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Cited2 (cAMP-responsive element-
binding protein [CBP]/p300-interacting
transactivators with glutamic acid [E] and
aspartic acid [D]–rich tail 2) is a newly
identified transcriptional modulator.
Knockout of the Cited2 gene results in
embryonic lethality with embryos mani-
festing heart and neural tube defects.
Cited2�/� fetal liver displayed significant
reduction in the numbers of Lin�c-
Kit�Sca-1� cells, Lin�c-Kit� cells, and pro-
genitor cells of different lineages. Fetal
liver cells from Cited2�/� embryos gave
rise to markedly reduced number of colo-

nies in the colony-forming unit assay.
Primary and secondary transplantation
studies showed significantly compro-
mised reconstitution of T-lymphoid, B-
lymphoid, and myeloid lineages in mice
that received a transplant of Cited2�/�

fetal liver cells. Competitive reconstitu-
tion experiments further showed that fe-
tal liver hematopoietic stem cell (HSC)
function is severely impaired due to Cited2
deficiency. Microarray analysis showed
decreased expression of Wnt5a and a
panel of myeloid molecular markers such
as PRTN3, MPO, Neutrophil elastase, Ca-

thepsin G, and Eosinophil peroxidase in
Cited2�/� fetal livers. Decreased expres-
sion of Bmi-1, Notch1, LEF-1, Mcl-1, and
GATA2 was also observed in Cited2�/�

Lin�c-Kit� cells. The present study uncov-
ers for the first time a novel role of Cited2
in the maintenance of hematopoietic ho-
meostasis during embryogenesis and
thus provides new insights into the mo-
lecular regulation of hematopoietic devel-
opment. (Blood. 2007;110:2889-2898)
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Introduction

The hematopoietic system is composed of a well-organized hierar-
chy of cells at different stages of differentiation. Hematopoietic
stem cells (HSCs) are the most primitive component of this
hierarchy and are responsible for life-long regeneration of blood
cells. HSCs have 2 major functional features: one is the ability to
produce new stem cells, a function normally referred to as
self-renewal and the other is the commitment to differentiation.
Progenitors or colony-forming cells (CFCs) are primitive hemato-
poietic cells capable of producing mature cells of one or more
lineages. During murine ontogeny, HSCs and CFCs migrate from
their respective tissue origins to fetal liver at approximately day 10
after coitus (10 dpc), and at or near birth, migrate from fetal liver to
bone marrow, where they remain throughout the adult life.1

Cited2 (cAMP-responsive element–binding protein [CBP]/p300-
interacting transactivators with glutamic acid [E] and aspartic acid
[D]–rich tail 2) is one of the founding members of a new family of
transcriptional modulators.2-5 As a CBP/p300-dependent transcrip-
tion factor, Cited2 binds directly with high affinity to the first
cysteine-histidine–rich (CH1) region of p300 and CBP.6 Cited2 is
induced by many biologic stimuli, such as cytokines, serum, and
lipopolysaccharide, in different cell types. Cited2 transforms cells
when overexpressed by inducing loss of cell contact inhibition in
Rat1 cells and tumor formation in nude mice.2 These initial in vitro
studies underscore the potential roles of Cited2 in different biologic
processes. Deletion of Cited2 gene results in embryonic lethality in
the mid to late gestation with embryos displaying cardiac malforma-
tions, neural tube defects,7 adrenal agenesis,8-10 left-right pattern-
ing defects,9,11 and placental defects.12 Further mechanistic studies

have provided evidence that Cited2 plays pivotal roles in these
processes through its transcriptional modulator functions for HIF-
18,13 or AP-2� signaling.9-11 Accumulated evidence has implicated
the role of Cited2 in hematopoiesis because Bmi-1, which is
essential for adult hematopoietic stem cell self-renewal,14 is
induced by Cited2 in mouse embryonic fibroblast (MEF) cells.15

CBP and p300 are fate decision factors for HSCs, responsible for
HSC self-renewal and hematopoietic differentiation, respectively.16

A recent gene expression profiling study to identify specific genes
with long-term reconstitution (LTR) stem cell activity showed that
expression of Cited2 correlates positively with LTR HSC activity.17

Cited2 expression during development is detected at multiple sites
that form mesodermal structures5,18 from which HSCs are de-
rived.19,20 All of these findings are suggestive of a potential role of
Cited2 in hematopoiesis.

