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HEMATOPOIESIS AND STEM CELLS

Ncor2 is required for hematopoietic stem cell emergence by inhibiting
Fos signaling in zebrafish
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Key Points

• Ncor2 is essential for HSC
emergence in zebrafish.

• Ncor2 inhibits Fos-Vegfd
signaling through recruitment
of histone deacetylase 3
(Hdac3).

Nuclear receptor corepressors (Ncors) are important for developmental and homeo-

static processes in vertebrates, which exert transcriptional repression by coordinating

with histone deacetylases. However, little is known about their roles in definitive hema-

topoiesis. In this study, we show that in zebrafish, ncor2 is required for hematopoietic

stem cell (HSC) development by repressing fos-vegfd signaling. ncor2 is specifically

expressed in the aorta-gonad-mesonephros (AGM) region in zebrafish embryos. ncor2

deficiency reduced the population of HSCs in both the AGM region and T cells in the

thymus.Mechanistically,ncor2 knockdownupregulated fos transcriptionbymodulating

the acetylation level in the fos promoter region, which then enhanced Vegfd signaling.

Consequently, the augmented Vegfd signaling induced Notch signaling to promote the arterial endothelial fate, therefore, possibly

repressing the hemogenic endothelial specification, which is a prerequisite for HSC emergence. Thus, our findings identify a novel

regulatory mechanism for Ncor2 through Fos-Vegfd-Notch signaling cascade during HSC development in zebrafish embryos.

(Blood. 2014;124(10):1578-1585)

Introduction

Hematopoietic stem cells (HSCs) are capable of self-renewing and
differentiating into all lineages of blood cells, thus maintaining the
homeostasis of the blood system. The lack of sufficient donors to
provide a source of HSCs for clinical use makes the production of
HSCs urgent, in vitro or ex vivo. The iPS technology holds great
promise for such purpose in regenerative medicine. For example,
several studies have reported successful induction of blood cells in
vitro.1-4 However, the generation of transplantable and functional
HSCs in a dish has so far been unsuccessful, which is most likely
attributed to the largely unknown molecular mechanism underlying
HSC development during embryogenesis and adulthood in vivo.

In vertebrate embryos, HSCs directly emerge from the ventral wall
of the dorsal aorta (ie, hemogenic endothelium) through a process
known as endothelial-to-hematopoietic transition (EHT).5-7 Many
signaling pathways and genes involved in artery establishment and
HSC development and function have been well studied, however, our
understandingon the specification of hemogenic endotheliumhas only
just begun. For example, only a few of factors involved in this process
have thus far been reported, such as F2r,8 Gfi1,9 Runx1,10 and Scl.11

Nuclear receptor corepressors (Ncors) are large proteins, which
coordinate with histone deacetylases (Hdacs) to exert transcriptional
repression.12,13 Knocking outNcor1 inmice leads to impaired definitive
erythropoiesis and arrestedT-cell development.14Ncor2 is necessary for
zebrafish primitive hematopoiesis but the underlying mechanisms re-
main elusive.15 Usually, Ncors repress transcriptional activities of tar-
get genes through recruitment of Hdacs. As a partner of Ncor2, Hdac1
is critical for HSC emergence in zebrafish16 and Hdac3 is known to be

necessary for HSCproliferation.17,18 Considering that Ncor2 andHdacs
form a multiunit complex to exert transcriptional repression and that
both are involved in hematopoiesis, it is very possible that the interaction
of Ncor2 with Hdacs might be required for HSC development.

c-Fos (encoded by fos) has been reported to be essential for the
activities of HSCs in mice4,19,20 and inhibition of Hdacs can lead
to upregulation of fos gene expression in the nervous system.21,22

However,whether this induction is conservedduringHSCdevelopment
remains unclear. Vegfd, also called c-Fos induced growth factor,
usually binds to VEGFR3 or VEGFR2 to regulate lymphangiogenesis
and/or angiogenesis.23 In zebrafish, vegfd is expressed in tail bud and
its overexpression can trigger aberrant sprouting of intersegmental
arteries ,24 but its role in hematopoiesis has not yet been reported.

In this study, we show that Ncor2 regulates HSC development
through fos-vegfd cascade, in which Ncor2 cooperates with Hdac3 to
repress fos transcription during HSC development. When ncor2 is
knocked down, fos will be upregulated, which then induces the
expression of vegfd to repress HSC emergence by increasing Notch
signaling activity, consequently.

Methods

Zebrafish lines

Adult zebrafish including the wild-type (AB strain), the transgenic line
fli1:eGFP (generously provided by S. Wilson),25 and kdrl:mCherry/cmyb:
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GFP (generously provided byA.Meng),26 were raised and kept at 28.5°C in
the standard circulating water system. Zebrafish embryos were acquired by
natural spawning. This studywas approved by the Ethical ReviewCommittee
of the Institute of Zoology, Chinese Academy of Sciences, Beijing, China.

WISH

Whole mount in situ hybridization (WISH) of zebrafish embryos was
performed as described previously27 using probes for ncor2, runx1, cmyb,
rag1, fos, dll4, ephrinB2, vegfd, gata1, l-plastin, pu.1, aldh1a2, and cyp26a1.
The embryos were observed with a Nikon C-DSS230 stereo-microscope, and
the images were taken with a Nikon DS-U2 camera using NIS-Elements
(version F3.0).

