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Abstract
Many of the mitoses that produce pyramidal neurons in neocortex occur at the dorsolateral surface
of the lateral ventricles in the embryo. RanBPM was found in a yeast two-hybrid screen to
potentially interact with citron kinase (CITK), a protein shown previously to localize to the surface
of the lateral ventricles and to be essential to neurogenic mitoses. Similar to its localization in
epithelia, RanBPM protein is concentrated at the adherens junctions in developing neocortex. The
biochemical interaction between CITK and RanBPM was confirmed in co-immunoprecipitation
and protein overlay experiments. To test for a functional role of RanPBM in vivo, we used in utero
RNAi. RanBPM RNAi decreased the polarization of CITK to the ventricular surface, increased the
number of cells in mitosis and decreased the number of cells in cytokinesis. Finally, the effect of
RanBPM knockdown on mitosis was reversed in embryos mutant for CITK. Together, these
results indicate that RanBPM, potentially through interaction with CITK, plays a role in the
progression of neocortical precursors through M-phase at the ventricular surface.
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INTRODUCTION
Many mitoses and cytokineses in the embryonic neocortex are arranged along the very
surface of the lateral ventricles. The full significance of this arrangement is not entirely
clear, although there is accumulating evidence that adherens junctions, which also line the
ventricular surface are critical regulators of neuronal output (Cappello et al., 2006; Chenn
and Walsh, 2002). Citron kinase (CITK) is essential to neurogenic mitoses, and its
disruption by mutation in rats (flathead mutants, Roberts et al., 2000; Sarkisian et al., 2002)
and mice (Di Cunto et al., 2000) results in severe primary microcephaly, disrupted mitoses,
failed cytokineses, and cell death in neuronal precursors throughout the developing central
nervous system (Sarkisian et al., 2002; Di Cunto et al., 2000). In embryonic neocortex,
CITK is polarized to the ventricular surface where it interacts with the product of the human
microcephaly-related gene ASPM at cytokinesis furrows and midbodies (Sarkisian et al.,
2002; Paramasivam et al., 2007). The mechanisms and protein interactions that polarize
CITK to the ventricular surface have not been identified.
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RanBPM was initially identified as a protein that interacts with Ran-GTPase (Nishitani et
al., 2001; Nakamura et al., 1998). RanBPM localizes to the plasma membrane and adherens
junctions of polarized epithelial cells, including bronchial epithelia, kidney tubules, and
mammary glands (Denti et al., 2004). Although originally proposed as a novel regulator of
microtubule polymerization (Nakamura et al., 1998), RanBPM was subsequently reported to
interact both in vitro and in vivo with a wide range of transmembrane and intracellular
proteins. RanBPM-interacting molecules include the neural adhesion molecule L1 (Cheng et
al., 2005), the integrin LFA-1 (Denti et al., 2004), the plexin-A receptor for semaphorin 3A
signaling (Togashi et al., 2006), the p75 neurotrophin receptor (Bai et al., 2003a), receptor
tyrosine kinase MET (Wang et al., 2002), Cav3.1 T-type Ca2+ channel (Kim et al., 2008),
and amyloid precursor protein/BACE1 (Lakshmana et al., 2009). These findings together are
consistent with a role of RanBPM as a scaffolding protein that may serve to localize many
proteins (Denti et al., 2004; Lakshmana et al., 2009).

In this study, we report that RanBPM is an interactor of CITK. In the developing rat
neocortex, RanBPM co-localizes with junctional markers ZO-1 and β-catenin. Using in
utero RNAi of RanBPM, we show that suppression of RanBPM expression increases the
number of mitotic cells and decreases the number of cells entering cytokinesis at the surface
of the neocortical ventricular zone. In the rat neuroepithelium, RanBPM expression is
critical for the polarized localization of CITK during cell division. The junctional
association of RanBPM does not however require CITK. Furthermore, the effect of
RanBPM RNAi on the progression of mitosis is reversed in the CITK mutant (CITK fh/fh)
embryos. Taken together, we propose that RanBPM acts to polarize CITK during mitosis to
the VZ surface, and that this association facilitates the progression of mitosis in developing
neuroepithelia.

MATERIALS AND METHODS
Animals

Wistar pregnant rats (Charles River Laboratories, Inc., Wilmington, MA) were used as the
source of wildtype embryos. All CITK homozygous mutants (Citkfh/fh ; flathead rats),
heterozygous and unaffected littermates were generated from a breeding colony maintained
at the University of Connecticut. All animal care procedures were approved by the
University of Connecticut IACUC.

Construction of bait yeast and yeast two-hybrid screen
A CITK bait was constructed from the first 1344 bp of 5’-region of rat CITK cDNA
encoding amino acids 1–448. This sequence was inserted into the pGBKT7 vector
(Clontech, Mountain View, CA) and transformed into the AH109 yeast host strain using the
Yeastmakertm yeast transformation system 2 (Clontech). The Matchmakertm yeast two-
hybrid system (Clontech) was used for screening the library. A pretransformed human fetal
brain cDNA library in Y187 yeast strain (Clontech) was screened by yeast mating with
another yeast strain, AH 109, transformed with the CITK bait construct. For mating, the bait
yeast strain and the library yeast strain were mixed on 2X YPDA/Kan with gently swirling
at 30 °C overnight. A lower stringency selection procedure (SD/-His/-Leu/-Trp) was used
first to detect both strong and weak interactions followed by a higher stringency selection
(SD/-Ade/-His/-Leu/-Trp/X-α-Gal). Final positive yeast plasmids were prepared using the
Zymo yeast plasmid prep (Zymo research, Orange, CA) and transformed into the bacterial
host cells, DH5α (Invitrogen, San Diego, CA). The individual plasmid inserts were
sequenced, and sequences were analyzed using BLAST.
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Expression plasmids
For co-immunoprecipitation, the following full-length plasmids were used: pCAG-myc-
citron kinase, pcDNAI-RanBPM-flag, and pcDEB-T7-RanBPM (Nakamura et al., 1998).
For the protein overlay assay, the following plasmids were generated from PCR-based
cloning: pET-32a-NTCITK-HIS (amino acids 1–448), pGEX-5X-1-GST-RanBPM (amino
acids 135–729), and pET-32a-MCPH-HIS (amino acids 1–480).