In this report, a series of studies were carried out to characterize
the potential hematopoietic defects in Cited2�/� fetal liver. We
demonstrate for the first time the gross aberrations in Cited2�/�

fetal liver hematopoiesis, indicating that Cited2 is required for
hematopoietic development.

Materials and methods

Mice

Cited2-deficient mouse line8 was maintained on C57BL/6 (CD45.2�)
background. B6.SJL/BoyJ (CD45.1�) mice were purchased from Jackson
Laboratory (Bar Harbor, ME). Mice were maintained in microisolator cages
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in pathogen-free facility. All husbandry and experiments were conducted in
accordance with institutional guidelines of Case Western Reserve University.

Clonogenic assay

Fetal liver cells (2 � 104) were plated in triplicate in 35-mm cell culture
dishes with 2-mm grid (Nalge Nunc International, Rochester, NY).
Methylcellulose-based medium supplemented with 3 units/mL Epo,
10 ng/mL mouse recombinant IL-3, 10 ng/mL human recombinant IL-6,
and 50 ng/mL mouse recombinant stem-cell factor (M3434; StemCell
Technologies, Vancouver, BC) was used in the clonogenic assay. Colony
formation of burst-forming unit–erythroid (BFU-Es), colony-forming unit–
granulocyte/macrophage (CFU-GMs), and CFU–granulocyte/erythrocyte/
monocyte/macrophage (CFU-GEMMs) was analyzed after 7 to 12 days.

Immunophenotypic analysis

For the analysis of Lin�c-Kit�Sca-1� cells, 5 � 105 fetal liver cells were
blocked with HBSS/10% rabbit serum and then stained with an antibody
cocktail containing phycoerythrin-conjugated antibodies against lineage
markers (BD Pharmingen, San Diego, CA). Antibodies included PE-
conjugated CD3 (clone 500A2), CD4 (clone RM4–5), B220 (clone
RA3–6B2), Gr-1 (clone RB6–8C5), and Ter119 (TER-119), an APC-
conjugated antibody against c-Kit (clone 2B8), and an FITC-conjugated
antibody against Sca-1 (D7). Fetal liver cells were also stained with
antibodies against FITC-conjugated CD45 (clone 104), PE-conjugated
Ter119, or Gr-1 separately. Fluorescence activated cell sorting (FACS)
analysis was performed on the flow cytometer and the data were analyzed
using CellQuest software (Becton Dickinson, Mountain View, CA). For
each assay, 30 000 cells were counted.

Fetal liver cell reconstitution and bone marrow cell
transplantation

For fetal liver cell transplantation, 8- to 12-week-old male B6.SJL/BoyJ
mice were lethally irradiated with 9.5 Gy using � 137Cs Shepherd Mark I
irradiator (JL Shepherd, San Fernando, CA). For each recipient mouse, 106

14.5 dpc fetal liver cells were transplanted by intravenous injection through
the tail lateral vein. Reconstitution of donor-derived lymphoid and myeloid
cells was monitored by staining the peripheral blood using CD3, B220,
Gr-1, and Mac-1 10 and 15 weeks after transplantation. After 8 months of
reconstitution, the peripheral blood was analyzed with CD45.2 and lineage
markers again, and bone marrow cells of mice that underwent primary
transplantation were harvested for secondary transplantation. Bone marrow
cells were obtained by flushing with complete IMDM media plus 10 U/mL
heparin (Sigma, St Louis, MO) through the femur and tibia using a
26-gauge needle. Bone marrow cells were then filtered through a 100-�m
cell strainer (BD Biosciences, San Jose, CA). After centrifugation of cell
suspension at 300g (Allegra 6R; Beckman Coulter, Hialeah, FL) for
5 minutes, cell pellets were resuspended in IMDM supplemented with
2% FBS (StemCell Technologies). Cell number was counted using a
hemocytometer (Sigma) after diluting cells in 3% acetic acid. Cells (107)
were injected into 9 Gy–irradiated B6.SJL/BoyJ mice, and hematopoietic
reconstitution was analyzed at 7 weeks after transplantation. Recipient mice
were provided with sterile water supplemented with neomycin and bacitra-
cin (Sigma) and sterile food after transplantation.

