophase.
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Figure 2-1: Mechanisms for cytoplasmic dynein recruitment to the nuclear envelope.
A. Diagram representing G2-specific NE dynein recruitment mechanisms via nucleoporins Nup133 and RanBP2.
Dynein is also shown linked to the NE by SUN-nesprin complexes, a mechanism not known to be cell cycle
regulated. B. Triple staining with anti-dynein, anti-Cyclin B1, and DAPI (DNA) showing NE dynein localization
specifically in cyclin B1 expressing HeLa cells. C. 3D-Structured Illumination Microscopy (3D-SIM) revealing the
association of BicD2, dynein, and dynactin with HeLa cell nuclear pores, marked using Mab414 and anti-RanGap1.
D. HeLa cells were double-labeled with anti-BicD2 and anti-CENP-F antibodies to test for temporal overlap
between the two cell cycle-dependent NE dynein recruitment mechanisms. All cells exhibiting CENP-F-positive
NEs were also positive for BicD2, but only a fraction of BicD2-positive cells showed NE CENP-F staining.

We also evaluated the distribution and function of nesprin-SUN complexes in
nonneuronal cells. As judged by immunostaining, Nesprin-1 and -2 were present at the HeLa
cell NE throughout the cell cycle (Figure 2-2A). Expression of a dominant negative KASH
domain construct, RFP-KASH (Luxton et al., 2010), which interferes broadly with nesprin-SUN
interactions, displaced Nesprin-1 and -2 from the NE, but had no detectable effect on dynein
localization (Figure 2-2B-2-2C). These results support a primary role for the Nup133 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 cyclin B1-positive as well as cyclin
B1-negative cells. B. Overexpressed KASH-RFP dominant negative clearly decorated the NE in most cells, and
displaced both Nesprin 1 and 2 (n=394 and 399 cells, respectively). C. Overexpression of the KASH-RFP 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., Not Significant; Error bars = S.D.

NE dynein recruitment in rat brain development.
We also tested whether dynein could be detected at the NE in RGP cells in situ by
immunostaining. The high levels of soluble and vesicular dynein in cytoplasm have historically
made its localization difficult even in flat, non-neuronal cells. Using minimal fixation, however,
we detected clear dynein staining at the nuclear rim in some, but not all, RPG cells in the
ventricular zone of the E20 rat neocortex (Figure 2-3). We also observed double-labeling of
nuclei with anti-dynein and anti-BicD2 antibodies, supporting a potential role for the
nonneuronal dynein recruitment mechanisms in RPG cells.
56

A

B

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 sections. Top row, NE dynein staining was seen in a
subset of RGP cells (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 BicD2-positive cells also positive for
dynein. Confocal microscopy was used throughout unless otherwise stated. B. As negative controls, secondary
antibodies produced no detectable signal at the NE of RGP cells in rat brain sections.

To test this possibility more directly, we expressed shRNAs for the NE dynein
recruitment genes using in utero electroporation in E16 rat brain, each of which were found to
reduce target expression levels in Rat2 cells (Figure 2-4). In E20 control rat brain, we observed
extensive distribution of neurons throughout the outer regions of the developing neocortex, the
intermediate zone (IZ) and cortical plate (CP; Figure 2-5A-2-5B). In contrast, cells expressing
shRNAs for BicD2, Nup133, and CENP-F exhibited severe impairment in neuronal distribution,
evidenced by an almost complete absence of cells in the IZ and CP regions. This effect was
similar to that previously observed for LIS1 and dynein RNAi (Figure 2-5A) (Shu et al., 2004;
Tsai et al., 2005), consistent with a role for the recruitment genes in dynein regulation. Triple
mutant shRNAs for BicD2 and Nup133 had no effect on neuronal distribution (Figure 2-6A).
RNAi targeting of BicD1, a BicD2 paralogue that participates in targeting of dynein to the Golgi
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Figure 2-4: shRNA knockdown of Nup133, CENP-F and BicD2.
A. Relative mRNA levels in Rat2 cells, 48 hour post-transfection with Nup133, CENP-F or BicD2 shRNA plasmids
measured by quantitative Real Time PCR (qRT-PCR). Levels were normalized against β-actin. B. BicD2 protein
knockdown in Rat2 cells expressing BicD2 shRNA plasmid for 3 days. C. GFP3X-mNup133 knockdown by
coexpression of Nup133 shRNA or triple mutant Nup133 shRNA plasmids in HeLa cells. Error bars = S.D.

apparatus, but has no role at the NE (Splinter et al., 2010), produced no effect on neuronal
distribution (Figure 2-5A).
BicD2, Nup133, and CENP-F RNAi each caused a reduction in the number of
postmitotic neurons as judged using the neuronal marker, NeuN (Figure 2-5C). Of the NeuNpositive cells, most were located in the SVZ and had a multipolar morphology, though a few
bipolar cells could also be detected in the lower IZ in the case of BicD2 and CENP-F RNAi
(Figure 2-5D). Together, these results suggested that passage through the stages of neurogenesis
and migration, including the multipolar-to-bipolar transition, was inhibited. RNAi for BicD2,
Nup133, and CENP-F each caused an increase in the percentage of RGP cells as determined by
Pax6, a marker specific for RGP cells (Figure 2-5C). These observations suggested a failure in
the initial 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 subjected to in utero electroporation with the pRNAT vector expressing shRNAs
corresponding to the genes noted along with a fluorescent reporter, or with an RFP-KASH construct (n=3 brains per
condition). Brain tissue was fixed and sectioned at E20. Expression of BicD2, Nup133, or CENP-F shRNAs
resulted in a marked reduction in distribution of electroporated cells throughout the intermediate zone (IZ) and
cortical plate (CP), comparable to the effects of LIS1 shRNA. KASH expression resulted in an intermediate cell
redistribution phenotype. No clear effect was observed for BicD1. Scale bar = 50 µm. B. Quantification of
transfected cells within the VZ, subventricular zone (SVZ), and IZ+CP show an increase in Nup133, CENP-F, and
BicD2 shRNA-expressing cells in the SVZ, and a decrease in the IZ+CP. C. Quantification of Pax6+ (RGP) and
NeuN+ (neuronal) cells in brain electroporated with BicD2, Nup133, or CENP-F shRNA shows an increase in RPG
cells and a decrease in neurons. D. Quantification of NeuN+ neurons that exhibited a migratory, 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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Figure 2-6: RNAi controls.
A. E16 rat embryonic brains were subjected to in utero electroporation with the pRNAT vector expressing triple
point mutant shRNAs for BicD2 and Nup133. Brain tissue was fixed and sectioned at E20. A normal distribution
of neural cells throughout the neocortex was observed in each condition, with numerous neurons reaching the IZ and
CP. B. BicD2 shRNA was coexpressed at E16 with RNAi-insensitive BicD2 cDNA. The latter rescued normal
neuronal migration as revealed by distribution of transfected neural cells throughout the neocortex at E20.

To test the role of nesprin-SUN LINC complexes, we used in utero electroporation in
E16 rat brain to express the dominant negative RFP-KASH construct. By E20, the nesprin
fragment could be detected at the nuclear surface in many transfected cells (Figure 2-7A). The
fraction of neuronal precursor cells in the outer regions of the developing neocortex was
decreased compared to the control (Figure 2-5A), consistent with a role for nesprins in rodent
brain development (Zhang et al., 2009).

60

A

B

C

61

Figure 2-7: KASH-RFP decorates RGP nuclei in rat brain, but interferes solely with migrating neurons.
E16 rat embryonic brains were subjected to in utero electroporation with cytoplasmic GFP plus the KASH-RFP
dominant negative cDNA. Brain tissue was sectioned at E20. A. KASH-RFP exhibits NE decoration of RGP cells
(enlarged in inset). B. Live recording and tracings of RGP cells expressing cytoplasmic GFP and KASH-RFP
exhibit normal apical INM. Scale bar = 5 µm. C. Live recording and tracings of postmitotic neurons in the IZ
expressing cytoplasmic GFP alone migrate through the cortical plate. In contrast, neurons expressing GFP plus
KASH-RFP exhibit severe defect in radial migration. Scale bar = 10 µm.

Effects on INM in RGP Cells.
Together, these results suggested contributions for both the BicD2 and Nup-133 NE
dynein recruitment pathways during neurogenesis and migration. To test the role of dynein
recruitment factors specifically during INM, we imaged RGP cells in live brain slices four days
after in utero electroporation. Nuclei in control cells exhibited clear migration in the apical and
basal directions, with mitosis occurring at the ventricular surface (Figure 2-8A-2-8B).

In

contrast, BicD2 RNAi caused specific inhibition of apical, but not basal nuclear migration with
nuclei arrested at least 30 µm from the ventricular surface throughout the recording period
(Figure 2-8C). None of the nuclei in cells subjected to BicD2 RNAi reached the ventricular
surface.
Nup133 and CENP-F RNAi each also severely inhibited apical INM (Figure 2-8A-2-8B).
However, nuclei in both cases arrested much closer to the ventricular surface than observed
following BicD2 RNAi.

Nuclei in either Nup133 or CENP-F shRNA- expressing cells

accumulated within 10 µm of the ventricle, with none successfully reaching it (Fig. 2-8B).
Apical movement could still be detected in some nuclei prior to complete arrest. Basal migration
occurred at normal rates in another subset of these cells, arguing against a role for the Nup133
pathway in this phase of INM (Figure 2-8C).
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Figure 2-8: RNAi for dynein NE recruitment factors inhibits apical nuclear migration.
A. E16 rat embryonic brains were subjected to in utero electroporation to express shRNAs corresponding to BicD2,
Nup133, or CENP-F. Brain slices were placed into culture at E20 for live imaging over an 8-15 hr period. Control
RGP cell is shown undergoing apical nuclear migration to the ventricular surface of the brain slice, followed by
mitosis and basal migration. BicD2, Nup133, and CENP-F shRNAs each caused nuclear arrest. Model of INM
depicted on right. Scale bar = 5 µm. B. Tracings of nuclei in Nup133, CENP-F, or BicD2 shRNA-expressing RGP
cells show severe impairment of apical migration, with nuclei in BicD2 shRNA cells arresting further from the
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ventricular surface. C. No clear effect on basal nuclear migration was observed. Velocity is net distance/time.
N.S., Not Significant; Error bars = S.D.

The live behavior was supported by analysis of fixed brain tissue as a function of time
following in utero electroporation with shRNAs. Progressive changes in the overall distribution
of RGP cell somata could be observed between 2 and 4 days following in utero electroporation
with BicD2, Nup133, and CENP-F shRNAs (not shown). For BicD2 RNAi, the distribution of
nuclei shifted to increasing distances from the ventricle, with enrichment of cell bodies at >30
µm from the ventricular surface by four days (Figure 2-9A-2-9B). In striking contrast, Nup133
shRNA-expressing cell bodies gradually accumulated toward the ventricular surface, 70% within
10 µm, and many as close as 2-5 µm (Figure 2-9B-2-9C). The majority of cells, even those
closely approaching the ventricle, still showed a detectable “endfoot” between the soma and
ventricular surface, which often appeared swollen by the encroaching nucleus. CENP-F RNAi
caused similar effects, though the concentration of nuclei near the ventricular surface was not as
extreme (Figure 2-9).
Together the live and fixed tissue imaging results are consistent with the sequential
activation of the two mechanisms in nonneuronal cells (Figure 2-1). In this view, BicD2 RNAi
causes nuclear arrest in RGP cells early during apical migration, whereas Nup133 or CENP-F
RNAi results in late nuclear arrest. In support of this possibility, knockdown of Nup133 along
with BicD2 did not produce a severer phenotype than that for BicD2 knockdown alone (Figure
4A-B).
Finally, expression of the RFP-KASH dominant negative had no detectable effect on
either basal or apical nuclear migration (Figure 2-7B). Nonetheless, this construct severely
impeded subsequent glial-guided neuronal migration (Figure 2-7C). This result is consistent
with a previous report of defective neuronal migration (Zhang et al., 2009), but argues that
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nesprins are not involved in INM in RGP cells. Our data, therefore, identify two G2-specific
mechanisms for NE dynein recruitment in these cells, and a later role for the SUN-Nesprin LINC
complex in migrating neurons.

A

B

C

Figure 2-9: RNAi-induced arrest of nuclear migration early vs. late during apical INM.
To test for general effects of dynein NE recruitment genes on nuclear position, shRNAs for BicD2, Nup133, and
CENP-F were expressed in E16 rat embryonic brains, which were then fixed and imaged at E20 (n=3 brains per
condition). A. Distribution of RGP nuclei. Control nuclei were distributed at a range of distances from the
ventricular surface. Nuclei of BicD2 RNAi expressing cells accumulated relatively far from the ventricular surface.
In contrast, nuclei of Nup133 and CENP-F RNAi expressing cells accumulated close to this site. Double
knockdown of BicD2 and Nup133 resulted in a nuclear distribution similar to that for BicD2 RNAi alone. Scale bar
= 5 µm for all panels. B. Quantification of nuclear distances. RGP cells were identified morphologically and by
Pax6 staining, and distance was measured from the ventricular surface to the closest (bottom) edge of the nucleus.
Nup133 and CENP-F RNAi caused a marked accumulation of nuclei close to the ventricular surface, which peaked
at ~5 µm (panel C). **P<0.01; ***P<0.001; N.S., Not Significant; Error bars = S.D.

65

Near-apically arrested RGP cells are in a premitotic state.
In cells subjected to Nup133 and CENP-F RNAi, the accumulation of nuclei near, but not
at the ventricular surface suggested an arrest late in the cell cycle.

Anti-cyclin D1

immunostaining and BrDU pulse labeling revealed a pronounced decrease in the fraction of
Nup133 or CENP-F shRNA expressing cells in G1 or S phase, respectively, consistent with a
late G2 arrest (Figure 2-10A-2-10C). The vast majority of Nup133 and CENP-F knockdown
cells, however, were almost completely negative for PH3, an early mitotic indicator (Figure 210D-2-10E). Also, there was no evidence of ectopic mitotic events in cells subjected to RNAi
for Nup133 or CENP-F. Rather, the few cells that entered mitosis did so at the ventricular
surface. A similar decrease in the number of PH3+ cells was observed with BicD2 RNAi
(Figure 2-10D-2-10E). These results strongly suggest that RGP nuclei must reach the ventricular
surface to enter mitosis.
Centrosome behavior.
The nature of a trigger for mitotic entry in RGP cells once apical migration is complete
remains uncertain. A promising candidate is the centrosome, which remains at the ventricular
surface throughout the cell cycle, but is ultimately required in spindle assembly and can promote
timely mitotic entry (Hachet et al., 2007; Portier et al., 2007). A recent study in chick neural
tube and embryonic mouse neocortex reported that centrosomes can depart from the ventricular
surface and travel basally to meet the apically migrating nucleus (Spear and Erickson, 2012b).
NEB occurred soon after, and the soma then migrated to the ventricular surface. We observed
striking, but a more limited range of centrosome motility in embryonic rat brain (Figure 2-11A
and 2-12A). This behavior occurred in all RGP cells examined (n=9) and involved a brief, shortrange departure of the centrosome from the ventricular terminus of the RGP cell (5 µm
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Figure 2-10: Nuclei in apically arrested RGP cells fail to enter mitosis.
E16 rat embryonic brains were electroporated with vectors expressing shRNAs for Nup133, CENP-F, or BicD2.
Sections were stained at E20 with cell cycle markers and scored for the percent of positive RGP nuclei (n=3 brains
per condition). A-C. Nup133 and CENP-F RNAi dramatically reduced the percentage of nuclei positive for the G1
marker Cyclin D1 or for the S-phase marker BrdU (following 15 min pulse labeling). D-E. Substantial decreases in
the fraction of anti-phosphohistone H3 (PH3) positive nuclei were observed under all RNAi conditions, with an
almost completely loss resulting from Nup133 RNAi. Scale bars = 5 µm for all panels. **P<0.01; ***P<0.001;
Error bars = S.D.
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Figure 2-11: Pre-mitotic centrosome dynamics.
E16 rat embryonic brains were co-transfected by in utero electroporation with cDNAs encoding shRNAs along with
DsRed-centrin2 to image centrosomes. Brain slices were placed in culture at E20 for live imaging of RGP cells.
Time-lapse images were generated at time intervals indicated at top in min. A. Centrosomes expressing control
shRNA vector were retained at the ventricular surface throughout INM until 2:00-2:20 min, at which time the
centrosome (arrowhead) departs to meet the soma. Following contact, the centrosome and soma migrate together to
the ventricular surface (2:40) and the cell continues through INM (3:20). B. Time lapse recordings of Nup133
shRNA co-electroporated with centrin2 (top) and with centrin2 plus lamin A (bottom). In 83% of Nup133 depleted
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cells, the centrosome remained at the ventricular surface throughout the recording. In 17% of cases (bottom),
centrosomes jumped towards the nucleus as in control cells, but then returned alone to the ventricular surface. The
nuclei in both Nup133 examples showed only limited mobility throughout the recording. The lower example shows
that the NE remained intact. C. CENP-F shRNA resulted in similar nuclear and centrosome arrest to that seen in the
majority of Nup133 RNAi cases. D. Quantification of centrosome behavior shows departure from ventricular
surface in all control cells, but in few to no Nup133 and CENP-F shRNA-expressing cells. E. Model for apical
INM. Dynein is shown sequentially recruited to RGP cell nuclear pores via the BicD2 and Nup133 pathways.
Arrows represent BicD2- (red) and Nup133- (yellow) mediated dynein pulling forces exerted on the NE. The
centrosome (green) remains at the ventricular surface of the RGP cell throughout INM, but then moves towards the
nucleus just prior to mitosis. Scale bars = 5 µm for all panels

avg; 8 µm maximum) to meet the apically migrating nucleus. Intriguingly, the distance traveled
is similar to that between Nup133 or CENP-F RNAi-arrested nuclei and the ventricular terminus
of the RGP cell. The centrosome “hopping” behavior was completely inhibited in all CENP-F
depleted cells examined (n=5), and in 83% of Nup133 depleted cells (n=18; Figure 2-11B-211D). In the few cases where centrosome departure occurred, multiple futile attempts to reach
the nucleus could be seen (Figure 2-11C and 2-12B), each followed by return of the centrosome
towards the ventricular surface.

A

B
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Figure 2-12: Additional examples of centrosome behavior.
A. As control RGP nuclei approached the ventricular surface (Figure 2-11) centrosomes migrated basally to meet
them. The soma then completed migration to the ventricular surface. B. Centrosomes in Nup133-depleted RGP cells
mostly remained at the ventricular surface (Figure 2-11), but those that departed from this site exhibited multiple,
futile attempts to reach the nucleus as in the two cases shown.

Rescue of Apical INM and Cell Cycle Progression Defects by BicD2 Expression.
The effects of Nup133, CENP-F, and BicD2 inhibition on apical INM and mitotic entry
suggest an important role in these processes for dynein forces generated at the NE. To test if
dynein targeting to this site is sufficient to drive apical INM, we used a previously characterized
fusion construct consisting of the dynein-interacting N-terminal portion of BicD2 fused to the
nesprin-3 KASH domain (Splinter et al., 2010). This construct lacks the C-terminal BicD2 site
responsible for G2-specific NE targeting, and uses the KASH domain in its place for
constitutive, cell cycle independent NE dynein targeting. Our own current data reveal KASH
domain targeting to the RPG cell NE without effect on INM (Figure 2-7). BicD2-N-KASH
expression in RPG cells alone or in combination with BicD2 shRNA caused a dramatic
accumulation of most transfected somata at the ventricular surface (Figure 2-13A and 2-13B).
Mitotic cells, as determined by PH3 staining, were still restricted to the ventricular surface, but
so were a large number of nonmitotic nuclei. Overall mitotic index in the transfected cells was
near that in controls (Figure 2-13C). These results together suggest that cell cycle progression
persists in the BicD2-N-KASH-expressing cells, but that excess recruitment of NE dynein may
overpower the kinesin-generated forces involved in basal INM during G1.
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Figure 2-13: BicD2-N-KASH rescues apical migration but accumulates nuclei at the apical surface.
E16 rat embryonic brains were transfected with GFP-BicD2-N-KASH as a general NE dynein targeting approach.
Alternatively, full length BicD2 was expressed to enhance dynein targeting to apically migrating RGP nuclei. Brain
slices were fixed and sectioned at E20 (n = 3 brains per condition). A. Nuclei of cells expressing GFP-BicD2-NKASH alone or in combination with BicD2 shRNA showed marked accumulation at the ventricular surface. Note
that GFP-BicD2-N-KASH decorates the NE. B. Quantification of transfected RGP nuclei located at the ventricular
surface. C. Sections were also stained for PH3 and percentage of PH3+ cells is compared with control and BicD2
RNAi conditions (from Figure 2-10E). Scale bar = 5 µm. *P<0.05; ***P<0.001; N.S., Not Significant; Error bars =
S.D.

