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(Bacl(ground: BMP signaling promotes mesendoderm differentiation and inhibits neural differentiation through down-
Results: Ovol2 is up-regulated by BMP4, and its knockdown impairs BMP function in the neuroectodermal/mesendodermal
Conclusion: Ovol2 acts as a novel BMP downstream target to inhibit neural differentiation and promote mesendodermal

Significance: This study uncovers the mechanism of how BMP signaling regulates early cell fate decision.
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During early embryonic development, bone morphogenetic
protein (BMP) signaling is essential for neural/non-neural cell
fate decisions. BMP signaling inhibits precocious neural differ-
entiation and allows for proper differentiation of mesoderm,
endoderm, and epidermis. However, the mechanisms underly-
ing the BMP pathway-mediated cell fate decision remain largely
unknown. Here, we show that the expression of Ovol2, which
encodes an evolutionarily conserved zinc finger transcription
factor, is down-regulated during neural differentiation of mouse
embryonic stem cells. Knockdown of Ovol2 in embryonic stem
cells facilitates neural conversion and inhibits mesendodermal
differentiation, whereas Ovol2 overexpression gives rise to the
opposite phenotype. Moreover, Ovol2 knockdown partially res-
cues the neural inhibition and mesendodermal induction by
BMP4. Mechanistic studies further show that BMP4 directly
regulates Ovol2 expression through the binding of Smad1/5/8 to
the second intron of the Ovol2 gene. In the chick embryo, cOvol2
expression is specifically excluded from neural territory and is
up-regulated by BMP4. In addition, ectopic expression of
cOvol2 in the prospective neural plate represses the expression
of the definitive neural plate marker cSox2. Taken together,
these results indicate that Ovol2 acts downstream of the BMP
pathway in the cell fate decision between neuroectoderm and
mesendoderm to ensure proper germ layer development.

In early mouse embryogenesis, the three germ layers are gen-
erated through a process known as gastrulation, which com-
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mences at embryonic day 6.5 with the appearance of the prim-
itive streak. During gastrulation, some epiblast cells ingress
through the primitive streak to form the mesoderm and endo-
derm, whereas the remaining cells become ectoderm cells,
which differentiate into either neuroectoderm or epidermis
(1-3). It is generally believed that a bipotential mesendoder-
mal population exists in the primitive streak as the common
precursor of mesoderm and endoderm (4, 5). Because the
germ layers contribute to all of the progenitor cells to form
the whole embryo, the accurate control of cell fate decisions
among different germ layers is crucial for proper embryonic
development.

Many signaling pathways are involved in the early cell fate
decision between neuroectoderm and mesendoderm (6),
among which the bone morphogenic protein (BMP)? pathway
is one of the most important pathways. In mouse embryos,
depletion of BMPRIA (BMP type IA receptor) leads to a prema-
ture loss of pluripotency, precocious neuroectoderm differen-
tiation, and impaired mesoderm differentiation (7). In addition,
the ablation of BMP4 prevents mesendodermal differentiation
(8). Previous studies of embryonic stem cell (ESC) differentia-
tion have also identified roles for BMP signaling in the inhibi-
tion of neural differentiation and the promotion of mesoderm
and endoderm differentiation (9-13). In the chick embryo,
ectopic expression of BMP4 represses the definitive neural
marker cSox2 in the prospective neural plate, indicating that
BMP4 inhibits neural induction in the chick (14). These results
indicate that BMP signals are necessary to prevent precocious
neuroectoderm differentiation and allow for proper develop-
ment of mesoderm and endoderm. However, the mechanisms

2 The abbreviations used are: BMP, bone morphogenetic protein; ESC, embry-
onic stem cell; EB, embryoid body; qRT-PCR, quantitative RT-PCR; SFEB,
serum-free EB culture; NPC, neural progenitor cell; p-Smad1/5/8, phospho-
rylated Smad1/5/8; HH, Hamburger and Hamilton; ISH, in situ hybridiza-
tion; mut-Ovo, mutant Ovol2.
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by which BMP signals control the cell fate decision remain largely
unknown. Because BMPs exert their activity through the down-
stream Smad1/5/8-Smad4 transcriptional complex to activate or
repress its target gene expression (15-17), we were interested in
whether there are novel targets that mediate BMP regulation of the
neuroectoderm/mesendoderm cell fate decision.

Despite the extensive study in signaling pathways, few tran-
scription factors have been uncovered to play essential roles in
regulating the decision between the neuroectoderm and mes-
endoderm/mesoderm cell fates. Tbx6 is essential for the regu-
lation of Sox2 expression, which controls the cell fate decision
between the caudal neural plate and the paraxial mesoderm in
the mouse embryo (18). Moreover, SIP1 was found to inhibit
mesendodermal differentiation and favor neural differentiation
in human ESCs (19).