Fetal liver cell competitive reconstitution and chimerism
analysis

For competitive reconstitution, lethally irradiated B6.SJL/BoyJ mice re-
ceived a transplant of 106 14.5 dpc fetal liver cells from CD45.2�

Cited2�/�, Cited2�/�, or Cited2�/� donors and the same number of fetal
liver cells from CD45.1� mice. Peripheral blood of mice that underwent
transplantation was analyzed 7 weeks after transplantation for donor
chimerism by FITC-conjugated antibody against CD45.2 and PE-
conjugated antibody against CD45.1. For each assay, 30 000 cells
were counted. Donor chimerism was determined as: [%CD45.2�/
(%CD45.1� � %CD45.2�)] � 100.

CRU assay

The limiting dilution assay for competitive repopulating cells (CRUs) with
long-term, lymphomyeloid repopulation function was performed as previ-
ously described.21 Lin�c-Kit�Scal-1� cells from Cited2�/� (n � 4) and
Cited2�/� (n � 4) fetal livers were sorted and intravenously injected, along
with 105 competitor B6.SJL/BoyJ bone marrow cells, into lethally irradi-
ated B6.SJL/BoyJ recipients. Cell doses were 20, 50, 100, and 300, and
5 recipients from each group were injected at each cell dose in a dilution
series. Repopulation of the hematopoietic system in the recipients was
evaluated by taking aliquots of peripheral blood at 15 weeks after
transplantation, and analyzing samples for the presence of CD45.2�

myeloid and B-lymphoid cells using the following antibodies: FITC-
conjugated anti-CD45.2 antibody, PE-conjugated anti-B220 antibody, PE-
conjugated anti–Gr-1 antibody, and PE-conjugated anti–Mac-1 antibody.
Mice that had more than 1% test sample–derived (CD45.2�) cells in both
lymphoid (B220�) and myeloid (Gr-1� and Mac-1�) subpopulations were
considered to be repopulated by test donor cells. The CRU frequency in the
test fetal liver Lin�c-Kit�Scal-1� cells was calculated by applying Poisson
statistics to the proportion of negative recipients at different dilutions using
limiting dilution analysis software (L-Calc; StemCell Technologies).

Retrovirus transduction of fetal liver cells

GP�E86 retrovirus producer cells were established by infection of
GP�E86 cells with retrovirus supernatant after transfection of Phoenix 293
cell with MSCV-Cited2-IRES-GFP plasmid or MSCV-IRES-GFP control
plasmid. Cited2�/� and Cited2�/� 13.5 dpc fetal liver cells were cocultured
with Cited2-expressing GP�E86 producer cells and control cells for
2 days. After coculture, GFP�Lin�c-Kit� cells were sorted and 500 cells
were plated in triplicate in methylcellulose-based medium (M3434; Stem-
Cell Technologies) for colony-forming unit (CFU) assay. Colonies were
counted 12 days after plating. The rest of the GFP�c-Kit�Lin� cells were
prepared for RNA extraction and real-time polymerase chain reaction
(PCR) analysis for Cited2 expression (see Table 1 for primers).

Statistical analysis

Comparison between 2 cell types was assessed by Student t test. P less than
.05 was considered statistically significant.