Co-immunoprecipitation of RanBPM and CITK
Cos7 cells and HEK 293T cells were grown to 90–95% confluency in Dulbecco’s Modified
Eagle ’ s Medium (DMEM) containing 10 % FBS and 1% penicillin/streptomycin. Cells
were co-transfected with citron kinase-myc (CITK-myc) and either RanBPM-flag or
RanBPM-T7. Lysates were subjected to immunoprecipitation (IP) with rabbit polyclonal
anti-myc antibody (Abcam, Cambridge, MA) and mouse monoclonal anti-T7 antibody
(Novagen, Madison, WI) followed by immunoblotting with mouse monoclonal anti-
RanBPM antibody and rabbit polyclonal anti-myc antibody, respectively. Lysates from rat
forebrain at embryonic day12 (E12) and postnatal day 7 (P7) were subjected to IP with a
rabbit polyclonal anti-citron antibody (CT295) followed by immunoblotting with a mouse
monoclonal anti-RanBPM antibody for detecting interactions and another rabbit polyclonal
anti-citron antibody (CT261) for detecting inputs.

Protein overlay assay of RanBPM and CITK
Different amounts of purified 5’-terminal region of CITK (NTCITK-HIS, 8 µg, 4 µg, 2 µg, 1
µg and 0.5 µg) were separated by SDS-PAGE and transferred to a PVDF membrane. The
membranes were blocked by incubation in 5% nonfat dry milk in TBST for 2 hr. Purified
RanBPM-GST and GST were diluted in TBST to 10 µg/ml, and incubated with membrane
overnight at 4°C. The membranes were washed three times in TBST and subsequently
incubated with rabbit polyclonal GST antibody for 3 hr. After washing three times with
TBST, the membrane was incubated with a HRP-conjugated goat anti-rabbit antibody, and
washed three times with TBST and then three times with TBS. Bound antibodies were
detected with ECL™ (GE healthcare, Buckinghamshire, UK).

Electron microscopy
E12 and E15 wildtype rat brains were harvested, placed in fixative, and immediately
dissected to expose the ventricular lumen. Fixative was composed of 2.5%
paraformaldehyde, 2% glutaraldehyde, and 0.2% tannic acid in 0.15 M cacodylate buffer
with 1.5 mM CaCl2 and 1.5 mM MgCl2 (pH7.4). After 1.5 hr tissues were washed in buffer,
post-fixed for 1 hr in 1% OsO4 and 0.8% K3Fe(CN)6 in 0.15 M cacodylate buffer with 1.5
mM CaCl2 and 1.5 mM MgCl2 (pH7.4) and embedded in epoxy resin. Coronal sections
from the dorsal medial part of the ventricular surface were cut using a diamond knife,
collected onto copper mesh grids, heavy-metal stained with uranyl acetate and lead citrate
and viewed on a FEI Tecnai G2 Biotwin electron microscope at 80kV. Midbodies were
identified by the concentrated microtubules in cells undergoing cytokinesis (Bellairs and
Bancroft, 1975).

RanBPM RNA interference (RNAi) by in utero electroporation
Vector-based shRNA (short hairpin RNA) of RanBPM targeting either the 3’UTR region
(shRNA1, 5’-GAG CTC ACA CTT ATA TTG T-3’; shRNA3, 5’- GTA GAC GGG CTC
TGC TGA TCT GA-3’) or the coding region (shRNA2, 5’-GTG GAA GAC TAC CTA
CAT T-3’; shRNA4, 5’-AGT GTC TGG GAC TGA TGG CTC GA-3’) and a 4 base-
mutated shRNA of shRNA1 (shRNA1m4 or control shRNA, 5’- GAG CTG ACA CTA
ATA ATC T-3’) were inserted into the mU6pro vector. Knockdown of RanBPM was

Chang et al. Page 3

Dev Neurobiol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



examined by transfection into B104 cell line which was grown in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 10% FBS and 1% penicillin/streptomycin. Two
rounds of transfections were performed; with the second transfection performed three days
after the initial one. Cell lysates were prepared five days after the initial transfection.
RanBPM shRNAs and control shRNA constructs were electroporated with pCAGGS-eGFP
into E13 rat embryonic neocortex in utero as described previously (Bai et al., 2003b).
Briefly, untimed pregnant Wistar females in embryonic day 13 (E13, where the plug date
was designated as E0) were anesthetized with Ketamine/Xylazine (100/10 mixture, 0.1 mg/g
body weight, intraperitoneally (i.p.)), the uterine horns exposed, and 1–3 µl of plasmids with
Fast Green (2 mg/ml; Sigma) was microinjected by pressure (picospritzer, General Valve
corporation) through the uterus into the lateral ventricles of embryos by pulled glass
capillaries (Drummond Scientific; 0.5 µg/µl for pCAGGS-eGFP and 1.5 µg/µl for RanBPM
RNAi constructs). Electroporation was accomplished by discharging a 500-µF capacitor
charged to 50–100 V with a sequencing power supply. The voltage pulse was discharged
across a pair of copper alloy oval plates (1 X 0.5 cm) pinching the head of each embryo
through the uterus.