Ovol2 (Ovo-like 2) belongs to the Ovo gene family, which
encodes an evolutionarily conserved group of C2H2 zinc finger
DNA-binding proteins among various species (20, 21). The
founding member of the Ovo gene family, the Drosophila ovo,
plays vital roles in epidermal differentiation and female germ
line development (22—-24). Mouse Ovoll is also essential for
epidermis development and spermatogenesis, suggesting a
functional conservation with its Drosophila ortholog (25).
Ablation of the Ovol2 gene leads to embryonic lethality before
embryonic day 10.5, indicating that Ovol2 is involved in early
embryonic development (26, 27). In Ovol2-null mice, the neu-
roectoderm was expanded in the cranial region, which caused a
failure of cranial neural tube closure (26). Furthermore, heart
development and extraembryonic and embryonic vasculariza-
tion were also severely affected (26, 27). However, the functions
of Ovol2 in the early cell fate specification between neuroecto-
derm and mesendoderm have not been addressed. In human
keratinocytes, OVOL1 was identified as a downstream target of
the TGF-B/BMP7-Smad4 signaling pathway (28). It remains
unknown whether Ovol2 is also regulated by BMP signals.

Here, we identify Ovol2 as a novel target gene downstream of
BMP signaling to regulate the cell fate decision between neu-
roectoderm and mesendoderm. In mouse ESCs, Ovol2 is
directly up-regulated by BMP4 and partially mediates BMP4
function to inhibit neural conversion and promote mesodermal
and endodermal differentiation. In vivo, chick Ovol2 (cOvol2)
expression is excluded from neural territory and is up-regulated
by BMP4. Ectopic expression of cOvol2 in the prospective neu-
ral plate inhibits neural specification in the early chick embryo.

EXPERIMENTAL PROCEDURES

Plasmid Construction—The mouse Ovol2A cDNA was
inserted into pIRES2-EGFP and pcDNA3.1-myc. The Ovol2A-
IRES-EGEFP region was then subcloned into the lentiviral vector
pFUGW-IRES-GFP for overexpression experiments. The
mutant Ovol2 was generated by PCR using KOD-plus (Toyobo
Biotechnology) and then subcloned into the lentiviral
vector pFUGW-IRES-Dsred for rescue experiments. The
pcDNA3.1-myc-Ovol2 construct was used to transiently
express Ovol2 in HEK293T cells to detect the knockdown effi-
ciency of Ovol2 shRNAs. Chick Ovol2 cDNA was amplified by
PCR from an Hamburger and Hamilton stage 5 (HH5) chick
¢DNA library and cloned into pBluescript (for in situ probe
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preparation) and pCAGGS-IRES-GFP (for chick embryo elec-
troporation). The 992-bp Owvol2 gene promoter flanking
upstream of the translation start site (ATG) was amplified by
PCR from mouse genomic DNA and was then inserted into the
luciferase reporter vector pGL3-Basic to generate the
pOvoP—992/—1 construct. The pOvoPEn+61/+1378 con-
struct was generated by inserting a 1.3-kb region (+61/+1378)
of the Ovol2 genomic DNA between the promoter and the lucif-
erase gene of the pOvoP—992/—1 construct. Sequential dele-
tion of the 1.3-kb enhancer region was performed either by
enzymatic digestion or by PCR amplification. The generation
of site-mutated luciferase constructs was performed by PCR
using KOD-plus (Toyobo Biotechnology) following the man-
ufacturer’s instructions. All of the constructs were con-
firmed by sequencing.

Cell Culture and Treatment—The mouse ESC line R1 was
maintained on a layer of mitomycin C-treated mouse embry-
onic fibroblast feeder cells in standard medium. Serum-free
neural differentiation of ESCs was performed as described pre-
viously (13). For the unbiased differentiation of ESCs, single
cells were aggregated in Petri dishes at a density of 1 X 10°
cells/ml in differentiation medium containing serum. Differen-
tiation day O indicates the day on which the ESCs were seeded to
differentiate. In some experiments, recombinant human BMP4
protein (R&D Systems) was freshly added at a final concentra-
tion of 10 ng/ml or washed by fresh medium twice within the
indicated length of time.

For the luciferase and ChIP assays, P19C6, a subclone of the
mouse EC (embryonic carcinoma) cell line, was cultured as pre-
viously described (29).

Gene Knockdown and Overexpression in ESCs—A lentiviral
vector pLenti-psilencer expressing sShARNA was used for Ovol2
knockdown in ESCs. The control and Ovol2 shRNA sequences
are listed in supplemental Table S1. For the overexpression
experiments, Ovol2A full-length cDNA was cloned into the len-
tiviral expression vector pFUGW-IRES-EGFP (30). Lentiviral
packaging and transfection of ESCs were performed as previ-
ously described (31). After lentiviral transfection, GFP-positive
cells were sorted using a FACSAria I cell sorter (BD Biosci-
ences) and propagated in ESC culture medium. The cells were
then differentiated as embryoid bodies (EBs) and analyzed at
the indicated time.

RNA Preparation and qRT-PCR Analysis—Total RNAs were
extracted using TRIzol reagent (Pufei). Reverse transcription
and qRT-PCR were performed as described previously (13).

The copy numbers of the Ovol2 splice forms Ovol2A, Ovol2B,
and Ovol2C in ESC ¢DNA were quantified as previously
described (32). Briefly, standard curves for Ovol2A, -B, and -C
were generated using serial dilution of positive control tem-
plates and isoform-specific primers, respectively. The copy
numbers of each of the three splice forms of Ovol2 expressed in
ES cells were then derived from the standard curves. The prim-
ers used are listed in supplemental Table S2.