MOs, mRNA synthesis, and microinjection

All morpholinos (MOs) were ordered from Gene Tools and dissolved with
distilled H2O into 1 mM as stock solutions. The MOs sequences are listed in
supplemental information (see supplemental Table 1 on the BloodWeb site).
\MO evaluation is described in the supplemental Methods For messenger
RNA (mRNA) synthesis, zebrafish fos and vegfd full-length cDNA synthesis
(CDS) were cloned into the pCS2 vector with BamH I and Xho I. Capped
mRNA was synthesized using the mMESSAGE mMACHINE SP6 Kit
(Ambion) and purified by aRNApurification kit (Tiangen).MOs andmRNAs
were injected into 1-cell stage zebrafish embryos at the yolk/blastomere
boundary. For overexpression of fos or vegfd specifically in the blood vessel
region, the full-lengthCDSof zebrafish fos or vegfdwas cloned into pDONR221
vector by BP reaction, then subcloned into a vector with a fli1 promoter and
a GFP reporter by LR reaction (MultiSite Gateway Technology; Invitrogen).

Generation of ncor2 mutant, quantitative reverse-transcription

polymerase chain reaction (qRT-PCR), TUNEL, and BrdU assay

The detailed protocols for these assays are described in the supplemental
Methods. The primer information is listed in supplemental Tables 2, 4,
and 5).

Chemical treatment

Zebrafish embryos were incubated with 0.1 mM Trichostatin A (TSA;
[R-(E,E)]-7-[4-(Dimethylamino)phenyl]-N-hydroxy-4,6-dimethyl-7-oxo-2,
4-heptadienamide; Sigma-Aldrich) at 10 hpf, or with 5 to 10 mM Notch
inhibitor (DAPT) (LY-374973 N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-
S-phenylglycine t-butyl ester; Sigma-Aldrich) at 24 hpf, which were harvested at
36 hpf. Those incubated in dimethylsulfoxide (DMSO), the dilution ratio is in line
with that of the examined chemical, were served as the control.

ChIP assay

Chromatin immunoprecipitation (ChIP) assaywas carried outwith the control
or ncor2 morphant embryos at 26 hpf, and the eluted DNA which was
precipitated by anti-H3K27Ac (Abcam) and anti-H3K9Ac (Millipore) or
rabbit purified IgG (negative control), was assayed by quantitative poly-
merase chain reaction (qPCR), as previously described.28 The PCR primers
are listed in supplemental Table 3.

Western blot

The trunks of zebrafish embryos were dissected and homogenized with cell
lysis buffer (protein inhibitor was added). The protein concentration of the
lysate was quantified by Bradford protein assay. Proteins were separated by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred
into a nitrocellulosemembrane. After blocking by nonfatmilk, the membrane
was incubated with anti-Runx1 (1:150; AnaSpec) or anti-Ncor2 (1:250;
Abcam) antibody diluted in blocking buffer at 4°C overnight, then incubated
with an alkaline phosphatase conjugated second antibody (1:5000; Jackson
ImmunoResearch Laboratories) for 3 hours at room temperature. Finally, the
membrane was washed and the signal was assayed with a chemiluminescent
horseradish peroxidase substrate (Millipore).

Confocal microscopy

Zebrafish embryos were scanned by a Zeiss LSM 510 META confocal laser
microscope, and the images were generated by 3D projections with the Zeiss
LSM software (Carl Zeiss).28

Figure 1. ncor2 is expressed in the AGM region and

is required for HSC development in zebrafish. (A)

Cryosectioning of zebrafish embryos after WISH dem-

onstrated that ncor2 is expressed in the blood vessel at

24 hpf. (B) Double FISH revealed that ncor2 is coexpressed

with fli1 and cmyb in the AGM region. (C) Western blot

revealed the protein level of Ncor2 in the control and

ncor2 morphants at 24 hpf. (D) The expression pattern of

HSC markers (runx1, cmyb) in the AGM region at 26 and

36 hpf, in the CHT region, and the T-cell marker (rag1) in

the thymus at 4 dpf. (E) Confocal images using kdrl:

mCherry/cmyb:GFP line demonstrated the HSC number

in the control and ncor2 morphants at 36 hpf. White

arrows indicate HSCs in the AGM region. (F) The

quantification of kdrl1/cmyb1 HSCs shown in (E)

(mean 6 standard error of the mean [SEM], n 5 12,

*P , .05). (G) Western blot showed the protein level of

Runx1 in the control and ncor2 morphants at 24 and

36 hpf. DA, dorsal aorta; PCV, posterior cardinal vein.
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Statistical analysis

For statistical analysis, Student unpaired 2-tailed t test was used for all
comparisons.

Results

ncor2 is expressed in artery and necessary for

HSC development

In the early development of zebrafish embryos, ncor2 was
expressed in the aorta-gonad-mesonephros (AGM) region at
24 hpf (Figure 1A), suggesting its potential involvement in vasculo-
genesis or hematopoiesis. We also detected ncor2 expression in
endothelial cells and HSCs in the AGM by double fluorescence in
situ hybridization (FISH) (Figure 1B). To further validate this obser-
vation, we sorted hematopoietic cells (cmyb:GFP positive cells) or
hematopoietic and hemogenic endothelial cells (gfi1:GFP positive
cells).29,30 Gene expression analysis using qRT-PCR revealed
that ncor2was significantly enriched in these hematopoietic and
hemogenic endothelial cells (supplemental Figure 1A-B; P , .05).
To explore the role of ncor2 during HSC development, the
previously reported splice MO was used to knockdown ncor2.15

