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Neural progenitor cells in the ventricular zone of the developing mammalian cerebral cortex give rise to specialized cortical cell types via
consecutive rounds of proliferation and differentiation, but the mechanisms by which progenitor cell self-renewal and differentiation are
regulated during cortical development are not well understood. Here, we show that zinc-finger and homeodomain protein 2 (ZHX2) is
specifically expressed in neural progenitor cells during cortical neurogenesis. ZHX2 binds to the cytoplasmic domain of ephrin-B1, which
is expressed in cortical neural progenitors and plays a role in neural progenitor cell maintenance. ZHX2 acts as a transcriptional repressor
in cell, and its repressor activity is enhanced by coexpression of an ephrin-B1 intracellular domain. Blocking ZHX2 function in cultured
neural progenitor cells or in the embryonic cortex causes neuronal differentiation, whereas overexpression of ZHX2 and an ephrin-B1
intracellular domain disrupts the normal differentiation of cortical neural progenitor cells. This study identifies ZHX2 as a novel regu-
lator of neural progenitor cell maintenance and suggests a potential nuclear mechanism of the ephrin-B function in the cortex.

Introduction
During the development of the mammalian cerebral cortex, neu-
ral progenitor cells located in the ventricular zone (VZ) generate
the majority of projection neurons via consecutive rounds of
expansion and differentiation (McConnell, 1995; Monuki and
Walsh, 2001; Temple, 2001; Gupta et al., 2002; Rash and Grove,
2006; Bystron et al., 2008; Caviness et al., 2008), but the mecha-
nisms by which progenitor self-renewal and differentiation are
regulated during cortical development are not well understood
(Fishell and Kriegstein, 2003; Götz and Huttner, 2005;
Molyneaux et al., 2007; Noctor et al., 2007; Pontious et al., 2008).
In a previous study, we found that ephrin-B1 plays a critical role
in maintaining the neural progenitor state during cerebral corti-
cal development (Qiu et al., 2008). Ephrin-B is the transmem-
brane ligand of the Eph receptor tyrosine kinases and transduces
a “reverse signal” (signaling into the ephrin-B-expressing cells) in
ephrin–Eph-mediated neural functions (Flanagan and Vander-
haeghen, 1998; Cowan and Henkemeyer, 2002; Drescher, 2002;
Poliakov et al., 2004; Davy and Soriano, 2005; Egea and Klein,
2007; Arvanitis and Davy, 2008; Pasquale, 2008). Ephrin-B is
thought to elicit reverse signaling as an anchored membrane pro-
tein through interaction with cytosolic proteins, such as PDZ–
RGS3. It was recently reported that ephrin-B could be processed

into an intracellular fragment both in the mouse brain and in
transfected cells, likely via presenilin-dependent intramembrane
proteolysis (Georgakopoulos et al., 2006; Tomita et al., 2006).
This raised a possibility that ephrin-B, like Notch and many other
type I transmembrane proteins, might interact with a nuclear
factor to modulate gene expression using a free cytosolic frag-
ment (Fortini, 2002; Selkoe and Kopan, 2003). We were, there-
fore, interested to search for a potential nuclear factor that could
interact with the intracellular fragment of ephrin-B.

In a previous screen for interacting proteins of ephrin-B cyto-
plasmic domain (Lu et al., 2001), one of the positive cDNA clones
identified encoded a fragment of zinc-finger and homeodomain
protein 2 (ZHX2). ZHX2 is a member of the zinc-fingers and
homeoboxes (ZHX) family which include ZHX1, ZHX2, and
ZHX3 (Barthelemy et al., 1996; Kawata et al., 2003a,b). ZHX
proteins form homodimers and heterodimers and act as tran-
scription repressors in several cell types studied (Kawata et al.,
2003a,b; Perincheri et al., 2005; Liu et al., 2006). The isolation of
ZHX2 in an ephrin-B yeast two-hybrid screen suggested that
ZHX2 could be a candidate nuclear factor for the ephrin-B intra-
cellular fragment discovered in recent studies (Georgakopoulos
et al., 2006; Tomita et al., 2006). In this study, we present evidence
that ZHX2 and ephrin-B1 cytoplasmic domain can physically
interact and regulate transcription. We further show that ZHX2
is also expressed in neural progenitor cells during cortical neuro-
genesis, and interfering with ZHX2 function or overexpression of
ZHX2 leads to dysregulation in cortical neural progenitor main-
tenance and differentiation.