Immunofluorescence Assay—Immunocytochemistry was
performed as described previously (29, 33). The following anti-
bodies were used: mouse monoclonal antibodies B-III-tubulin
(Tujl) (1:500; Sigma) and Oct4 (1:200; Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA); mouse polyclonal antibody Flk1
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(1:100; BD Pharmingen); rabbit polyclonal antibodies Nestin
(1:200), group B1 Sox proteins (Sox1/(2)/3) (1:200) with a pref-
erence for Sox1 and Sox3 over Sox2 (34, 35), and GFP (1:1000;
Molecular Probes); and goat polyclonal antibodies T (1:200;
R&D Systems) and Gata6 (1:200; R&D Systems). Fluorescein
isothiocyanate (FITC) (1:200)-conjugated, Cy3 (1:500)-conju-
gated, and Cy5 (1:200)-conjugated secondary antibodies were
obtained from Jackson Immunoresearch Laboratories (West
Grove, PA). Normal mouse and rabbit IgGs (Zymed Laborato-
ries Inc.) were used as negative controls. The images were taken
with Olympus BX50 fluorescence microscopy or Leica confocal
microscopy.

Luciferase Assay—Luciferase assays in P19 cells were per-
formed as described previously (36). Briefly, after transfection
with Fugene HD (Roche Applied Science), cells were serum-
starved in N2B27 (Invitrogen) medium for 18 h, followed by
BMP4 (10 ng/ml) treatment for 6 h; the cells were then har-
vested for the measurement of luciferase activity. All assays
were performed in triplicate, and all values were normalized by
Renilla LUC (Promega).

Chromatin Immunoprecipitation—The ChIP assay was per-
formed following the manufacturer’s protocol (Upstate Bio-
technology, Inc.), and detailed procedures were described pre-
viously (36). Inmunoprecipitation was performed with 2 ug of
rabbit polyclonal antibody against phosphorylated Smad1/5/8
(Cell Signaling). Normal rabbit IgG was used as a negative con-
trol. Quantitative PCR was used to amplify different regions of
the mouse Ovol2 gene, and reaction parameters are available on
request. The primers used for the ChIP assay (Ovo-BRE and
Ovo-Ctrl) are listed in supplemental Table S3.

Chick Embryology—Fertilized hen’s eggs (Shanghai Academy
of Agricultural Sciences) were incubated at 38.5°C to the
desired stages (37). For electroporation, 1 ug/ul plasmid was
delivered to HH stage 3+ /4 chick embryos following the pub-
lished protocol (38). Electroporation was performed with a
NAPA GENE electroporator at the following settings: 4 V, 5
pulses (50 ms with a 500-ms interval). Whole mount in situ
hybridization and immunocytochemistry were performed fol-
lowing published protocols (39, 40). Whole mount embryos
were visualized using a Leica microscope.

Statistics—The results shown are representative of three
independent experiments. The data are expressed as the
mean * S.E. The Student’s ¢ test was used to compare the
effects of all treatments. Differences were considered statisti-
cally significant as follows: *, p < 0.05.

RESULTS

Ovol2 Is Down-regulated upon ESC Neural Differentiation—
The mouse Ovol2 gene encodes three isoforms (Ovol2A, -B,
and -C) with presumably different transcriptional properties;
the different isoforms are generated by the usage of distinct
transcriptional start sites and alternative splicing (41). Ovol2
has been shown to express in mouse ESCs (26, 42). qRT-PCR
analysis showed that Ovo/2A was the main isoform expressed in
ESCs (Fig. 14), and we used Ovol2 to represent Ovol2A in the
following study. To explore the relationship between Ovol2
expression and ESC neural differentiation, we differentiated
ESCs as EBs in serum-free KSR medium for 6 days. In this
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FIGURE 1. Ovol2 expression decreases with the neural differentiation of
ESCs. A, gRT-PCR quantification of the copy numbers of three splicing iso-
forms of Ovol2 in ESCs. Values shown are the copy numbers for Ovol2A,
Ovol2B, and Ovol2Cin a 1-ul cDNA sample from ESC culture. B, gRT-PCR anal-
ysis of Ovol2 and Sox7 mRNA levels during ESC neural differentiation. ESCs
were cultured in the SFEB condition for 6 days and subjected to analysis at
differentiation day 0, 2, 4, and 6. For qRT-PCR analysis in all of the following
experiments, the expression levels of Ovol2 and SoxT were normalized to that
of Gapdh, and the peak value for each gene was designated as 1, respectively.
Error bars, S.E.

serum-free EB culture (SFEB) condition, ESCs efficiently con-
verted to Sox "Oct4 ™ neural progenitor cells (NPCs) (13). qRT-
PCR analysis showed that the expression level of Ovol2 mRNA
gradually declined with the increase of Sox! mRNA (Fig. 1B),
indicating that Ovol2 might be involved in the neural differen-
tiation of ESCs.