The specificity of thisMOwas validated bywestern blot (Figure 1C),
RT-PCR, and sequencing (supplemental Figure 1C-E). WISH result

demonstrated that, in ncor2 morphants, HSC marker runx1 was
severely reduced in the AGM region at 26 and 36 hpf, whereas cmyb
was significantly reduced in the AGM at 36 hpf and in the caudal
hematopoietic tissue (CHT) region at 4 dpf (Figure 1D). In-
terestingly, T-cell marker rag1 was even absent in the thymus at
4 dpf (Figure 1D). kdrl:mCherry/cmyb:GFP transgenic line was
employed to visualize the HSC population in the AGM region. The
number of kdrl1/cmyb1 double-positive cells in the AGM region
(indicated by white arrows, or emerging HSCs), was remarkably
reduced in ncor2 morphants (Figure 1E-F). Western blot analysis
also revealed that Runx1 was almost undetectable in ncor2
morphants at both 24 and 36 hpf (Figure 1G). The decreased
expression of runx1 and rag1 was further confirmed by an atgMO,
as well as an ncor2 mutant generated by CRISPR/Cas9 method
(with 8 bp deletion in the coding region of ncor2) (supplemental
Figure 2A-D), demonstrating that the observed HSC defects in
ncor2-deficient embryos were specific. In addition, gata1 (ery-
throid), l-plastin, and pu.1 (myeloid) were all decreased in the
CHT region at 4 dpf (supplemental Figure 3A). Insofar as most
hematopoietic cells in the CHT or the thymus are derived from the
AGM region, the defect in thymus and CHT may result from the
blocked HSC development in the AGM region.

Given that Ncor2 can bind to the retinoic receptor to repress
retinoic acid (RA) signaling, we examined the expression of aldh1a2
and cyp26a1 by WISH, which is required for RA metabolism, and
thus can indicate the level of RA in zebrafish.31 Our results indicated

Figure 2. Ncor2 represses fos expression in co-

operation with Hdac3. (A) The expression pattern of

fos in the control or ncor2 morphants at 26 and 36 hpf.

(B) qPCR assay revealing the expression level of fos

in the control or ncor2 morphants at 26 and 36 hpf

(mean 6 standard deviation [SD], n 5 3, *P , .05). (C)

The expression pattern of fos in hdac3 morphants and

runx1 in hdac3 morphants or TSA-treated embryos. (D)

FISH result indicated that ncor2 is coexpressed with

hdac3 in the blood vessel region. (E) ChIP assay. The

diagram depicts the location of primers used in the ChIP

assay (upper panel). The pair of acetylation detection

primers (fos-ac-1F/R) spans the transcription start site

whereas the control pair (fos-ac-CF/R) is located about

700 bp upstream of the transcription start site. The ChIP

result showed the acetylation state of the hyper-acetylation

region (fos-ac-1F/R) and the upstream control region

(fos-ac-CF/R) of the fos promoter (mean 6 SD, n 5 3,

*P , .05) in ncor2 morphants, hdac3 morphants, and

embryos coinjected with a low dose of ncor2 and hdac3

MO (lower panel), respectively.
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that, in ncor2 morphants, aldh1a2 was not significantly changed,
whereas the slight increase of cyp26a1 was mainly restricted in the
tail bud but not the AGM region (supplemental Figure 3B-C),
suggesting that RA is not responsible for the HSC defects in ncor2
morphants (ncor1 morphants was taken as the control).

MO injection could lead to a p53-dependent apoptosis.32 To
exclude this possibility, we coinjected zebrafish embryos with ncor2
and p53 MOs. WISH results revealed that expression of runx1 was
significantly decreased in those coinjected embryos (supplemental
Figure 4A), suggesting that the decrease of HSCs was caused
specifically by ncor2 MO knockdown. To further investigate
whether the decrease of HSCs in ncor2 morphants could be
attributed to the alteration of the proliferation and apoptosis rate,
we employed BrdU and TUNEL assay, respectively. The results
indicated that no significant alteration in proliferation was observed
in ncor2 morphants (supplemental Figure 4B). On the other hand,
apoptosis signal was slightly enhanced, which primarily occurred in
the neural tube; barely no signal was observed in the blood vessel
region both in the control and ncor2 morphants (supplemental
Figure 4C). In line with the result of the TUNEL assay, time-lapse
microscopy with Tg(cmyb:GFP/kdrl:mCherry) embryos from 32 to
42 hpf showed that the specification, but not apoptosis, of cmyb:GFP
positive cells was affected in ncor2 morphants (supplemental
Video 1-2). Thus, the decrease of HSCs in ncor2 morphants could
not be explained by alteration in proliferation or apoptosis.

Ncor2 represses fos expression in cooperation with Hdac3

Ncor2 acts as a corepressor in gene transcription.12,33 To screen the
downstream factors of Ncor2, a number of genes that have been
implicated in HSC formationwere examined systematically in ncor2
morphants (data not shown). For the upregulated genes, we tried to
rescue the decrease of runx1 expression by coinjection of the
corresponding MOs (fos, vegfd, vegfa, vegfc, erk2, and mef2)
or treatment using chemical inhibitors (PD98059). However, we
failed to observe any effective rescue (data not shown) with these
manipulations, except fos MO and vegfd MO. Therefore, fos was
chosen due to its role in HSC development19,20 and highly increased
expression in the AGM region of ncor2 morphants (Figure 2A),
which was also confirmed in embryos injected with ncor2 atgMO or
ncor2 mutant (supplemental Figure 2B,D). Expression of fos was
also verified by qPCR (Figure 2B). Given that Ncor2 usually tethers