Results

Cited2 is expressed in Lin�c-Kit�Scal-1� and Lin�c-Kit� fetal
liver cells

Cited2 expression has been detected in mouse bone marrow HSCs
and shown to be positively related to LTR stem cell activity.17 We
have detected Cited2 expression in fetal liver–derived hepatoblasts
and hepatocytes (data not shown). Detailed analysis of Cited2
expression in Lin�c-Kit�Scal-1� (LSK) and Lin�c-Kit� fetal liver
cells was further performed in sorted cells by reverse-transcription
(RT)–PCR. As shown in Figure 1A, Cited2 expression was
detected in LSK and Lin�c-Kit� fetal liver cells at 14.5 dpc.
Real-time PCR analysis detected higher expression of Cited2 in
LSK cells than in Lin�c-Kit� cells from fetal liver (Figure 1B),
which is consistent with the finding that Cited2 is highly expressed
in LTR stem cells17 and suggests that Cited2 might be associated
with the HSC function in mouse fetal liver.

Decreased numbers of differentiated erythroid and myeloid
cells in Cited2�/� fetal liver

Fetal liver cellularity at 14.5 dpc and 15.5 dpc was quantified based
on the observation of smaller sized fetal liver in Cited2�/�

embryos. Cited2�/� fetal liver showed a significant reduction in
cellularity (P � .01) compared with Cited2�/� littermate controls
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at 14.5 dpc and 15.5 dpc (Figure S1A,B, available on the Blood
website; see the Supplemental Materials link at the top of the online
article). Because fetal liver is the major hematopoietic organ during
murine embryonic development, hypoplasia of Cited2�/� fetal liver
suggests that hematopoiesis might be affected accordingly.

To characterize the potential hematopoietic defects due to
Cited2 deficiency, we first analyzed the expression of a panel of
hematopoietic lineage markers, such as Ter119 for erythrocytes,
CD45 for leukocytes,22 and Gr-1 for granulocytes. There was an
overall reduction of cells from multiple hematopoietic lineages. At
14.5 and 15.5 dpc, the number of Cited2�/� CD45� cells was
reduced to approximately 18% and 27% of that of Cited2�/�

control, respectively (P � .01) (Figure 2A). The number of
Cited2�/� Ter119� cells was 32% of the number of Cited2�/�

control (P � .01) at 14.5 dpc and 38.5% of the number of cells
from Cited2�/� control (P � .01) at 15.5 dpc (Figure 2B). The
number of Cited2�/� Gr-1� cells was 36% of the number of
Cited2�/� control (P � .01) at 14.5 dpc and 33.9% of the number
of cells from Cited2�/� control (P � .01) at 15.5 dpc (Figure 2C).
The reduction in the numbers of CD45� hematopoietic cells,
Ter119� erythroid cells, and Gr-1� myeloid cells suggests impaired
hematopoietic homeostasis as a result of Cited2 deficiency.

Significantly reduced numbers of Lin�c-Kit� cells and LSK
cells in Cited2�/� fetal liver

To test whether Cited2 deficiency affects hematopoiesis at the level
of immature hematopoietic progenitors, which might result in
quantitative reduction of the differentiated hematopoietic cells, we
quantified Lin�c-Kit� cells from Cited2-deficient fetal liver and
wild-type littermate control. c-Kit is a widely used marker for the
detection of immature hematopoietic progenitor cells.23 The num-
ber of Cited2�/� Lin�c-Kit� phenotypically defined immature
hematopoietic cells was significantly reduced compared with
Cited2�/� control at 14.5 dpc and 15.5 dpc (P � .01) (Figure 2D).
The decreased numbers of definitive hematopoietic cells and
phenotypically defined immature progenitor cells might result from
an insufficient HSC pool. The number of LSK cells from Cited2�/�

fetal liver was further analyzed by sorting Lin�c-Kit�Sca-1� cells
to obtain a precise enumeration of the LSK cells in individual fetal
liver. The result revealed decreased frequency of LSK cells in

Table 1. Real-time PCR primers

Primer Forward Reverse

Cited2 5	-cgcatcatcaccagcagcag-3’ 5	-cgctcgtggcattcatgttg-3’

PRTN3 5	-agattgtaggtgggcacgag-3’ 5	-agcaccactgtcacaagctg-3’

Neutrophil elastase 5	-actctggctgccatgctact-3’ 5	-ccggaaatttagaccgttca-3’

MPO 5	-caccctctttgttcgagagc-3’ 5	-caacaccaagggcaggtagt-3’