Materials and Methods
Plasmids and antibodies. Green fluorescent protein (GFP)– ephrinB1CD,
hemagglutinin (HA)– ephrinB1CD, Myc6 –Z0, Gal4 –ZHX2, Gal4 –
ZHX2–VP16 and DsRed–ZHX2 were cloned into pcDNA3.1Zeocin (In-
vitrogen). Flag–ZHX2–VP16 was cloned into pEF–Ub–GFP (modified
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from pEFGM) which carries an Ubiquitin promoter– enhanced GFP
(EGFP) expression cassette for tracing. Primary antibodies used in this
study included a rabbit polyclonal anti-ephrin-B antibody C18 (Santa
Cruz Biotechnology), anti-doublecortin (DCX) (Santa Cruz Biotechnol-
ogy), anti-bromodeoxyuridine (BrdU) (Sigma), Rat anti-HA (Roche),
Sheep anti-digoxigenin–alkaline phosphatase (Roche), anti-GFP
(Roche, Invitrogen). Anti-ZHX2 antibody was raised against peptide
KPSEATSDRSEGS by Zymed. All secondary antibodies were purchased
from Jackson ImmunoResearch Laboratories (Rhod Red-X-AffiniPure
and Cy2 AffiniPure conjugated).

Cell culture and transfection. COS-7 cells and HEK293 cells were cul-
tured in DMEM (Invitrogen) with 10% bovine serum (Sigma). Transfec-
tion of COS-7 was done using Fugene6 (Roche) following manufactur-
er’s instruction; transfection of HEK293 was done using calcium
phosphate method.

Affinity binding studies and Western blot. Glutathione S-transferase
(GST), GST fusion deletion mutant proteins, and His6 –ZHX2 were ex-
pressed in bacteria strain BL21gold. The cell pellet was lysed in lysis buffer
[25 mM Tris 7.5, 140 mM NaCl, 1� protease inhibitors mixture (Roche),
1% Triton X-100], and the supernatant was loaded to glutathione aga-
rose beads (Sigma) or Talon beads to prepare GST– ephrin-B or His6 –
ZHX2 affinity beads. Full-length ZHX2 or Myc6 –Z0 was expressed in
HEK293 cells; 48 h after transfection, the cells were lysed in lysis buffer,
and clear supernatant was loaded onto GST affinity beads for pull-down
assay. For preparing endogenous ZHX2 and ephrin-B intracellular frag-
ment, embryonic day 15.5 (E15.5) fetal mouse cortices were lysed in
radioimmunoprecipitation assay buffer. The lysate was homogenized by
passing through a 27G needle and was cleared by centrifugation at 5000 g
at 4°C. The supernatant was incubated with GST– ephrin-B affinity beads
for pull-down or precleared with Talon beads followed by incubation
with His6 –ZHX2 affinity beads for pull-down. After incubation and
washing, the beads were boiled in SDS sample buffer.

Protein samples were run on a SDS-PAGE gel (concentration ranging
from 7.5 to 15%), then transferred to a polyvinylidene difluoride mem-
brane using a semidry trans-blotter (Bio-Rad). The membrane was
blocked for 1 h in 5% nonfat milk, then incubated with primary antibody
overnight at 4°C. Binding of primary antibody was detected using a
horseradish peroxidase-conjugated secondary antibody and chemilumi-
nescent substrate (Pierce).

Dissociated primary cell culture. Cerebral cortices of E11 mouse em-
bryos were dissected in HBSS (Irvine Scientific). Cells were dissociated
using a pipette. After centrifugation at 1000 rpm 4°C for 5 min, cells were
washed twice with HBSS. Cell pellets were then resuspended in D-MEM/
F12 medium (Invitrogen) supplemented with B27 (Sigma; 1:50 v/v),
penicillin (100 U/ml), and streptomycin (100 �g/ml), counted and
plated in a 24-well plate at the confluency of 2 � 10 5 cells/well onto
polyornithine (15 �g/ml in H2O) and fibronectin (2 �g/ml in PBS)-
coated coverslips, and cultured at 37°C. After initial plating (24 h), cells
were transfected in triplicate with an expression plasmid of ZHX2–VP16
or a plasmid of a control protein (EGFP) using Fugene6 (Roche). For
BrdU labeling, BrdU was added to the culture at a final concentration of
10 �M for 16 h before fixation. After transfection (48 h), cells were fixed
with 4% paraformaldehyde for immunocytochemistry. The dissociated
cell assays were repeated independently three times. Averages of the ex-
periments were presented in quantification. The acutely dissociated cells
derived from electroporated brains were prepared as described in a pre-
vious study (Qiu et al., 2008).