Immunohistochemistry and antibodies
After in utero electroporation, brains were harvested in cold PBS and processed either by
fixing in 4% paraformaldehyde in 0.1M phosphate buffer and sectioning at 70–75 µm on a
vibratome in the coronal plane or by fixing in 0.5% paraformaldehyde, cryoprotecting, and
sectioning on a cryostat at 7–20 µm. Sections were permeablized, blocked, and
immunostained by standard methods.

The following primary antibodies and dilutions were used: a rabbit polyclonal anti-myc
antibody (1:500, Abcam), a rabbit polyclonal anti-citron antibody (1:200, CT295), a mouse
monoclonal anti-CITK antibody (1:200, BD Pharmingen), a mouse monoclonal anti-
AuroraB antibody (1:200, BD Pharmingen), a rat monoclonal anti-ZO-1 antibody (1:300,
Development Studies Hybridoma Bank at the University of Iowa), a rabbit polyclonal anti-
β-catenin antibody (1:500, Sigma), a mouse monoclonal anti-nestin antibody (1:300,
Millipore), a mouse monoclonal anti-phosphorylated-vimentin55 (1:500, MBL), a rabbit
polyclonal anti-phospho-Histone H3 (1:500, Millipore), and a rabbit polyclonal anti-Ki67
antibody (1:500, Novocastra). The following secondary antibodies were used: a goat anti-
rabbit IgG conjugated Alexa 488, a goat anti-rabbit IgG conjugated Alexa 568, a goat anti-
mouse IgG conjugated Alexa 488, and a goat anti-mouse IgG conjugated Alexa 568 (1:200,
Invitrogen). Alexa Fluor® 546 phalloidin (1:500, Invitrogen) was used for actin staining and
TO-PRO®-3 iodide (1:3000, Invitrogen) was used for counter-staining.

Imaging and statistical analysis
All fluorescent images were acquired with a laser-scanning confocal microscope (Leica TCS
SP2, laser lines at 488, 543, 633 nm excitation) using 20X PL APO N.A. 0.7, 40X PL APO
N.A. 1.25 and 100X PL APO N.A. 1.40 oil immersion objectives. We used Adobe
Photoshop CS3 to assemble images and ImageJ for the quantification used in Fig. 4.
Quantification of data shown in Fig. 5 was done from confocal images of dorsomedial
embryonic necortex tansfected with RanBPM shRNAs- or control shRNA. Double labelled
cells (phosH3+, GFP+) were quantified from Z-series images of 5 µm total thickness
collected at 1 µm steps. The number of phosH3+ GFP+ cells was determined for 200 µm of
the dorsomedial ventricular surface and normalized to the number of total GFP+ in the same
region (n=3 brains, 6 sections from each brain, Fig. 5C). We used two-sample Student’s t-
tests to compare means of two independent groups, and ANOVA followed by Tukey-
Kramer HSD and Wilcoxon/Kruskal-Wallis tests for comparisons of three or more groups.

Chang et al. Page 4

Dev Neurobiol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



We considered values as significant when p<0.05. All data are presented as means. Error
bars represent ± s.e.m.

RESULTS
RanBPM localizes to cell junctions at the ventricular zone surface

In an effort to identify novel interactors of CITK, we performed a yeast two-hybrid screen.
A human fetal brain cDNA library was screened with a bait construct encoding the first 448
amino acids of CITK. One hundred clones were recovered in a first low stringency screen,
and ten of those passed a subsequent higher stringency selection. Of these 10, sequences of 4
were not within known coding sequences and one matched a human chromosome 15 open
reading frame (BC016725). Five clones contained plasmids with sequence matching coding
sequence for RanBPM (GenBank Accession No. NM005493). Of the five isolated RanBPM
clones, four matched sequence corresponding to amino acids 135–729, and one matched
amino acids 132–729.

To determine the cellular expression of RanBPM within embryonic neocortex, we used a
previously characterized monoclonal antibody raised against RanBPM (Denti et al., 2004).
The antibody identified a single 90 kDa protein in lysates from rat E14 forebrain (Fig. 1A).
We confirmed the specificity of the antibody for RanBPM with RNAi against RanBPM. The
90 kDa band was decreased in lysates from rat B104 cells transfected with shRNA vectors
directed against RanBPM, RanBPM-shRNA1, but not by transfection of an shRNA with 4
bases mis-matched to RanBPM sequence, RanBPM-shRNA1m4 (Fig. 1B). Similarly,
transfection of RanBPM-shRNA1 into rat neural progenitor cells maintained in culture
decreased immuno-positivity for anti-RanBPM (Fig. 1C). In sections from E15 neocortex,
RanBPM immuno-positivity was particularly intense at the VZ surface (Fig. 1D). Moreover,
RanBPM immuno-positivity co-localized with proteins of the apical junction complex ZO-1
and β-catenin (Fig. 1E, F). The junctional pattern of RanBPM in the embryonic neocortex is
consistent with the junctional localization previously described for RanBPM in adult lung,
kidney and mammary cells (Denti et al., 2004).