Ovol2 Knockdown Promotes Neural Conversion and Inhibits
Mesendodermal Differentiation of ESCs—To study the function
of Ovol2 in ESC differentiation, we established ESCs expressing
shRNAs targeted against Ovo/2 (Ovol2 shRNA ESCs) by lenti-
viral transduction and found that shRNA-1 could efficiently
knock down Ovol2 expression (supplemental Fig. S1, A and B).
qRT-PCR analysis showed that control shRNA ESCs and Ovol2
shRNA-1 ESCs expressed comparable levels of the pluripo-
tency markers Oct4, Rex1, Nanog, and CRTRI1 (supplemental
Fig. S1C), suggesting that Ovol2 knockdown has no effect on
the pluripotency of ESCs. The control and Ovol2 shRNA-1
ESCs were then differentiated in the SFEB condition for 6 days.
We found that Ovol2 shRNA-1 ESCs expressed higher levels of
the NPC marker SoxI at day 4 (Fig. 2A) and the neuronal
marker TujI at day 6 (Fig. 2B) compared with the control ESCs,
indicating that the knockdown of Ovol2 accelerates ESC neural
differentiation.

Because the SFEB system efficiently induces almost exclu-
sively neural cell fates, we used an unbiased differentiation sys-
tem to study the function of Ovol2 in early cell fate decisions
(43). The ESCs were differentiated as EBs in serum-containing
medium (10% FBS/DMEM) for 8 days. Compared with control
ESCs, Ovol2 shRNA-1 ESCs expressed higher levels of the neu-
roectoderm markers Sox1, Pax6, and Six3 at day 8 (Fig. 2C).
Immunostaining analysis further showed that Ovol2 shRNA-1
ESCs differentiated into a higher percentage of Sox™Oct4™~
NPCs compared with control ESCs (Fig. 2D), confirming that
the knockdown of Ovol2 promoted the neural fate decision of
ESCs. To test whether Ovol2 also functions in the differentia-
tion of other germ layers, we examined germ layer markers by
qRT-PCR and found that Ovol2 knockdown decreased the
expression of the mesendoderm markers T and Mix/1 at day 6
and of the mesoderm marker FlkI and the endoderm markers
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FIGURE 2. Knockdown of Ovol2 facilitates ESC neural conversion and impairs mesendodermal differentiation. A and B, control ESCs (Ctr/) or Ovol2 shRNA
ESCs were induced in the SFEB condition for 6 days. The expression levels of Sox7 (A) and Tuj1 (B) at differentiation days 0, 2, 4, and 6 were analyzed by qRT-PCR
and normalized to the expression of Gapdh. The value for each gene in day 0 control ESCs was designated as 1. C, EBs from control ESCs or Ovol2 shRNA ESCs
were cultured in unbiased differentiation medium for 8 days. The expression levels of Sox1, Pax6, and Six3 were analyzed by qRT-PCR and normalized to the
expression of Gapdh. The values for each marker in control EBs were designated as 1, respectively. D, double immunostaining for Sox (red) and Oct4 (green;
artificial color) proteins in day 8 EBs cultured under the conditions described in C. For EB staining in all of the following experiments, sections from thousands
of EB aggregates were stained, and statistical analysis were performed. Nuclei were stained with DAPI (blue). The diagram beside the images shows the
percentage of Sox*Oct4 ™ cells in the EBs. E, the expression levels of T and Mix!1 in day 6 EBs and of Flk1, Gata4, Gata6, and Sox17 in day 8 EBs cultured under
the conditions described in C were analyzed by qRT-PCR. F~H, immunostaining for T in day 6 EBs (F), FIk1 (G), and Gata6 (H) in day 8 EBs. The percentages of T+,
FIk1*,and Gata6™ cells were shown in the diagrams beside the images. Scale bar for all of the images, 100 wm. Error bars, S.E.

Gata4, Gata6, and Sox17 at day 8 (Fig. 2E). Consistently, immu-
nostaining showed that the percentages of T*, FIk1", and
Gata6™ cells were reduced in Ovol2 shRNA-1 ESCs (Fig. 2,
F-H), suggesting that Ovol2 knockdown inhibits mesendoder-
mal differentiation of ESCs.
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To confirm the specificity of Ovol2 knockdown, we carried
out a rescue experiment using a mutant Ovol2 (mut-Ovo) with
silent mutations in the target nucleotide sequence for the
shRNA-1 (Fig. 34). Ovol2 shRNA-1 ESCs were infected with
lentivirus encoding mut-Ovo and red fluorescence protein
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FIGURE 3. Ovol2 knockdown phenotype is rescued by expression of shRNA-resistant mutant Ovol2. A, silent mutations in mut-Ovo that prevented their
knockdown by Ovol2 shRNA-1. B, qRT-PCR analysis of total Ovol2 mRNA levels from ESCs with control (Ctrl) or Ovol2 shRNA-1 or shRNA-1 ESCs expressing the
mutant Ovol2. The vectors carry RFP that was used for cell sorting. C, the three groups of ESCs described in Bwere induced in the SFEB condition for 6 days. The
expression levels of Sox1 at differentiation day 4 and that of Tuj7 at day 6 were analyzed by qRT-PCR and normalized to the expression of Gapdh. The values for
each marker in control EBs were designated as 1, respectively. D, immunostaining and quantification of Tuj1 positive cells in day 6 EBs cultured under the
conditions described in C. E, EBs from the three groups of ESCs were cultured in unbiased differentiation medium for 8 days. The expression levels of Sox7 and
Pax6 were analyzed by qRT-PCR. F, qRT-PCR analysis of the mRNA levels of T (at day 6) and of FIk1 and Sox17 (at day 8) in the EBs cultured under the conditions

described in E. G, immunostaining and quantification of T-positive cells in day 6 EBs described in E. Scale bar for all of the images, 100 um. Error bars, S.E.