RNA in situ hybridization, immunohistochemistry, and immunocyto-
chemistry. RNA in situ, immunohistochemistry, and immunocytochem-
istry were done essentially as in Qiu et al. (2008). Fluorescent images were
acquired using a Zeiss Upright 510 two-photon confocal microscope.
Digital images were processed (brightness/contrast adjusted and color
balanced) using ImagePro Plus software (Media Cybernetics).

Luciferase assay. Plasmid with firefly luciferase driven by
2XMH100 –TK minimal promoter was cotransfected with cytomegalo-
virus–�gal, along with GAL4, GAL4 –ZHX2, ephrin-B1CD, or GAL4 –
ZHX2–VP16, into HEK293 cells or cortical neural progenitors. The total
amount of DNAs transfected was kept constant, substituting with empty
expression plasmid as a control. After transfection (48 h), cells were lysed

in reporter lysis buffer (Promega) and measured for luciferase activity
using luciferase assay system (Promega) by an LMAX2 luminometer
(Molecular Devices). �-Galactosidase activity was used as an internal
control for normalization of transfection/expression efficiency.

In utero electroporation. In utero electroporation was performed on
E13.5 embryos as described previously (Qiu et al., 2008). Electroporated
brains were dissected out 2 h after a pulse labeling of BrdU at E14.5 or at
a later stage and cryoprotected for embedding. Consecutive sections (10
�m) of an injected brain were collected for immunohistochemistry with
specific antibodies. Electroporated cells were detected by direct visualiza-
tion of EGFP expressed from the pEF–Ub–GFP expression plasmids.
Sections representative of the center region of the electroporated cells
were used for quantification. Quantification of the labeled green cells was
analyzed using ImagePro Plus program (Media Cybernetics).

Results
ZHX2 binds to the cytoplasmic domain of ephrin-B
We performed further binding studies to confirm the interac-
tion between ZHX2 and ephrin-B originally observed in a
yeast two-hybrid screen. Fusion proteins between GST and
various fragments of the cytoplasmic domain of ephrin-B1 or
between a His6 tag and ZHX2 were constructed (Fig. 1 A).
C-terminal truncations of ephrin-B1 were made to reflect the
various conserved regions between ephrin-B1 and ephrin-B2
(Fig. 1 A) [ZHX2 was originally isolated from two-hybrid
screen using ephrin-B2 cytoplasmic domain as a bait (Lu et al.,
2001)]. Truncations of ZHX2 were made to reflect the pre-
dicted zinc finger domains (Fig. 1 A). First, affinity beads bear-
ing GST and ephrin-B1 fusions in comparable amounts were
used to bind the full-length or an N-terminal fragment of
ZHX2 expressed in HEK293 cells. The fusion protein between
GST and the entire ephrin-B1 cytoplasmic domain (GST–
ephrin-B1CD) could interact with ZHX2 (Fig. 1 B, lane 2).
Amino acids 263–278 was a minimal sequence of the
C-terminal deletion of ephrin-B1CD that could bind to ZHX2,
but sequence 263–294 seemed to bind much stronger (Fig. 1 B,
lanes 5 and 6). We further tested the binding ability of se-
quence 278 –294 and found that it displayed weak binding to
ZHX2 (Fig. 1 B, lane 7). These results suggest that the binding
domain of ephrin-B1 is located within the N-terminal portion
(263–294) of the ephrin-B1 cytoplasmic domain, a region ad-
jacent to the transmembrane domain and conserved between
ephrin-B1 and ephrin-B2. Truncations of ZHX2 found that an
N-terminal fragment of ZHX2 that precedes the two zinc fin-
ger domains could bind to GST– ephrin-B1CD as strongly as
the full-length protein. Because the original ZHX2 cDNA iso-
lated in yeast two-hybrid screen encoded amino acids 27–157
(Fig. 1 A), the binding domain of ZHX2 is likely to be located
to amino acids 27–77. Next, GST– ephrin-B1CD was tested for
interaction with endogenous ZHX2, and we found that it
could bind to ZHX2 derived from E15.5 mouse cortices (Fig.
1C). Finally, a reciprocal experiment using affinity beads bear-
ing His6 –ZHX2 was tested for interaction with endogenous
ephrin-B in the mouse cortices. We found that His6 –Zhx2
could enrich an ephrin-B antibody-reactive peptide with a size
similar to a recombinant ephrin-B1CD control expressed in
HEK293 cells (Fig. 1 D). This peptide and a peptide of a smaller
size (also detected in His6 –ZHX2 pull-down) were likely the
endogenous intracellular fragments generated from
ephrin-B1 and ephrin-B2, both were expressed in the devel-
oping cortex (Stuckmann et al., 2001; Qiu et al., 2008). These
binding studies confirm a specific interaction between ZHX2
and the intracellular fragment of ephrin-B.