Localization of RanBPM and citron kinase at the VZ surface
To determine the cellular compartments in which RanBPM and CITK potentially interact we
performed double-label fluorescent immunohistochemistry. As previously reported, we
found that CITK was highly polarized to the surface of the VZ in discrete points that
correspond to cytokinesis furrows and midbodies of dividing precursors (Fig. 2A) (Sarkisian
et al., 2002;Paramasivam 2007). In single confocal z sections, we found that RanBPM and
CITK immuno-positivity overlapped at points along the VZ, but was not completely co-
extensive with RanBPM immuno-positivity which extended beyond points of CITK
positivity (Fig. 2B, C, D). Immunohistochemistry of the ventricular wall viewed en face
showed that CITK immuno-positivity overlapped similarly with RanBPM, ZO1, and β-
catenin (Fig. 2G, H, I). The adjacency of CITK immuno-positivity to junctional markers and
RanBPM is consistent with previous electron microscopic analysis showing an adjacency
between midbodies and adherens junction complex (AJC) (Bellairs and Bancroft, 1975). We
similarly found in an EM analysis of E12 neocortex that midbodies (Fig. 2E, F) at the
ventricular surface (VZ) make extensive junctional contacts (Fig. 2E, F). Together, these
results indicate that a potential cellular site of interaction between CITK and RanBPM in
embryonic neocortex is within the cellular compartment encompassing the AJC and
cytokinesis furrow located at the surface of the ventricular zone.
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Biochemical interaction between RanBPM and citron kinase in vitro and in vivo
In order to test for a biochemical interaction between RanBPM and CITK, we performed co-
immunoprecipitation assays in protein lysates prepared from co-transfected cell lines and
from embryonic forebrain. In co-transfected cells, we tested for interaction between CITK
and RanBPM in both directions. Myc-tagged CITK (CITK-myc) and flag-tagged RanBPM
(RanBPM-flag) were co-transfected into Cos7 cells. Lysates were subjected to
immunoprecipitation with a polyclonal rabbit anti-myc antibody followed by
immunoblotting with a monoclonal mouse anti-RanBPM antibody. The results in figure 2J
show that RanBPM co-immunoprecipitated with CITK-myc. To test the interaction in the
opposite direction, CITK-myc and T7-tagged RanBPM (RanBPM-T7) were cotransfected
into Cos7 cells. Lysates were immunoprecipitated with a monoclonal mouse anti-T7
antibody followed by immunoblotting with a polyclonal rabbit anti-myc antibody. The
results showed that CITK-myc co-immunoprecipitated with RanBPM-T7 (Fig. 2K).

In order to determine whether endogenous CITK and RanBPM protein are in biochemical
association in vivo we performed co-immunoprecipitation experiments using an antibody to
CITK that is effective in immunoprecipitation of endogenous CITK (Zhang et al., 1999).
The anti-citron antibody (CT295) immunoprecipitated CITK from E12 forebrain protein
lysates (Fig. 2L). Moreover, RanBPM co-immunoprecipitated with CITK as evidenced by
positivity for the 90 kDa band identified with the RanBPM monoclonal antibody (Fig. 2L).
As a control, rabbit IgG was found to not immunoprecipitate CITK or RanBPM (Fig. 2L)
from embryonic forebrain lysates. Next, we used a protein overlay assay to test whether
CITK protein can directly bind to RanBPM protein (Fig. 2M). For this experiment, an
affinity purified His-tagged 5’- terminal fragment of CITK (NTCITK-His), and two control
proteins, His-tagged microcephalin (MCPH-His) and bovine serum albumin (BSA) were
subjected to SDS-PAGE and transferred to nitrocellulose membranes. Then purified GST-
tagged RanBPM (RanBPM-GST) and GST only (GST) were incubated with the membranes.
Bound proteins were then detected by immunoblotting with an anti-GST antibody.
RanBPM-GST did not bind to MCPH or BSA indicating that RanBPM does not bind non-
specifically to proteins immobilized on blots. Similarly, GST protein did not bind to CITK.
In contrast, RanBPM-GST used as a probe bound to CITK in a dose dependent manner (Fig.
2L). Taken together, the interaction between CITK and RanBPM first identified in the yeast
two-hybrid screen was confirmed by co-immunoprecipitation in cells and in tissue and by
direct protein-protein interaction in vitro.

Knockdown of RanBPM prevents polarization of citron kinase
As RanBPM has been hypothesized to act as a scaffolding protein that serves to localize
proteins to particular cellular compartments, we sought to determine whether it plays a role
in localizing CITK. As shown above and in previous reports (Sarkisian et al., 2002;
Paramasivam et al., 2007) CITK is highly polarized to the VZ surface. We further
characterized the cellular localization pattern of CITK through M-phase, and found that
CITK becomes polarized to the ventricular surface in metaphase. In metaphase cells, labeled
by an anti-phospho-vimentin antibody, and identified further by condensed chromatin, CITK
is concentrated and restricted to the apical/ventricular surface (Fig. 3A). The
immunocytochemical pattern through mitosis suggests that through M-phase CITK polarizes
to the VZ surface in metaphase and then extends around the circumference of the cell to
form the cytokinesis furrow in telophase (Fig. 3A). As the furrow constricts CITK becomes
increasingly concentrated to the midbody which remains anchored to the apical/ventricular
surface (Fig. 3A).

To test for a possible function of RanBPM in CITK polarization, RanBPM-shRNA1
constructs or control constructs (RanBPM-shRNA1m4) were co-transfected with a GFP
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expression plasmid (pCAGGS-eGFP) into E13 rat embryonic neocortex by in utero
electroporation. The polarity of CITK immuno-positivity in phospho-vimentin positive cells
in mitosis was then determined and compared between control and RNAi treated cells 2 and
3 days following transfection. For this analysis, single transfected cells in mitosis were
identified, the apical and basal poles determined by the orientation of metaphase nuclei, and
CITK immuno-positivity in the basal and apical poles quantified. Two days following RNAi
treatment, there was CITK immuno-positivity in the basal half of mitotic cells, but not in
control transfected cells (Fig. 3B). Three days after RNAi treatment, CITK immuno-
positivity in RNAi treated cells was diffuse and remained un-polarized (Fig. 3B). These
results indicate that RanBPM expression is required for polarization of CITK to the
ventricular/apical surface in cells in mitosis.