Hdacs to conduct the transcriptional repression, hdac1 and hdac3
MOs were designed. WISH result revealed that knockdown hdac3,
but not hdac1, caused the enhanced expression of fos in the AGM
region (Figure 2C and data not shown). Moreover, hdac3 MO
injection or Hdacs inhibitor TSA treatment also caused the decrease
of runx1 expression (Figure 2C). Double FISH revealed that ncor2
is colocalized with hdac3 in the blood vessels in the AGM region
(Figure 2D). These data suggest that Ncor2 may regulate HSC
development through interacting with Hdac3 to repress fos
expression. To test this hypothesis, we performed ChIP with
antibodies against H3K9Ac and H3K27Ac, which are commonly
used to mark active gene promoters and enhancers. The ChIP result
demonstrated that the acetylation level (H3K9Ac and H3K27Ac) in
the promoter of fos was enhanced (Figure 2E), which is in line with
the increased fos expression in ncor2morphants (Figure 2A-B). The
enhanced acetylation statewas also observed in hdac3morphants and
in the embryos co-injected with low doses of ncor2 MO and hdac3
MO (Figure 2E). These results strongly suggest that Ncor2 may
repress fos expression by deacetylating its promoter in cooperation
with Hdac3.

fos acts downstream of ncor2 to regulate HSC development

To demonstrate the link between fos aberrant expression and HSC
phenotypes, we injected zebrafish embryos with fos mRNA and
found that a high dose (200 pg) of fos led to the decreased expression
of HSC markers runx1 and cmyb (Figure 3A). Decreased runx1
expression was also confirmed by qPCR (Figure 3B). According to
the qPCR and the WISH results, we observed that a low level of fos
mRNA led to an increase of runx1 expression whereas a high level of
fos caused the opposite effect (Figure 3B and supplemental
Figure 5A). To further investigate if Fos specifically affects HSCs
through functioning in neighboring endothelial cells, we constructed
a fusion plasmid in which the fos coding sequence (CDS) was fused
with a GFP reporter driven by fli1 promoter (fli1-ep-fos-gfp). We co-
injected zebrafish embryos with this plasmid and tol2 mRNA, and
embryos with GFP expression specifically in the blood vessels which
were subjected to WISH. The result demonstrated that runx1 was
increased in embryos with a low level of GFP signal whereas it
significantly decreased in those with a high level of GFP signal
(supplemental Figure 5B). These findings indicated that fos expres-
sion needs to be maintained at an appropriate level for HSC emergence.

Figure 3. fos acts downstream of ncor2 to regulate

HSC development. (A) The expression level of runx1

and cmyb in embryos injected with fos mRNA at 24 and

36 hpf. (B) qPCR analysis of runx1 expression within

embryos injected with a series of doses of fos mRNA

(mean 6 SD, n 5 3, *P , .05). (C) WISH result showed

the expression level of runx1 or cmyb in the AGM region

at 36 hpf (top and middle panels). The HSCs number in the

control, ncor2 MO injected, ncor2 and fos MOs coinjected

embryos at 40 hpf, within the kdrl:mCherry/cmyb:GFP

line (bottom panel). White arrows indicate HSCs in the

AGM region. (D) The quantification of kdrl1/cmyb1

HSCs shown in (C) (mean 6 SEM, n 5 13, *P , .05).

(E) Western blot demonstrated protein level of Runx1 in

the control, ncor2 MO injected, ncor2 and fos MOs

coinjected embryos at 36 hpf.
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To elucidate the role of fos upregulation in ncor2 morphants,
an atgMO of fos was designed. In the embryos coinjected with
pEGFPN1-fos and fos atgMO, the GFP signal was markedly
inhibited, indicating that fos atgMO worked efficiently (supplemen-
tal Figure 5C). Then, we performed a double knockdown by co-
injection of ncor2 and fosMOs into 1-cell stage embryos. TheWISH
result showed that an optimal dose of fos (1 ng)MO partially rescued
the HSC defects in ncor2morphants (Figure 3C). To further support
this data, the kdrl:mCherry/cmyb:GFP line was used. Our results
clearly showed that very few kdrl1/cmyb1 cells were observed in the
AGM region of ncor2 morphants, whereas more GFP1 cells were
found in the corresponding region when embryos were coinjected
with ncor2 and fos MOs (Figure 3C-D). This rescue effect was
further confirmed by western blotting (Figure 3E). Taken together,
these results demonstrated that fos functions downstream of ncor2 to
mediate HSC emergence.

Arterial fate is promoted in ncor2 morphants and fos

overexpressed embryos

Because HSCs are derived from the embryonic dorsal aorta in
vertebrates,34 we examined the expression of arterial markers in
ncor2 morphants and fos overexpressed embryos. The increased
expression of arterial marker dll4 and ephrinB2a was detected in
ncor2 morphants and fos overexpressed embryos (Figure 4A).