We further looked at the subcellular localization of ZHX2 and
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ephrin-B1CD in transfected cells. GFP-tagged ephrin-B1CD was
seen both in the cytoplasm and in the nucleus when expressed
alone (Fig. 1E). DsRed-tagged ZHX2 (DsRed–ZHX2) was ex-
pressed restrictedly in the nucleus (Fig. 1F). When GFP– ephrin-
B1CD was coexpressed with DsRed–ZHX2, it colocalized with
DsRed–ZHX2 in the nucleus (Fig. 1G–J). Colocalization of
ephrin-B1CD and ZHX2 in the nucleus was also seen by immu-
nocytochemistry when a smaller tag (HA) was used to mark
ephrin-B1CD (Fig. 1K–N). In the latter case, proteasomal inhib-
itor MG-132 was present in the culture medium to prevent deg-

radation of the HA-tagged ephrin-B1CD. These results suggest
that ZHX2 can recruit ephrin-B1CD in the nucleus.

ZHX2 is expressed in cortical neural progenitors during
cortical neurogenesis
We looked at the expression pattern of ZHX2 in the developing
mouse brain compared with known patterns of expression of
ephrin-B. We found that the mRNA of ZHX2 was selectively
expressed in the VZ of the cortex (Fig. 2A), similar to what was
observed for ephrin-B1 (Lu et al., 2001). Immunohistochemistry

Figure 1. Interaction between ZHX2 and an intracellular fragment of ephrin-B. A, Sequence comparison between ephrin-B1 and ephrin-B2 cytoplasmic domains and schematic structures of
ephrin-B1 cytoplasmic domain and ZHX2; B, expression and binding of different GST– ephrin-B1 cytoplasmic domain fusion proteins to the full-length or a deletion of ZHX2 expressed in HEK293 cells.
C, Binding of GST– ephrin-B1 cytoplasmic domain to endogenous ZHX2 in mouse cortical cell extract. D, Binding of His6 –ZHX2 fusion protein to endogenous ephrin-B intracellular fragment in mouse
cortical cell extract. E, Subcellular localization of EGFP– ephrin-B1 cytoplasmic domain fusion protein in COS-7 cells; F, nuclear localization of DsRed–ZHX2 fusion protein in COS-7 cells; G–N,
colocalization of EGFP- or HA-tagged ephrin-B1 cytoplasmic domain fusion protein and DsRed–ZHX2 fusion protein in COS-7 cells.
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showed that ZHX2 protein expression could be detected in the
VZ and subventricular zone (SVZ) of the cortex during various
stages of cortical neurogenesis (Fig. 2B) and correlated with the
expression of nestin (Fig. 2C), suggesting that ZHX2 is expressed
in neural progenitor cells. Costaining of ZHX2 with PAX6
showed substantial overlap of the two proteins (Fig. 2D), indi-
cating that ZHX2 is mainly expressed by radial glia progenitors.
However, we were unable to determine whether ZHX2 was also
expressed by basal progenitors (Haubensak et al., 2004; Miyata et
al., 2004; Noctor et al., 2004), attributable to incompatibility of
antibodies of ZHX2 and Tbr2 (Englund et al., 2005). Some of the
ZHX2-expressing cells were positive for incorporated BrdU (Fig.
2E), further suggesting that ZHX2 is expressed in neural progen-
itor cells. This expression pattern suggests that ZHX2 is likely a
biologically relevant interactor with ephrin-B intracellular frag-
ment and that ZHX2 may have a role in the regulation of neural
progenitor maintenance similar to ephrin-B.