We next examined whether RanBPM RNAi caused a change in the mitotic spindle
orientation at the VZ surface in mitotic cells. As above, we selected shRNA-transfected cells
that were in metaphase or anaphase for analysis. The angle of the metaphase plate plane
relative to the ventricular surface was determined for 32 cells in each transfection condition.
We found that the angle of 96.9% of the cells in each group was greater that 50° and that
there were no significant differences in the angles between the shRNA1-treated cells (mean
= 75.4°, s.e.m. ± 2.2) or the control-treated cells (mean = 78.8°, s.e.m. ± 2.1) (n=32 for each
group, p > 0.1, determined by Student’s t-test and ANOVA). Thus, suppression of RanBPM
expression in vivo affects the polarization of CITK without affecting mitotic spindle
orientation.

Citron kinase is not necessary for RanBPM localization
To determine whether RanBPM localization to the adherens junction at the VZ surface is
dependent upon CITK, we examined the co-localization of RanBPM with β-catenin in
flathead mutant rats that are homozygous for a null allele of CITK (Sarkisian et al., 2002).
Immunohistochemistry showed that the co-localization of RanBPM with β-catenin at the
surface of the neocortical ventricular zone was not disrupted in CITKfh/fh mutant embryos
(Fig. 4B). Orthogonal projections of images from wildtype (Fig. 4A) and CITKfh/fh mutants
(Fig. 4B) showed that intense RanBPM immunoreactivity was present within the same
pixels as positivity for β-catenin. The correlation of co-localization was 0.344 in CITKfh/fh

mutants and 0.335 in wildtype, and the Pearson’s coefficient was 0.732 in CITKfh/fh mutants
and 0.785 in non-mutants (by JACoP analysis; Bolte and Cordelières, 2006). Thus, RanBPM
localization to the adherens junction is not dependent upon CITK.

Knockdown of RanBPM increases the number of precursors in mitosis
We next sought to determine the role of RanBPM in the cell cycle of precursor cells in vivo
by decreasing the expression of RanBPM by in utero RNAi. Because it has been shown
previously that loss of CITK function by mutation impairs mitosis (LoTurco et al., 2003)
and cytokinesis (Sarkisian et al., 2002) we concentrated our analysis on effects during M-
phase. For these experiments we electroporated shRNA vectors in vivo that were proven to
knockdown expression levels of endogenous RanBPM in B104 neuroblastoma cells without
affecting CITK expression (Supporting Figure 1). We then determined whether RNAi
against RanBPM alters the number of cells in mitosis at the VZ surface by quantifying the
number of transfected cells that are phospho-histone H3 (phosH3) positive at the VZ
surface. Two effective RanBPM RNAi vectors, shRNA1 and shRNA3, caused a greater than
3 fold increase relative to control (shRNA1m4) transfected cells in the number of cells
positive for phosH3 (Fig. 5). Because RanBPM immuno-positivity is membrane localized in
vivo, this made it difficult to unambiguously determine co-labeling of transfected cells.
Thus, we were unable to determine changes in RanBPM immuno-positivity in vivo
following knockdown of RanBPM. To directly test for the specificity of the shRNA effect
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against RanBPM we performed add-back or rescue experiments in which we co-expressed
RanBPM-myc along with shRNA1. In these rescue experiments the number of phosH3+
cells was similar to that for cells transfected with GFP alone and not targeted by RNAi (Fig.
5C). Together, these results indicate that the effect of shRNA1 on mitosis is specific to
RanBPM knockdown, and that decreased RanBPM expression results in increases in the
number of precursor cells in mitosis.

Knockdown of RanBPM decreases entrance into cyztokinesis
An increase in the number of cells in mitosis following RanBPM knockdown in vivo could
be due to either an increase in the number of cells entering M-phase or a decrease in the
number of cells exiting mitosis and progressing through cytokinesis. In order to distinguish
between these two possibilities in vivo we assessed the progression through cytokinesis by
quantifying the number of cytokinetic furrows and midbodies in the VZ following RanBPM
RNAi. Antibodies to CITK and AuroraB label cytokinesis furrows and midbodies within the
neocortical ventricular zone. Fig. 6A shows an example of CITK and AuroraB
immunostaining of two distinct parts of the midbody at the VZ surface: CITK at the
midbody ring and AuroraB at the flanking intercellular bridges. Following knockdown of
RanBPM by shRNA1 in vivo there was a decrease in the number of midbodies as assessed
by both CITK and AuroraB staining. Control (shRNA1m4) treated brains or contralateral
VZs that received no transfection showed nearly 4-fold more midbodies than shRNA1
treated VZs (Fig. 6B, C). This decrease in cytokinesis, together with previous data indicating
a large increase in mitotic cells (Fig. 5), suggests that RanBPM knockdown increases the
number of cells in mitosis by slowing entry into cytokinesis. Indeed, the quantitative
correlation between the fold mitotic cell increase and corresponding fold cytokinesis
decrease (Fig. 6D) is consistent with an accumulation of cells in mitosis following RanBPM
knockdown that is caused by a decrease in progression to cytokinesis.