Cathepsin G 5	-tctcctgctcctgttgacct-3’ 5	-cctttctcgcatttggatgt-3’

Eosinophil peroxidase 5	-ccgacaacattgacatctgg-3’ 5	-tgaaaactccccatttctgc-3’

Wnt5a 5	-caaataggcagccgagagac-3’ 5	-tctagcgtccacgaactcct-3’

LEF-1 5	-tcactgtcaggcgacacttc-3’ 5	-tgaggcttcacgtgcattag-3’

GATA1 5	-gatggaatccagacgaggaa-3’ 5	-gccctgacagtaccacaggt-3’

GATA2 5	-ccagcaaatccaagaagagc-3’ 5	-agactggaggaagggtggat-3’

GATA3 5	-ctggaggaggaacgctaatg-3’ 5	-cagggatgacatgtgtctgg-3’

Mcl-1 5	-agagcgctggagaccctg-3’ 5	-ctatcttattagatatgccagacc-3’

Notch1 5	-attgacgagtgtgaccctga-3’ 5	-ggcactcattgatgttgggtc-3’

Bmi-1 5	-gctctccagcattcgtcagtc-3’ 5	-agcagcaatgactgtgatgca-3’

BMP4 5	-tgatacctgagaccgggaag-3’ 5	-ctgctcttcctcctcctcct-3’

HPRT 5	-gttggatacaggccagactttgttg-3’ 5	-gagggtaggctggcctataggct-3’

18S 5	-cgtctgccctatcaactttcg-3’ 5	-ccttggatgtggtagccgtt-3’

Figure 1. Cited2 is expressed in Lin�c-Kit�, Lin�c-Kit�Sca-1� (LSK) fetal
liver cells. Fetal liver cells from 14.5 dpc were sorted for Lin�c-Kit� and LSK
subpopulations. Sorted cells were processed for mRNA expression of Cited2 by
RT-PCR, and the expression was further quantified by real-time PCR with 18S as
the internal control for verifying the presence of cDNA after reverse transcription
and for quantification purposes. (A) Cited2 expression was detected in Lin�c-Kit�

and LSK cells. (B) Cited2 expression in LSK cells was approximately 3-fold
higher than that in Lin�c-Kit� cells. Two sets of independently sorted cells were
performed in parallel for Cited2 mRNA expression analysis.

Figure 2. Reduction of hematopoietic cells in Cited2�/� fetal liver at 14.5 dpc
and 15.5 dpc. Fetal livers from 14.5 dpc and 15.5 dpc were harvested and single cell
suspensions were prepared by passing them through a 1-mL pipette and filtering
through a 100-�m cell strainer. Cell number was counted using a hemocytometer.
Fetal liver cells (5 � 105) were used for the FACS analysis. The absolute number of
CD45� (A), Ter119� (B), Gr-1� (C), and Lin�c-Kit� (D) cells from Cited2�/� and
Cited2�/� controls at 14.5 dpc and 15.5 dpc is presented (*P � .05; average 
 SEM).
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Cited2�/� fetal liver (Figure 3B) compared with Cited2�/� litter-
mates at 14.5 dpc (Figure 3A). The absolute number of LSK cells
obtained after sorting also was reduced in Cited2�/� fetal liver
compared with Cited2�/� littermate control (P � .01) (Figure 3C).
Similar observation was made when we compared the frequency of

Lin�CD45�c-Kit�Sca-1� cells in Cited2�/� fetal liver and Cited2�/�

littermate controls at the same stage (Figure S2A,B). These results
indicate that Cited2 deficiency significantly affects the number of
phenotypically defined hematopoietic stem cells in fetal liver. The
impaired HSC pool could be one of the major causes leading to the
reduced number of hematopoietic progeny in Cited2-deficient
embryos.