ZHX2 is a transcriptional repressor, and converting it into a
transcriptional activator causes differentiation of neural
progenitor cells
Consistent with previous reports (Kawata et al., 2003a,b; Perincheri
et al., 2005; Liu et al., 2006), we found that GAL4–ZHX2 (a fusion
protein between the DNA-binding domain of GAL4 and ZHX2)
could inhibit basal transcription of a GAL4 reporter in HEK293 cells,
as well as in cortical neural progenitor cells derived from early em-
bryonic cortices (Fig. 3A). Interestingly, coexpression of ephrin-
B1CD resulted in a stronger repression of transcription by GAL4–
ZHX2 without affecting the expression level of GAL4–ZHX2
protein (Fig. 3A) (data not shown). As basal activity of transcription
was generally low in cells, we further looked at this effect of ephrin-
B1CD using a fusion protein between GAL4–ZHX2 and the tran-
scriptional activation domain of VP16. GAL4–ZHX2–VP16 fusion
protein could activate transcription �30-fold over the basal level
(data not shown). When ephrin-B1CD was coexpressed in HEK

Figure 2. Expression of ZHX2 in cortical neural progenitor cells. A, RNA in situ hybridization of ZHX2 in E15.5 embryonic cortex. ctx, Cerebral cortex; ge, ganglion eminence. B, Immunohisto-
chemistry of ZHX2 in E12.5, E14.5, and E15.5 cortices. C, Coimmunostaining of ZHX2 with nestin in neural progenitors. D, Costaining of ZHX2 with PAX6. E, Costaining of ZHX2 with incorporated BrdU.
Scale bars, 50 �m.
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cells, it could inhibit GAL4–ZHX2–VP16-
activated transcription in a dose-dependent
manner but further enhanced the activated
transcription induced by a control protein
GAL4–VP16 (Fig. 3B). Similarly, coexpres-
sion of ephrin-B1CD with GAL4–ZHX2–
VP16 could suppress GAL4–ZHX2–VP16
activation in cortical neural progenitor cells
(Fig. 3B).

The action of ZHX2 as a transcription
regulator suggests that ZHX2 is likely to
exert its function by means of controlling,
or more specifically inhibiting, the expres-
sion of target genes in cortical neural pro-
genitor cells. To probe the possible func-
tion of ZHX2, we sought to express
ZHX2–VP16 fusion protein in cortical
neural progenitors. GAL4 –ZHX2–VP16
and GAL4 –ZHX2 could compete with
each other in transcription (data not
shown); we, therefore, reasoned that ex-
pression of ZHX2–VP16 would compete
for the endogenous ZHX proteins (either
homodimerized or heterodimerized pro-
teins) and activate the ZHX2 target genes,
thus disrupting the normal repressor func-
tion of ZHX2. We first introduced ZHX2–
VP16 into isolated cortical neural progen-
itors cultured in vitro and tested its
possible effect on cell fate change in the
affected cells. Expression of ZHX2–VP16
(Fig. 3C) caused a reduction in the number
of nestin-positive (ZHX2–VP16, 75.2% vs
EGFP, 93.6%) and BrdU-incorporating
cells (ZHX2–VP16, 41.5% vs EGFP,
72.4%) but an increase in the population
of DCX-positive cells (ZHX2–VP16,
20.8% vs EGFP, 9.6%). The lower percent-
age of BrdU-positive cells detected in the
culture, compared with the nestin-positive
cells, might be attributable to an insuffi-
cient antigen exposure. Overall, these re-
sults suggest that interfering with ZHX2
function could induce neuronal differen-
tiation, thereby reducing the number of
neural progenitors.

Expression of ZHX2–VP16 in the cortex
causes differentiation of neural
progenitor cells
To further examine the function of ZHX2
in neural progenitors, we used in utero
electroporation-mediated DNA delivery
(Fukuchi-Shimogori and Grove, 2001; Bai
et al., 2003; Elias et al., 2007; Mizutani et
al., 2007; Wang et al., 2007) to express
ZHX2–VP16 in the developing cortex.
Analyses of cortical neural progenitors at
E14.5 (electroporation at E13.5 and analy-
sis of brain at E14.5) (Fig. 4A) showed that expression of ZHX2–
VP16 led to a decrease in the number of cells positive for BrdU
incorporation (ZHX2–VP16, 17.7% vs EGFP, 23.3%), phospho-
histone H3 (ZHX2–VP16, 4.1% vs EGFP, 7.2%), or Tbr2

(ZHX2–VP16, 2.6% vs EGFP, 6.5%). Analyses of the electropo-
rated mouse cortices at E15.5 (electroporation at E13.5 and anal-
ysis of brain at E15.5) showed that ZHX2–VP16 caused cells to
move away from the apical part of the ventricular zone, showing