(Dsred) gene for cell sorting. qRT-PCR analysis showed that the
ESCs (shRNA-1 + mut-Ovo) expressed a similar level of total
Ovol2 as the parental control ESCs (Ctrl + Dsred), suggesting
that the mutant Ovol2 escaped the knockdown of shRNA-1
(Fig. 3B). During 6 days of neural differentiation in the SFEB
system, expressing mut-Ovo in Ovol2 shRNA-1 ESCs rescued
the knockdown phenotype of the up-regulation of the NPC
marker Sox1 at day 4 and the neuronal marker Tujl1 at day 6
(Fig. 3C). Consistently, immunostaining showed that the per-
centage of Tujl-positive neuronal cells was reduced to the con-
trol level by expression of mut-Ovo (Fig. 3D).

We also performed the rescue experiment in the unbiased
differentiation system. Indeed, the levels of neural markers
Sox1 and Pax6 were reduced to the control levels (Fig. 3E), and
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the levels of mesendodermal marker 7, the mesoderm marker
Flk1, and the endoderm marker Sox17 were increased to the
control levels (Fig. 3F). Immunostaining for T confirmed that
mut-Ovo significantly rescued the Ovol2 knockdown-induced
defect in mesendodermal differentiation (Fig. 3G). Taken
together, these data suggest that Ovol2 knockdown promotes
neural conversion and impairs mesendodermal differentiation
of ESCs, and this phenotype can be rescued by overexpressing
knockdown-resistant Ovol2.

Ovol2 Overexpression Inhibits Neural Conversion and Pro-
motes Mesendodermal Differentiation of ESCs—To further
confirm the function of Ovol2 in cell fate decisions, we overex-
pressed Ovol2 in ESCs through lentiviral transduction (supple-
mental Fig. S24) and found no significant change in the expres-
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FIGURE 4. Overexpression of Ovol2 represses neural conversion and pro-
motes mesendodermal differentiation of ESCs. A, EBs from control GFP-
ESCs or Ovol2-overexpressed ESCs were cultured in unbiased differentiation
medium for 8 days. The expression levels of Sox1, Pax6, and Six3 were ana-
lyzed by qRT-PCR and normalized to the expression of Gapdh. The values for
each marker in the control EBs (Ctrl) were designated as 1, respectively.
B, double immunostaining for Sox (red) and Oct4 (green; artificial color) pro-
teins and the percentage of Sox "Oct4 ~ cells in day 8 EBs described in A. Scale
bar, 100 um. C, the expression levels of T, Mixl1, Flk1, Gata4, Gata6, and Sox17
in day 4 EBs cultured under the conditions described in A were analyzed by
gRT-PCR and normalized to the expression of Gapdh. The values for each
marker in control EBs were designated as 1, respectively. Error bars, S.E.

sion of pluripotency markers in Ovol/2-overexpressing ESCs
(Ovol2-ESCs) (supplemental Fig. S2B). After 8 days of unbiased
differentiation in serum-containing medium, Ovol2-ESCs dis-
played reduced expression of the neural markers SoxI, Pax6,
and Six3 compared with control GFP-ESCs (Fig. 44). Immuno-
staining analysis further showed that Ovol2-overexpressing
ESCs differentiated into fewer Sox™ Oct4~ NPCs than control
ESCs (Fig. 4B). On the other hand, Ovol2-overexpressing ESCs
expressed much higher levels of the mesoderm markers 7,
Mixl1,and Flk1 as well as the endoderm markers Gata4, Gata6,
and Sox17 than control ESCs after 4 days of differentiation (Fig.
4C). Together, these results suggest that Ovol2 inhibits neural
conversion and promotes mesendodermal differentiation of
ESCs.

Ovol2 Partially Mediates BMP Function during ESC
Differentiation—Previously, we showed that BMP signaling
inhibits neural differentiation and promotes non-neural lin-
eages during day 2-3 of ESC neural differentiation (13).
Because Ovol2 has similar functions as the BMP pathway in the
neural/mesendodermal cell fate decision, and OVOLL1 is up-
regulated by BMP7/Smad4 signaling in human keratinocytes
(28), we hypothesized that Ovol2 might also be involved in the
BMP pathway to regulate the neural/mesendodermal cell fate
decision of ESCs. To this end, we first examined whether Ovol2
is regulated by BMP signals. ESCs were differentiated in the
SFEB system, and BMP4 (10 ng/ml) was added at day 2—3. qRT-
PCR analysis showed that the addition of BMP4 could prevent
the decrease in Ovol2 expression during SFEB-induced ESC
neural differentiation (Fig. 54), suggesting that Ovol2 is up-reg-
ulated by BMP4.