Cited2 is required for hematopoietic progenitor proliferation
and differentiation

In vitro colony-forming unit (CFU) assay was performed to study
the influence of Cited2 deficiency on the proliferation and differen-
tiation of hematopoietic progenitors of various lineages. We
compared the clonogenic cells from Cited2�/�, Cited2�/�, as well
as Cited2�/� fetal livers from 13.5 dpc to 15.5 dpc. We observed
reduced frequency of erythroid (BFU-E), granulocyte/macrophage
(CFU-GM), and multipotential progenitors (CFU-GEMM) from
Cited2�/� fetal liver compared with Cited2�/� littermate control at
different developmental stages (Figure S3A-C). CFU-GEMM was
undetectable from some of Cited2�/� fetal liver CFU culture at
13.5 dpc and 15.5 dpc, in contrast to an average of 3 to
4 CFU-GEMMs that were readily detected from Cited2�/� litter-
mate control culture. The total number of BFU-Es, CFU-GMs, and
CFU-GEMMs per fetal liver was calculated, which reflected a
significant reduction (P � .01) in Cited2�/� embryos at 13.5 dpc
(Figure 4A), 14.5 dpc (Figure 4B), and 15.5 dpc (Figure 4C). Thus,
Cited2 deficiency significantly decreased the number and impaired
the proliferation of erythroid, granulocyte/macrophage, as well as
multipotential progenitors. Reduced number of BFU-Es and CFU-
GMs per fetal liver from 13.5 dpc to 15.5 dpc was also noted in
Cited2�/� embryos (P � .01-.05) (Figure 4A-C). Decreased num-
ber of CFU-GEMMs was observed in Cited2�/� fetal liver at
13.5 dpc and 15.5 dpc (P � .01) (Figure 4A,C). These results
indicate that generation of hematopoietic progenitor cells is
sensitive to Cited2 gene dosage.

To demonstrate that the hematopoietic defects are due to Cited2
deficiency in hematopoietic progenitor cells, 13.5-dpc Cited2�/�

and Cited2�/� fetal liver cells were transduced with Cited2-
expressing retrovirus as well as control retrovirus and analyzed by
the CFU assay. GFP�Lin�c-Kit� cells were sorted after retrovirus
transduction, and 500 cells were plated in triplicate culture for the

Figure 3. Reduced number of LSK cells in Cited2�/� fetal liver. Fetal liver cells
from (A) Cited2�/� littermate control (n � 5) and (B) Cited2�/� (n � 4) at 14.5 dpc
were sorted as shown by the representative lineage and sorting gates (LSK cells
were collected from Q2). Ten thousand counts were presented in panels A,B. The
numbers within the quadrants represent the percentage of cells. The yield of LSK
cells sorted from Q2 was too low to be reanalyzed. (C) The cumulative counts of LSK
cells obtained by flow cytometer during the sorting procedure, which was compared
between Cited2�/� and Cited2�/� littermate control and revealed significant reduction
in Cited2�/� fetal liver (P � .01; average 
 SEM).

Figure 4. Number and proliferation of hematopoietic progenitor cells were compromised due to Cited2 deficiency. Fetal liver cells were prepared and 2 � 104 fetal liver
cells from each sample were plated in triplicate cultures of methylcellulose-based medium supplemented with 3 units/mL Epo, 10 ng/mL mouse recombinant IL-3, 10 ng/mL
human recombinant IL-6, and 50 ng/mL mouse recombinant stem cell factor. The frequency of BFU-Es, CFU-GMs, and CFU-GEMMs was determined after 7 to 12 days of
culture. Total number of BFU-Es, CFU-GMs, and CFU-GEMMs per fetal liver was obtained by multiplying the frequency of BFU-Es, CFU-GMs, and CFU-GEMMs per 2 � 104