Furthermore,we performed cryosectioning and confocalmicroscopy
using the fil1:eGFP embryos. The enlarged artery was observed in
ncor2morphants and fos overexpressed embryos (Figure 4B-C), which
indicated that the arterial fate may be enhanced when ncor2 was
knocked down. Because dll4 and ephrinB2a are components of the
Notchpathway, expressionof anumberof additionalNotch target genes
including her2, her5, her6, her9, and hey12was examined.Our results
indicated that the expression of theseNotch target geneswas increased
in ncor2 morphants and fos overexpressed embryos (Figure 4D).
Taken together, ncor2may inhibit the arterial fate by repression of
fos, which acts as a potential positive regulator of Notch signaling.

fos activation induces vegfd and then leads to HSC defects

It is known that vegfd can be induced by fos expression in endothelial
cells.35 Using WISH, we observed that overexpression of fos or
knocking down ncor2 resulted in increased vegfd expression,
including the AGM region (Figure 5A, red arrows). Similar results
were also obtained using qPCR (Figure 5B). Importantly, this result
was also confirmed in embryos injected with ncor2 atgMO or the
genetic mutant (supplemental Figure 2B,D). To determine whether
vegfd is involved in HSC development, we overexpressed vegfd
mRNA in zebrafish embryos and then analyzed the expression of
HSC markers using WISH. The expression of runx1 and cmyb was
markedly decreased in the AGM region at 36 hpf (Figure 5C). To

Figure 4. Arterial identity and Notch signal are

enhanced in ncor2 morphants and fos over-

expressed embryos. (A) The expression pattern of

dll4 and ephrinB2a in the control, ncor2 morphants, and

fos-overexpressed embryos at 24 hpf. (B) Cryosection-

ing and confocal imaging revealed the enlarged artery in

ncor2 morphants and fos-overexpressed embryos at

36 hpf, compared with the controls. (C) The quantifica-

tion of the diameter of the dorsal aorta shown in (B)

(mean 6 SEM, n 5 12, *P , .05). (D) qPCR result

demonstrated Notch targets her2, her5, her6, her9, and

hey12 were increased in ncor2 morphants and fos-

overexpressed embryos at 24 hpf. (mean 6 SD, n 5 3,

*P , .05).

1582 WEI et al BLOOD, 4 SEPTEMBER 2014 x VOLUME 124, NUMBER 10



further confirm that vegfd functions in endothelial cells, we co-
injected 1-cell stage zebrafish embryos with fli1-ep-vegfd-gfp
together with tol2 mRNA, and embryos with GFP expression
specifically in the blood vessels were subjected to WISH. The result
demonstrated that the expression of runx1was significantly reduced
in fli1-ep-vegfd-gfp injected embryos (Figure 5C), which is in line
with the observation for vegfdmRNA injection experiments.We also
checked the expression of arterial markers in vegfd overexpressed
embryos. Similar to the ncor2morphants, the expression of dll4 and
ephrinB2awas increased (Figure 5D). As a result, overexpression of
fos induced expression of vegfd, which then led to the increased
expression of arterial markers, and consequently, conferring the
observed HSC defects. The double knockdown of both ncor2 and
vegfd further confirmed that increased vegfd expression is re-
sponsible for the HSC defects in ncor2 morphants (Figure 5E).
Taken together, in ncor2 morphants, fos-induced vegfd expression
plays a negative role during HSC formation.

The decrease of HSCs in ncor2 morphants, fos or vegfd

overexpressed embryos can be partially rescued by blocking

Notch signaling

Transient downregulation of Notch signaling is necessary for runx1
expression at the onset of definitive hematopoiesis in chicken
embryos.36 Inmouse embryos, sustained activation ofNotch1 inVE-
cadherin expressing endothelial cells resulted in the absence of intra-
aortic clusters.37 These experiments suggest that the increased
expression of dll4 and ephrinB2a in the artery of ncor2 morphants
may inhibit HSC emergence. Therefore, we treated the ncor2
morphants with DAPT, a chemical inhibitor of Notch signaling,
from 24 hpf (after artery/vein specification) to 36 hpf. The
results indicated that treatment with DAPT partially rescued the
decreased expression of runx1 and cmyb in ncor2 morphants
and fos or vegfd overexpressed embryos (Figure 6A-B). Gene
expression using qPCR indicated that the result was consistent with

the WISH result (Figure 6C). Together, the HSC decrease in ncor2
morphants might be attributed to the enhanced Notch signaling.

Discussion

It is well accepted that HSCs are specified from vascular endothelial
cells through a transition of hemogenic endothelial cells.5-7,34

However, the detailed underlying molecular mechanisms are
largely unknown. Here, we show that ncor2 knockdown upregu-
lates expression of fos, and then vegfd, to enhance the arterial fate
via Notch signaling, which unexpectedly inhibits the hemogenic
endothelium formation, consequently resulting in the failure ofHSC
emergence in the AGM region.

ncor2was detected in the AGM region at 24 hpf during zebrafish
embryogenesis, when the hemogenic endothelium, marked by runx1
expression, began to be specified. The observation of decreased
expression ofHSCmarkers in ncor2morphants from 26 hpf suggests
that Ncor functions at the time when hemogenic endothelium forms,
which is well consistent with its expression at this stage. The
increased expression of arterial markers and enlarged artery lumen in
ncor2 morphants further revealed that the arterial fate was altered,
which might be not appropriate for HSC development. As a member
of theNcor complex, Hdacs are a group of pivotal enzymes that erase
the histone acetylation state in promoters of their targets to execute
transcriptional repression. When Hdacs were blocked by TSA in
neurons, the expression of fos was induced.22 We also found that
knocking down hdac3 or ncor2 led to the increased expression of fos,
which is required forHSCproliferation.17,18 However, whether fos is
involved in HSC emergence is unknown. Injection of fos mRNA
in zebrafish embryos altered the expression of runx1 in a dose-
dependentmanner, that is, fospromotes theexpressionof runx1at a lower
dose and inhibits it at a higher dose (supplemental Figure 5A-B).