Figure 3. Transcriptional repression by ZHX2 and neuronal differentiation of cortical neural progenitors induced by ZHX2–
VP16. A, Luciferase assay in transfected HEK293 cells and cortical progenitor cells. Luciferase activity of control cells containing
GAL4 DNA-binding domain (GAL4DBD) alone was represented as 100%. B, Effect of ephrin-B1 intracellular domain on transcrip-
tional activity of GAL4 –ZHX2–VP16 in HEK293 cells or cortical progenitor cells. C, Expression of control EGFP or ZHX2–VP16 in
neural progenitor cells derived from E11 cortices. Cells were fixed for immunocytochemistry of nestin, doublecortin, or incorpo-
rated BrdU 48 h after transfection. Percentage of green cells positive for each marker was determined. Nestin, EGFP: 93.6% (165
of 176), ZHX2–VP16: 75.2% (139 of 185); BrdU, EGFP: 72.4% (135 of 187), ZHX2–VP16: 41.5% (59 of 142); doublecortin, EGFP:
9.6% (21 of 219), ZHX2–VP16: 20.8% (39 of 186). Scale bar, 50 �m. Error bars show SEM. Statistical analysis was done using
Student’s t test. p � 0.001.
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proportionally more cells in the intermediate zone (IZ) and the
cortical plate (CP) comparing to the control cells expressing
EGFP (Fig. 4B,C). Coexpression of ZHX2 could suppress this
effect of ZHX2–VP16 (Fig. 4B), suggesting that ZHX2–VP16 acts
through blocking the function of endogenous ZHX2 protein. Im-
munohistochemistry on ZHX2–VP16-expressing cells in the CP
and IZ revealed that these cells were doublecortin positive (Fig.
4C), suggesting that the cells leaving VZ and entering IZ and CP
are mostly differentiated cells. Consistent with this observation,
cortical cells acutely dissociated from the electroporated cortices
at E15.5 showed that expression of ZHX2–VP16 in the cortex
resulted in an increase of doublecortin-positive cells and a de-
crease of nestin-positive cells (Fig. 4D). Together, these results
suggest that interfering with ZHX2 function in the cortex leads to

neuronal differentiation of neural progenitor cells, similar to
what was observed in cortical neural progenitors cultured in vitro.

Expression of ZHX2 in the cortex disrupts normal
differentiation of neural progenitor cells
We further tested the effect of overexpression of ZHX2 in the cortex.
If ZHX2 acts to prevent differentiation as suggested by the data of
ZHX2–VP16, expression of ZHX2 in neural progenitor cells might
be expected to inhibit differentiation. We, therefore, looked at the
experimental brains at E17.5, 4 d after electroporation, when most of
the control cells (e.g., expressing EGFP) should have differentiated
and migrated outwards into the cortical plate (Qiu et al., 2008) (Fig.
5A). We found that expression of ZHX2 in the cortex caused pro-
portionally more cells to stay behind in the VZ without moving into