To determine whether BMP4 regulates neural/mesendo-
derm differentiation through Ovol2, we differentiated control
shRNA ESCs or Ovol2 shRNA-1 ESCs in the SFEB system, with
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or without the addition of BMP4 at day 2-3 of the differentia-
tion, and harvested cells at day 6 for qRT-PCR and immuno-
staining analysis. We found that in control ESCs, BMP4 signif-
icantly repressed the neural markers SoxI, Pax6, and MAP2
(Fig. 5B) and greatly reduced the percentage of Sox™Oct4~
NPCs (Fig. 5C). However, knockdown of Ovol2 partially res-
cued the down-regulation of Sox1, Pax6, and MAP2 (Fig. 5B)
and the decrease of NPCs (Fig. 5C), indicating that BMP signals
inhibited neural differentiation partially through Ovol2. More-
over, compared with control ESCs, knockdown of Ovol2
impaired the ability of BMP4 to induce the expression of mes-
oderm and endoderm markers (Mix/1, Flkl, Gata4, Gata6, and
Sox17) (Fig. 5D). Immunostaining of Flk1 and Gataé also con-
firmed this observation (Fig. 5, E and F). Taken together, these
results suggest that Ovol2 partially mediates the function of
BMP4 to inhibit neural cell fates and promote mesendodermal
cell fates during ESC differentiation.

Ovol2 Is a Direct Downstream Target of BMP Signaling
Pathway—To test whether Ovol2 is directly regulated by BMP
signals, we stimulated serum-starved ESCs with BMP4 for
0.5— 6 h and measured Ovol2 transcription level. We found that
Ovol?2 transcription was elevated within 1 h of treatment (Fig.
6A), suggesting that Ovol2 is an early response BMP target. The
up-regulation of Ovol2 mRNA by BMP4 was maintained even
in the presence of the de novo protein synthesis inhibitor cyc-
lohexamide (Fig. 6B). The direct BMP target genes /dl and
Msx2 (44) as well as the indirect target gene Wnt3 (45) were
used as the positive and negative controls, respectively (supple-
mental Fig. S3). These data suggest that Ovo/2 is a direct target
gene of the BMP pathway.

Because de novo protein synthesis was not required for the
BMP-induced transcription of Ovol2, we proposed that BMP4
up-regulates Ovol2 through phosphorylated Smad1/5/8 bind-
ing to the promoter/enhancer region of the Ovo/2 gene. Based
on this hypothesis, we sought to identify the regulatory
sequence of the Ovol2 gene responsive to BMP signals using a
luciferase reporter assay in P19 cells. Although the 5’ upstream
promoter (pOvoP—992/—1, pOvoP) displayed basic promoter
activity, it failed to show a response to BMP4 (Fig. 6C). Through
serial deletion, we mapped a 213-bp region in the second intron
(pOvoPEn+958/+1170) of the mouse Ovol2 gene that is essen-
tial for the responsiveness to BMP signals (Fig. 6C). This 213-bp
region was GC-rich (77% GC content) and highly conserved
between mice and humans (supplemental Fig. S4). A reporter
construct carrying a mutation of GCCC to TTTT in this region
showed significantly impaired enhancer activity (Fig. 6D), sug-
gesting that p-Smad1/5/8 might bind to this GC-rich region to
regulate Ovol2 expression. To confirm this, we transfected P19
cells with the pOvoPEn+61/+1378 plasmid and treated them
with or without BMP4 for 2 h. The ChIP assay using an antibody
against p-Smad1/5/8 showed that in the presence of BMP4,
p-Smadl/5/8 was recruited to the 213-bp region compared
with the control region, which lies in the upstream promoter
(Fig. 6E). Together, these data suggest that Ovol2 is directly
regulated by BMP signaling through the binding of p-Smad1/
5/8 to its enhancer region.
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FIGURE 5. Ovol2 partially mediates BMP function to inhibit neural cell fates and promote mesendodermal cell fates during ESC differentiation. A, ESCs
were induced in SFEB condition, with or without BMP4 (10 ng/ml) treatment at day 2-3. The expression levels of Ovol2 in EBs during the differentiation process
were analyzed by gRT-PCR and normalized to the expression of Gapdh. The values for day 2 EBs without BMP4 treatment were designated as 1. B, control shRNA
ESCs (Ctrl) or Ovol2 shRNA-1 ESCs were differentiated as described in A. The expression levels of neural markers (Sox1, Pax6, and MAP2) in day 6 EBs were
analyzed by qRT-PCR and normalized to the expression of Gapdh. The values for control EBs without BMP4 treatment for each gene were designated as 1. C,
double immunostaining for Sox (red) and Oct4 (green; artificial color) and the percentages of Sox*Oct4 ™~ cells in day 6 EBs described in B. D, qRT-PCR analysis
of the expression levels of Mix!1, Flk1, Gata4, Gata6, and Sox17in day 6 EBs described in B. Eand F,immunostaining for FIk1 (E) and Gataé (F) and the percentages
of FIk1™ and Gata6™ cells in day 6 EBs described in B. Scale bar for all of the images, 100 wm. Error bars, S.E.