Figure 5. vegfd functions downstream of nocr2 and

fos to repress HSC emergence. (A) The expression

pattern of vegfd in the control, ncor2morphants, and fos

overexpressed embryos at 26 hpf. Red arrows mark the

AGM region, whereas white arrow marks the tail bud.

(B) qPCR result showed the expression level of vegfd in

the control, ncor2 morphants, and fos-overexpressed

embryos at 26 hpf (mean 6 SD, n 5 3, *P , .05). (C)

The expression pattern of runx1 and cmyb in the control

and vegfd-overexpressed embryos at 36 hpf (top and

middle panels). The expression level of runx1 in the

control or embryos coinjected with the fli1-ep-vegfd-gfp

plasmid and tol2 mRNA (bottom panel). (D) The

expression pattern of dll4 and ephrinB2a in the control

and vegfd-overexpressed embryos. (E) Knocking

down vegfd could partially rescue the decrease of

runx1 in ncor2 morphants.
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Thus, the HSC defects observed in ncor2 morphants may be
attributed to the ectopic induction of fos. But how fos regulates
runx1 expression has not been reported yet. Vegfd is a vascular
growth factor and it can be induced by fos.35 Although the effect of
vegfd overexpression on angiogenesis has been reported in
zebrafish,24 its role in hematopoiesis is unclear. Overexpression
of vegfd mRNA in zebrafish embryos caused the decreased
expression of HSC markers similar to ncor2 morphants. We also
observed increased expression of dll4 in the vegfd overexpressed
embryos, which is consistent with the previous report that vegfd can
activate the expression of dll4.38 As HSCs are derived from the
hemogenic endothelium, how these hemogenic endothelial cells
lose their endothelial identity and acquire a hematopoietic fate
remains elusive. A very recent study reported that downregulation
of the Notch pathway is a prerequisite to initiating the expression of
runx1 during definitive hematopoiesis in chicken embryos,36

indicating that Notch signaling should be inhibited during the EHT
process. In our study, we treated ncor2 morphants, fos, or vegfd
overexpressed embryos with DAPT, and found that the decreased
expressionof runx1 in these embryoswaspartially rescued, suggesting
that Ncor2 negatively regulates Notch signaling via fos-vegfd cascade
to tightly control HSC emergence. However, the underlying
mechanisms of Notch inhibition at the onset of HSC development in
vertebrates awaits further investigation.

ncor2 is expressed in the AGM region whereas fos and vegfd
are not, indicating that fos and vegfdmay be repressed in this region
under normal condition. Although endogenous ncor2 was knocked
down in zebrafish embryos, its repression of fos expression in the
trunkwas relieved, and therefore, foswas re-activated which then led
to an increase of vegfd expression in this region ectopically. The
balanced level of fos expression must be tightly controlled. Either
upregulation or downregulation of fos expression will disturb the
delicate balance, which is critical for normal HSC development. This
is highly similar to the ERK signaling in the AGM region where its
finely controlled threshold is crucial for HSC emergence in
vertebrates.39 The dosage sensitive role of fos levels in HSC

emergence is currently unclear. A recent report showed that c-Fos,
plus 3 other transcription factors are sufficient to convert mouse
fibroblasts into hemogenic endothelium,4 suggesting that c-Fos can
promote HSC emergence. This study is consistent with our finding
here that a low dose of fosmRNA increased the population of HSCs in
zebrafish embryos; however, a higher dose of fos activated Vegfd/
Notch signaling to promote the arterial fate, which is detrimental to the
following hemogenic endothelium and HSC formation.

Ncor2 can bind to different nuclear receptors including the Notch
pathway effectors CSL (named after CBF1, Su[H] and LAG-1),40

thyroid-related hormone receptor, RA receptor, and a series of
transcription factors.41 RA is inhibitory for HSC self-renewal.42,43

However, blocking theRA signal pathway did not alter expression of
HSC markers runx1 and cmyb in zebrafish embryos at 36 hpf.44

Whether excessive RA plays a role in HSC emergence is unknown.
In our study, the observation that RA was not increased in the AGM
region in ncor2 morphants, may rule out the possibility that Ncor2
function on HSCs potentially through RA signal pathway in
zebrafish. Interestingly, a very recent report showed that RA
signaling is required for HSC development in mouse AGM at
E10.5,45 supporting its important role in mammals.

In conclusion, our work demonstrates that Ncor2 is required
for HSC emergence through cooperating with Hdac3 to regulate fos
and vegfd signaling, and consequently facilitates the hemogenic
endothelial cells to lose their endothelial identity and establish
hematopoietic capabilities.

Acknowledgments

The authors thank the laboratory members Panpan Zhang, Xinyan
Lu, and Yanyan Ding for helpful discussions and critical reading of
the manuscript.

This work was supported by grants from the National Basic
Research Program of China (2010CB945300 and 2011CB943900),
the National Natural Science Foundation of China (31271570), and

Figure 6. Inhibition of Notch signal can partially

rescue the decrease of HSCs in ncor2 morphants

and vegfd-overexpressed embryos. (A) The expres-

sion pattern of runx1 in the control, ncor2 morphants,

fos-overexpressed embryos, and vegfd-overexpressed

embryos at 36 hpf, which were treated with DMSO or

with a g-secretase inhibitor DAPT from 24 to 36 hpf. (B)

The expression pattern of cmyb in the control, ncor2

morphants, fos-overexpressed embryos, and vegfd-

overexpressed embryos at 36 hpf, which were treated

with DMSO or with DAPT from 24 to 36 hpf. (C) qPCR

result showing the expression level of runx1 in the

control, ncor2 morphants, fos-overexpressed embryos,

and vegfd-overexpressed embryos at 36 hpf, which

were treated with DMSO or with DAPT from 24 to 36 hpf

(mean 6 SD, n 5 3, *P , .05).