Figure 4. Interfering with ZHX2 function in the cerebral cortex. A, Embryonic brains were electroporated with expression plasmids at E13.5 and sectioned at E14.5 for immunohistochemistry of
pulse-labeled BrdU, phosphohistone H3 (p-H3), or Tbr2. More than seven brains were analyzed for each tested condition. Percentages of BrdU-positive green cells, apically localized p-H3-positive
green cells, and Tbr2-positive green cells were as follows: BrdU, EGFP: 23.3%, ZHX2–VP16: 17.7%; pH-3, EGFP: 7.2%, ZHX2–VP16: 4.1%; Tbr2, EGFP: 6.5%, ZHX2–VP16: 2.6%. B, Electroporated
brains were analyzed at E15.5. Seven or more brains were analyzed for each electroporated plasmid. The distributions (percentage) of green cells in VZ/SVZ, IZ, and CP were determined. The cortical
areas (VZ/SVZ, IZ, and CP) were delineated by Hoechst staining that revealed demarcation of cell packing. EGFP: 48.1, 40.6, 11.3%; ZHX2–VP16: 22.7, 60.7, 16.8%; ZHX2–VP16 plus ZHX2: 46.7, 41.2,
12.1%. C, ZHX2–VP16-expressing cells in the CP or IZ were positive for neuronal marker DCX. D, Immunocytochemistry on cellular markers in acutely dissociated cells obtained from fluorescent
(EGFP) regions of the electroporated cortices (E15.5). Nestin, EGFP: 41% (68 of 166); ZHX2–VP16: 23.5% (42 of 179); DCX, EGFP: 50.9% (56 of 110); ZHX2–VP16: 68.2% (118 of 173). Scale bars, 50
�m. Error bars show SEM. Statistical analysis was done using Student’s t test. *p � 0.005.
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the outer cortical layers (Fig. 5A). The ratio of green cells in VZ and
SVZ versus CP was used to document this effect. The IZ area in many
of the E17.5 brain sections displayed strong labeling of axons which
made the quantification of cell numbers difficult and was, therefore,
not included in the analyses. Interestingly, coexpression of the
ephrin-B1 cytoplasmic domain with ZHX2 could enhance this effect
of ZHX2, whereas a deletion mutant of ephrin-B1 cytoplasmic do-
main which lacks the ZHX2-binding domain failed to do so (Fig.
5A). We next looked at the cell marker expression on these cells.
Immunohistochemistry on nestin found that many ZHX2-
expressing cells in the VZ/SVZ were positive for nestin but some
were negative (Fig. 5B). In several cases, we observed that the area
surrounding ZHX2-expressing but nestin-negative cells displayed a
disruption of the normal radial pattern of nestin staining (Fig. 5B,
arrowhead). As we did not observe elevated cell apoptosis in this area
(data not shown), the loss of nestin expression in the neighboring
cells was likely attributable to a noncell autonomous effect of ZHX2
expression. Immunohistochemistry on doublecortin also revealed
that some ZHX2-expressing cells were positive for this early neuron

marker, and a few of them were located in the region of the VZ close
to the ventricle, where doublecortin-expressing cells are rarely de-
tected under normal circumstances. It appeared that differentiation
in these ZHX2-expressing cells were not affected, but they did not
complete the normal differentiation process of moving into the cor-
tical plate, perhaps being retained in the VZ because of a disruption
of the radial scaffold as observed in the nestin staining. A further look
at the neural progenitor markers showed that the ZHX2-expressing
cells in the VZ/SVZ area were positive for PAX6 and Tbr2 (Fig. 5C),
suggesting that they contain both apical and basal neural progeni-
tors. Together, these results suggest that overexpression of ZHX2
disrupts the normal differentiation program of cortical neural pro-
genitors via inhibition of differentiation in some cells or disruption
of the radial organization in others.

Discussion
Our results identify ZHX2 as a novel regulator in the mainte-
nance of neural progenitor cells. This is supported by the follow-
ing observations. First, ZHX2 is seen specifically expressed in

Figure 5. Expression of ZHX2 and ephrin-B1 intracellular domain in the cerebral cortex. A, Expression of ZHX2 and ephrin-B1 intracellular fragment caused proportionally more cells to stay in the
VZ and SVZ area. Ratios of green cells in the VZ/SVZ area versus green cells in the CP were quantified. EGFP, 0.21; ephrin-B1CD, 0.2; ZHX2, 0.35; ZHX2 plus ephrin-B1CD, 0.51; ZHX2 plus ephrin-B1CD
deletion, 0.36. Error bars show SEM. Statistical analysis was done using Student’s t test. *p � 0.01. Six or more brains were analyzed for each electroporated plasmid. B, Cell marker staining found
that among the cells retained in the VZ/SVZ, there was a mixed population of nestin-positive cells (�84%) and doublecortin-positive cells (�19%) (indicated by arrows). In some cases, expression
of ZHX2 led to a disruption of radial organization in the neighboring area (indicated by arrowheads). C, ZHX2-expressing cells in the VZ/SVZ area contain both PAX6-positive and Tbr2-positive
progenitors. Scale bar, 100 �m.
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neural progenitor cells during cortical neurogenesis, consistent
with a role in neural progenitor maintenance. Second, ZHX2 is
found to be able to bind to the intracellular fragment of ephrin-B,
which is also selectively present in cortical neural progenitors and
has a function in supporting neural progenitor maintenance (Qiu
et al., 2008). Coexpression of ZHX2 and ephrin-B1 intracellular
fragment could potentiate the transcriptional repressor activity
of ZHX2 as well as enhance the effect of overexpression of ZHX2
in the cortex, suggesting that the two proteins may function in
coordination in neural progenitors. Furthermore, interfering
with ZHX2 function by the expression of a mutant ZHX2 pro-
tein, ZHX2–VP16, causes neuronal differentiation both in iso-
lated neural progenitors and in the developing cortex, whereas
overexpression of ZHX2 appears to partially inhibit the normal
differentiation.