We also expressed RNAi-insensitive BicD2, which rescued the effects of BicD2 RNAi
(Figure 2-6B). We found, in addition, partial or extensive rescue of Nup133 or CENP-F RNAi.
In the former case, BicD2 expression rescued apical nuclear migration but not mitosis, as
evidenced by a dramatic accumulation of PH3-negative nuclei at the ventricular surface (Figure
2-14A-2-14C). This observation could be explained by a general mitotic defect in Nup133depleted cells, which we confirmed using Rat2 fibroblasts (Figure 2-15). In marked contrast,
BicD2 expression in CENP-F depleted RPG cells, rescued apical nuclear migration (Figure 214D) and mitotic index, with RGP cells distributed normally throughout the ventricular zone
(Figure 2-14A-2-14C). These results reveal that INM can be completely rescued by forced
recruitment of dynein to the NE.
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Figure 2-14: Rescue of apically arrested nuclei by targeting of NE dynein.
A. RGP cells expressing full length BicD2 alone or in combination with CENP-F or Nup133 shRNA. B.
Quantification of nuclear distances from the ventricular surface to the bottom of the nucleus. Top, nuclear distances
of cells expressing either full length BicD2, CENP-F shRNA (from Figure 4B), or both. Bottom, distances of
nuclear located < 10 µm from ventricular surface in cells expressing Nup133 shRNA alone (from Figure 2-9C) or in
combination with full length BicD2. BicD2 expression has no effect on RGP cell nuclear distribution but entirely
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rescues the effects of CENP-F shRNA and partially rescues the effects of Nup133 shRNA. In the latter case nuclei
accumulate at the ventricular surface, but without evidence of continued interkinetic nuclear migration. C.
Quantification of PH3+ cells among RGP cells transfected with full length BicD2 or, in combination with, Nup133
or CENP-F shRNA. Percentages of PH3+ cells are compared to Nup133 and CENP-F RNAi conditions (from
Figure 2-10E). D. Live recording and tracings of RGP cells co-expressing full length BicD2 and CENP-F shRNA
undergoing apical nuclear migration completely to the ventricular surface. Scale bar = 5 µm. **P<0.01;
***P<0.001; N.S., Not Significant; Error bars = S.D.

Figure 2-15: Effect of BicD2, CENP-F and Nup133 knockdown on Rat2 cell mitotic index.
Rat2 cells were transfected with shRNA-expressing plasmids and stained for phosphohistone H3 (PH3) after four
days. Mitotic index (PH3 positive/total transfected cells) was reduced by Nup133 RNAi alone. > 1,000 transfected
cells were counted per condition. Scale bar = 100 µm.
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Discussion
We previously found that INM functions by long-range kinesin- and dynein-mediated
nuclear transport along an array of uniformly directed microtubules (Tsai et al., 2010). The lack
of direct centrosome involvement in transporting nuclei suggested that the motor proteins act
from the nucleus, a relatively unusual mechanism in vertebrates. We now provide evidence that
dynein, in particular, is present at the nuclear surface, and that RNAi for genes involved in
dynein recruitment to the NE inhibit INM. Because these mechanisms are G2-specific (Bolhy et
al., 2011; Splinter et al., 2010), our results provide important insight into another long-standing
question, the mechanisms responsible for INM cell cycle control.
Role of Dynein NE Recruitment Factors.
Dynein is observed at the NE in nonneuronal cells specifically during G2 (Beaudouin et
al., 2002; Salina et al., 2002). We obtained the first microscopic evidence that dynein, dynactin,
and BicD2 associate with nuclear pores, as is predicted from the published role for Nup133 and
BicD2 in dynein recruitment.

These results strongly support the specificity of dynein

localization to the NE, and help identify the pores as a form of dynein cargo. Colocalization
experiments further indicated sequential activation of the two mechanisms, with BicD2 activated
before Nup133/CENP-F during G2 in nonneuronal cells. Although we observed nesprins at the
NE throughout the HeLa cell cycle, there was no effect of a nesprin KASH dominant negative
domain (Luxton et al., 2010) on dynein recruitment.

This was despite clear decoration of the

NE by the fragment itself. Together, these data indicate little, if any, role for nesprins in dynein
recruitment to the HeLa NE.
A role for nuclear pore-mediated dynein and its G2-recruitment pathways in INM was
supported by colocalization of dynein with BicD2 at the NE in RGP cells. The high levels of
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soluble and vesicular dynein in cytoplasm have made its localization problematic even in flat,
nonneuronal cells, and analysis in brain tissue is further compounded by the lack of useful G2
markers. Dynein colocalization with BicD2 at the RGP NE provides the first in situ evidence for
G2-specific dynein localization to this site.
Functional analysis in brain.
Functional data in support of a role for NE dynein in INM was obtained using RNAi for
Nup133, CENP-F, and BicD2. shRNA expression in each case produced strong inhibition of
INM in RGP cells in embryonic rat brain as judged both by live imaging and analysis of fixed
tissue.

The effects of RNAi were clearly specific for apical vs. basal migration, further

supporting a role for dynein in nuclear migration toward the ventricular surface of the brain.
These data strongly confirm a role for dynein in apical INM. Furthermore, they support a
role for a specific dynein subfraction that associated with the NE vs. other forms of cellular
cargo. Because Nup133 depletion might affect aspects of nuclear function, we performed RNAi
for CENP-F, which produced very similar defects in INM. This protein has a well-established
role in kinetochore function, acting in recruitment of dynein and some of its cofactors (Vergnolle
and Taylor, 2007).

Nonetheless, we observed no evidence for accumulation of CENP-F

knockdown cells in mitosis. This result suggests, therefore, that inhibition of apical INM is
sufficiently severe to predominate in the CENP-F RNAi phenotype.
We note that, in addition to the effects of BicD2, Nup133, and CENP-F RNAi on INM,
neurons also accumulated in the subventricular zone of the developing rat brain.

These

observations suggest that the dynein NE recruitment genes participate not only in INM, but in
subsequent aspects of neuronal migration as well. Whether these effects also reflect roles in NE
dynein recruitment remains to be determined.
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In contrast to these results, the KASH dominant negative fragment caused no detectable
effect on INM as monitored live, consistent with the lack of cell cycle-dependent NE dynein
recruitment we find in nonneuronal cells.

However, KASH expression blocked neuronal

migration in the IZ of the embryonic rat brain. These results are consistent with neuronal defects
observed in nesprin and SUN knockout mice (Zhang et al., 2009), but identify a specific switch
in dynein NE recruitment mechanism during neuronal differentiation.
The sequential effects of BicD2 vs. CENP-F/Nup133 RNAi provide further evidence for
an unexpected level of complexity in the control of INM. Consistent with sequential activation
of the two dynein NE recruitment pathways in nonneuronal cells, we observed BicD2 RNAi to
arrest nuclei relatively far from the ventricular surface. This result implies that BicD2 recruits
sufficient levels of NE-associated dynein to complete only the initial part of the apical migration
process. The Nup133 recruitment pathway, in contrast, seems to fine-tune apical INM, and act at
a critical late stage in cell cycle and developmental progression. We note that this analysis could
not be readily conducted in the mer mutant mouse due to early lethality, but suggest that NE
dynein recruitment could explain the reported reduction in neurogenesis in the neural tube (Lupu
et al., 2008).
Our results provide evidence that G2-dependent dynein NE recruitment may be generally
important in vertebrate cell behavior. We note that in nonneuronal cells, the role of NE dynein is
nonessential (Beaudouin et al., 2002; Salina et al., 2002). In contrast, in RGP cells, the BicD2
and Nup133 mechanisms each appear to be essential both for apical migration, and for cell cycle
progression. Conceivably, it is for developmental situations such as this that these mechanisms
have been conserved during evolution.
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Centrosome behavior and its role in mitotic entry.
The purpose and mechanism by which nuclei of the RGP cells undergo mitosis only at
the ventricular surface are unknown. In earlier work, we found that LIS1 and dynein RNAi
arrest nuclei at a range of positions relative to the ventricular surface, (Tsai et al., 2005; 2010),
but unlike nonneuronal cells, the arrested RGP nuclei were nonmitotic. Our current results add
strong additional support for positional control of mitotic entry in these cells. Disruption of the
Nup133 pathway, especially by CENP-F RNAi, is particularly intriguing in this regard as it
results in arrest of nuclei within a few µm of the ventricular surface with little or no evidence of
progression into mitosis. These results suggest that a mitotic entry signal must be restricted to
the extreme apical terminus of the cell.
Although centrosomes of RGP cells remain at the apical terminus throughout INM,
recent analysis of chicken neural tube has revealed instances of centrosome departure from the
ventricular surface just prior to mitosis (Spear and Erickson, 2012b). Contact with the nucleus
appeared to initiate NEB, suggesting that the trigger for mitotic entry might be associated with
the centrosome. We observed dissociation of the centrosome from the apical terminus of the
RGP cell when nuclei reached a distance of 3-8 µm from this site, a distance much smaller than
those reported in chick neural tube. Centrosomes then moved rapidly from the ventricular
terminus of the RGP cells to meet the nucleus. After contact, the soma progressed to the
ventricular surface. Intriguingly, Nup133 or CENP-F RNAi greatly decreased the frequency of
centrosome “hopping” events, and, when they did occur, the centrosome returned alone to the
ventricular surface.
Our results together reveal centrosome departure from the ventricular surface to be a
standard aspect of late INM behavior. We argue, furthermore, that centrosome hopping must
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depend, at least in part, on NE-associated dynein forces as indicated by the inhibitory effects of
Nup133 and CENP-F RNAi on centrosome behavior (Figure 6E). The additional force from
Nup133-mediated dynein recruitment may be needed to pull the apically bound centrosome
towards the nucleus.

How the centrosome-nucleus complex completes migration to the

ventricular surface after contact is uncertain, but could involve restoring force generated from the
apical cell cortex.
Targeting dynein to the NE is sufficient for nuclear migration to the ventricular surface.
It is uncertain why two successive mechanisms should be required for dynein recruitment
to the NE. At the least, it suggests that forces generated by either one alone are insufficient to
complete apical migration. To test this possibility and to gain further insight into the role of
nuclear and centrosome transport in mitotic entry and progression, we attempted to target excess
dynein to the NE. We used the BicD2 N-terminal domain to target dynein to the NE via the
nesprin-3 KASH domain.

Expression of this construct had a potent effect on RGP cells,

dramatically increasing the number of non-mitotic nuclei at the ventricular surface. These results
suggest that increased NE dynein can overcome even the opposing kinesin-3 generated forces
(Tsai et al., 2010) responsible for G1 basal nuclear migration.
In contrast, overexpression of BicD2 alone had no apparent effect on INM in control
cells. However, it partially or completely rescued the effects of BicD2, Nup133 or CENP-F
RNAi. In the latter case, BicD2 restored apical migration as well as mitotic index, with all
mitotic figures aligned at the ventricular surface.

BicD2 expression drove nuclei to the

ventricular surface in Nup133 shRNA-expressing cells, though mitotic index was still severely
reduced. These results are consistent with a general mitotic defect (Figure 2-15) and suggest
additional non-dynein roles for this nucleoporin, such as assembly of the Y-complex (Walther et
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al., 2003). Together the restorative effects of BicD2 expression argue that sufficient levels of
dynein recruitment to the NE could sustain apical nuclear migration independent of the
recruitment mechanism. Rescue of Nup133 or CENP-F RNAi by BicD2 also suggests that
excess levels of the latter protein must target properly to the G2 NE.
Model for graded increase in dynein forces during apical INM.
Our data provides striking evidence for the differential roles of two NE dynein
recruitment mechanisms in INM, and indicate that the individual mechanisms are each
inadequate to complete this basic process. Nonetheless, BicD2 overexpression restored INM in
shRNA-expressing RGP cells. This observation argues that BicD2-mediated dynein recruitment
can, in principal, support INM. If so, then normal NE BicD2 expression or activity may be
inadequate for INM. The need for a second NE dynein recruitment mechanism suggests a
requirement for greater forces as the nucleus of the RGP cell approaches the ventricular surface
of the brain (Figure 2-11E). This could be to overcome a higher density of nuclei in this region,
or the resistance of the cell cortex as the nucleus attempts to enter the narrower endfoot region of
the cell.
Conclusions.
Our results provide the first evidence on the mechanism for cell cycle control of INM.
Blocking apical migration of the RGP nucleus, even within 1-5 µm of the ventricular surface,
blocked mitotic entry, suggesting that a mitotic entry signal is tightly restricted to the ventricular
terminus of the cell. Why a mechanism has evolved to ensure this behavior is unknown. We
speculate that ectopic cell divisions must interfere in some substantial way with proper
establishment of neurogenesis. Nucleokinesis at the ventricular surface provides access of the
condensing chromosomes to the centrosomes, which assemble the mitotic spindle, and to apical
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cues associated with the cell cortex, which are likely important in controlling fate through
spindle orientation. The specific consequences of ectopic mitosis remain an important question
for further study. What can be concluded from the current study is that altered INM reduces
RGP proliferation. The consequences on brain size seem evident, and may have important
implications for understanding and controlling brain developmental disease.
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Experimental Procedures
Expression constructs and shRNA.
We used the following previously described expression vectors: DSRed-Centrin2 (Tsai et al.,
2010), GFP-BicD2-N-KASH (Splinter et al., 2010), mRFP-KASH (Luxton et al., 2010), Lamin
A-RFP (Östlund et al., 2006), mouse pEGFP-3X-Nup133 (Bolhy et al., 2011). Full length mouse
BicD2 was subcloned from GFP-BicD2 (Hoogenraad et al., 2001) into the EcoRI and BamHI
sites in the pIRES2 DsRed-Express2 vector (Clontech). Empty vectors of pEGFP-C1 and
pDsRed-Express2-C1 (Clontech) were used as controls.
For RNAi, shRNA constructs based on the pRNAT-U6.1/Neo (Genscript) vector was used,
expressing either GFP or DSRed. We used the following shRNA sequences: BicD2: 5‟GACAGAGCGAGAGCAGAA, Nup133: 5‟-CACTGCTAGGTTTGGCAAATA, CENP-F: 5‟GCTCTTCAGGCGAGTCAGCT
GAGATGAACTAAATCGAGCTA

and

5‟-GAACACCAAAGTAAGTTTCT.
(Tsai

et

al.,

2005).

LIS1:

BicD1:

5‟5‟-

CAGCTGTCTCGTCAAAGA. CENP-F shRNA sequences were used in combination. Control
triple mutated sequence was generated for BicD2 and Nup133 shRNAs:
GACAGTGCGAGATCACAA,

Nup133

3mt:

BicD2 3mt: 5‟-

5‟-CATTGCTAGGTCTGGCGAATA.

Knockdown efficiency was tested by qRT-PCR as described below.
Antibodies.
Antibodies used in this study were: Mouse monoclonal against dynein intermediate chain clone
74.1 (a gift from Dr. Kevin Pfister), CENP-F (BD Biosciences), p150 (BD Biosciences), Cyclin
B1 (BD Biosciences), Mab414 (Abcam), NeuN (Millipore), Cyclin D1 (ThermoScientific);
Rabbit polyclonal against BicD2 (Hoogenraad et al., 2001), Cyclin B1 (Santa Cruz), RanGap1
(Santa Cruz), Nesprin-1 (Abcam), Nesprin-2 (a gift form Dr Gregg Gundersen), Pax6
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(Convance), phosphohistone H3 (Abcam), GFP (Invitrogen); Rat monoclonal against BrDU
(Abcam).
Cell culture, transfection, and immunostaining.
HeLa cells were cultured in DMEM supplemented with 10% FBS. Effectene reagent (Qiagen)
was used for plasmid transfection and cells were analyzed after 2 days. For immunostaining,
cells were washed in PBS, fixed in -20°C methanol, 10mM EGTA (10 min), permeabilized in
PBS, 0.1% Triton X-100 (5 min) and stained in PBS, 0.05% Tween supplemented with donkey
serum. For better visualization, cells stained for dynein, dynactin, BicD2 or CENP-F were
incubated for 1 hour in Nocodazol (10μM) prior to fixation (Bolhy et al., 2011; Jodoin et al.,
2012; Raaijmakers et al., 2012; Splinter et al., 2010). For 3D-SIM, cells were plated on high
performance coverslips (0,170 ± 0.005 mm, ZEISS), stained as described previously and
mounted in ProLong® Gold antifade reagent (Molecular Probes).
In utero electroporation and live imaging.
Plasmids were transfected by intraventricular injection in embryonic rats in utero, followed by
electroporation as described previously (Tsai et al., 2005). Animals were maintained according
to protocols approved by the Institutional Animal Care and Use Committee at Columbia
University. Coronal slices for live imaging were prepared 4 days after electroporation and
imaged at intervals of 10 min for 8-15 hrs as described previously (Tsai et al., 2010). For BrDU
labeling experiments, BrDU (Sigma-Aldritch) was injected at 50 mg/kg body weight
intraperitoneally 20 min prior to embryo harvest.
Immunostaining of brain slices.
Rat embryos were perfused transcardially with chilled saline and 4% paraformaldehyde (PFA)
(EMS, wt/vol) and then incubated in 4% PFA overnight. Brain slices were sectioned coronally
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on a Vibratome (Leica microsystems). Brain slices were washed with PBS and stained in PBS,
0.3% triton-X100 supplemented with donkey serum.

Primary antibodies were incubated

overnight at 4°C and secondary antibodies were incubated for 2 hrs at room temperature. For
BrDU immunostaining, brain slices were first incubated in 2N HCl for 25 min at 37°C and then
washed in PBS prior to antibody incubation. For dynein and BicD2 immunostaining, rat brains
were sectioned coronally on a Vibratome prior to fixation and incubated in Nocodazol (10μM)
for 2 hrs for better visualization (Bolhy et al., 2011; Jodoin et al., 2012; Raaijmakers et al., 2012;
Splinter et al., 2010).

Brain slices were then fixed in methanol at -20°C for 20 min.

Immunostaining proceeded as described above.
Microscopy and image analysis.
All images with the exception of the 3D-SIM images were collected with an IX80 laser scanning
confocal microscope (Olympus FV100 Spectral Confocal System). HeLa cells were imaged
using a 100x 1.40 N.A. oil objective. Brain sections were imaged using a 60x 1.42 N.A. oil
objective or a 10x 0.40 N.A. air objective. Super resolution images of the nuclear pores were
acquired using a DeltaVision OMX Blaze 3D-SIM microscope (Applied Precision).

The

samples were imaged with a 100x 1.40 NA objective and an Evolve EMCCD camera
(Photometrics). SIM images were acquired with 488 nm and 568 nm lasers and processed using
the SoftWoRx software. All images were analyzed using ImageJ (NIH, Bethesda, MD).
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CHAPTER 3

CDK1 ACTIVATES PRE-MITOTIC NUCLEAR ENVELOPE DYNEIN
RECRUITMENT AND APICAL NUCLEAR MIGRIATION IN NEURAL STEM
CELLS.
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Summary
Dynein recruitment to the nuclear envelope is required for pre-mitotic nucleus-centrosome
interactions in nonneuronal cells, and for apical nuclear migration in neural stem cells. In each
case, dynein is recruited to the nuclear envelope (NE) via two distinct nuclear pore-mediated
mechanisms, involving RanBP2-BicD2 and Nup133-CENP-F, respectively. The mechanisms
responsible for cell cycle control of this behavior are unknown, and have important implications
for understanding mitotic progression and brain development. We now find that Cdk1 serves as
a direct master controller for NE dynein recruitment in neural stem cells and HeLa cells. Cdk1
phosphorylates novel sites within RanBP2 and activates BicD2 binding and early dynein
recruitment. Late recruitment is triggered by a Cdk1-induced export of CENP-F from the
nucleus.

Forced NE targeting of BicD2 overrides Cdk1 inhibition, fully rescuing dynein

recruitment and apical nuclear migration in the brain. These results reveal how NE dynein
recruitment is cell cycle regulated, and identify the trigger mechanism for apical nuclear
migration in the brain.
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Introduction
Cell cycle-mediated recruitment of motor proteins to the nuclear envelope (NE) has
emerged as a general and important phenomenon in mitotic progression and brain development.
G2-dependent NE dynein recruitment, in particular, contributes to pre-mitotic centrosome
separation and proper spindle assembly in nonneuronal cells (Bolhy et al., 2011; Raaijmakers et
al., 2012). This mechanism plays an additional, essential role in driving cell cycle-dependent
nuclear oscillations and in controlling proliferation of radial glial progenitor cells (RGP cells),
the neural stem cells of the neocortex (Hu et al., 2013).
Development of the neocortex is a highly complex process, initiated within a zone of
rapidly proliferating RGP cells, followed by long-range migration of newborn neurons to
establish the highly ordered cortical neuronal layers.