1584 WEI et al BLOOD, 4 SEPTEMBER 2014 x VOLUME 124, NUMBER 10



the Strategic Priority Research Program of the Chinese Academy of
Sciences (XDA01010110).

Authorship

Contribution: Y.W. performed the research and wrote the paper;
D.M., Y.G., C.Z., and L.W. performed the research; and F.L.

conceived the research, analyzed the data, and wrote the paper. All
authors read and approved the final manuscript.

Conflict-of-interest disclosure: The authors declare no competing
financial interests.

Correspondence: Feng Liu, State Key Laboratory of Biomem-
brane and Membrane Biotechnology, Institute of Zoology, Chinese

Academy of Sciences, 1 Beichen West Rd, Chaoyang District,

Beijing 100101, China; e-mail: liuf@ioz.ac.cn.

References

1. Antonchuk J, Sauvageau G, Humphries RK.
HOXB4-induced expansion of adult hematopoietic
stem cells ex vivo. Cell. 2002;109(1):39-45.

2. Kitajima K, Minehata K, Sakimura K, Nakano T,
Hara T. In vitro generation of HSC-like cells from
murine ESCs/iPSCs by enforced expression of
LIM-homeobox transcription factor Lhx2. Blood.
2011;117(14):3748-3758.

3. Szabo E, Rampalli S, Risueño RM, et al. Direct
conversion of human fibroblasts to multilineage
blood progenitors. Nature. 2010;468(7323):
521-526.

4. Pereira CF, Chang B, Qiu J, et al. Induction of
a hemogenic program in mouse fibroblasts.
Cell Stem Cell. 2013;13(2):205-218.

5. Bertrand JY, Chi NC, Santoso B, Teng S, Stainier
DY, Traver D. Haematopoietic stem cells derive
directly from aortic endothelium during
development. Nature. 2010;464(7285):108-111.

6. Boisset JC, van Cappellen W, Andrieu-Soler C,
Galjart N, Dzierzak E, Robin C. In vivo imaging of
haematopoietic cells emerging from the mouse
aortic endothelium. Nature. 2010;464(7285):
116-120.

7. Kissa K, Herbomel P. Blood stem cells emerge
from aortic endothelium by a novel type of cell
transition. Nature. 2010;464(7285):112-115.

8. Yue R, Li H, Liu H, et al. Thrombin receptor
regulates hematopoiesis and endothelial-to-
hematopoietic transition. Dev Cell. 2012;22(5):
1092-1100.

9. Lancrin C, Mazan M, Stefanska M, et al. GFI1 and
GFI1B control the loss of endothelial identity of
hemogenic endothelium during hematopoietic
commitment. Blood. 2012;120(2):314-322.

10. Chen MJ, Yokomizo T, Zeigler BM, Dzierzak E,
Speck NA. Runx1 is required for the endothelial to
haematopoietic cell transition but not thereafter.
Nature. 2009;457(7231):887-891.

11. Kim PG, Albacker CE, Lu YF, et al. Signaling axis
involving Hedgehog, Notch, and Scl promotes the
embryonic endothelial-to-hematopoietic transition.
Proc Natl Acad Sci USA. 2013;110(2):E141-E150.

12. Perissi V, Jepsen K, Glass CK, Rosenfeld MG.
Deconstructing repression: evolving models of
co-repressor action. Nat Rev Genet. 2010;11(2):
109-123.

13. You SH, Lim HW, Sun Z, Broache M, Won KJ,
Lazar MA. Nuclear receptor co-repressors
are required for the histone-deacetylase activity of
HDAC3 in vivo. Nat Struct Mol Biol. 2013;20(2):
182-187.

14. Jepsen K, Hermanson O, Onami TM, et al.
Combinatorial roles of the nuclear receptor
corepressor in transcription and development.
Cell. 2000;102(6):753-763.

15. Tijssen MR, Cvejic A, Joshi A, et al. Genome-wide
analysis of simultaneous GATA1/2, RUNX1, FLI1,
and SCL binding in megakaryocytes identifies
hematopoietic regulators. Dev Cell. 2011;20(5):
597-609.

16. Burns CE, Galloway JL, Smith AC, et al. A genetic
screen in zebrafish defines a hierarchical network
of pathways required for hematopoietic stem cell
emergence. Blood. 2009;113(23):5776-5782.

17. Summers AR, Fischer MA, Stengel KR, et al.
HDAC3 is essential for DNA replication in
hematopoietic progenitor cells. J Clin Invest.
2013;123(7):3112-3123.

18. Elizalde C, Fernández-Rueda J, Salcedo JM,
et al. Histone deacetylase 3 modulates the
expansion of human hematopoietic stem cells.
Stem Cells Dev. 2012;21(14):2581-2591.

19. Okada S, Fukuda T, Inada K, Tokuhisa T.
Prolonged expression of c-fos suppresses cell
cycle entry of dormant hematopoietic stem cells.
Blood. 1999;93(3):816-825.

20. Deneault E, Cellot S, Faubert A, et al. A functional
screen to identify novel effectors of hematopoietic
stem cell activity. Cell. 2009;137(2):369-379.