As observed in other cell types (Kawata et al., 2003a,b;
Perincheri et al., 2005; Liu et al., 2006), we found that ZHX2
could behave as a transcriptional repressor in cortical neural
progenitor cells. This suggests that the function of ZHX2 in
neural progenitor cell maintenance is likely mediated by in-
hibiting the expression of a subset of genes. This role of ZHX2
may in part be achieved by forming heterodimers with ZHX1
and ZHX3 (Kawata et al., 2003b), which are also expressed in
the developing cortex (data not shown). It is likely that some
of the downstream genes regulated by ZHX2 homodimers or
heterodimers are neurogenic. These ZHX2 target genes can
induce neuronal differentiation when ZHX2 repression is re-
leased, when the normal expression of ZHX2 is downregulated
during the onset of neurogenesis or as in the case of expression
of ZHX2–VP16, which would be expected to compete for the
function of homodimerized or heterodimerized ZHX2 and
reverse the transcriptional repression to activation. Future
identification of the target genes of ZHX2 will help better
understand the molecular mechanism of ZHX2 function in
neural progenitor cells.

How the ephrin-B1 intracellular domain modulates the
transcriptional activity of ZHX2 is not clear. The entire
ephrin-B1 cytoplasmic domain is relatively short in length and
does not contain any obvious enzymatic activity that may be
used to modulate binding proteins. One possibility is that
ephrin-B1 intracellular domain may directly or indirectly in-
teract with a component of the basic transcriptional machin-
ery and that binding with ZHX2 can bring this component
into the transcriptional complex of ZHX2, thereby modulat-
ing the activity of ZHX2. In addition, the binding domain of
ephrin-B for interaction with ZHX2 was mapped to a region
adjacent to the transmembrane domain, which is not involved
in binding to other ephrin-B-interacting proteins, such as
PDZ–RGS3 (Lu et al., 2001), Grb4 (Cowan and Henkemeyer,
2001), or STAT3 (Bong et al., 2007). This suggests that binding
of the intracellular fragment of ephrin-B to each individual
interactor may not be exclusive in the cell. Therefore, it is also
likely that the ephrin-B intracellular domain may bring addi-
tional cofactor(s) into the complex with ZHX2 and together
they modulate the activity of ZHX2. It will be interesting to
further look into the presence of a possible multicomplex of
ephrin-B and the interacting proteins and test the function of
such a complex in the regulation of neural progenitor cells.

In the reverse signaling of the ephrin–Eph-mediated cell–
cell communication, the cytoplasmic domain of ephrin-B
transduces a signal through either phosphorylation-
dependent or phosphorylation-independent interaction with
signal transducer proteins, including cytosolic proteins Grb4/

Nck2 (Cowan and Henkemeyer, 2001), PTP–BL (Lin et al.,
1999; Palmer et al., 2002), and PDZ–RGS3 (Lu et al., 2001; Qiu
et al., 2008). Ephrin-B was also reported to elicit a nuclear
signaling via phosphorylation-dependent interaction through
JAK/STAT3 pathway (Bong et al., 2007). Our observation of a
direct interaction between ZHX2 and the cytosolic fragment
of ephrin-B suggests a potential novel nuclear mechanism of
ephrin-B, often used by type I transmembrane proteins, such
as Notch and amyloid precursor protein (Selkoe and Kopan,
2003). It is conceivable that in this mechanism ephrin-B cyto-
plasmic domain translocates into the nucleus, binds to ZHX2,
and modulates ZHX2 activity in transcriptional control. In
support for this idea, we have observed that the cytoplasmic
domain of ephrin-B1 is recruited by ZHX2 in the nucleus and
can enhance the transcriptional repressor activity of ZHX2.
Coexpression of an ephrin-B1 intracellular fragment in the
cortex was also found to augment a blockade of differentiation
induced by ZHX2. Identification of target promoters of ZHX2
will provide a platform for further characterization of the in-
teraction between ZHX2 and ephrin-B in regulating target
gene transcription. With respect to ephrin-B function, our
observed interaction between ZHX2 and ephrin-B suggests
that ephrin-B may use multiple mechanisms in neural progen-
itor maintenance including a PDZ–RGS3-mediated pathway
(Qiu et al., 2008) and a ZHX protein-mediated mechanism.
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