Elaborate cellular mechanisms have

evolved to ensure the fidelity of these processes. The RGP cells are important in giving rise to
all neurogenic lineages in the mammalian cortex, including adult stem cells (Kriegstein and
Alvarez-Buylla, 2009; Noctor et al., 2001; Paridaen and Huttner, 2014).

They are highly

elongated, spanning the distance from the ventricular (apical) to the pial (basal) surface of the
brain. Following mitosis at the ventricular surface, they undergo interkinetic nuclear migration
(INM) (Kosodo, 2012; Lee and Norden, 2013; Spear and Erickson, 2012). This involves G1specific basal nuclear migration, S phase, and G2-specific apical nuclear migration for the
subsequent mitotic division.
The mechanisms responsible for this long-mysterious behavior, its biological control, and
its developmental purpose have only recently begun to be understood. Microtubule motors and
acto-myosin have been implicated in INM in a number of systems (Messier, 1978; Meyer et al.,
2011; Norden et al., 2009; Pacary et al., 2013; Rujano et al., 2013; Schenk et al., 2009; Tsai et
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al., 2005; 2010). In mammalian RGP cells, where microtubules play a key role, the centrosome
is localized apically and organizes a polarized microtubule network (Tsai et al., 2010). Our own
work in rat brain has identified reciprocal roles for the plus-end-directed kinesin KIF1A in G1
basal nuclear migration, and the minus-end-directed motor cytoplasmic dynein in G2 apical
migration (Hu et al., 2013; Tsai et al., 2010) (Figure 3-1A).

A

B

Figure 3-1: Two G2-specific pathways are involved in dynein recruitment to the NE.
A. Schematic representation of interkinetic nuclear migration (INM) in RGP cells (from S-phase
to S-phase to correspond to time-lapse imaging). Following S-phase, the G2 nucleus moves to the
apical (ventricular) surface, driven by NE-associated cytoplasmic dynein. B. Dynein is recruited
to the NE through an early G2 pathway anchored by the nucleoporin RanBP2, responsible for
long-range apical nuclear migration; and a late G2 pathway anchored by the nucleoporin Nup133,
responsible for pre-mitotic nuclear transport to the ventricular surface of the brain. All factors are
expressed throughout the cell cycle except CENP-F, which is absent in G1 and rises during S and
G2 phases.

Although INM is essential for normal brain development (Hu et al., 2013), the
mechanisms for its cell cycle control remain largely unknown (Liang et al., 2014).

The

microtubule-associated protein Tpx2 was reported to be enriched in the apical process during G2,
and its knockdown reduced the rate of nuclear migration at this stage (Kosodo et al., 2011). The
G2-M kinase Cdk1 was also implicated in myosin-dependent nuclear migration in the zebrafish
neuroepithelium (Leung et al., 2011; Strzyz et al., 2015). In the rodent neocortex, apical nuclear
migration involves G2-specific dynein recruitment to the nuclear envelope (NE) (Hu et al.,
2013), potentially a target of cell cycle regulation.
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Dynein associates with the G2 NE through two sequential mechanisms, which are active
in cultured nonneuronal cells as well as in RGP cells (Figure 3-1B) (Beaudouin et al., 2002;
Bolhy et al., 2011; Hu et al., 2013; Salina et al., 2002; Splinter et al., 2010). In early G2, the
nucleoporin RanBP2 binds the dynein regulator BicD2, which in turn recruits dynein, dynactin,
and LIS1 to the NE (Splinter et al., 2010; 2012). Later in G2, the nucleoporin Nup133 binds
CENP-F, which recruits dynein via NudE and NudEL (Bolhy et al., 2011). In nonneuronal cells,
the early and late pathways both contribute to dynein NE recruitment, which controls centrosome
separation and early spindle assembly (Bolhy et al., 2011; Raaijmakers et al., 2012). We found
that, in the brain, the early RanBP2 pathway was responsible for the initial stage of nuclear
migration, whereas the later Nup133 pathway was required for the nucleus to reach the
ventricular surface for mitotic entry (Hu et al., 2013). How these early and late mechanisms are
activated in a cell cycle stage-specific manner in RGP cells as well as nonneuronal cells remains
a mystery.
We have now tested the role of cell cycle regulators in the control of dynein recruitment
to the HeLa and RGP cell NE and in the regulation of INM in the brain. We find that dynein
recruitment and apical nuclear migration are each triggered by the G2/M regulator Cdk1. The
protein kinase phosphorylates a unique cluster of sites within RanBP2, and activates BicD2
binding and recruitment of its downstream interactors dynein, dynactin, and LIS1. We find that
late G2 dynein recruitment to the NE and late apical nuclear migration are initiated by a Cdk1induced redistribution of CENP-F from inside the nucleus to the NE. Finally, we show that
forced targeting of BicD2 to the NE is sufficient to rescue dynein recruitment in Cdk1-inhibited
HeLa cells and to restore apical nuclear migration in Cdk1-inhibited brain tissue.
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Results
Requirement for Cdk1 in apical nuclear migration in rat brain.
As a first step in understanding cell cycle control of NE dynein recruitment, we tested the role of
the G2-M phase-specific protein kinase Cdk1 (Deibler and Kirschner, 2010; Lindqvist et al.,
2009) in apical nuclear migration in rat brain. GFP was expressed in E16 RGP cells using in
utero electroporation.

Live brain slices were prepared at E19, exposed to small molecule

inhibitors, and RGP cells behavior then monitored by live imaging. Cells exposed to the DMSO
vehicle alone exhibited typical INM behavior, with apical nuclear migration occurring at normal
rates (0.147 ± 0.042 μm/min), followed by mitosis at the apical surface and basal nuclear
migration (0.059 ± 0.014 μm/min) (Figure 3-2A). Incubation of the rat brain slices with the
commonly used Cdk inhibitor Roscovitine (Meijer et al., 1997), which has a potent effect on
Cdk1, strongly impaired apical nuclear migration (Figure 3-2A). No significant effect on basal
nuclear migration was detected (0.046 ± 0.014 μm/min) (Figures 3-2B and 3-3A). As expected,
the cells showed no sign of mitotic entry. Because Roscovitine also affects Cdk2 and Cdk5, we
tested the selective Cdk1 inhibitor RO-3306 (Lapenna and Giordano, 2009; Vassilev et al.,
2006). This compound also arrested apical nuclear migration, with no effect on basal nuclear
migration (0.054 ± 0.017 μm/min) (Figures 3-2A, 3-2B, and 3-3A). As controls for inhibitor
specificity, we tested their effect on the migration of post-mitotic neurons, which are generated
from asymmetric RGP cell divisions. These cells have exited the cell cycle and no longer
depend on Cdk1 activity, though Cdk5 is critical in their behavior (Smith et al., 2001).
Consistent with these considerations, Roscovitine potently reduced the rate of neuronal
migration, whereas RO-3306 had no significant effect (Figures 3-3B and 3-3C).
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Figure 3-2: Requirement for Cdk1 in apical nuclear migration in RGP cells.
A. Live imaging of GFP-expressing RGP cells in embryonic rat brain slices 3 days after in utero electroporation at
E16. The slices were treated with DMSO, 55 μM Roscovitine, or 100 μM RO-3306 and imaged for 16 hours.
DMSO-treated cells showed typical INM behavior. Roscovitine and RO-3306 each blocked apical nuclear
migration. Right: Representative tracks of individual nuclei for each condition are presented. Green tracks indicate
apically migrating nuclei, red tracks basally migrating nuclei, and blue tracks non-migrating nuclei. B. Basal
nuclear migration velocity showed a small, but insignificant change in response to Roscovitine and RO-3306
treatment. C. Brains were electroporated at E16 with GFP or with Cdk1-DN-HA and fixed and imaged at E18.
Measurement of the distance between the bottom of the nucleus and the apical surface shows strong accumulation of
nuclei away from the apical surface in cells expressing Cdk1-DN-HA. D. Effect of Wee1/Myt1 inhibitor PD166285
on distribution of BrdU+ cells, two hours after BrdU pulse. Live brain slices were incubated with BrdU for 15
minutes, washed, and subsequently treated for 2 hours with 1 μM PD166285 or DMSO. The percentage of BrdU+
nuclei that reached the apical region (0-10 μm from the ventricle) strongly increased in PD166285-treated brain
slices, compared to DMSO control. For each experiment, at least three independent brains were imaged. Error bars
indicate SD; *p<0.05; **p<0.01; ***p<0.001; ns = not significant, based on a Student‟s t-test. Scale bar, 5 μm.
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Figure 3-3. Effect of Cdk1 inhibitors on basal nuclear migration in RGPs and on neuronal migration.
A. Live imaging of GFP-electroporated RGP cells undergoing basal nuclear migration and treated with Roscovitine
(55 μM) or RO-3306 (100 μM). This movement is not significantly affected by Roscovitine or RO-3306 treatment.
B. Live imaging of GFP-electroporated bipolar neurons undergoing radial migration and treated with Roscovitine
(55 μM) or RO-3306 (100 μM). Neurons were imaged in the intermediate zone (IZ) and cortical plate (CP). Right:
representative tracks. RO-3306-treated neurons are not significantly affected, as compared to DMSO-treated
neurons (control). Roscovitine-treated neurons migrate significantly slower, consistent with inhibition of Cdk5. C.
Quantification of neuronal migration speed for each indicated condition. For each experiment, at least three
independent brains were imaged. Error bars indicate SD; ***p<0.001; ns = not significant, based on a Student‟s ttest. Scale bar, 5 μm.

To confirm a role for Cdk1 in apical nuclear migration, we expressed an HA-tagged
Cdk1 kinase-dead dominant-negative construct (van den Heuvel and Harlow, 1993) in RGP cells
and measured its effect on nuclear positioning. In agreement with our small molecule inhibition
data, this construct induced a strong accumulation of nuclei away from the apical surface of the
brain (>30 μm from the ventricle) (Figure 3-2C), a phenotype reminiscent of that for dynein and
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BicD2 knockdown (Hu et al., 2013; Tsai et al., 2010). Finally, we tested the effect of Cdk1
stimulation on apical nuclear migration using PD166285, a compound that inhibits the Cdk1
negative regulators Wee1 and Myt1 (Potapova et al., 2009).

To quantitatively measure a

potential stimulatory effect of this inhibitor on apical migration, we traced the fraction of RGP
cells in S phase using a 5-bromo-2‟ deoxyuridine (BrdU) labeling experiment and analyzed the
localization of their nuclei two hours after the BrdU pulse. In DMSO-treated brain slices, only
14.8 ± 3.4% of BrdU+ nuclei had reached the apical region (0-10 μm from the ventricle) while
this percentage was increased to 35 ± 3.9% in PD166285-treated slices, indicating that
Wee1/Myt1 inhibition stimulated apical nuclear migration (Figure 3-2D). Together, our results
show that Cdk1 activity controls apical nuclear migration in RGP cells.
Requirement for Cdk1 in nuclear envelope dynein recruitment in HeLa cells.
In view of the role of dynein in apical INM, we investigated the effect of the cell cycle
inhibitors on its recruitment to the NE. We first focused on HeLa cells, which use the same
adaptor proteins as RGP cells to recruit dynein to the NE during G2 (Hu et al., 2013). Incubation
of HeLa cells with Roscovitine caused dramatic displacement of dynein from the NE of G2 cells
(identified by the expression of cyclin B1), an effect readily reversed by drug washout (Figure 34A and 3-4E). Very similar results were observed using RO-3306 or the Cdk1/Cdk2 inhibitor III
(Gavet and Pines, 2010) (Figure 3-4A and 3-4E). The Aurora A inhibitor VX680 (Harrington et
al., 2004) had no significant effect, but a mild effect was observed with the Plk1 inhibitor BTO-1
(Bader et al., 2011) (Figure 3-4E). This could reflect a role for Plk1 in Cdk1 activation, though a
more direct role in dynein recruitment is also possible (Li et al., 2010).
To test the effect of Cdk1 stimulation on the recruitment of dynein to the NE, we again
used the Wee1/Myt1 inhibitor PD166285. This reagent markedly increased the number of total
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Figure 3-4. Requirement for Cdk1 in HeLa cell nuclear envelope (NE) dynein recruitment.
A. Effect of Cdk1 inhibitors on NE dynein (anti-IC) in G2 (cyclin B1-positive) HeLa cells. Roscovitine (55 μM, 30
min) markedly reduced cytoplasmic dynein staining at the NE, an effect reversed by 30 minutes of Roscovitine
washout. Incubation with other Cdk1 inhibitors: inhibitor III (0.9 μM) or RO-3306 (28 μM), for 30 minutes, also
blocked dynein accumulation at the NE. B. Effect of Wee1/Myt1 inhibitor PD166285 on dynein recruitment to the
NE. HeLa cells were immunostained for dynein (IC) and the S phase marker PCNA (which forms intranuclear foci
at this stage). Exposure to PD166285 (0.5 μM, 30 min) strongly increased the fraction of S phase cells exhibiting
NE dynein. C. Roscovitine (55 μM, 30 min) strongly inhibited NE dynactin (anti-p150) staining in Cyclin B1positive HeLa cells and D. NE LIS1 staining in phospho-Histone 3 (pH3)-positive HeLa cells (For antibody
compatibility, phospho-histone H3 (pH3) was used as a marker for G2/prophase cells, see methods). E.
Quantification of the effects of Cdk1 inhibitors Roscovitine, Inhibitor III, and RO-3306; Aurora A inhibitor VX-680
(0.3 μM); and Plk1 inhibitor BTO-1 (22 μM) on dynein recruitment to the NE of cyclin B1+ cells. F. Quantification
of the effect of Wee1/Myt1 inhibitor PD166285 on dynein recruitment to the NE of S-phase (PCNA+) cells. G.
Quantification of the effect of Cdk1 inhibitor Roscovitine on dynactin recruitment to the NE of cyclin B1+ cells. H.
Quantification of the effect of Cdk1 inhibitor Roscovitine on LIS1 recruitment to the NE of pH3+ cells. Each
experiment was reproduced three independent times (over 50 cells per condition and per experiment were counted).
Error bars indicate SD; **p<0.01; ***p<0.001; ns = not significant, based on a Student‟s t-test. Scale bar, 10 μm.
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Figure 3-5. Forced recruitment of BicD2 to the NE does not
rescue NudE/EL localization in Cdk1-inhibited cells.
HeLa cells stained for pH3 and NudE/EL. In DMSO-treated
cells (control), NudE/EL localizes to the NE of 78.1 ± 7.7% of
pH3+ cells. After 30 minutes treatment with Roscovitine (55
μM), NudE/EL is displaced and only localizes to 5.4 ± 4.8% of
pH3+ cells. BicD2-N-KASH overexpression in Roscovitinetreated cells does not restore perinuclear NudE/EL accumulation
(5.2 ± 4.9%).
Each experiment was reproduced three
independent times (over 50 cells per condition and per
experiment were counted). Error bars indicate SD; ***p<0.001,
based on a Student‟s t-test. Scale bar, 10 μm.

cells positive for perinuclear dynein. Strikingly, NE dynein could now be observed not only in
G2 cells, but, remarkably, in more than half of S-phase cells as well, a condition not previously
reported (Figure 3-4B and 3-4F). Finally, Roscovitine also displaced the major dynein regulators
dynactin, LIS1, and NudE/EL from the NE (Figure 3-4C, 3-4D, 3-4G, 3-4H and 3-5)
(Raaijmakers et al., 2013).
Cdk1 independently regulates each of the two dynein recruitment pathways in HeLa cells.
Our previous results suggested that the RanBP2-BicD2 dynein recruitment pathway is
activated earlier during G2 than the Nup133-CENP-F pathway (Hu et al., 2013). To determine
whether Cdk1 acts at a unique control point or independently activates each mechanism, we
stained inhibitor-treated HeLa cells for BicD2 and CENP-F as upstream markers for each
pathway. Roscovitine as well as RO-3306 potently and dramatically inhibited recruitment of
BicD2 to the NE of cyclin B1-positive cells (Figures 3-6A and 3-6B). Treating cells with the
Wee1/Myt1 inhibitor PD166285 resulted, as for dynein, in the appearance of BicD2 at the NE of
a substantial subset of S phase cells (49.5 ± 12.9%) (Figure 3-6C and 3-6E).
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Figure 3-6. Requirement for Cdk1 in both early and late dynein NE recruitment pathways.
A. Roscovitine (55 μM, 30 min) strongly inhibited BicD2 recruitment to the NE of Cyclin B1+ cells. B. RO-3306
(28 μM, 30 min) also strongly impaired BicD2 recruitment to the NE of Cyclin B1+ cells. C. The Wee1/Myt1
inhibitor PD166285 (0.5 μM, 30 min) induced premature BicD2 accumulation at the S-phase NE marked by PCNA.
siRNA-mediated knockdown of RanBP2 inhibited this premature BicD2 recruitment in PCNA+ cells. D. siRNA101

mediated knockdown of RanBP2 also inhibited the premature recruitment of dynein to the NE of S phase cells
(marked by PCNA). E and F. Quantification of the effect of Wee1/Myt1 inhibitor PD166285 and RanBP2
knockdown on (E) BicD2 and (F) dynein recruitment to the nuclear envelope of S phase cells (marked by PCNA).
G. Western Blot analysis of RanBP2 levels in HeLa cells reveals strong knockdown 3 days post-transfection with
RanBP2 siRNA. H. Effect of Roscovitine and PD166285 on CENP-F recruitment to the NE of cyclin B1+ cells.
NE CENP-F decreased from 16.75 ± 1.7 % in DMSO-treated cells to 0.82 ± 1.4 % in Roscovitine-treated cells but
increased to 27.2 ± 1.6% in PD166285 treated cells. Roscovitine treatment caused CENP-F to remain inside the
nucleus. I. RO-3306 (28 μM, 30 min) also strongly impaired CENP-F recruitment to the NE of Cyclin B1+ cells,
which remained inside the nucleus. Each experiment was reproduced three independent times (over 50 cells per
condition and per experiment were counted). Error bars indicate SD; **p<0.01, ***p<0.001, ns = not significant,
based on a Student‟s t-test. Scale bar, 10 μm.

siRNA-mediated knockdown of RanBP2 abolished this premature S phase recruitment of BicD2
ad dynein (Figures 3-6C-3-6G), suggesting that PD166285 acts by activating the RanBP2-BicD2
pathway.
In contrast to the other NE proteins, CENP-F is concentrated within the nucleus during
G2 but exits to accumulate at the NE prior to prophase nuclear envelope breakdown (Hussein
and Taylor, 2002). Strikingly, CENP-F remained inside the nucleus in virtually all Roscovitineand RO-3306-treated G2 cells (Figures 3-6H and 3-6I), suggesting a role for Cdk1 in controlling
the redistribution CENP-F to the cytoplasm, though whether this is a direct or indirect function is
uncertain. PD166285 increased the fraction of NE CENP-F-positive G2 cells (Figure 3-6H),
though, in this case, S-phase cells were unaffected (data not shown). These results reveal that
Cdk1 plays a critical role in each of the two G2-specific dynein recruitment pathways and acts
primarily at the level of BicD2 and CENP-F recruitment to the nucleoporins.
To better define the involvement of dynein regulatory factors in the two pathways, we
performed a series of pairwise colocalization tests (Figure 3-7). BicD2, dynein, dynactin, and
LIS1 always colocalized when any one was detected at the NE, in support of a shared role in the
early RanP2-BicD2 pathway.

Conversely, most cells with NE LIS1 exhibited intranuclear

CENP-F (76.4% ±2.4), suggesting that LIS1 can be recruited independently of the Nup133CENP-F pathway. Finally, CENP-F and NudE/EL always coincided at the NE, supporting
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Figure 3-7. Colocalization analysis between dynein and dynein regulatory factors at the NE.
Stainings for dynein and known dynein partners at the NE. Factors were stained two by two and colocalization was
assessed. Dynein, dynactin, BicD2 and LIS1 always colocalize to the nuclear envelope, suggesting that they are all
part of the early dynein recruitment pathway. LIS1 and CENP-F only colocalize in 23.6% (± 2.4%) of the case,
while in 76.4% (± 2.4%) of LIS1-positive cells, CENP-F is still intranuclear. CENP-F and NudE/EL always
colocalize at the NE, suggesting that they are both specific to the late dynein recruitment pathway.