A role of RanBPM in mitosis is dependent upon functional citron kinase
The change in localization of CITK in mitotic cells combined with the effects of RanBPM
knockdown on mitosis is consistent with a model in which RanBPM is upstream of and
necessary for recruiting CITK to the apical/ventricular surface during mitosis, and that this
in turn is required for normal progression out of mitosis into cytokinesis. Two predictions
from this working model are that 1) CITK mutants will also show an accumulation of cells
in mitosis relative to non-mutants, and 2) RanBPM knockdown will not create an
accumulation of cells in mitosis in flathead mutant embryos that lack CITK. Consistent with
the first prediction we found that there was a two-fold increase in phosphoH3-positive cells
in homozygous CITK mutants relative to wildtype littermates (Supporting Figure 2). To test
the second prediction that RanBPM function in mitotic progression is dependent upon CITK
function, we determined the effect of RanBPM knockdown on mitotic cells in flathead
mutants (Fig. 7). E13 embryos (CITKwt/wt or CITKfh/fh) were co-transfected with either
RanBPM-shRNA1 or control (RanBPM-shRNA1m4) together with pCAGGS-eGFP. Three
days after surgery, embryos were harvested genotyped, and the relative number of phosH3-
positive to transfected cells determined for shRNA1-treated and control neocortices. In
contrast to the effect of RanBPM RNAi in wildtype animals where RanBPM knockdown
caused a >3 fold increase in the number of mitotic cells, RanBPM knockdown in
homozygous flathead mutants did not cause an accumulation of M-phase cells, but instead
resulted in a decrease in mitotic cells (Fig. 7). Thus, the effect of RanBPM knockdown on
mitosis accumulation is dependent upon functional CITK, and moreover, the reverse effect
of RanBPM knockdown in the absence of CITK may reveal a CITK-independent role of
RanBPM in cell cycle progression.
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DISCUSSION
In summary, we found that as in other epithelia (Denti et al., 2004) RanBPM localizes to the
adherens junction complex in developing neocortex. We also report that RanBPM interacts
physically with CITK in vivo and in vitro, and is required for normal progression through
M-phase. Given this evidence, we propose that RanBPM links adherens junctions to cellular
proteins necessary to progression through M-phase at the ventricular zone surface in
developing necortex.

RanBPM has been reported to act as a scaffolding protein for a number of proteins in the
developing nervous system. Recent studies showed that RanBPM is involved in amyloid β
peptide synthesis by interacting with the lipoprotein receptor-related protein (LRP), β-
secretase (BACE1), and amyloid precursor protein (APP) (Lakshmana et al., 2009). Plexin-
A1 receptors also interact with RanBPM and the RanBPM/Plexin-A1 complex mediates
Semaphorin3A signaling thus inhibiting axonal growth (Togashi et al., 2006). Our
observations that RanBPM RNAi alters CITK localization (Fig. 3) adds to the functions of
RanBPM in localizing developmentally important proteins.

RanBPM was originally identified as a Ran GTPase-binding protein in the microtubule-
organizing center (Nakamura et al., 1998) implicating it in spindle formation during
metaphase. Ectopic expression of RanBPM causes multiple microtubule organizing centers
in dividing HeLa cells suggesting that RanBPM is involved in microtubule nucleation
(Nakamura et al., 1998). Although these studies suggested to us the possibility that RanBPM
could also play a role in spindle pole orientation in neocortical precursors, we were unable
to observe such changes following RNAi.

RanBPM has also been previously linked to a possible function in mitosis by its
phosphorylation by cell cycle kinases: cyclin-dependent kinase 11P46 (Mikolajczyk et al.,
2003) and polo-like kinase 1 (Plk1) (Jang et al., 2004). Polo-like kinases are potent
regulators of M-phase that phosphorylate substrate proteins on centrosomes, kinetochores,
the mitotic spindle, and the midbody (Archambault and Glover, 2009). Disruption of Plk1
results in G2-delay and prometaphase arrests, and the dynamic release of Plk1 from early
mitotic structures is crucial for mid- to late-stage mitotic events (Kishi et al., 2009). We
hypothesize that RanBPM/Plk1 interaction may be upstream of CITK as CITK is
particularly important for terminal stages of the cell cycle in neural precursor cells.

Citron kinase is a Rho activated kinase and we initially hypothesized that interactors with
the kinase domain would identify potential substrates of CITK. We attempted to
demonstrate that CITK phosphorylates RanPBM in heterologous expression systems and
with cell free assays using purified CITK and RanBPM. However, while we were
consistently able to observe phosphorylation of a control substrate, histone H1, we failed to
detect phosphorylation of RanBPM by CITK (Supporting Figure 3). Thus, whether or not
the kinase function of CITK is essential to its role in neurogenic cell division remains
unknown.