Chick Ovol2 Is Exclusively Expressed in Non-neural Domains  hybridization (ISH) in early chick embryos from HH stage 1
in Early Chick Embryos—To further investigate the in vivo through 5 to compare the expression of cOvol2 with that of
function of Ovol2 in the neural fate decision, we used early cSox2 and cSox3. Consistent with a previous study (46), cSox3
chick embryos. Because neural specification occurs before HH  marked the epiblast in the area pellucida at HH stage 1 and the
stage 5 of chick development, we used whole-mount in situ  future neural plate before HH stage 3/3+ (Fig. 7A, f~h), and
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enrichment of Ovo-BRE and the control region (Ctrl). The data were normalized to the inputs and are represented as one of three independent experiments. The
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cSox2 marked the neural plate at HH stages 4 and 5 (Fig. 74, i
and j). At HH stage 1, cOvo/2 mRNA was initially expressed in the
epiblast of the area opaca (Fig. 74, a), and this expression was
sustained throughout the neural specification stages (Fig. 74, b—e).
At HH stages 2 and 3/3+, strong hybridization signal was also
detected in the caudal primitive streak (Fig. 74, b and c) and later
expanded to the lateral caudal region along the primitive streak at
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HH stage 4 (Fig. 7A, d). At HH stage 5, cOvol2 transcripts were
observed in the wing region surrounding the forming neural plate
marked by cSox2 (Fig. 7A, e). Double ISH further confirmed that
cOvol2 exhibited an expression pattern complementary to that of
the preneural marker cSox3 and the neural plate marker cSox2
(Fig. 7B). These results suggest that Ovol2 might play a negative
role in neural specification in chick embryos.
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FIGURE 7. Ovol2 is up-regulated by BMP4 and inhibits neural specification in the chick embryo. A, ISH analysis of cOvol2 (a-e), cSox3 (f-h), and cSox2
(fandj) in HH stage 1-5 chickembryos. B, double ISH for cOvol2 (blue) and cSox2/3 (magenta) in HH stage 3+ to 5 chickembryo. C, the expression of cOvol2 (blue)
in the chick embryos electroporated with control GFP or BMP4-IRES-GFP plasmid was examined by ISH (a and ¢), and subsequent immunostaining for GFP
(brown) marked the electroporated cells in the same embryos (b and d). D, the expression of cSox2 (blue) in the chick embryos electroporated with control GFP
or cOvol2-IRES-GFP plasmid was examined as described in C. The electroporated field is highlighted by broken lines.

cOvol2 Is Up-regulated by BMP4 and Inhibits Neural Speci-
fication in Chick Embryos—Given that the expression pattern
of cOvol2 is very similar to that of cBMP4 and cBMP7 (47, 48),
which primarily resides in the caudal primitive streak and epi-
dermal ectoderm (supplemental Fig. S5), we asked whether
cOvol2 could be up-regulated by BMP4 in chick embryos. We
electroporated BMP4 expression plasmids in the region lateral
to the primitive streak of chick embryos at HH stage 3/3+ and
harvested the electroporated embryos at HH stage 5 for ISH
and immunostaining analysis (supplemental Fig. S6A). Indeed,
BMP4 up-regulated the expression of cOvol2 in chick embryos
(Fig. 7C, BMP4 (13 of 17) and control (0 of 17)). Furthermore,
the ectopic electroporation of cOvol2-IRES-GFP expression
plasmids into the prospective neural plate (supplemental Fig.
S6B) repressed the expression of cSox2 in the electroporated
domain (Fig. 7D, cOvol2 (12 of 15) and control (1 of 13)).
Together, these results indicate that BMP4 up-regulates the
expression of ¢Ovol2 and that ectopic expression of cOvol2
inhibits neural specification in chick embryos.

DISCUSSION

In this study, we showed that Ovo/2 mRNA is down-regu-
lated during mouse ESC neural differentiation (Fig. 1B) and is
up-regulated by BMP signals (Fig. 5A4). Gain and loss of function
assays showed that Ovol2 promotes mesendodermal differen-
tiation and inhibits neural conversion (Figs. 2—4). Moreover,
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knockdown of Ovol2 impaired the ability of BMP to repress
neural conversion and induce mesodermal and endodermal dif-
ferentiation (Fig. 5). An in depth study showed that BMP
recruits p-Smad1/5/8 to bind to the enhancer region of Ovol2 to
directly regulate Ovol2 expression (Fig. 6). In early chick
embryos, cOvol2 is exclusively expressed in non-neural regions
and overlaps with the expression pattern of cBMP4/7 (Fig. 7, A
and B and supplemental Fig. S5). cOvol2 is up-regulated by
BMP4, and ectopic expression of cOvol2 represses the expres-
sion of the neural plate marker cSox2 in chick embryos (Fig. 7, C
and D). Therefore, these results support the notion that Ovol2
acts as a novel BMP downstream target in the cell fate decision
between neuroectoderm and mesendoderm.