NudE/EL recruitment through the late pathway only. These results suggest that BicD2 recruits
dynein, dynactin, and LIS1 to the NE, while NudE/EL is recruited specifically though CENP-F.
NudE/EL recruitment through the late pathway only. These results suggest that BicD2 recruits
dynein, dynactin, and LIS1 to the NE, while NudE/EL is recruited specifically though CENP-F.
Forced recruitment of BicD2 to the NE rescues dynein localization in Cdk1-inhibited cells.
We focused our further analysis on the early pathway (RanBP2-BicD2) for its role in the
initiation and early stages of apical nuclear migration in RPG cells. Our data revealed a role for
Cdk1 in NE BicD2 recruitment, but whether downstream factors were also under direct Cdk1
control remained unclear. To resolve this issue, we expressed the N-BicD2-KASH fusion
construct (Splinter et al., 2010), which targets the N-terminal dynein/dynactin-binding domain of
BicD2 to the nuclear envelope via the Nesprin-3 KASH domain (Figure 3-8A). Expression of
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this construct in Roscovitine-treated cells restored dynein, dynactin, and LIS1 to the NE of
G2/prophase cells (Figure 3-8B and 3-8C), indicating that NE BicD2 is sufficient to recruit these
factors, independently of Cdk1 activity. NE NudE/EL recruitment was not restored, supporting a
distinct role in late NE dynein recruitment (Figure 3-5). As expected, knockdown of RanBP2
did not affect dynein recruitment to the NE by N-BicD2-KASH (Figure 3-8D).
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Figure 3-8. Forced recruitment of BicD2 to the NE rescues dynein localization in Cdk1-inhibited cells.
A. Schematic representation of N-BicD2-KASH fusion protein (Splinter et al., 2010). The C-terminal RanBP2binding domain has been replaced by the KASH nuclear envelope targeting motif from Nesprin 3 (yellow). B.
Effect of NE-targeted BicD2 on NE envelope recruitment of dynein and its cofactors in Cdk1-inhibited HeLa cells.
Cells were transfected with N-BicD2-KASH, treated with Roscovitine (55 μM, 30 min), and stained for dynein,
dynactin, and LIS1. N-BicD2-KASH decorates the NE and restores dynein, dynactin, and LIS1 localization to the
NE of cyclin B1+ cells in the first two cases, and of pH3+ cells in the case of LIS1. C. Quantification of the effect
of N-BicD2-KASH expression on dynein, dynactin, and LIS1 localization to the NE in Roscovitine treated cells. D.
anBP2 knockdown did not affect N-BicD2-KASH-mediated recruitment of dynein/dynactin to the NE of Cyclin
B1+ cells. Each experiment was reproduced three independent times (over 50 cells per condition and per
experiment were counted). Error bars indicate SD; ***p<0.001; ns = not significant, based on a Student‟s t-test.
Scale bar, 10 μm.
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Figure 3-9. N-BicD2-KASH induces dynein/dynactin recruitment to the NE of Cyclin B1 negative cells.
Effect of N-BicD2-KASH expression on recruitment of (A) dynein and (B) dynactin to the NE of Cyclin B1
negative cells (+/- Roscovitine, 55 μM, 30 minutes). Unlike untransfected cells, Cyclin B1 negative cells (indicated
by red arrows) expressing N-BicD2-KASH display perinulear dynein and dynactin staining, even after Roscovitine
treatment. Each experiment was reproduced three independent times (over 50 cells per condition and per
experiment were counted). Error bars indicate SD; ***p<0.001, based on a Student‟s t-test. Scale bar, 10 μm.

Expression of this construct also induced the recruitment of the dynein/dynactin complex to the
NE of Cyclin B1 negative cells (Figure 3-9), implying that G1/S cells and Cdk1-inhibited G2
cells are equally competent for dynein recruitment by BicD2. Together, these experiments
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indicate that Cdk1 is the main regulator of the early dynein recruitment pathway and suggest that
it mainly acts at the level of BicD2 binding to RanBP2.
Regulation of RanBP2-BicD2 interaction by Cdk1 phosphorylation.
RanBP2 is a large, multi-functional nucleoporin (Pichler et al., 2002; Walther et al.,
2002). It interacts directly through an internal fragment (hereafter BBD) with the BicD2 Cterminus (Splinter et al., 2010) (Figure 3-10A). Sequence analysis of the RanBP2 BBD domain
revealed four consensus Cdk1 phosphorylation sites (S/T-P-X-K/R) and one lacking the K/R
residue in position +2. In contrast, BicD2-CT contains no predicted Cdk1 sites. To test whether
the RanBP2 BBD domain is, indeed, a Cdk1 substrate, we purified recombinant GST-BBD and a
larger domain containing flanking Ran binding domains (R-BBD-R), and incubated each
polypeptide in vitro with recombinant Cdk1 in the presence of Cyclin B and ATP. A clear
electrophoretic gel migration shift was observed for both RanBP2 fragments, but not for GSTBicD2-CT or GST alone (Figure 3-10B). We analyzed the shifted GST-BBD fragment by mass
spectrometry, which revealed phosphorylation at T2153, S2246, S2251, S2276, and S2280
(Figure 3-10C). Mutating all five sites to alanines abolished the Cdk1/Cyclin B-induced gel shift
(Figure 3-10D). As a further test of this conclusion, we performed the same experiment using
phosphate binding tag (Phos-Tag)-containing gels, which further delay the migration of
phosphorylated proteins (Kinoshita, 2005). Under these conditions, even the much stronger
migration shift induced by Cdk1/Cyclin B treatment was completely abolished by mutation of
residues 1-5A (Fig 3-11A).
We then used a pull-down assay to determine whether Cdk1 phosphorylation of the
RanBP2 BBD domain affects its affinity for BicD2-CT. Untreated BBD-containing fragments
showed a weak interaction with BicD2-CT (Splinter et al., 2010), whereas exposure of GST-
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Figure 3-10. Effect of Cdk1 phosphorylation on RanBP2-BicD2 interaction.
A. RanBP2 is a large, multi-functional nucleoporin containing a leucine-rich region (LRR), four Ran-binding
domains (R), an E3 Sumo ligase domain (E3), and a BicD2-bindng domain (BBD). BicD2 contains substantial
regions of α-helical coiled-coil and binds the dynein and dynactin complexes through its N-terminal region and
RanBP2 through its C-terminal cargo-binding domain (Liu et al., 2013). B. In vitro assay for Cdk1 phosphorylation
of GST-tagged RanBP2 BBD, RanBP2 R-BBD-R, and BicD2-CT. Both BicD2-binding RanBP2 fragments
displayed a shift in migration on Coomassie-stained electrophoretic gels (Coom.) upon exposure to in vitro purified
recombinant Cdk1 and Cyclin B in the presence of ATP. GST-BicD2-CT and GST alone showed no such effect. C.
anBP2 BBD sequence (amino acids 2147 to 2287) showing the five Cdk1 phosphorylation sites (red) identified on
the basis of the known Cdk1 consensus motif and directly demonstrated to be phosphorylated by Cdk1 in vitro using
mass spectrometry. D. In vitro Cdk1 phosphorylation of GST-BBD WT and mutated to alanine in all five identified
Cdk1 phosphorylation sites (GST-BBD 1-5A). The electrophoretic gel shift observed for the WT fragment was
abolished in the BBD 1-5A fragment. E. GST-pull down assay with indicated RanBP2 fusions and purified HisBicD2-CT in the presence or absence of purified Cdk1/cyclin B. GST fragments were visualized by Coomassie
Blue, and His-BicD2-CT was detected by Western blotting with anti-His tag antibody. 10% of the input and 50% of
the bound fractions were loaded on the gel. Right: Quantification of BicD2-CT bound fraction relative to amount
bound to GST (n=5 independent experiments). Phosphorylation of the RanBP2 fusions by Cdk1 dramatically
increased binding to BicD2-CT. F. GST-pull down assay with indicated RanBP2 fusions and purified His-BicD2CT in the presence or absence of purified Cdk1 + cyclin B. 10% of the input and 50% of the bound fractions were
loaded on gel. Right: Quantification BicD2-CT bound fraction relative to amount bound to GST-BBD (n=4
independent experiments). Pull down with GST-BBD 1-5A shows loss of Cdk1-dependant affinity increase for
BicD2-CT. Error bars indicate SD; *p<0.05; ***p<0.001; ns = not significant, based on a Student‟s t-test.
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Figure 3-11. A cluster of serine residues in RanBP2 regulates Cdk1-dependent interaction with BicD2.
A. In vitro Cdk1 phosphorylation of GST-BBD WT and mutated to alanine in all five identified Cdk1
phosphorylation sites (GST-BBD 1-5A). Proteins were analyzed on Coomassie-stained phosphate binding tag
(Phos-Tag)-containing gels. The strong electrophoretic gel shift observed for the WT fragment was abolished in the
BBD 1-5A fragment. B. GST-pull down assay with indicated RanBP2 fusions and purified His-BicD2-CT in the
presence or absence of purified Cdk1 + Cyclin B. 10% of the input and 50% of the bound fraction were loaded on
gel. Right: Quantification of BicD2-CT bound fraction relative to amount bound to GST-BBD (n=3 independent
experiments). Pull down with GST-BBD 2-5A (all four serines mutated to alanines) shows loss of Cdk1-dependant
affinity increase for BicD2-CT. Pull down with GST-BBD 1A (threonine mutated to alanine) has no effect. Error
bars indicate SD; *p<0.05; ns = not significant, based on a Student‟s t-test.

BBD or GST-R-BBD-R to Cdk1/Cyclin B clearly increased BicD2-CT pull-down, indicating
that Cdk1 enhances the interaction (Figure 3-10E). To confirm that this effect was dependent on
Cdk1 phosphorylation, we tested the consequence of Cdk1 mutations on BicD2-CT binding.
Mutation of all five sites (1-5A) abolished enhancement of BicD2-CT binding by Cdk1 (Figure
3-10F). Mutation of sites 2 to 5 (2-5A) had a similar effect to that of 1-5A whereas mutation of
site 1 alone (1A) had no detectable effect (Figure 3-11). Mutation of sites 2 and 3 (2-3A) and 4
and 5 (4-5A) each resulted in partial reduction in BicD2-CT binding (not shown). These results
indicate that Cdk1 phosphorylation of a cluster of serine residues within RanBP2 BBD increases
its affinity for BicD2, providing a potential molecular basis for Cdk1-dependent recruitment of
BicD2 and dynein to nuclear pores. We note that, in this system as in some others, phosphomimetic RanBP2 fragments (1-5E and 1-5D) proved unable to mimic the functional effects of
enzymatic phosphorylation (not shown) (Paleologou et al., 2008; Whyte et al., 2008).
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Cdk1 targets BicD2 to the NE of RGP cells to induce apical nuclear migration.
Our results raised the possibility that Cdk1 might initiate apical nuclear migration in RGP
cells by activating BicD2 recruitment to RanBP2. As an initial test of this hypothesis, we asked
whether depletion of RanBP2 itself affects nuclear migration. This was accomplished by in
utero electroporation with shRNA-expressing plasmid, shown to interfere with RanBP2
expression by immunoblotting (Figure 3-12A). As previously reported for BicD2, nuclei of
RanBP2-depleted cells arrested at a considerable distance (25-50 μm) from the apical brain
surface, consistent with a role in the early dynein NE recruitment pathway. Live imaging
revealed severe inhibition of apical nuclear migration (Figure 3-13A), whereas basal nuclear
migration was largely unaffected (0.046 ± 0.003 μm/min) (Figure 3-12B). Mitotic index was
strongly reduced, consistent with failure of RGP cell nuclei to reach the apical surface of the
brain, where mitosis is initiated (Figure 3-12C). We also tested whether Cdk1 affects BicD2 and
dynein recruitment to the RGP cell NE. Both could be detected at the NE in a subset of control
A
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Figure 3-12. Validation of RanBP2 knockdown and effect on basal migration and mitotic index.
A. Western Blot analysis of RanBP2 protein levels in C6 rat cells transfected with RanBP2 shRNA construct. B.
Live imaging of RanBP2 shRNA-expressing RGP cell undergoing basal nuclear migration. C. Quantification of the
percentage of pH3+ electroporated cells (mitotic index). RanBP2 knockdown significantly affects mitotic entry,
consistent with impaired apical nuclear migration. For each experiment, at least three independent brains were
imaged. Error bars indicate SD; **p<0.01, based on a Student‟s t-test. Scale bar, 5 μm.
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Figure 3-13. Role of RanBP2-regulated recruitment of BicD2 to the NE of RGP cells.
A. Live imaging of RanBP2 shRNA-expressing RGP cells in embryonic rat brain slices 4 days after in utero
electroporation at E16. The nuclei of electroporated cells were unable to undergo apical nuclear migration. Right:
Representative tracings of nuclei. Red tracks indicate basally migrating nuclei and blue tracks non-migrating nuclei.
Scale bar, 5 μm. B. NE BicD2 and dynein labeling within the ventricular zone (VZ) of E19 rat brain sections. Top:
NE BicD2 and dynein staining was observed in a subset of cells in control DMSO-treated brain slices (red arrows).
Bottom: NE BicD2 and dynein staining was absent from the NE of RGP cells in brain slices treated with
Roscovitine (55 μM, 60 min prior to fixation). Right: Quantification of the percentage of total cells with NE BicD2
staining. Only nuclei located within 40 μm from the ventricular surface were evaluated. C. Live imaging of RGP
cell expressing wild type BicD2 + GFP or N-BicD2-KASH + DsRed and treated with Roscovitine (55 μM). Brains
were subjected to in utero electroporation at E18 and sliced and put into culture at E19. Top: Wild type BicD2
expression does not restore apical nuclear migration in the presence of Roscovitine. Bottom: N-BicD2-KASH
restores apical nuclear migration in the presence of Roscovitine. Green tracks indicate apically migrating nuclei and
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blue tracks non-migrating nuclei. D. Brains were subjected to electroporation at E19 and directly sliced and put into
culture in the presence of Roscovitine (55 μM) for 24 hours, before fixation. Top: Nuclei of RGP cells expressing
wild type BicD2 + GFP do not reach the apical surface in the presence of Roscovitine. Bottom: A high proportion
of nuclei are at the apical surface in RGP cells expressing N-BicD2-KASH + DsRed. Right: Quantification of the
percentage of nuclei reaching the apical surface. For each experiment, at least three independent brains were
imaged. Error bars indicate SD; ***p<0.001, based on a Student‟s t-test. Scale bar, 5 μm.

cells (Figure 3-13B) (Hu et al., 2013).

In contrast, NE BicD2 and dynein staining were

undetectable after exposure of the brain slices to Roscovitine prior to fixation (Figure 3-13B).
To test whether restoration of NE BicD2 can rescue the effects of Cdk1 inhibition, we
expressed either wild-type BicD2 or the N-BicD2-KASH fusion construct in RGP cells by in
utero electroporation. We previously found that BicD2 expression could restore apical INM in
RGP cells depleted in components of either the early or late NE recruitment pathways (Hu et al.,
2013), but this treatment failed to restore apical nuclear migration in brain slices exposed to
Roscovitine (Figure 3-13C). This result is consistent with the sensitivity of BicD2 localization to
Cdk1 activity. In contrast, N-BicD2-KASH expression induced nuclei to migrate all the way to
the ventricular surface of the brain (Figure 3-13C). We note that cell division failed to occur,
consistent with a role for Cdk1 in mitotic entry.
We also fixed electroporated brain slices 24 hours after Cdk1 inhibition and determined
the fraction of RGP nuclei that reached the apical surface (Figure 3-13D). Consistent with the
live imaging data, a very low percentage of nuclei were located at the apical surface in cells
expressing wild-type BicD2. In contrast, over 80% of nuclei were found at the apical surface in
N-BicD2-KASH-expressing cells (Figure 3-13D). Therefore, targeting of BicD2 to the NE is
entirely sufficient to drive nuclei to the apical surface in the absence of Cdk1 activity.
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Discussion
NE recruitment of cytoplasmic dynein is proving to be a widespread and important
phenomenon in cells, though much remains to be understood about its regulation (Gundersen and
Worman, 2013). How and through what signals NE dynein recruitment is activated to induce
nuclear migration in neural stem cell has remained largely unaddressed. We find that apical
migration depends on Cdk1 activity, which our data show controls both early and late
mechanisms for dynein recruitment to the NE. Cdk1 phosphorylates novel sites within the
nucleoporin RanBP2 and activates BicD2 binding, which, in turn, recruits dynein, dynactin, and
LIS1 to the NE, inducing apical nuclear movement. Cdk1 independently induces CENP-F
redistribution from inside the nucleus to the NE to allow migration all the way to the apical
surface for mitosis (Hu et al., 2013).
The specific effect of Cdk1 inhibitors on apical but not basal nuclear migration is
consistent with the G2-M role for this protein kinase. In our system, therefore, basal movement
cannot simply reflect displacement of nuclei by apically migrating ones (Kosodo et al., 2011;
Leung et al., 2011; Okamoto et al., 2013). We find that Cdk1 inhibition arrests apicallymigrating nuclei at a range of distances from the ventricular surface, which may reflect the dual
role we have discovered for Cdk1 in both early and late NE dynein recruitment pathways.
Our data indicate that Cdk1 plays a similar role in nonneuronal G2-specific NE dynein
recruitment. We suspect, therefore, that this is a very general function, which is exaggerated in
RGP cells because of their great length and epithelial cytoskeletal organization. Quite possibly,
other epithelial cells also use Cdk1-induced NE dynein recruitment to reorganize their contents
for mitosis.
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To identify primary targets for Cdk1, we employed both cellular and biochemical
approaches. We found that Cdk1 inhibition displaces BicD2 from the NE of G2 cells. However,
constitutive targeting of the BicD2 N-terminal domain to the NE induced co-recruitment of
dynein, dynactin, and LIS1, though not NudE/EL. These results were obtained in cells inhibited
for Cdk1, thus allowing us to deduce that BicD2 localization alone is under control of the protein
kinase. We tested this possibility by Cdk1 phosphorylation of the BicD2-binding domain of
RanBP2, which resulted in a clear increase in its affinity for BicD2 in vitro. We identified 5
consensus Cdk1 sites in the RanBP2 fragment by sequence analysis, all of which were confirmed
as targets of Cdk1 by in vitro phosphorylation followed by mass spectrometry. Mutational
analysis revealed that four are necessary to stimulate the BicD2 interaction.

However,

replacement of the target serines with acidic residues to produce phosphomimetic mutations had
no effect on BicD2 binding. These results, and the large size of full-length RanBP2 (358 kDa),
precluded attempts to rescue RanBP2 knockdown in brain with phosphorylated vs.
dephosphorylated forms of the protein. Nonetheless, we were able to bypass the effects of Cdk1
inhibition by constitutive targeting of the BicD2 N-terminus to the RGP NE in embryonic rat
brain (Figure 6). This further supports a primary role for Cdk1 phosphorylation in regulating
recruitment of BicD2 to the NE and apical nuclear migration.
Two other dynein binding partners, NudE/EL and the light intermediate chain 1 (LIC1),
are known Cdk1 targets (Dell et al., 2000; Yan et al., 2003). NudEL phosphorylation, in
particular, was reported to stimulate prophase NE invagination (PNEI), thought to be an
indicator of increased dynein forces at the NE (Hebbar et al., 2008). Our data indicate that
phosphorylation of these substrates is not involved in regulating early dynein NE recruitment,
but a role in the late mechanism remains a likely possibility.
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An intriguing question is whether BicD2 exclusively serves as a recruiting factor for
dynein at the NE or if it also participates in dynein activation. BicD2 is emerging as a key
regulator of dynein, with important roles in the nervous system. In humans, dominant mutations
in BicD2 cause spinal muscular atrophy and hereditary spastic paraplegia (Lipka et al., 2013),
while BicD2-deficient mice have disrupted laminar organization in the cortex and cerebellum
(Jaarsma et al., 2014). At the molecular level, BicD2 was recently shown to form a complex
with dynein and dynactin, dramatically stimulating processive dynein movement on
microtubules in vitro (Mckenney et al., 2014; Schlager et al., 2014; Splinter et al., 2012). These
observations suggest that the Cdk1-dependence of the BicD2-RanBP2 interaction found here
may not only regulate dynein targeting to the NE, but also stimulate motor activity to facilitate
nuclear migration in RGP cells.
Activation of the late NE dynein recruitment pathway involves a mechanism very
different from that for the early pathway. In this case, CENP-F is at first intranuclear, and
physically segregated from its nucleoporin binding partner Nup133. CENP-F is known to exit
the nucleus during late G2 to decorate the NE and early assembling kinetochores (Hussein and
Taylor, 2002; Stehman et al., 2007; Vergnolle and Taylor, 2007).