RNAi experiments in the CITK mutants showed that RanBPM knockdown has additional
effects on the cell cycle that do not depend upon CITK. In fact, knockdown of RanBPM had
an opposite effect in the mutant relative to that in wildtype embryos. A general working
model to explain this result is that RanBPM interacts with two pathways: one through CITK
that facilitates progression through mitosis and into cytokinesis, and another not through
CITK that normally limits the number of cells that are in mitosis at the VZ surface. Further
assessment of phases of the cell cycle altered after RanBPM RNAi in CITK mutants may
help elucidate these CITK independent roles further. One possibility is that by inhibiting
minibrain-related kinase (Mirk)/Dyrk1B activity (Zou et al., 2003) RanBPM could stabilize
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p27Kip1, a cyclin-dependent kinase inhibitor (Deng et al., 2004). Enhanced levels of
p27Kip1 could in turn reduce the number of cells in the cell cycle (Li et al., 2009) in the
CITK mutant following knockdown of RanBPM. RanBPM may therefore play a dual role in
both limiting and facilitating neurogenic cell divisions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. RanBPM is localized to junctions at the VZ surface
A, Immunoblot shows the expression of RanBPM in the E14 rat brain lysate. α-tubulin is
used on the same blot as an internal control. B, Evaluation of RanBPM shRNA constructs by
immunoblotting. RanBPM-shRNA1 (targeting 3’UTR region of RanBPM) is more effective
than RanBPM shRNA2 (targeting coding region of RanBPM) in knocking down RanBPM
expression in B104 cells. A four-base mutation construct of RanBPM-shRNA1 (RanBPM-
shRNA1M4) is used as the control shRNA. α-tubulin is shown as control. C, A single
confocal z section shows that RanBPM shRNA1 transfected dividing cells (left panels)
decrease RanBPM on the membrane compared to the non-transfected cells (right panels).
Arrowhead indicates high RanBPM expression on the cell membrane. Scale bar, 50 µm. D,
RanBPM is polarized at the ventricular zone surface in E15 rat neocortex. Scale bar, 100
µm. E, Endogenous RanBPM and ZO-1 expression. E15 brain sections were immunostained
with anti-RanBPM antibody and anti-ZO-1 antibody. RanBPM expression is shown as green
and ZO-1 as red. F, Endogenous RanBPM (green) and β-catenin (red) expression in E15 rat
brain. Scale bars, 10 µm. Insets show the dotted boxes with higher magnification. The
orthogonal projected panels of single-z images confirm the co-localization of RanBPM and
junctional proteins, ZO-1 and β-catenin.
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Figure 2. Adjacency of citron kinase and RanBPM at the VZ surface and biochemical
confirmation of the CITK-RanBPM interaction
A, Endogenous localization of Citron kinase (red) and RanBPM (green) is shown. E15 brain
sections were immunostained with anti-Citron antibody and anti-RanBPM antibody. Arrows
represent adjacent expression of both proteins in dividing cells at the VZ surface. Scale bar,
10 µm. Higher magnifications of labeled cells are shown in B–D (B:early telophase (left
pair) and early anaphase (right pair), C:cytokinesis, D:metaphase). E–F, Transmission
electron micrographs show that midbodies (MB) have prominent bundles of microtubules
(MT). Note that the midbodies are nearly adjacent to adherens junctions (AJ). G–I, Citron
kinase (red) localizes adjacent to RanBPM (G, green) similar to the pattern of localization
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between Citron kinase (green) and other junctional markers (red), ZO-1 (H) and β-Catenin
(I). Scale bars, 10 µm. J, RanBPM-flag co-immunoprecipitates with CITK-myc in
transfected Cos7 cells. Lysates of Cos7 cells transfected with CITK-myc were
immunoprecipitated with either an anti-myc antibody (top panel) or a rabbit anti-IgG
antibody (middle panel) followed by detection with an anti-RanBPM antibody. Endogenous
RanBPM (90 kDa, arrowhead) in Cos7 cells co-immunoprecipitates with CITK-myc (lane
1); Lysates of Cos7 cells transfected with only RanBPM-flag were subjected to IP with an
anti-myc antibody and detected with an anti-RanBPM antibody. Anti-myc antibodies did not
immunoprecipitate RanBPM-flag (lane 2); Lysates of Cos7 cells co-transfected with CITK-
myc and RanBPM-flag were immunoprecipitated with an anti-myc antibody followed by
detection with an anti-RanBPM antibody. RanBPM-flag co-immunoprecipitates with CITK-
myc, but not with rabbit IgG (lane 3). K, CITK-myc co-immunoprecipitates with RanBPM-
T7 in transfected Cos7 cells. Lysates of Cos7 cells transfected with CITK-myc were
immunoprecipitated with either an anti-T7 antibody (top panel) or a mouse anti-IgG
antibody (middle panel) followed by detection with an anti-myc antibody. Anti-T7
antibodies did not immunoprecipitate CITK-myc (lane 1); Lysates of Cos7 cells transfected
with RanBPM-T7 were subjected to IP with an anti-T7 antibody followed by detection with
an anti-myc antibody. Anti-T7 antibodies did not co-immunoprecipitate CITK-myc (lane 2);
Lysates of Cos7 cells co-transfected with CITK-myc and RanBPM-T7 were
immunoprecipitated with an anti-T7 antibody followed by detection with an anti-myc
antibody. CITK-myc (220 kDa, arrow) co-immunoprecipitates with RanBPM-T7, but not
with a mouse IgG (lane 3). L, Interaction between endogenous RanBPM and CITK in rat
developing brain. In E12 brain, anti-citron antibody (CT295) immunoprecipitated CITK and
RanBPM co-immunoprecipitated with it (top panel). RanBPM does not co-immuoprecipitate
with a rabbit IgG (second panel). The third panel shows that CT295 immunoprecipitates
CITK in E12 brain lysate. Arrowhead:RanBPM, arrow:CITK. M, Protein overlay assay
shows direct interaction between the N-terminal region of CITK (NTCITK, a.a.1–448) and
RanBPM. NTCITK-His (65 kDa), MCPH-His (57 kDa), and BSA (67 kDa) were subjected
to immunoblotting and overlayed with RanBPM-GST (left) and GST alone (right). The
bound protein was probed with anti-GST antibodies and detected by chemiluminescence.
RanBPM-GST bound to NTCITK-His, but to neither MCPH-His nor BSA. GST alone did
not bind to NTCITK-His.
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Figure 3. Knockdown of RanBPM impedes apical polarization citron kinase
A, CITK localization in cells at different stages of cell cycles in E15 rat brain. a, In
metaphase cells, CITK aggregates apically towards the VZ surface. b, Then CITK
dynamically moves to both the basal and apical sides of the cleavage furrow during