It has been previously reported that ablation of Ovol2 leads to
an expansion of neuroectoderm in the cranial region, abnormal
development of the heart, and defect vascularization (26, 27).
By clarifying the function of Ovol2 in early cell fate decisions,
we speculate that the multiple defects observed in Ovol2-null
mice are caused by the loss of balance between the differentia-
tion of the neuroectoderm and mesendoderm. However, Ovol2
might not function as a switch to initiate the mesendodermal
fate. We attempted to overexpress Ovol2 in the primitive streak
of early chick embryos but failed to induce the expression of the
early mesendoderm marker gene T (data not shown). This
result indicates that although Ovol2 is required for mesoderm
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and endoderm differentiation in mouse ESCs, it might not be
sufficient for the induction and initiation of mesendoderm in
chick embryos.

BMP signaling is essential for the inhibition of precocious
neural differentiation, thereby ensuring normal development
of mesoderm and endoderm (7). However, it remains challeng-
ing to clarify how BMP signaling regulates the early cell fate
decisions through downstream transcription factors, although
several studies have contributed to our understanding of this
process. In ESCs, BMP signals induce the expression of Id genes
to sustain pluripotency and inhibit neural differentiation (9). In
Xenopus, BMP signals inhibit neural induction through the
downstream genes Msx1 and DIx3 (49 —51), whereas Msx1 and
DIx5 participate in the establishment and maintenance of the
neural/epidermal boundary in chick embryos (52-54). During
mouse gastrulation, TIx2 is required for mesoderm formation
downstream of BMP signaling (55). We have shown that Id1
and Id2 partially mediate the function of BMPs to promote ESC
differentiation into non-neural cell fates (13). Recently, we also
showed that another BMP downstream target gene, AP27, spe-
cifically functions in epidermal versus neural differentiation in
both ESCs and chick embryos (56). In this study, we showed
that Ovol2 partially mediates BMP function in the neuroecto-
derm/mesendoderm cell fate decision (Fig. 5). In chick
embryos, the inhibitory effect of cOvol2 on neural specification
is less severe than that of BMP4 (Fig. 7D) (data not shown) (14),
suggesting again that Ovol2 only partially mediates BMP-in-
duced neural inhibition. A similar phenomenon is observed in
Msx1/DIx5 double knock-out mice, which display no signifi-
cant abnormality in nervous system development (57). This
suggests the co-existence of specificity and redundancy in BMP
downstream targets to guarantee the normal progress of devel-
opment. Because Smads bind to DNA with low specificity and
affinity (58), it is generally believed that the BMP signaling
pathway exerts its specific effect by choosing cell type-specific
DNA-binding cofactors to regulate its downstream target genes
(15). Although we observed the direct interaction of Smadl
with the enhancer of Ovol2 gene (Fig. 6E), we speculate that
some specific DNA-binding Smad partners may participate in
regulation of Ovol2 transcription. It is a challenge to clarify the
mechanism of this specific regulation, and we will try to address
this issue in our future research.

Extensive studies have shown that the expression of the ovo
family gene is regulated by the Wnt signaling pathway. In Dro-
sophila, ovo/svb integrates the Wg (Drosophila Wnt) and DER
(Drosophila EGF receptor) pathways to control denticle forma-
tion in the epidermis (22). Ovol1, another mouse homolog of
Ovol2, is directly regulated by 3-catenin/LEF1 downstream of
the Wnt pathway and plays a crucial role in hair formation and
spermatogenesis (59). We stimulated ESCs with the GSK3f3
inhibitor CHIR99021 for 2 h to activate the Wnt/B-catenin sig-
naling pathway and observed a significant increase in Ovol2
expression (data not shown). Moreover, we scanned the 5’
region of the mouse Ovol2 gene and found several putative LEF/
TCF binding sites, suggesting that Wnt-induced regulation of
Ovo gene expression might be evolutionarily conserved.

BMP signals and Wnt signals often play similar roles in early
embryonic development. Overexpression of Wntl in ESCs
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inhibits neural differentiation, whereas Wnt antagonist Sfrp2
promotes ESC differentiation into neural progenitor cells (60).
Moreover, the specification of the neural plate border in chick
embryo is dependent on the cooperation of the Wnt and BMP
pathways (61). These studies suggest that Wnt signals play sim-
ilar or synergic roles with the BMP pathway in neural induction
and patterning. The function of BMPs and Wnts in mesendo-
derm development is also similar. Wnt3 knock-out mice could
form the egg cylinder but failed to form a primitive streak and
mesoderm (62). The addition of the Wnt inhibitor Dkk1 signif-
icantly suppresses the differentiation of ESCs into the primitive
streak, mesoderm, and endoderm fates (63). Therefore, the
Wnt/B-catenin and BMP signaling pathways have similar func-
tions in the regulation of neural and mesendodermal differen-
tiation. Given the fact that Ovol2 is directly regulated by BMP
signals (Fig. 6), it will be interesting to test whether Ovol2 acts
as a dual effector downstream of both BMP and Wnt signals to
regulate the cell fate decision between neuroectoderm and
mesendoderm.
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