Quite strikingly, Cdk1

inhibition blocked CENP-F nuclear exit (Figure 3C), identifying a role for the kinase in CENP-F
subcellular localization. How phosphorylation regulates CENP-F redistribution remains to be
investigated.

We note that farnesylation of CENP-F is also required for NE localization

(Hussein and Taylor, 2002), pointing to another potential level of regulation of the late dynein
recruitment pathway.
The evolutionary basis for the differences between the early and late NE dynein
recruitment mechanisms is unclear. We speculate that the intranuclear sequestration of CENP-F,
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detected during most of G2, may prevent gradual activation of the late dynein recruitment
pathway by the continuously increasing cytoplasmic Cdk1 kinase activity. We note that CENP-F
exits the nucleus at about the time of cyclin B entry. This may ensure that the CENP-Fdependent increase in NE dynein levels is coordinated with early mitotic events, such as
centrosome separation, NE breakdown, and kinetochore assembly (Raaijmakers et al., 2012;
Turgay et al., 2014).
Our data indicate that Cdk1 serves as a master regulator for apical nuclear migration
through a direct effect on dynein recruitment to the NE. It therefore appears that apical nuclear
migration and mitotic entry are under the control of the same protein kinase, which may ensure
that these two processes always occur in proper sequence. Nuclei would, thus, migrate towards
the ventricular surface only as cells become ready to divide, thus preventing nuclear
overcrowding at the apical surface (Okamoto et al., 2013; Strzyz et al., 2015).
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Experimental Procedures
Expression constructs and shRNA
We used the following previously described expression constructs: Full length BicD2 in pIRES2
DsRed-Express2 (Hu et al., 2013); Cdk1-DN-HA (obtained from addgene) (van den Heuvel and
Harlow, 1993); GFP-N-BicD2-KASH, GST-BicD2-CT and GST-BBD (GST-RanBP2 fragment
3) (gifts from Dr. Anna Akhmanova) (Hu et al., 2013; Splinter et al., 2010); GST-R-BBD-R
(GST-RBD2-JX2-RBD3, a gift from Dr. Paulo Ferreira) (Cai et al., 2001). His-BicD2-CT was
generated by gene synthesis (Genescript) and inserted into pGex-6p-1 (BamH1-EcoRI).
Mutagenesis of GST-BBD was performed using QuickChange II site-directed mutagenesis kit
(Agilent technologies). For RanBP2 knockdown in the brain, shRNA construct inserted in the
pGFP-V-RS vector was used (Origene).

We used the following shRNA sequence: 5‟-

CTTGTGATGCCTCCAAGCCAACTCATAAG-3‟. Empty vectors of pEGFP-C1 and pDsRedExpress2-C1 (Clontech) were used as controls. For RanBP2 knockdown in HeLa cells, we used
Thermo

Scientific

siGenome

SMARTpool:

GAAAGAAGGUCACUGGGAU-3‟,
GAAUAACUAUCACAGAAUG-3‟.

5‟-CGAAACAGCUGUCAAGAAA-3‟,

5‟-GAAAGGACAUGUAUCACUG-3‟

and

5‟5‟-

As a control, we used ON-Target plus non-targeting

siRNA #1 (Thermo Scientific): 5‟-UGGUUUACAUGUCGACUAA-3‟.
Antibodies
Antibodies used in this study were: Mouse monoclonal against dynein intermediate chain clone
74.1 (a gift from Dr. Kevin Pfister), CENP-F (BD Biosciences), p150 (BD Biosciences), cyclin
B1 (BD Biosciences), phospho Histone H3 (Abcam), His tag (Genescript), PCNA (Proteintech);
Rabbit polyclonal against LIS-1 (Santa Cruz), Cyclin B1 (Santa Cruz), PCNA (Abcam), BicD2
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(Abcam), BicD2 (a gift from Dr. Anna Akhmanova), RanBP2 (Abcam), NudE/EL (Stehman et
al., 2007); Chicken polyclonal against GFP (Millipore); Rat monoclonal against BrdU (Abcam).
Cell culture, transfection, immunostaining, and drug treatment
HeLa cells were cultured in DMEM supplemented with 10% FBS. Effectene reagent (QIAGEN)
was used for plasmid transfection and HiPerFect (QIAGEN) for siRNA transfection.

For

immunostaining, cells were washed in PBS, fixed in -20°C methanol, 10 mM EGTA (10 min),
permeabilized in PBS, 0.1% Triton X-100 (5 min), and stained in PBS, 0.05% Tween
supplemented with donkey serum. For LIS-1 and NudE/EL stainings, cells were pre-extracted
with 0.5% triton (in PHEM buffer) for 1 minute and fixed in 3% PFA (in PHEM buffer) for 20
minutes. Cells were then washed in PBS, permeabilized in 0.1% triton (25 minutes), and
incubated in NH4Cl 50 mM for 10 minutes. Cells were then stained in PBS, 0.05% Tween
supplemented with donkey serum. Because pre-extraction is not compatible with cyclin B1
staining, we used phospho-Histone 3 as a late G2/prophase marker. For better visualization of
NE dynein and dynein partners, cells were incubated for 1 hr in Nocodazol (10 μM) prior to
fixation (Bolhy et al., 2011; Hu et al., 2013; Raaijmakers et al., 2013; Splinter et al., 2012). The
following drugs were used for protein kinase inhibition: 55 μM Roscovitine (Meijer et al., 1997)
(Selleck Chemicals); 0.9 μM Cdk1/2 inhibitor III (Gavet and Pines, 2010) (Calbiochem); 28 μM
RO-3306 (Deibler and Kirschner, 2010; Vassilev et al., 2006) (Tocris Bioscience); 0.5 μM
PD166285 (Potapova et al., 2009) (Tocris Bioscience); 0.3 μM VX-680 (Harrington et al., 2004)
(Selleck Chemicals); 22 μM BTO-1 (Bader et al., 2011) (EMD Millipore).
In vitro kinase assay, GST pull-down, and Western Blotting
Cdk1 kinase assay was performed as follow: 10 μg of GST-tagged protein were incubated for 45
minutes at 30°C, in the presence of 0.2 μg active Cdk1/CyclinB (EMD Millipore) and 400 μM
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ATP (Sigma Aldrich) in PK buffer (NEB), to a final volume of 50 μL. For GST pull downs, the
entire kinase reaction was incubated with 40 μL Glutathione Magnetic beads (Pierce) in binding
buffer (50 mM Tris pH 7.4; 5 mM EDTA; 0.1% NP40; 125 mM NaCl) for 1 hour at 4°C. Beads
were washed and incubated with 1 μg His-BicD2-CT in binding buffer for 1 hour at 4°C. Beads
were then washed, transferred to a new tube, and boiled in 1X Laemli buffer. The proteins were
analyzed by SDS-PAGE using standard procedures followed by Western Blotting or Coomassie
brilliant blue gel staining.

For phosphate binding tag (Phos-Tag)-containing gels, 10%

acrylamide gels were prepared in the presence of 40 μM Phos-Tag™ (Wako chemicals).
Immunoblots were incubated with fluorescently tagged secondary antibodies (Rockland
Immunochemicals) and developed at subsaturating conditions using a scanning device (Odyssey;
LI-COR Biosciences) and Odyssey software version 3.0.
Mass spectrometry for identification of Cdk1 phosphorylation sites
GST-tagged RanBP2 BBD fragment was incubated with Cdk1/CyclinB and ATP at 30°C for 45
minutes as described above. Proteins were then loaded on an SDS-PAGE gel and analyzed by
mass spectrometry to identify Cdk1 phosphorylation sites.

The dried gel pieces were

rehydrated and digested in 80 μL of 12.5 ng/μL Trypsin Gold/50 mM ammonium
bicarbonate at 37 °C overnight. After the digestion was complete, condensed evaporated
water was collected from tube walls by brief centrifugation using benchtop microcentrifuge
(Eppendorf, Hauppauge, NY). The gel pieces and digestion reaction were mixed with 50 μL
2.5% TFA and rigorously mixed for 15 min. The solution with extracted peptides was
transferred into a fresh tube. The remaining peptides were extracted with 80μl 70%
ACN/5% TFA mixture using rigorous mixing for 15 min. The extracts were pooled and
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dried to completion (1.5–2 h) in SpeedVac. The dried peptides were reconstituted in 30 μl
0.1% TFA by mixing for 5 min and stored in ice or at −20 °C prior to analysis.
The concentrated peptide mix was then reconstituted in a solution of 2 % acetonitrile
(ACN), 2 % formic acid (FA) for MS analysis. Peptides were loaded with the autosampler
directly onto a 2cm C18 pre-column and were eluted from the column using a Thermo
Easy-nLC1000 UHPLC with a 10 min gradient from 2% buffer B to 35 % buffer B (100 %
acetonitrile, 0.1 % formic acid). The gradient was switched from 35 % to 85 % buffer B
over 1 min and held constant for 2 min. Finally, the gradient was changed from 85 % buffer
B to 98 % buffer A (100% water, 0.1% formic acid) over 1 min, and then held constant at
98 % buffer A for 5 more minutes. The application of a 2.0 kV distal voltage electrosprayed
the eluting peptides directly into the mass spectrometer equipped with an Easy-spray
source (Thermo Finnigan). Mass spectrometer-scanning functions and HPLC gradients
were controlled by the Xcalibur data system (Thermo Finnigan, San Jose, CA).
Tandem mass spectra from raw files were searched against a human protein database
using the Proteome Discoverer (Thermo Finnigan, San Jose, CA). The Proteome Discoverer
application extracts relevant MS/MS spectra from the .raw file and determines the
precursor charge state and the quality of the fragmentation spectrum. The Proteome
Discoverer probability-based scoring system rates the relevance of the best matches found
by the SEQUEST algorithm. The human database was downloaded as FASTA-formatted
sequences from Uniprot protein database. The peptide mass search tolerance was set to
10ppm. A minimum sequence length of 7 amino acids residues was required. Only fully
tryptic peptides were considered. To calculate confidence levels and false positive rates
(FDR), Proteome Discoverer generates a decoy database containing reverse sequences of
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the non-decoy protein database and performs the search against this concatenated
database (non-decoy + decoy). The discriminant score was set at 1% FDR determined
based on the number of accepted decoy database peptides to generate protein lists for this
study.

The predicted phosphorylation sites were analyzed manually to confirm the

precursor mass, fragmentation ions, and phosphorylated amino acids for the predicted
phosphopeptides.
In utero electroporation, live imaging, and drug treatment of brain slices
Plasmids were transfected by intraventricular injection in embryonic rats in utero, followed by
electroporation as described previously (Tsai et al., 2010). In summary, 1-2 µL of cDNA (1-3
µg/µL) was injected into the ventricle of embryonic E16 brains. A series of five electric pulses
at 50 V for 50 ms at 1 s intervals was applied by a platinum-plated electrode (Harvard
Apparatus) through the uterine walls. Coronal slices from embryos were sectioned at 300 µm on
a Vibratome (Leica microsystems) 3-4 days post electroporation, and then imaged live for 10-16
hours at 10 minutes intervals. Throughout the live imaging duration, coronal slices were placed
on Millicell-CM inserts (Millipore) in culture medium containing 25% Hanks balanced salt
solution, 47% basal MEM, 25% normal horse serum, 1× penicillin/streptomycin/glutamine
(GIBCO BRL), and 0.66% glucose. Slices remained incubated in 5% CO2 at 37°C. For drug
treatments, brain slices were incubated in culture medium containing 55 μM Roscovitine or 100
μM RO-3306 for 45 minutes prior to imaging and throughout the duration of the movie. For
analysis of PD166285 effect on apical nuclear migration, live brain slices were incubated with
BrdU (Sigma-Aldrich) at 20 μg/ml for 15 minutes, washed, and subsequently treated for 2 hours
with 1 μM PD166285 before fixation and immunostaining.
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All animals were maintained

according to protocols approved by the Institutional Animal Care and Use Committee at
Columbia University.
Analysis and quantification of live imaging movies.
Time-lapse images were captured by IX80 scanning confocal microscope using Fluoview 100
software (Olympus), with each image taken every 10 minutes.

Movies were created and

processed at 12 fps using ImageJ software. Tracings of RGP cell nuclear movements were
obtained by measuring the distance between the RGP cell endfoot (bottom of the apical process)
to the bottom of the nucleus. This controlled any overall movement of the entire brain slice.
Nuclear distances for tracings were measured every 20 minutes, which equated 2 intervals during
live imaging. RGP cells were distinguished from neurons by the presence of the apical process,
which neurons lacked, and by focusing within the ventricular zone. The velocity of nuclear
movement was calculated by measuring the total distance the nucleus traveled from when the
nucleus first moved to when it last moved and dividing that by the time the nucleus took to travel
that distance.
Immunostaining of brain slices
Rat embryos were perfused transcardially with chilled saline and 4% paraformaldehyde (PFA)
(EMS, wt/vol), and then incubated in 4% PFA overnight. Brain were then coronally sectioned at
a thickness of 100 μm, washed with PBS, and incubated in blocking solution containing PBS,
0.3% Triton X-100 supplemented with donkey serum for 1 hourr. Primary antibodies were
incubated overnight in blocking solution at 4°C and secondary antibodies in blocking solution
were incubated for 2 hours at room temperature. For BrdU immunostaining, brain slices were
first incubated in 2N HCl for 25 minutes at 37°C. Slices were then washed in 0.1 M sodium
borate for 10 minutes and then PBS, prior to antibody incubation. For dynein and BicD2
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immunostaining, rat brains were coronally sectioned prior to fixation, and incubated in
Nocodazol (10 μM) for 2 hours at 37°C for better visualization (Hu et al., 2013). Brain slices
were then fixed in methanol at -20°C for 20 minutes. Immunostaining proceeded as described
above.
Microscopy and image analysis
All images were collected with an IX80 laser scanning confocal microscope (Olympus FV100
Spectral Confocal System). HeLa cells were imaged using a 100x 1.40 N.A. oil objective.
Brain sections were imaged using a 60x 1.42 N.A. oil objective or a 10x 0.40 N.A. air
objective.

Images were analyzed using ImageJ and prepared for publication using Adobe

Photoshop.
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Summary
The kinesin Kif1a has been indentified as the motor for basal interkinetic nuclear migration in rat
brain radial glial stem cells, though it also contributes to axonal transport.

To define its

developmental contributions comprehensively, we expressed Kif1a RNAi, as well as a mutant
form of Kif1a. Based on fixed and live brain imaging, we identified unexpected developmental
consequences. Blocking basal nuclear migration in radial glial cells had almost no effect on cell
cycle progression, but asymmetric, neurogenic divisions were reduced. Postmitotic neuronal
migration was independently arrested at the multipolar stage, though progressive neuronal gene
expression persisted. Comparable effects were also induced in the surrounding control cells.
These results identify novel, sequential, and independent roles for Kif1a in INM and neuronal
migration, and have clear implications for understanding human disease.
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Introduction
Development of the vertebrate cerebral cortex occurs through a series of discrete stages,
beginning with radial glial progenitors (RGPs). These highly elongated stem cells span the
cortex from the ventricular to the pial surface. The RGP cells exhibit an unusual form of cellcycle-dependent nuclear oscillations between the apical and the basal regions of the ventricular
zone, known as interkinetic nuclear migration (INM) (Kosodo, 2012; Lee and Norden, 2013;
Spear and Erickson, 2012). They are highly proliferative, and give rise to most neurons and glia
of the cerebral cortex, as well as to adult stem cells (Kriegstein and Alvarez-Buylla, 2009;
Noctor et al., 2001; Paridaen and Huttner, 2014). RGP-generated neurons undergo multipolar
migration in the lower intermediate zone. Following a prolonged residence in this state, they
undergo a further pronounced change to a bipolar morphology, and, in this form, migrate along
the basal process of neighboring RGP cells to the cortical plate (Noctor et al., 2004; Kriegstein
and Alvarez-Buylla, 2009). Mutations in a number of genes responsible for aspects of this
complex behavior contribute to a variety of developmental diseases, including periventricular
heterotopia, subcortical band heterotopia, and lissencephaly (Tsai et al., 2007; Loturco and Bai,
2006).
In previous work, our lab found the microtubule motor proteins Kif1a and cytoplasmic
dynein to be responsible, respectively, for basal and apical INM in rat RGP cells (Tsai et al.,
2010; Hu et al., 2013). Mutations in or altered expression of genes encoding the cytoplasmic
dynein heavy chain, the dynein regulator LIS1, and factors responsible for recruiting dynein to
the G2 nuclear envelope each interfered with apical INM (Hu et al., 2013; Tsai et al., 2007;
2010).

Each also resulted in a pronounced accumulation of post-mitotic neurons in the

multipolar state, and a decrease of neurons in the cortical plate. Consistent with these effects,

131

dynein and its regulatory factors have been implicated in lissencephaly and microcephaly (Reiner
et al., 1993; Lipka et al., 2013; Poirier et al., 2013).
The arrest of basal INM by Kif1a RNAi would be expected to have a profound influence
on subsequent brain development. Kif1a RNAi resulted in accumulation of multipolar neuronal
precursors in the lower IZ, suggesting a late role in brain development. A Kif1a null mouse was
reported to exhibit much reduced brain size (Yonekawa et al., 1998) and mutations in the human
Kif1a gene have been implicated with a number of pathologies such as Spastic Paraplegia 30
(Klebe et al., 2006; Erlich et al., 2011; Klebe et al., 2012), Hereditary Sensory Neuropathy Type
IIC (Rivière et al., 2011), Autosomal Dominant Mental Retardation (Hamdan et al., 2011), and,
more recently, pachgyria (Jamuar et al., 2014). The relationship between brain malformations
and the specific roles of Kif1a in development are unknown.
The current study was initiated to determine the consequences of Kif1a RNAi-mediated
arrest of basal INM. Inhibition of apical INM by knockdown of dynein-related genes prevented
RGP cells from entering mitosis and profoundly reduced mitotic index (Hu et al., 2013). The
effects of inhibiting basal INM on RGP cell cycle progression are unknown.

Whether

subsequent migration defects arise from altered INN remains unaddressed. To resolve these
basic issues, we tested the effects of Kif1a RNAi as well as a human mutant form of Kif1a in
both early and late rat brain development.

We report that Kif1a plays multiple, distinct

developmental roles and regulates a number of unusual behaviors. Blocking basal INM had
surprisingly little effect on RGP cell cycle progression, resulting in a perpetuation of stem celllike proliferation behavior. We found accumulation of Kif1a-deficient post-mitotic neurons in
the SVZ/lower IZ to reflect an entirely independent process. Unlike RNAi for dynein-associated
proteins, which arrest neurons at the same morphological stage, Kif1a depleted neurons exhibit
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signs of persistent neuronal maturation.

Finally, these cells cause non-autonomous

developmental effects in surrounding cells. Together, our results identify multiple, independent
roles for Kif1a with important consequences for human brain developmental disease.
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Results
Cell cycle progression in RGP cells occurs independently of basal migration.
Previously, we found that inhibition of apical INM has a severe effect on RGP cell
mitotic entry, as judged by fixed and live imaging of rat brain tissue preparations. The effects of
altered basal migration on cell cycle progression have not been examined, though we did observe
that Kif1a RNAi increased the percentage of pax6+ RGP cells (Tsai et al., 2010), as well as
decreased the percentage of intermediate progenitors (Figure 4-1). To test directly for cell cycle
effects, we introduced Kif1a shRNAs into E16 rat brain progenitor cells by in utero
electroporation. We then sectioned the E20 brain four days post electroporation and performed
immunostaining for a number of cell cycle markers. The percent of cycling RGP cells in Kif1adepleted RGP cells was unaffected compared to control, as determined by Ki67 immunostaining
(Figure 4-2A and 4-2A‟). We note that 76% of control cells were Ki67-positive, which identifies
a distinct subpopulation of non-cycling RGP cells. Surprisingly, there was minimal effect on the
percentage of Kif1a shRNA-expressing RGP cells that were positive for cyclin D1 (G1phase,

A

B

Figure 4-1: Kif1A RNAi decreases basal progenitor differentiation.
A. Representative confocal images of the ventricular and subventricular zones (VZ/SVZ) of rat cortices transfected
at E16 with scrambled or Kif1a shRNA, and immunostained 4 days later for intermediate progenitors marker, Tbr2.
B. Quantification of GFP and Tbr2 double-positive transfected cells. The percentage of Tbr2+ cells was
significantly reduced in Kif1a knockdown brains compared to control (n=5 brains per condition). Scale bar = 10µm.
*P<0.05; Error bars = S.D.
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Figure 4-2: Kif1a RNAi inhibition of basal nuclear migration in RGP cells has no effect on cell cycle
progression.
E16 rat embryonic brains were subjected to in utero electroporation with the pRNAT vector expressing either
scrambled or Kif1a shRNAs. Brains were then fixed at E20, stained with cell cycle markers as indicated (A-E), and
scored for the percent of positive RGP nuclei (A’-E’; n=3 or 4 brains per condition). Kif1A RNAi caused no
significant change in the percent of cycling (anti-Ki67), mitotic (anti-PH3), or G1 (anti-Cyclin D1) RGP cells. A
small, but insignificant decrease was seen in the number of Kif1a-depleted RGP cells in S phase (anti-BrDU after 20
min pulse label) or G2 (anti-Geminin). F-G. The percentage BrDU-positive nuclei after 20 min pulse label located
at or less than 10 µm from the ventricular surface greatly increased in RGP cells expressing Kif1a RNAi. Scale bar
= 5 µm. **P<0.01; Error bars = S.D.