telophase. c, In cytokinesis, CITK localizes to the midbody adjacent to the VZ surface. Scale
bar, 5 µm. Diagrams depicting CITK localization (green) at the VZ surface during cell
cycle. a, metaphase; b, telophase; c, cytokinesis. B, RanBPM-shRNA1 (shRNA1) results in
mislocalization of CITK at the VZ surface 2 days and 3 days after transfection. Control
(shRNA1m4) and shRNA1 were co-transfected with GFP in E13 rat embryonic brains by in
utero electroporation. Phospho-vimentin (phVim, not shown) was used for labeling mitotic
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cells. RanBPM-shRNA1 disrupts the polarization of CITK (red, arrowheads) in metaphase
cells (phVim positive) by 2 days after in utero electroporation and shows diffuse distribution
of CITK 3 days after in utero electroporation, while control transfected cells maintained the
polarization of CITK (arrows). Scale bars, 10 µm. The transfected metaphase cells are
outlined, and ‘a’ stands for apical side and ‘b’ stands for basal side of mitotic cells. The
dotted lines represent the apico-basal axis and perpendicular half lines. The graph in D
shows the ratio of CITK expression in the apical half of metaphase cells relative to CITK
expression in the basal half of metaphase cells as depicted in the schematic shown in C. The
significance was tested by two-sample Student’s t-tests in two independent groups and by
ANOVA in all three groups followed by post hoc Tukey-Kramer HSD and Wilcoxon/
Kruskal-Wallis tests (**, p<0.01). Error bars represent ± s.e.m.
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Figure 4. Citron kinase is not necessary for RanBPM expression at the adherens junctions of the
VZ surface
left panels, Endogenous RanBPM co-localizes with β-catenin at the VZ surface of wildtype
(A) and CITKfh/fh mutant littermates (B). E17 brain sections from both were immunostained
with anti-RanBPM antibody (green) and anti-β-catenin antibody (red). Co-localization of
RanBPM and β-catenin is shown at exposed junctional complexes. Orthogonal projections
confirming their co-localization show a very similar intensity pattern for the two proteins.
Scale bars, 50 µm. right panels, Co-localization analysis with JACoP. Intensity correlation
analysis (ICA) was performed for co-localization of RanBPM and β-catenin. A (CITKwt/wt)
and B (CITKfh/fh) show intensity correlation plots of the images with the respective plots of
the pixel intensities of RanBPM staining (y axis) against their (Ai-a)(Bi-b) values (Ai:
individual green (RanBPM) pixel intensity, a: mean of green (RanBPM) pixel intensity, Bi:
corresponding red (β-catenin) pixel intensity, and b: mean of red (β-catenin) pixel intensity).
Both plots show different intensity co-localization, indicating that absence of CITK does not
produce a change in RanBPM localization at the apical VZ junction. ICQ, Intensity
correlation quotient value; PC, Pearson’s coefficient.
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Figure 5. RNAi of RanBPM increases the number of cells in mitosis
RanBPM-shRNA1 (shRNA1, A) and control shRNA1m4 (B) were co-transfected with GFP
in E13 rat embryonic brains by in utero electroporation and analyzed with immunostaining 3
days after transfection. The boxed regions in the upper panels are shown at higher
magnifications in the bottom panels (A and B). Note that larger numbers of both phosH3-
positive and GFP-positive cells appear in RanBPM-shRNA1-transfected VZ than in control
shRNA1m4-transfected VZ. Scale bars, 50 µm. C, The analysis of mitotic marker, phosH3,
in RanBPM-shRNA1 and control shRNA1m4 treated VZ. Both phosH3-positive and GFP-
positive cells at the VZ were counted and normalized to total GFP-positive cells at the VZ,
and then normalized to control transfected condition (n=3 brains, 6 sections from each
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brain). The control value is shown as the black dotted line. Note that higher numbers of
mitotic cells (phosH3+ GFP+/total GFP+ cells) are observed with shRNA1 and shRNA3
transfection than with shRNA4 transfection compared to control shRNA1m4 transfection. In
contrast, by co-expression of RanBPM-myc with shRNA1 the number of mitotic cells was
similar to that for cells transfected with GFP alone. **, p<0.01, determined by Student’s t-
test. Error bars represent ± s.e.m.
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Figure 6. RNAi of RanBPM decreases the number of midbodies at the ventricular zone surface
A, Both the diagram (left) and confocal image (middle) show the markers, CITK and
AuroraB, used to assess the RanBPM RNAi effects on cytokinesis. CITK (green) and
AuroraB (red) label midbody structures in E15 brain. Citron kinase localizes to the midbody
ring and AuroraB marks the flanking regions in U-shaped midbodies at the VZ surface.
Scale bar, 5 µm. The diagram in right represents the regions that were analyzed in this
experiment. B and C, RanBPM RNAi decreases the midbody formations at the VZ surface.
RanBPM-shRNA1-transfected brains (bottom 2 panels) labeled with CITK (red, left panels)
or AuroraB (red, right panels) display fewer midbodies than do control shRNA1m4-
transfected brains (upper 2 panels). Scale bar, 50 µm. CITK-positive and AuroraB-positive
midbodies were counted within 200 µm of the VZ surface. C, n=4 brains, 6 sections from
each. *, p<0.01 and **, p<0.05, determined by Student’s t-test. Error bars represent ± s.e.m.
D, The increase in mitotic cells by RanBPM-shRNA1 is correlated to the decreased numbers
of cytokinesis showing the delay of M-phase progression.
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Figure 7. RanBPM function is dependent upon citron kinase
A, RanBPM RNAi does not cause accumulation of mitotic cells in CITKfh/fh, as it does in
CITKwt/wt. RanBPM-shRNA1 or control shRNA1m4 constructs were co-transfected with
GFP into E13 embryonic CITK mutant brains by in utero electroporation. Double-
immunopositive cells (GFP and phosH3) were quantified. Note that RanBPM-shRNA1 does
not increase the numbers of mitotic cells, indicating that RanBPM RNAi function on mitosis
through CITK. In addition, RanBPM may have a separate pathway by which it affects the
VZ cell cycle. Arrowheads indicate both GFP- and phosH3-positive cells. Scale bar, 50 µm.
Quantification is shown in B (n=3 brains, 4 sections from each brain). Two-way ANOVA
was used to validate the significance between genotypes (p<0.01), RNAi and control
(p<0.01), and their interaction (p<0.01).
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