21. Rogge GA, Singh H, Dang R, Wood MA. HDAC3
is a negative regulator of cocaine-context-
associated memory formation. J Neurosci. 2013;
33(15):6623-6632.

22. Sng JC, Taniura H, Yoneda Y. Inhibition of
histone deacetylation by trichostatin A intensifies
the transcriptions of neuronal c-fos and c-jun
genes after kainate stimulation. Neurosci Lett.
2005;386(3):150-155.

23. Achen MG, Stacker SA. Vascular endothelial
growth factor-D: signaling mechanisms, biology,
and clinical relevance. Growth Factors. 2012;
30(5):283-296.

24. Hogan BM, Herpers R, Witte M, et al. Vegfc/Flt4
signalling is suppressed by Dll4 in developing
zebrafish intersegmental arteries. Development.
2009;136(23):4001-4009.

25. Lawson ND, Weinstein BM. In vivo imaging
of embryonic vascular development using
transgenic zebrafish. Dev Biol. 2002;248(2):
307-318.

26. North TE, Goessling W, Walkley CR, et al.
Prostaglandin E2 regulates vertebrate
haematopoietic stem cell homeostasis. Nature.
2007;447(7147):1007-1011.

27. Wang L, Zhang P, Wei Y, Gao Y, Patient R, Liu F.
A blood flow-dependent klf2a-NO signaling
cascade is required for stabilization of
hematopoietic stem cell programming in zebrafish
embryos. Blood. 2011;118(15):4102-4110.

28. Wang L, Liu T, Xu L, et al. Fev regulates
hematopoietic stem cell development via ERK
signaling. Blood. 2013;122(3):367-375.

29. Wei W, Wen L, Huang P, et al. Gfi1.1 regulates
hematopoietic lineage differentiation during
zebrafish embryogenesis. Cell Res. 2008;18(6):
677-685.

30. Cooney JD, Hildick-Smith GJ, Shafizadeh E, et al.
Teleost growth factor independence (gfi) genes
differentially regulate successive waves of
hematopoiesis. Dev Biol. 2013;373(2):431-441.

31. Dobbs-McAuliffe B, Zhao Q, Linney E. Feedback
mechanisms regulate retinoic acid production and

degradation in the zebrafish embryo. Mech Dev.
2004;121(4):339-350.

32. Robu ME, Larson JD, Nasevicius A, et al. p53
activation by knockdown technologies. PLoS
Genet. 2007;3(5):e78.

33. Lazar MA. Nuclear receptor corepressors. Nucl
Recept Signal. 2003;1:e001.

34. Zhang C, Patient R, Liu F. Hematopoietic stem
cell development and regulatory signaling in
zebrafish. Biochim Biophys Acta. 2013;1830(2):
2370-2374.

35. Orlandini M, Marconcini L, Ferruzzi R, Oliviero S.
Identification of a c-fos-induced gene that is
related to the platelet-derived growth factor/
vascular endothelial growth factor family. Proc
Natl Acad Sci USA. 1996;93(21):11675-11680.

36. Richard C, Drevon C, Canto PY, et al. Endothelio-
mesenchymal interaction controls runx1
expression and modulates the notch pathway to
initiate aortic hematopoiesis. Dev Cell. 2013;
24(6):600-611.

37. Tang Y, Bai H, Urs S, Wang Z, Liaw L. Notch1
activation in embryonic VE-cadherin populations
selectively blocks hematopoietic stem cell
generation and fetal liver hematopoiesis.
Transgenic Res. 2013;22(2):403-410.

38. Tammela T, Zarkada G, Nurmi H, et al. VEGFR-3
controls tip to stalk conversion at vessel fusion
sites by reinforcing Notch signalling. Nat Cell Biol.
2011;13(10):1202-1213.

39. Zhang C, Lv J, He Q, et al. Inhibition of endothelial
ERK signalling by Smad1/5 is essential for
haematopoietic stem cell emergence. Nat
Commun. 2014;5:3431.

40. Bray SJ. Notch signalling: a simple pathway
becomes complex. Nat Rev Mol Cell Biol. 2006;
7(9):678-689.

41. Goodson M, Jonas BA, Privalsky MA.
Corepressors: custom tailoring and alterations
while you wait. Nucl Recept Signal. 2005;3:e003.

42. Muramoto GG, Russell JL, Safi R, et al. Inhibition
of aldehyde dehydrogenase expands
hematopoietic stem cells with radioprotective
capacity. Stem Cells. 2010;28(3):523-534.

43. Ghiaur G, Yegnasubramanian S, Perkins B,
Gucwa JL, Gerber JM, Jones RJ. Regulation of
human hematopoietic stem cell self-renewal by
the microenvironment’s control of retinoic acid
signaling. Proc Natl Acad Sci USA. 2013;110(40):
16121-16126.

44. Ma AC, Chung MI, Liang R, Leung AY. A
DEAB-sensitive aldehyde dehydrogenase
regulates hematopoietic stem and progenitor cells
development during primitive hematopoiesis in
zebrafish embryos. Leukemia. 2010;24(12):
2090-2099.

45. Chanda B, Ditadi A, Iscove NN, Keller G.
Retinoic acid signaling is essential for embryonic
hematopoietic stem cell development. Cell.
2013;155(1):215-227.

BLOOD, 4 SEPTEMBER 2014 x VOLUME 124, NUMBER 10 ncor2-fos CASCADE DURING HSC EMERGENCE 1585

mailto:liuf@ioz.ac.cn