Figure 4-2B and 4-2B‟), geminin (S/G2 phases, Figure 4-2C and 4-2C‟), or phospho-histone H3
(late G2/M phases, Figure 4-2D and 4-2D‟). We also investigated the effect of Kif1a RNAi on S
phase by BrDU pulse labeling. 18% of cells were in S-phase, somewhat lower than in controls,
but suggesting that RGP cells inhibited for basal INM continue to progress through the cell cycle
(Figure 4-2E and 4-2E‟). Interestingly, the majority of BrDU+ Kif1a-depleted cells were within
10 μm of the apical surface (Figure 1F), revealing that cells can still enter S phase without
reaching the top of the ventricular zone (VZ). These results suggest that RGP cells can progress
through the entire cell cycle while remaining close to the ventricular surface. We note that,
although nuclei in the Kif1a knockdown cells are severely inhibited for basal INM and are
concentrated close to the ventricular surface, a small population of knockdown nuclei extend
beyond 20 µm from this site (Figure 4-11C).

This may reflect an effect of crowding or

incomplete Kif1a knockdown. Nonetheless, the dramatic increase in the percentage of S-phase
nuclei within 10 μm (Figure 4-2F), or at (Figure 4-2G) the ventricular surface provides new
evidence that S phase entry can occur independent of nuclear position.
To visualize cell cycle progression of Kif1a knockdown cells directly, we imaged live
brain slices four days after in utero electroporation for up to 40 hours. Because the cell cycle for
RGPs at this stage lasts ~ 20 hours, as estimated on the basis of mitotic index and mitotic
duration (Figure 4-2D‟) (Hu et al., 2013), the extended imaging duration was intended to enable
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tracking through two complete mitotic events. Nuclei in control cells exhibited clear migration
in apical and basal directions, undergoing mitosis at the apical surface as expected (Figure 4-3A).
In cells expressing Kif1a shRNA, nuclei could be followed through the end of apical migration
and mitosis at the ventricular surface. However, reformed nuclei in these cells were clearly
deficient in basal migration (Figure 4-3B). Although most nuclei showed no apparent basal
movement, short departures from the ventricular surface could be seen, perhaps resulting from
incomplete inhibition and possibly accounting for the spread in nuclear position observed in
fixed sections. Strikingly, 18-19 hours after cytokinesis, most of the Kif1a RNAi nuclei divided
again despite remaining at the apical surface for the duration of the cell cycle. Taken together,
these data show that despite the accumulation of RGP nuclei at the ventricular surface, RGP cells
are still able to progress through the cell cycle.

A

B

Figure 4-3: RGP cells continue to progress through mitosis despite basal migration arrest.
Brain slices prepared following in utero electroporation with Kif1a or scrambled shRNAs were cultured at E19 and
monitored by live imaging for 40 hrs. A. Control RGP cell (arrow) undergoes two cycles of INM, each time
exhibiting basal and then apical nuclear migration, followed by mitosis at the ventricular surface of the brain slice
(1:45; 20:00). B. Nucleus of Kif1a knockdown RGP (arrow) initially undergoes apical INM and divides (2:00). The
one nucleus which stays in the image focal plane remains at the ventricular surface for ~18 hr before dividing again
(20:15; arrows). Scale bar = 5 µm.
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Kif1a RNAi results in a decrease of neurogenic divisions.
These results argue that the modest increase in Pax6-positive RGP cells (Tsai et al., 2010)
is not a consequence of altered cell cycle progression. Therefore, we also tested mitotic cells for
the ratio of symmetric (proliferative; Figure 4-4A) vs.

asymmetric (neurogenic) divisions

(Figure 4-4B), using as indicators: cell morphology, behavior, and centrosome position. We
found Kif1a RNAi to increase the percent of symmetric divisions compared to control, with
fewer asymmetric divisions (Figure 4-4C).

Consistent with this finding, the plane of cell

division was biased towards 90 degrees (Figure 4-4D). These results suggest that the lack of
Kif1a in RGP cells leads to an increase of symmetric divisions.
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Figure 4-4: Arresting basal migration biases symmetric divisions in RGP cells.
Brain slices prepared following in utero electroporation with Kif1a or scrambled shRNAs were cultured at E19 and
monitored by live imaging for 40-45 hrs. RGP cells co-expressing Kif1a shRNA and dsRed-centrinII were able to
divide either symmetrically to form two RGP cells (A) or asymmetrically to form a RGP cell and a neuron/neuronal
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progenitor (B). Daughter RGP cells were identified by presence of an apical process (arrows) and an apicallysequestered centrosome (arrowheads) at the ventricular surface of the brain slice. Newly-born neurons were
identified by movement towards the SVZ (arrows), absence of an apical process, and centrosomal movement away
from the ventricular surface (arrowheads). C. Quantification of the symmetric vs asymmetric RGP divisions based
on multiple examples of live imaging revealed that Kif1a shRNA causes a severe shift toward symmetric divisions.
D. Quantification of cleavage plane orientation indicates a similarly marked shift to a horizontal cleavage plane
orientation. Scale bars = 5 µm.

Effect of Kif1a knockdown on multipolar to bipolar transition in neuronal cells.
Despite the limited apparent consequences of altered basal INM on cell cycle
progression, Kif1a RNAi caused a dramatic accumulation of cells in the subventricular zone
(SVZ)/lower intermediate zone (IZ) (Figure 4-5A) (Tsai et al., 2010; Liu et al., 2012). Cells in
this region of control brains typically assume a multipolar morphology, before reorganizing to a
bipolar form and migrating toward the cortical plate. Kif1a shRNA-acumulated neurons were
largely multipolar, suggesting a potential failure in the multipolar-bipolar transition (Figure 4-5A
and 4-5B). The multipolar stage has been reported to last > 24 hours (Noctor et al., 2004), but
the transition can be detected by long-term live imaging. Control multipolar neurons were,
indeed, observed to transition to a bipolar morphology (n=15), with apparent stochastic timing
with an average of 21 hours, but 40% of those cells switched to a bipolar morphology after over
30 hours (Figure 4-5C and 4-5D). In contrast, none of the multipolar Kif1a-depleted neurons
converted to the bipolar morophology over a similar period (n=16;), supporting a block in
subsequent morphogenesis (Figure 4-5C and 4-5D). Nonetheless, a few Kif1a-depleted neurons
could be detected with a bipolar morphology prior to live imaging. These neurons were still able
to migrate normally towards the cortical plate at similar rates (0.113 ± 0.036) μm/min) to the
control (0.106 ± 0.028) μm/min) (Figure 4-6). These results suggest that Kif1a is not involved in
bipolar neuronal migration, but is essential for regulating the switch to a migratory morphology.
Because these cells escaped the multipolar morphology arrest however, it is unclear whether the
observed bipolar migration was a result of RNAi inefficiency.
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Figure 4-5: Kif1a RNAi arrests neurons in the multipolar stage.
Histological analysis and live imaging of rat brains in utero electroporated with Kif1a and scrambled shRNA vectors
at E16. A. Coronal sections of E20 rat brains showing an accumulation of multipolar neurons in the SVZ/lower IZ
in Kif1a knockdown compared to control. B. Quantification of the number of multipolar vs bipolar E20 neurons in
the cortex in Kif1a knockdown compared to control (n=6 brains per condition). C. E20 brain slices were cultured
for ~40 hr during which we monitored, within the SVZ-lower IZ, control multipolar cells converting to a bipolar
morphology by 15 hours, and lack of the transition in Kif1a knockdown cells. D. Quantification of live analysis.
During ~40 hrs of imaging, ~ 30% of control multipolar cells, located in the IZ, converted to a polar migratory
morphology, while none of the Kif1A knockdown cell showed this behavior (n= 51 control cells and 16 knockdown
cells). Scale bars: 100µm (A), 5µm (C). ***P<0.001; Error bars = S.D.
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60 min intervals

Figure 4-6: Kif1a RNAi does not affect bipolar neuronal migration.
Live imaging of bipolar neurons expressing either scrambled or Kif1a shRNAs in embryonic rat brain slices 4 days
post in utero electroporation at E16. Neurons were imaged in the intermediate zone (IZ) and migrated towards the
cortical plate (CP). Right: Representative tracks of individual nuclei for each condition are presented. Migration of
bipolar neurons was not affected by Kif1a RNAi.

Cell fate of arrested neurons.
To characterize the effects of Kif1a RNAi on further neuronal differentiation, we stained
brain sections with a number of neuronal markers. Tbr1 is normally expressed in post-mitotic
projection neurons (Bedogni et al., 2010; Englund et al., 2005). In E20 control brains, only
bipolar neurons located in the upper IZ and CP were positive for Tbr1 (Figure 4-7). However,
rat brains subjected to Kif1a RNAi exhibited strong Tbr1 staining in most, if not all, of the
multipolar neurons accumulated within the SVZ/lower IZ (Figure 4-7). We then extended our
cell fate analysis to later neuronal markers and examined P7 postnatal brains 11 days after in
utero electroporation. For these experiments, we used the stronger CAG promoter to better
visualize shRNA expressing cells. By P7, all cells transfected with the scrambled shRNA had
reached the superficial cortical layers (Figure 4-8A), and were positive for the mature markers
NeuN and CDP (Figure 4-8B and 4-8C). Strikingly, Kif1a- depleted cells remained as a broad
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Figure 4-7: Cell-autonomous and non-autonomous effects in neuronal morphogenesis and gene expression.
Histological analysis of rat brains in utero electroporated with Kif1a and scrambled shRNA vectors at E16. Coronal
sections of Kif1a vs. control rat brains immunostained at E20 for the neuronal marker Tbr1. As expected, Tbr1
staining is seen in bipolar neurons (arrows) within the upper IZ and CP. However, Kif1a RNAi resulted in strong de
novo Tbr1 staining in the SVZ/lower IZ. Scale bars: 5µm (low magnification), 100µm (high magnification).

subcortical band in what had become the white matter (Figure 4-8A). Kif1a shRNA-expressing
cells in the white matter revealed the presence of mature neurons and more precisely, superficial
layer markers as determined by anti-NeuN and anti-CDP staining respectively (Figure 4-8B-48E). Closer examination of anti-NeuN and anti-CDP staining revealed an accumulation of
control cells positive for these markers, suggesting a non-autonomous effect of the knockdown
(Figure 4-8D and 4-8E).

These data suggest that Kif1a depletion prevents neurons from

completing their normal morphogenetic and migratory program, but not their normal sequence of
gene expression changes. Further characterization of these trapped Kif1a-knockdown neurons
revealed some morphological defects including shortened leading process and a lack of polarized
morphology in the white matter.
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Figure 4-8: Cell autonomous and non-autonomous effects on neuronal markers at P7.
E16 rat brains were electroporated in utero with control (pCAG-RFP) or Kif1a shRNA (U6.1 + pCAG-RFP)
vectors. Brains were then fixed at postnatal day 7 (P7). A. Representative neocortical sections showing the laminar
position of transfected cells. In control brain, RFP-positive cells are largely found in layers II/III/IV of the
neocortex. In Kif1a shRNA brains, the majority of transfected cells formed a heterotopic band near the ventricular
surface. B and C. Immunostaining revealed the presence of both transfected and non-transfected cells positive for
the neuronal marker NeuN (B) and the cortical upper layers marker CDP (C) (n=7 brains per condition). D and E.
High-magnification view show both ectopic expression of NeuN (D) and CDP (E) in transfected and non-transfected
neurons. WM: white matter. Scale bars = 100 µm (A, B and C), 25 µm (D and E).
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Non-cell autonomous effects of Kif1a RNAi.
A particularly surprising observation was the effect of Kif1a RNAi on surrounding nontransfected cells. At E20, a large proportion of these cells within the SVZ/lower IZ were also
Tbr1-positive (Figure 4-7). By P7, the cells comprising the heterotopic white matter band were
NeuN- and CDP-positive (Figure 4-8). Moreover, we didn‟t observe any changes in the number
of glial cells using S100β marker, suggesting that the RGP Kif1a knockdown cells are still able
to mature and generate astrocytes (data not shown). Assuming that Kif1a expression is unaltered
in these cells, the heterotopic band must be caused by a non-cell autonomous effect of the Kif1a
knockdown. For comparison, we also examined BicD2, CENP-F, and Nup133 but found no
indication of altered expression of the later neuronal markers (Figure 4-9A-4-9C). This disparity
between Kif1a RNAi and shRNA for the dynein-associated protein suggests that the non-cell
autonomous effect is Kif1a RNAi-specific and not a general consequence of multipolar arrest.
We also examined the effects of doublecortin knockdown. This gene is involved in neuronal
migration, and its product, Dcx, is reported to interact physically with Kif1a (Liu et al., 2012).
Because doublecortin knockdown also affects the distribution of non-transfected cells (Bai et al.,
2003), we tested for ectopic gene expression.

We find, in fact, that SVZ/lower IZ cells

expressing Dcx shRNA, and nearby non-tranfected cells, express Tbr1 (Figure 4-9D). These
results provide further support for an additional functional relationship between DCX and Kif1a.
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Figure 4-9: Non-cell autonomous effect of DCX RNAi but not RNAi for dynein NE recruitment factors.
E16 rat embryonic brains were subjected to in utero electroporation with shRNAs for BicD2, Nup133, CENP-F and
Dcx. Brain slices were stained at E20 for anti-Tbr1. Expression of BicD2 (A), Nup133 (B), CENP-F (C), and Dcx
(D) shRNAs resulted in a marked reduction of electroporated cells in the intermediate zone (IZ) and cortical plate
(CP), with many cell bodies in the subventricular zone (SVZ) retaining a multipolar morphology. Non-transfected
cells expressing Tbr1 were still distributed within the upper IZ/lower CP after BicD2, Nup133, and CENP-F RNAi.
However, non-transfected cells expressing Tbr1 within SVZ/lower IZ were found in Dcx shRNA suggesting a noncell autonomous effect (n=3 or 4 brains per condition). Scale bar = 50 µm.
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To further test for a non-cell autonomous effect of Kif1a RNAi, we performed sequential
in utero electroporations (Bai et al 2003). We first electroporated E16 rat brain with pCAGRFP, followed by plasmids co-expressing GFP with either scrambled or Kif1a shRNA 30
minutes later. Using this approach, most cells appear singly transfected, as opposed to dually
transfected cells (Figure 4-10). Four days after the control sequential electroporation with
pCAG-RFP and then GFP-scrambled shRNA, cells expressing either vector were similarly
distributed throughout the IZ and CP (Figure 4-11A). In contrast, sequential electroporation with
pCAG-RFP and then Kif1a shRNA caused both classes of cells to accumulate within the
SVZ/lower IZ with a multipolar morphology (Figure 4-11B). These results reveal that the Kif1adepleted cells inhibit migration and morophogenesis of nearby neurons positive for RFP but
negative for the shRNA. The latter also exhibited ectopic Tbr1 expression.

A

B

Figure 4-10: Limited overlap of sequential- vs co-transfected cells.
A and B. Representative coronal sections of E20 rat brains co-injected (A) or sequentially injected (B) at E16 with
RFP and GFP plasmids. Most of the cells co-transfected (A) with RFP and GFP plasmids were double-labeled
(yellow) while sequential transfection (B) labels largely non-overlapping cell populations (n=6 brains per condition).
Scale bars =100 µm.
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Figure 4-11: Sequential electroporation test of non-cell
autonomous Kif1a shRNA effects.
A. Sequential electroporation of pCAG-RFP followed by
GFP-scrambled plasmids resulted in a similar distribution of
RFP+ and GFP+ cells through the cortex, 4 days after
transfection at E16. B. Sequential electroporation of pCAGRFP and then GFP-Kif1a shRNA plasmids resulted in an
accumulation of both RFP+ and GFP+ neurons in SVZ/lower
IZ. Immunostaining against Tbr1 revealed that neurons in
the SVZ/lower IZ expressing only RFP were ectopically
positive for Tbr1, similarly to the neighboring Kif1a-depleted
cells. C. Quantification of the nuclear distance from the VS
of RGP cells after electroporation of scrambled or Kif1a
RNAi vectors alone or RFP+ RGP cells after sequential
electroporation of scramble (scramble-sqtial) or Kif1a RNAi
vectors (Kif1a shRNA-sqtial) (n=5 or 6 brains per condition).
Scale bars = 100 µm. **P<0.01; Error bars = S.D.
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Relationship between Kif1a roles in RGP and post-mitotic cells.
Importantly, we saw no indication that the Kif1a shRNA-expressing cells influenced
nuclear distribution within RGP cells positive for RFP but negative for the shRNA (Figure 411C). These results suggest that the non-autonomous effect of Kif1a RNAi may be specific to
post-mitotic neurons. To further test the extent of altered RGP behavior on later neuronal
behavior, we examined the effect of Kif1a RNAi on RGP cell morphology. These cells have a
long basal process, which are used as tracks to guide the migration of neurons, and
disorganization of the RGP cell process can disrupt neuronal migration. Disrupting FLNA, a
gene encoding the expression of the actin-binding protein FILAMIN-A, has been shown to cause
periventricular heterotopia (Carabalona et al., 2012).

To test whether Kif1a RNAi causes

comparable effects on RGP cell organization, we stained for vimentin, and found no detectable

Figure 4-12: Kif1a RNAi does not affect radial glial cell morphology and organization.
Representative coronal sections of E20 rat brains transfected at E16 with scrambled or Kif1a shRNA, and
immunostained 4 days later for the intermediate filament marker, vimentin. No disruption in the organization of
radial glial fibers in Kif1a knockdown brains was observed (n=5 brains per condition). Scale bars = 100 µm.
148

effect on RGP cell structure (Figure 4-12). As a functional test for RGP cell-mediated effects on
neuronal migration, we performed in utero electroporation with a floxed Kif1a shRNA vector for
conditional expression. We controlled the expression of the shRNA by co-electroporating with a
Cre vector driven by either a RGP cell specific promoter (brain lipid binding protein; BLBP) or a
neuron specific promoter (NeuroD) (Figure 4-13). By four days post electroporation, Kif1a
knockdown in RGP cells caused the expected accumulation of nuclei near the ventricular surface
(Figure 4-13B). However, there was no effect on morphology or Tbr1 expression in neuronal
progeny cells expressing residual GFP, or on nearby neurons (Figure 4-13A). In contrast, when
Kif1a was specifically depleted in neurons, the majority of transfected neurons accumulated with
a multipolar morphology within the SVZ/lower IZ (Figure 4-13C and 4-13D), similar to the
results of constitutive Kif1a shRNA expression (Figure 4-5A). The non-cell autonomous effect
of Kif1a RNAi was similarly preserved as determined by anti-Tbr1 staining, with many
transfected as well as non-transfected cells in the SVZ/lower IZ positive for Tbr1 (Figure 413C). These results show that the migration defect in Kif1a-depleted neurons and the nonautonomous effect on neighboring cells is due specifically to a loss of Kif1a within neurons.
This highlights two distinct, independent roles of Kif1a: basal migration within RGP cells and
the multipolar-to-bipolar transition within neurons.
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Figure 4-13: Conditional, cell-stage-specific RNAi supports distinct sequential roles for Kif1a during brain
development.
A. Coronal section of E20 rat brains co-electroporated at E16 with a floxed Kif1a shRNA and Brain Lipid Binding
Protein (BLBP)-Cre vector for conditional expression in RGP cells. RGP cell specific depletion of Kif1a leads to an
accumulation of nuclei close to the ventricular surface (high mag), but had no effect on the morphology or Tbr1
expression in neurons expressing residual GFP, or on nearby neuronal precursors. B. Quantification of the distance
of RGP nuclei from the ventricular surface (VS) at E20. C. Coronal section of E20 rat brains co-electroporated with
a floxed Kif1a shRNA and neuroD-Cre vector for conditional expression in neurons. Specific depletion of Kif1a in
neurons causes an accumulation of the majority of transfected neurons with a multipolar morphology within the
SVZ/lower IZ, and the non-cell autonomous effect of Kif1a RNAi was similarly preserved as determined by antiTbr1 staining. D. Quantification of RFP-positive cell distribution in the cortex at E20 and expressed as a percentage
of the total (n=5 or 6 brains per condition). Scale bars = 100 µm (A and C), 50 µm (high mag A). *P<0.05;
**P<0.01; Error bars = S.D.

R18W human mutation affects INM and neuronal migration.
An autosomal dominant mutation in human KIF1A was recently reported to cause frontal
pachygyria (Jamuar et al., 2014). To test the effects of this mutation in rat, we expressed a
cDNA encoding an equivalent missense mutant KIF1A, p.R18W, by in utero electroporation into
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E16 rat brain. We observed a dramatic accumulation of multipolar neurons in the SVZ/lower IZ
with very few bipolar neurons (Figure 4-14A and 4-14B), consistent with effects caused by
Kif1a RNAi. Moreover, expression of the mutant protein induced strong Tbr1 staining in most
of the multipolar neurons accumulated in the SVZ/lower IZ, as well as in nearby non-transfected
neurons (Figure 4-14B). We also observed a clear accumulation of RGP nuclei at the ventricular
surface of the brain, consistent with a block in basal INM (Figure 4-14A and 4-14C). These data
reveal this human mutation to affect the same basic functions altered by RNAi.
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Figure 4-14: R18W human mutation affects INM and neuronal migration.
A. Coronal sections of E20 brains electroporated with the mutant form of KIF1A (KIF1A-R18W) at E16.
Overexpression of KIF1A-R18W results in a defect in the migration of transfected neurons, a non-cell autonomous
effect as determined by anti-Tbr1 staining, and an accumulation of nuclei close to the ventricular surface (high
magnification). B. Quantification of cell distribution in the cortex at E20 expressed as a percentage of the total. C.
Quantification of the distance of RGP nuclei from the ventricular surface (VS) at E20 (n=5 or 6 brains per
condition). Scale bars = 100 µm; 10 µm (high magnification). **P<0.01; Error bars = S.D.

151

Discussion
Our earlier work revealed that Kif1a RNAi specifically blocked basal INM in RGP cells,
providing a unique new mean to investigate the importance of this process. Defects in the
redistribution of post-mitotic neurons to the cortical plate were also seen, but their relationship to
the prior defect in INM has remained unknown. We have now addressed these and further
questions of Kif1a function using short- and long-term live and fixed imaging, along with
selective expression of shRNAs in RGP cells and neurons. We find that cell cycle progression
and mitosis persist with apparently little alteration in RGP cells blocked during basal INM. The
neuronal progeny of these cells, nonetheless, arrest in the SVZ/IZ at the multipolar-to-bipolar
transition, while, nonetheless, progressively expressing later differentiation markers.

These

effects are communicated to surrounding non-transfected cells, resulting in massive changes in
lamination, with important implications for understanding brain development disease.
Consequences and implications of basal INM inhibition.
INM has long been known to correlate with RGP cell cycle progression. However, the
extent to which cell cycle regulatory pathways control INM and vice versa has remained largely
unexplored. We have found that inhibiting apical INM in RGP cells prevents mitotic entry,
suggesting a mitotic entry signal sequestered at the ventricular surface, and providing clear
evidence that nuclear position controls G2-M progression. We find here the effects of Kif1a
inhibition to be quite different. Kif1a RNAi caused a clear accumulation of nuclei at or near the
ventricle. Cell cycle progression, however, was largely unaffected, as judged by normal or nearnormal levels of cells in G1, S, and M phase. It seemed particularly surprising to observe BrDUpositive nuclei near the ventricular surface after a short pulse-chase. S phase normally occurs at
a distance from the ventricular surface, presumably at the most distant point (Spear and Erickson,
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2012). The occurrence of S phase at or near the ventricular surface provides the first evidence
that, unlike mitosis, DNA duplication seems to be largely free of spatial constraint.
Despite the limited effect of Kif1a RNAi on cell cycle progression, we observed a
decrease in the ratio of asymmetric to symmetric RGP cell divisions as judged by live mitotic
behavior. This effect may well contribute to the decreased percentage of neurons we observed
previously (Tsai et al., 2010) though how reduced Kif1a expression might have this effect is
uncertain. The observed decrease of neurogenic divisions might reflect increased exposure to
proliferative signals near the ventricular surface or decreased exposure to differentiative signals
away from this site. Such a model is consistent with a previously proposed Notch gradiant
reported in zebrafish retina (Del Bene et al., 2008). An alternative or additional purpose for INM
may be to maximize space for dividing cells within the VZ, a possibility made more compelling
by the restriction of mitotic entry to the ventricular surface.

Kif1a RNAi inhibition of basal

INM certainly caused an increase in the density of cell bodies near the ventricular surface though
whether the subset of RGP cells is sufficient to have affected mitosis by crowding is unknown.
Finally, while Kif1a has not been reported to play a role during mitosis, but the marked increase
in symmetric divisions could result from an unknown role of Kif1a in spindle pole orientation.
Exit from multipolar phase requires Kif1a.
A striking development effect of Kif1a RNAi was the accumulation of multipolar
neurons in the SVZ/lower IZ. To test whether this defect is a consequence of altered RGP cell
behavior, we performed RNAi using developmental stage-specific promoters.

Restricting

expression of shRNAs in RGP cells caused no detectable effect on the relative ratio of multipolar
to bipolar cells (Figure 6). Conversely, shRNA expression using a promoter for post-mitotic
neuronal expression was sufficient to inhibit the transition. These observations demonstrate that
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Kif1a has important RGP-independent roles. The developmental purpose of the multipolar stage
and the mechanisms underlying transition to the bipolar migratory stage are incompletely
understood, but our results implicate Kif1a in this process. Our data indicate that the multipolar
stage may persist for several days in control cells while Kif1a RNAi inhibits this transition. A
few Kif1a-depleted cells were also observed within the IZ and lower CP. However, it is unclear
whether their normal rates of migration indicate that Kif1a is dispensable at this stage of
neuronal migration or whether these neurons represent a pool of cells incompletely inhibited for
Kif1a expression. At P7, Kif1a knockdown neurons could still be found in the white matter, in
contrast to the absence of neurons in control. These remaining Kif1a-depleted cells exhibited
short or no processes and their subsequent fate is uncertain. We note that, as we observed for
Kif1a, knockdown of genes in the cytoplasmic dynein pathway also results in an accumulation of
neurons at the multipolar state.

Thus, Kif1a and dynein contribute to a common, major

morphogenetic transition, though given the opposite direction for force production by these
motor proteins, their specific molecular roles must be distinct.
Ectopic expression of late neuronal markers in Kif1a knockdown cells.
Another striking aspect of the Kif1a RNAi phenotype was the expression of mature
neuronal markers Tbr1, NeuN, and CDP in the arrested multipolar cells. The markers appear in
normal temporal sequence. These observations, therefore, suggest that despite severe inhibition
of neuronal migration by Kif1a knockdown, there may be a severe disruption of potential
feedback mechanisms responsible for coordinating gene expression and morphogenesis. This
aspect of the Kif1a phenotype contrasts with the results of RNAi for dynein-related proteins,
which arrests cells at the multipolar stage (Hu et al., 2013) without expression of Tbr1 (Figure 4-
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9). The underlying mechanisms responsible for these effects will require further studies to
elucidate.
Non-cell autonomous effects of altered Kif1a expression.
Equally striking is the non-cell autonomous aspect of the Kif1a RNAi phenotype.
Similar to the knockdown cells themselves, neightboring non-transfected cells within the SVZ
and lower IZ are positive for late neuronal markers, such as Tbr1, and are morphogenetically
delayed in the multipolar state. This again differs from the effects of RNAi for dynein-related
genes, which seems to arrest the neuronal gene expression program and have no apparent effect
on nearby non-transfected cells. The non-autonomous effect is particularly fascinating. We
envision that the non-cell autonomous effect caused by Kif1a RNAi may involve physical or
chemical modes of intercellular communication. Theoretically, entanglement of the multiple
processes of adjacent cells in the SVZ/lower IZ might restrain non-transfected cells from
migrating. However, among arguments against this hypothesis, is the lack of a comparable
effect on surrounding cells by RNAi for dynein-related genes (Figure 4-9).

Direct

communication by secretion among multipolar cells is a possibility, though no such behavior has
as yet been reported, conceivably via altered secretion. Kif1a has been implicated in anterograde
axonal transport of a number of vesicular cargoes, including dense-core axonal vesicles (Lo et
al., 2011). This suggests that secretion could be inhibited. Thus, secretion of factors that
promote neuronal migration, such as the neurotrophin BDNF (Behar et al., 1997; Borghesani et
al., 2002; Brunstrom et al., 1997), might be reduced. This could interfere with an autocrine
effect on the transfected neurons, and a paracrine effect on surrounding cells.
Kif1a has also been reported to interact with the microtubule-associated protein
doublecortin (Dcx), and there are some similarities between their RNAi phenotypes (Liu et al.,
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2012). Indeed, an accumulation of multipolar neurons as well as a non-cell autonomous effect
were observed in Dcx RNAi rat model (Bai et al., 2003). Moreover, using Tbr1 staining, we
observed a misdistribution of the Tbr1 positive cells through the cortex, confirming the non-cell
autonomous effect of the Dcx knockdown and a similar phenotype to Kif1a.
KIF1A leads to cortical malformation.
Kif1a knockout mice, which die within the first days after birth, were smaller than
controls and displayed motor and sensory deficiencies, as well as significant neuronal and axonal
degeneration, and cell death due to lack of afferent stimulation resulting from lack of synaptic
transmission (Yonekawa et al. 1998). Recent patients harboring mutations in KIF1A have been
found primarily to exhibit dysfunction in the peripheral nervous system and atrophy of the
cerebellum (Klebe et al., 2006; Erlich et al., 2011; Klebe et al., 2012), but none of them were
described with cortical malformations until recently (Jamuar et al., 2014). This patient harbored
a distinct mutation in the motor domain of KIF1A and was associated with frontal pachygyria, a
thick corpus callosum, moderate reduction of white matter volume, and lower limb defects. Our
data (Figure 4-14) show a dominant effect of KIF1A-R18W expression by in utero
electroporation in rat brain.

We observe inhibition of basal INM, the first confirmation of a

Kif1a role in this process independent of RNAi. We also obseve a striking accumulation of
neurons in the SVZ/lower IZ, consistent with the phenotype observed with Kif1a RNAi.
Because of the similar phenotypes caused by the mutant form of Kif1a and Kif1a RNAi, the
accumulation of neurons in the white matter and the reduction of the superficial layers density
observed in the Kif1A knockdown brain (Figure 4-8) may be the cause of the patient‟s cortical
malformation.
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Conclusion.
Our data suggest that Kif1a plays different roles during brain development. The proper
organization of the cerebral cortex follows three major stages: proliferation, migration, and
maturation, all of which require Kif1a. Kif1a plays a role in the basal migration of RGP cells
during INM, contributing towards proper neurogenic divisions and potentially preventing
overcrowding at the ventricular surface. During neuronal migration, Kif1a plays a role in the
multipolar-to-bipolar transition and therefore, the distribution of neurons within the CP. Finally,
Kif1a is involved in neuronal maturation, perhaps by transporting molecules required for the
viability and maintenance of mature neurons. A defect in any of these different stages can lead
to cortical malformation. The role of Kif1a in neuronal communication acutely influences
neuronal migration and further research into the cellular and developmental roles of Kif1a should
be of considerable importance in understanding normal and abnormal development.
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Experimental Procedures
RNAi and dominant negative construct.
We used two differents shRNA for Kif1a (Tsai et al., 2010).

shRNA were subcloned in

differents vectors: for the embryonic experiment, Kif1a-shRNA was cloned into the pRNATU6.1/Neo (GenScript, NJ), as reported previously (Tsai et al., 2010); for the postnatal
experiments shRNA were subcloned into an mU6pro vector (Yu et al., 2002); for the conditional
experiment we cloned the Kif1a-shRNA in the pCALSL-mir30 vector (Addgene plasmid 14758,
(Matsuda

and

Cepko,

2007)

(primers:

forward,

5‟-

TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCTTGG
CGATATCACTGACATGATAGTGAAGCCACAGATGTATCATGTCAGTGATATCGCCAA
GTGCCTACTGCCTCGG-3‟;

and

reverse,

5‟-AATTCCGAGGCAGTAGGCACTTGG

CGATATCACTGACATGATACATCTGTGGCTTCACTATCATGTCAGTGATATCGCCAA
GCGCTCACTGTCAACAGCAATATACCTTC-3‟) and co-transfected with BLBP-cre-GFP or
the NeuroD-cre (gift from Dr A.Falace) with pCAG-RFP. The dominant negative construct
Kif1a-R18W

was

made

by

PCR

mutagenesis

(primers:

forward,

5‟-

GGGTCCGCCCCTTCAATTCCTGGGAAATGAGC CGTGACTCCA-3‟; and reverse, 5‟TTGGAGTCACGGCTCATTTCCCAGGAATTGAAGGG GCGGACCC-3‟) using the KOD
Hot Start DNA Polymerase Kit, according to the manufacturer‟s protocol (Millipore).
In utero electroporation.
Plasmids or oligonucleotides were transfected using intraventricular injection followed by in
utero electroporation (Saito and Nakatsuji, 2001; Tabata and Nakajima, 2001). In brief, timed
pregnant Sprague Dawley rats (Taconic) (E16; E1 was defined as the day of confirmation of
sperm-positive vaginal plug) were anesthetized with a mixture of ketamine/xylazine
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(respectively at 90 and 5 mg/kg). For pain management, bupivacaine (2mg/kg) is administered
via a subcutaneous injection at the site of the future incision, and buprenorphine (0.05mg/kg) is
administered by a subcutaneous injection, preferably on the posterior neck of the animal. This
dose of buprenorphine should be re-administered to the animal every 8-12 hours, for up to 48
hours following the surgery, to ensure proper pain management. The lateral ventricle of each
embryo was injected with Fast Green (2 mg/ml; Sigma, St Louis, MO, USA) combined with
shRNA (1.5 µg/µl). Plasmids were further electroporated by discharging a 4000 mF capacitor
charged to 50 V with a BTX ECM 830 electroporator (BTX Harvard Apparatus, Holliston, MA,
USA). The voltage was discharged in five electrical pulses at 950 ms intervals via 7 mm
electrodes placed on the head of the embryo across the uterine wall. Animals were maintained
according to protocols approved by the Institutional Animal Care and Use Committee at
Columbia University.
Live imaging.
E20 dissected rat brains were transferred in 4% (in ACSF) low melting agarose in plastic
embedding molds, and

.

Slices were placed on 0.4μm, 30mm diameter Millicell-CM inserts (Millipore) in cortical culture
medium containing 25% Hanks balanced salt solution, 47% basal MEM, 25% normal horse
serum, 1X penicillin/streptomycin/glutamine (GIBCO BRL), and 30% glucose.

Slice was

transferred to a 50mm glass-bottom dish and was imaged on an IX80 laser scanning confocal
microscope (Olympus FV100 Spectral Confocal System) at intervals of 15 min for 48 hours.
Immunostaining of brain slices.
Rat brains were fixed (E20) or perfused (P7) transcardially with chilled saline and 4% paraformaldehyde (PFA; EMS, wt/vol) and then incubated in 4% PFA overnight. Brain slices were
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sectioned coronally (100 um) on a vibratome (Leica microsystems). Brain slices were washed
with PBS and stained in PBS, 0.3% Triton X-100 supplemented with 5% of donkey serum.
Primary antibodies were incubated overnight at 4°C, sections were then washed with PBS and
incubated in secondary antibodies for 2 hours at room temperature.
For BrDU labeling experiments, BrDU (Sigma-Aldrich) was injected at 50 mg/kg body weight
intra-peritoneally 20 min prior to embryo harvest, then, brain slices were first incubated in 2N
HCl for 25 min at 37°C, and then washed in PBS prior to antibody incubation. Antibodies used
in this study were: Tbr2 (Millipore), KI67 (Millipore), Geminin (Santa-Cruz), Tbr1 (Abcam),
CDP (Santa-Cruz), NeuN (Millipore), Cyclin D1 (ThermoScientific), phospho-histone H3
(Abcam), BrDU (Abcam), Vimentin (Millipore).
Microscopy and Image Analysis.
All images were collected with an IX80 laser scanning confocal microscope (Olympus FV100
Spectral Confocal System). Brain sections were imaged using a 60x 1.42 N.A. oil objective or a
10x 0.40 N.A. air objective. All images were analyzed using ImageJ (NIH, Bethesda, MD).
Statistical data.
Statistical analyses were performed with Prism (GraphPad Software, La Jolla, CA, USA). A
two-sample Student‟s t-test was used to compare means of two independent groups if the
distribution of the data was normal. When the normality test failed, the non-parametric Mann–
Whitney test was used. The one-way ANOVA test was used to compare multiples groups.
Significance was accepted at the level of p < 0.05.
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CHAPTER 5

FINAL PROSPECTIVES OF REGULATORY MECHANISMS OF APICAL AND
BASAL NUCLEAR MIGRATION.
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Summary
Based on the three studies presented in Chapter II, III, and IV, we now have a more
complete understanding of the regulation of INM and the consequences of inhibiting this
behavior. Cdk1 first phosphorylates RanBP2 during G2 to prime it for BicD2 recruitment, which
in turn, recruits dynein to drive initial apical nuclear migration. Cdk1 then acts later in G2, and
activates the Nup133-CENP-F-NudE pathway, likely by phosphorylating CENP-F for nuclear
export. CENP-F then recruits dynein through NudE to Nup133. The combine activation of the
early BicD2 and late Nup133 pathway by Cdk1 recruits sufficient levels of NE dynein to
complete apical nuclear migration to the VS, driving mitosis. Inhibition of apical nuclear
migration at any region away from the VS prevents mitotic entry and cell cycle progression. In
contrast, inhibition of basal nuclear migration has a minimal effect on cell cycle progression, but
affects cell fate by biasing a symmetric division of RGP cells and decreasing the amount of
neurons produced. KIF1a and, to an unknown extent, the NE dynein recruitment factors also
play roles at the later points of neuronal development. RNAi for these proteins seem to affect the
multipolar to bipolar transition of immature neurons, preventing proper migration and
development of the cortical plate. KIF1a, in particular, not only plays a role in morphological
changes autonomously, but likely guides, perhaps through signaling, proper bipolar transitioning
in nearby neurons.
Additional implications of Cdk1 and NE dynein recruitment roles for understanding INM.
The role of G2-specific dynein NE recruitment pathways during INM suggests that
dynein recruitment to the NE is the form of regulating apical INM during G2. The activation of
these pathways by the G2/M kinase Cdk1 initiates and drives apical INM. Inhibition of Cdk1
arrests nuclei at a range of distances, suggesting that nuclei that have started but not completed
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apical nuclear migration still require Cdk1 activity. Therefore, Cdk1 activity must be maintained
to drive apical nuclear migration throughout the entirety of the VZ until the nucleus reaches the
VS. In contrast, if Cdk1 was only needed to initiate nuclear migration, any nuclei in the middle
of the apical INM process upon Cdk1 inhibition would continue migrating normally. Continual
Cdk1 activity throughout the entire apical migration process may be required because there is a
continual presence of phosphatases that dephosphorylates RanBP2 or CENP-F. This scenario
would be unsurprisingly considering the proposed importance of INM to conserve space and
influence cell fate, as well as the degree of regulation observed in these and previous studies
(Kosodo, 2012; Lee and Norden, 2013; Miyata et al., 2014; Strzyz et al., 2015; Taverna et al.,
2014). Premature apical migration of RGP cells may have dramatic consequences on altering
cell fate or contributing to physical crowding of the VS. While examining these effects with the
Wee1/Myt1 inhibitor PD166285 is possible, the severity and duration of the cell cycle
manipulation will likely cause INM-independent defects.
Because disrupting the G2-specific NE dynein recruitment pathways or inhibiting Cdk1
activity does not affect basal migration, it is likely that dynein is never present at the NE during
G1 or S phase, similar to HeLa or U2OS cells. Forced recruitment of dynein to the NE in a G2independent manner by BicD2-N-KASH accumulates nuclei at the VS and prevents basal
migration. This is likely caused by the ectopically recruited dynein during G1 that overpowers
the KIF1a forces. This implies that the dynein at the NE during G1 under this condition is still
active and further supports the notion of recruitment as the primary form of dynein activity
regulation. There is a possibility that dynein may still be recruited to the NE by another
mechanism during G1 or S phase for other functions, but the dynein must be somehow inhibited
from transporting the nucleus. Because dynein is still active when recruited through BicD2-N-
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KASH, this inhibition must be influenced from this hypothetical alternative pathway. As such,
this circumstance is unlikely, but investigating whether dynein localization to the NE in RGP
cells is specific to G2 would address this. Dynein localization by immunostaining is found in a
subset of RGP cells, which are presumably in G2, but this can be determined with certainty by
examining the presence or absence of NE dynein in conjunction with cell cycle markers.
We had separately depleted nearly all components in both the early BicD2 and late
Nup133 pathway including both nuclear pore components (RanBP2 and Nup133) and their most
upstream recruitment target (BicD2 and CENP-F). A previous study from our lab also depleted
LIS1 (Tsai et al., 2005), which has been shown to form a complex separately with dynein and
either NudE or BicD2 (Feng et al., 2000; Huang et al., 2012; McKenney et al., 2010;
Niethammer et al., 2000; Sasaki et al., 2000; Splinter et al., 2012; Stehman et al., 2007; Tai et al.,
2002; Tarricone et al., 2004). Though not completely quantified, tracings and timelapse images
show that the arrested nuclei of either LIS1 or dynein heavy chain RNAi were located far away
from the VS (Tsai et al., 2005; Tsai et al., 2010). This is unsurprising because both are involved
in the early BicD2 pathway – dynein heavy chain having an obvious role as part of the motor
protein complex and LIS1 stabilizing the BicD2-dynein-dynactin complex (Splinter et al., 2012).
Therefore, RNAi for dynein heavy chain and LIS1 should interfere with dynein activity on the
onset of apical nuclear migration. Though we did not test the effects of dynactin or NudE RNAi
on apical migration of RGP cells, the phenotype can be predicted given their roles in the two
recruitment pathways. Dynactin is recruited in the early pathway by forming a complex with
dynein (Ayloo et al., 2014; Culver-Hanlon et al., 2006; Kardon et al., 2009; King and Schroer,
2000; McKenney et al., 2014; Moughamian and Holzbaur, 2012; Schlager et al., 2014; Tripathy
et al., 2014; Urnavicius et al., 2015) so nuclei should arrest far away from the VS after depletion
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of the protein. In contrast, despite its interactions with LIS1 in vitro, our results and previous
data show that NudE seems to participate with only the late pathway (Bolhy et al., 2011) and, as
such, depletion of NudE should result in nuclei arresting close but not at the VS. These
hypotheses are under the assumption that neither protein plays additional functions that affect
cell cycle progression.
Our data provides evidence of overlap between the early and late pathway and that the
early BicD2 pathway still occurs through the entirety of G2, even as the late pathway is
activated. This is in contrast to a tradeoff in activity of the BicD2 pathway with the Nup133
pathway. The continue activity of the BicD2 pathway is seen in HeLa cells as all CENP-F+ NE
are also BicD2+. This was not done in the brain because the CENP-F antibody does not function
in the rat tissue. However, we still were able to see this co-activity in the form of BicD2
expression because additional BicD2 rescues the arrest caused by disruption of the late Nup133
pathway. Since BicD2 is not involved during the late pathway, this shows that the early pathway
is still active as additional forces recruited by this pathway are sufficient to complete apical
nuclear migration. The BicD2 expression experiment also reveals that BicD2 itself is the
limiting factor within the early pathway as opposed to the nuclear pore RanBP2 or even dynein.
This is evident in the SIM imaging as only a modest percentage of nuclear pores in G2 cells have
BicD2 associated with it.
The results from the BicD2 expression experiments also offer additional insight into INM
and cell cycle. The increased amount of dynein caused by BicD2 expression may also increase
the velocity of apical nuclear migration. As a result, nuclei could reach the VS faster and may be
primed to enter mitosis earlier, effectively shortening G2. This does not seem to be the case
because the mitotic index of BicD2 expression alone did not change. Analyzing differences in
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apical nuclear migration velocity between BicD2 expression and control is difficult because there
is a lot of variation in behaviors even among the control.

In some cases, nuclei travel

continuously to the VS at rapid speeds (0.6 µm/min) from great distances away from the VS
(over 50 µm). In other cases, nuclei migrate slower (0.03 µm/min) with pauses of minimal
movement before continuing towards the VS.

The unchanged mitotic index after BicD2

expression suggests that reaching the VS is not sufficient to trigger mitotic entry. The RGP cell
likely still needs to express the correct levels of proteins, including Cdk1, and pass other G2/M
checkpoints to enter mitosis. Given this, it is likely that if velocity is greatly increased by BicD2
expression, nuclei would reach the VS quicker but then remain there for a period of time until it
is ready for mitotic entry.
Inhibiting apical INM by disrupting dynein recruitment pathways is a strong strategy to
test for effects on cell cycle progression.
In contrast with some previous reports in rodent brain (Ge et al., 2010; Schenk et al.,
2009; Yang et al., 2012), we find that arresting nuclei away from the VS at any point during
apical INM completely prevented mitotic entry. This effect is seen under RNAi conditions for
all of the dynein-related proteins tested in both early and late recruitment pathways (RanBP2,
BicD2, LIS1, Nup133, and CENP-F). In Chapter 1, I provided three criteria that strategies
should fulfill to best explore the relationship between nuclear positioning and cell cycle
progression. The strategies we employed to disrupt INM and quantify mitotic entry meet these
criteria and offer strong evidence supporting that inhibiting nuclei away from the VS also
inhibited cell cycle progression. The first key criterion is employing a well-supported strategy to
inhibit apical migration, especially given that the mechanism driving this movement is
controversial within the field. We follow the current model that dynein is the motor protein
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involved in directing apical INM based on previous studies from our lab and various others
(Kosodo et al., 2011; Taverna et al., 2014; Tsai et al., 2005; Tsai et al., 2010), as well as our
work identifying the role of the dynein recruitment pathways in INM. The recruitment proteins
we investigate have been shown in other systems by multiple groups to all associate directly or
indirectly with dynein and a few of these proteins have been described to be specific to dyneinrelated function (Bolhy et al., 2011; Hoogenraad et al., 2001; Hoogenraad et al., 2003; Splinter et
al., 2010; Vallee et al., 2012; Vergnolle and Taylor, 2007). As a result, we can be more
confident that these recruitment proteins are directly involved in apical INM. Our data also
redundantly addresses the effect of apical INM disruption on cell cycle by examining multiple
proteins within the two pathways, as well as using both knockdown and overexpression
strategies. After separately knocking down either Nup133, CENP-F, RanBP2, BicD2, or LIS1,
mitotic index decreases under all conditions, revealing that the effect on cell cycle progression is
robust. Furthermore, both the spatial and mitotic arrest can be rescued by recruiting additional
dynein to the NE. Expressing full length BicD2 or the BicD2-N-KASH fusion protein does not
restore function of the Nup133 pathway itself after depleting CENP-F, but the extra recruitment
of dynein was able to compensate for the defect.
The second criterion to best test for a correlation between nuclear position and cell cycle
progression is to ensure that mitotic index is determined specifically in RGP cells. Tbr2+ IPs
undergo mitosis in the lower SVZ, just above the VZ, and nuclei of these cells can overlap in the
same area as nuclei of RGP cells in S phase (Englund et al., 2005; Florio and Huttner, 2014).
Therefore, simply counting the percentage of mitotic cells away from the VS would include
mitotic cells that are not RGP cells. This is an important distinction because there has been no
study that shows the importance of nuclear positioning with mitotic entry within IPs. Limiting
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quantification of mitotic index within only RGP cells is crucial to test the effects of nuclear
position on cell cycle progression. RGP cells are easily identifiable by either anti-Pax6 staining,
a transcription factor specific for RGP cells, or the presence of an apical process.

The

conclusions made from studies that do not include this distinction are not as reliable. One could
make the argument that, because IPs do not undergo INM, genes that have been suggested to
block INM should not affect IPs. Therefore, the mitotic index within IPs should stay constant
and a general increase of mitotic cells away from the VS would suggest the increase to be caused
by ectoptic mitoses within the RGP cell population. However, this is a rather large assumption
for two reasons. First, the candidate genes that are involved INM may play different roles in IPs
as well as in an INM-independent function. It is possible that depleting these genes may actually
increase mitotic index in IPs and account for the overall increase of mitotic cells away from the
VS rather than any ectopically mitotic RGP cells. The second reason is that the ratio of IPs to
RGP cells may be altered when these genes are depleted. If there is a greater number of IPs
produced, there will be a greater number of mitotic cells away from the VS. Though the
likelihood of these circumstances may vary depending on the proteins tested, it is best to quantify
cell cycle progression specifically within RGP cells to minimize the effects of other factors.
The third criterion we followed is the examination of genes that have as few functions
outside of INM as possible. This will increase the confidence we have that any effect on mitosis
is caused by a failure for the nucleus to reach the VS. The danger of knocking down proteins
with multiple functions outside of INM is that any mitotic defects observed may be caused
independently of INM. If a protein is required for mitotic entry outside of INM, as evident in
systems that do not undergo INM, an apically arrested cell would never enter mitosis even if cell
cycle progression is not affected by inhibition of nuclear migration. Conversely, knocking down
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a protein that affects INM may affect another function that rescues a mitotic block. Disrupting
centrosomal proteins have been reported to block apical inhibition, but there are claims that
mitosis still occurred at ectopic regions away from the VS (Ge et al., 2010; Xie et al., 2007).
Closer examination of these cells revealed that the morphology of these cells is grossly altered.
The centrosome has been observed to detach from the VS and, in some cases, the apical process
has begun to retract. Polarity may very well be lost and because mitosis normally occurs at the
VS, sequestered signals that may regulate this entry could be dispersed throughout the cell body.
To minimize other factors, addressing the relationship between cell cycle and nuclear position
should be done with proteins as specific to INM as possible. The advantage of our strategy to
disrupt INM is that several of the tested proteins play little role in other functions.
In our studies, it was important for us to determine that knocking down the proteins
involved in the NE dynein recruitment pathways did not have a general effect on mitotic entry,
independent of INM. With the exception of Nup133, RNAi for these proteins does not decrease
mitotic index in tissue culture cells such as HeLa or Rat6. This provides evidence that the
mitotic entry defect in RGP cells is caused by INM arrest rather than a function in mitosis. The
role of Nup133 in the nuclear pore complex may be important in signaling into the nucleus and
depleting Nup133 may prevent the proper import of a mitotic entry signal. This role seems to be
distinct from the nucleoporin in the early BicD2 pathway because RanBP2 does not seem to have
an effect on mitotic entry in tissue culture cells. One of the advantages of examining multiple
proteins within the pathway is that some of these proteins do not have many other known roles
during G2, outside NE dynein recruitment.

Therefore, depleting these proteins may have

minimal role on other functions within the RGP cell.
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One of the advantages of looking at apical migration specifically is that these events only
occur during G2 and the potential effects of protein knockdown in G1 or S phase is not as
relevant unless it affects G2 entry. Still, some of these recruitment proteins within G2 may have
multiple roles. Depletion of dynein heavy chain and LIS1 would affect vesicle transport within
G2 and the nucleoporins, Nup133 and RanBP2, still have functions outside of dynein
recruitment. BicD2, however, has only been reported to play a role at the NE during G2. During
G1 and S phases, BicD2 localizes to Rab6+ vesicles to recruit dynein for transport but this
localization is lost during G2 (Matanis et al., 2002; Splinter et al., 2010). It is unlikely that any
BicD2-dependent defects in vesicle transport during G1 or S phase would affect apical migration
during G2, especially since nuclear transport during G1 is not affected.

Also, BicD1, a

paralogue of BicD2, plays redundant role at Rab6+ vesicles during G1 and S phases, but
continues this recruitment during G2, with no role at the NE (Splinter et al., 2010). Knocking
down BicD1 plays little effect on general neuronal distribution, suggesting that affected vesicle
transport function does not affect INM or mitosis. CENP-F is not expressed in large amounts
until late G2 and it has been reported that its first role is at the NE for dynein recruitment (Bolhy
et al., 2011; Varis et al., 2006). Therefore, knocking down CENP-F predominantly only affects
NE dynein recruitment in a G2 cell. While CENP-F also recruits dynein to the kinetochore, this
function does not occur until after NEB, in which cells would have already entered mitosis (Mao
et al., 2010; Varis et al., 2006). The higher specificity in INM function of BicD2 and CENP-F
provides strong evidence that the mitotic entry defect is caused by inhibition of apical INM.
As a side note, while we looked at mitotic index specifically within RGP cells, we did not
examine the mitotic index in IPs. Presumably, the mitotic index within IPs should not be
affected because most of the proteins involved in the NE dynein recruitment pathways do not
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cause a general mitotic defect. Also, because the mitotic entry defect within RGP cells is caused
by INM arrest, mitotic entry in IPs should not be affected as they do not undergo INM. An
effect we do expect to see is an overall decreased of IPs. Because mitosis is blocked in apicallyarrested RGP cells, there are less divisions in general and IPs cannot be produced. IPs also
terminally differentiate so if the mitotic inhibition in RGP cells was 100%, there would be a
complete depletion of IPs given enough time. Quantifying the percentage of IPs would be done
using the IP specific, anti-Tbr2 marker.

Because apically-arrested RGP cells no longer

proliferative, the total number of electroporated cells in knockdown compared to control should
be dramatically decreased. In fact, if the effect of RNAi was instant and had 100% efficiency,
the number of cells we see should remain nearly the same irrelevant of the number of days post
electroporation, assuming there is no cell death. The exceptions are fewer IPs as they are
presumably unaffected by these recruitment genes and terminally divide, and a slight increase in
neurons from the IPs. The number of RGP cells, on the other hand, would stay the same. After
four days, the overall number of electroporated cells should be decreased compared to control
because basally-bound RGP cell nuclei can no longer divide. However, because the number of
cells targeted by electroporation varies greatly between experiments, quantification is not trivial.
Regulation of basal INM during G1.
The combined studies from Chapter II and III offer a robust understanding of the
recruitment and regulation of NE dynein during apical INM. Similar strategies employed in
these studies coupled with existing mechanisms in other systems can be used to investigate the
recruitment and regulation of KIF1a to the NE during basal INM. Unlike with dynein, which
had recruitment pathways already identified in other systems, there has been no evidence of
KIF1a at the nuclear envelope. The role of a kinesin at the NE is not novel however, and
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kinesins within the conventional kinesin family, Kinesin-1, have been implicated in nuclear
positioning and movement (Fridolfsson and Starr, 2010; Tanenbaum et al., 2011; Wilson and
Holzbaur, 2015). Therefore, it is not unreasonable to imagine KIF1a playing similar roles during
basal nuclear migration of RGP cells, especially because of the studies supporting the role of
dynein driving apical nuclear migration.
In other systems, including nuclear transport in mammalian myotubes and C. elegans
hypodermal cells, Kinesin-1 is recruited to the NE by the LINC complex (Fridolfsson and Starr,
2010; Wilson and Holzbaur, 2015). In HeLa and U2OS cells, Kinesin-1 is recruited by the
nuclear pore RanBP2 to the NE for centrosome positioning rather than nuclear movement
(Splinter et al., 2010). The kinesin-binding site of RanBP2 shares a similar area with BicD2 but,
unlike with dynein, RanBP2 binds directly to Kinesin-1. Recruitment to the NE through either
the LINC complex or RanBP2 may be conserved with KIF1a, but expression of RanBP2 RNAi
or a KASH dominant negative form of the LINC complex did not affect basal migration,
suggesting an alternative recruitment mechanism.
While KIF1a recruitment to the NE has not been identified, the recruitment of the motor
protein to vesicle cargo has been examined. The PH domain at the C-terminal end of KIF1a
recognizes phosphatidylinositols, which are lipids that are associated with many membranes in
the cells, particularly vesicles (Klopfenstein and Vale, 2004). Pulldown experiments have shown
direct interaction of the domain with various vesicular cargoes. Expression of the domain acts as
a dominant negative in non-polarized MDCK cells and prevents vesicular transport of p75 (Xue
et al., 2010). This region is a suitable candidate as a mechanism of KIF1a recruitment to the
nucleus. While phosphatidylinositols have not been found to be located in the NE, pulling down
proteins in RGP cells with full length KIF1a and using mass spectrometry to identify these

176

proteins, may offer insight into a recruitment mechanism. Examining a potential effect of the
expression of the PH domain in basal nuclear migration may also offer insight into the role of
this cargo-recruitment domain within RGP cells. While a protein-lipid interaction may not be
strong enough to support the transportation of such a large cargo, it may facilitate binding of
other regions of KIF1a to more stable portions in the NE.
While apical migration is regulated by the recruitment of dynein to the NE, the same
mechanism does not have to occur during basal migration. Dimerization is another alternative
form of regulation where KIF1a may be present at the NE throughout most of interphase, but
only dimerizes during G1 (Huo et al., 2012; Lee et al., 2004; Yue et al., 2013). As a monomer,
the motor protein would be far too weak to transport high-load cargo over long distances
(Hirokawa et al., 2009a; Tomishige et al., 2002; Verhey et al., 2011). Determining the form of
regulation would be best addressed by the presence of KIF1a at the NE at different cell cycle
phases.
Regardless of whether regulation is recruitment- or dimizeration-dependent, the G1specific cell-cycle dependent kinases, Cdk4 and Cdk6, are strong candidates for regulators of
KIF1a activity because basal migration is G1-specific and a G2-specific kinase is already
involved in regulating apical migration. As determined by prediction software, multiple Cdk
consensus sites, S/T-P-X-K/R, are located within KIF1a, including within the dimerization
regulation region (NC-CC1-FHA-CC2 domains) (Hirokawa et al., 2009b). Testing the role of
Cdk4/6 on basal migration could be done in similar fashion with Cdk1 on apical migration by
using pharmacological drug inhibitors. PD0332991 is an inhibitor for both G1-specific kinases
used in many different studies (Chiron et al., 2013; Collins and Garrett, 2005; Fry et al., 2004;
Leonard et al., 2012; Logan et al., 2013). Presumably cells during S, G2, or M phase upon drug
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inhibition will act normally until the completion of mitosis, but the nuclei of daughter RGP cells
will likely arrest at or near the VS.

While continue Cdk1 activity is required for apical

migration, this may not be the case for Cdk4/6 activity during basal migration, and it is not clear
whether cells already in G1 upon drug inhibition will complete basal migration.
The termination of basal migration leads to a particular interesting question that is not
applicable to apical migration. During apical migration, the VS is a natural stopping point for
the nucleus where the nucleus is physical unable to migrate past the tissue. However, there is no
such physical barrier during basal migration. RGP cell nuclei spend their time within only a
small region of the brain even though the basal process of the RGP cell continues to run past the
VS to the pial surface (Florio and Huttner, 2014). Given a model where a motor actively
transports the nucleus, the factors that contribute towards stopping this movement are unknown.
Presumably, KIF1a activity is halted either through monomizeration or removal from the
nucleus, but it is not clear whether this is controlled by downregulation of kinase activity during
G1, potentially Cdk4/6, or the result of upregulation of an S phase-specific kinase, such as Cdk2.
Testing this could be done using a Cdk2 inhibitor such as Cdk2 inhibitor II or overactivating
Cdk4/6 by preventing inhibition of Cdk4/6, similar to PD166285 prevention of Cdk1
inactivation. Analyzing the effects of a Cdk2 inhibitor, in particular, is interesting because RGP
cell activity during S phase progression is not clear. The nucleus stays relatively immobile with
only minimal drift during the majority of this phase, presumably because there is minimal
activity of kinesin and dynein motors at the NE. The exact point of S phase entry is also
uncertain and it is unknown whether this cell cycle phase always proceeds basal migration or if it
overlaps with late basal migration. The basal boundary of INM can be manipulated in alternative
ways. Similar to the BicD2-N-KASH, a fusion of the KIF1a protein with the KASH domain can
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result in constitutive recruitment of the KIF1a dimer at the NE.

Upon expression, it is

foreseeable that the nucleus will migrate well out of the VZ and into the more basal regions of
brain, potentially all the way to the pial surface. It is possible that there is a physical limit
imposed towards the basal region of the RGP cell, as the microtubule network further along the
basal process is as uniform as in the VZ (unpublished observation). The duration of basal
migration and the maximum distance migrated is highly variable but nuclei rarely reach past 50
µm. The exact control of this has yet to be explored.
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