cells by the total fetal liver cell number. The data were expressed as average (
 SD). (A) At 13.5 dpc, the number of BFU-Es, CFU-GMs, and CFU-GEMMs was reduced in
Cited2�/� fetal liver (n � 5) compared with the wild-type littermate control (n � 5). Cited2�/� fetal liver (n � 4) had fewer numbers of BFU-Es, CFU-GMs, and CFU-GEMMs as
well. (B) At 14.5 dpc, decreased number of BFU-Es, CFU-GMs, and CFU-GEMMs was observed in Cited2�/� fetal liver (n � 4) compared with the wild-type littermate control
(n � 3). Cited2�/� fetal liver (n � 5) showed decreased number of BFU-Es and CFU-GMs. (C) Decreased number of BFU-Es, CFU-GMs, and CFU-GEMMs was observed in
Cited2�/� fetal liver (n � 4) compared with the wild-type littermate control (n � 6) at 15.5 dpc. Cited2�/� fetal liver (n � 4) showed decreased number of BFU-Es, CFU-GMs,
and CFU-GEMMs. All comparisons were relative to wild-type controls (# indicates P � .05, *P � .01).
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CFU analysis. In parallel, mRNA expression of Cited2 after
retrovirus transduction was analyzed by real-time PCR. An approxi-
mately 8-fold increase of Cited2 expression in Cited2�/�

GFP�Lin�c-Kit� cells transduced with Cited2-expressing virus
was observed compared with Cited2�/� GFP�Lin�c-Kit� cells
transduced with control virus (Figure 5A). The CFU assay revealed
that compared with vector control, the frequency of BFU-Es,
CFU-GMs, and CFU-GEMMs was significantly enhanced by
Cited2 expression in Cited2�/� Lin�c-Kit� fetal liver cells
(P � .01), and there was no difference compared with vector
control–transduced Cited2�/� fetal liver cells (P � .05) (Figure
5B). These results indicate that Cited2 is required for hematopoi-
etic activity at the progenitor level during development.

Impaired reconstitution activity of Cited2�/� fetal liver HSCs

To test whether the function of the Cited2�/� HSCs is impaired, we
examined the ability of Cited2�/� and Cited2�/� fetal liver cells in
multilineage hematopoietic reconstitution. Lethally irradiated con-
genic recipient mice received a transplant of 106 of 14.5 dpc
Cited2�/� and Cited2�/� fetal liver cells. Peripheral blood was
harvested and long-term reconstitution of lymphoid and myeloid
lineages was evaluated 8 months after transplantation. Donor
chimerism was very high for both Cited2�/� and Cited2�/�

transplantations (Figure S4A); however, there was a 5- to 8-fold
reduction in the absolute numbers of donor-derived T-lymphoid,
B-lymphoid, and myeloid cells in mice that received a transplant of
Cited2�/� versus Cited2�/� fetal liver cells (Figure 6A). This
indicates impaired reconstitution of multiple hematopoietic lin-
eages due to Cited2 deficiency.

Secondary transplantation was subsequently performed. Bone
marrow cells (107) harvested from primary mice that underwent
primary transplantation transplanted into recipient mice after
irradiation with a dose of 9 Gy, and the reconstitution of the
hematopoietic system was monitored 7 weeks later. The chimerism
of donor-derived cells of multiple lineage was analyzed and
revealed a universally reduced reconstituting ability of HSCs due
to Cited2 deficiency (P � .01) (Figure S4B), consistent with a
self-renewal defect. The absolute number of donor-derived cells of
each lineage was greatly reduced (P � .01) (Figure 6B). Partial
instead of full reconstitution of T lymphoid cells was observed in
Cited2�/� secondary transplantations (Figure S4B), and this might
be due to the irradiation dose applied in this specific experiment,
which did not fully ablate recipient HSCs.

To increase the stringency of HSC activity assay, competitive
reconstitution was performed with the same number of CD45.2�

and CD45.1� fetal liver cells. The donor chimerism was analyzed
in the peripheral blood. In this setting, Cited2�/� fetal liver cells
showed severely impaired reconstitution ability, reflected by 0.011%
donor chimerism of blood cells compared with 51.247% for
Cited2�/� fetal liver cells (P � .01) (Figure 7B). Cited2�/� fetal
liver HSCs also displayed impaired reconstituting ability in com-
parison with the wild-type control (Figure 7B). The reconstitution
assay indicates that Cited2 deficiency significantly impairs the
activity of fetal liver HSCs, and fetal liver HSC activity is sensitive
to Cited2 gene dosage.

Cited2 is required for HSC function in a cell-autonomous
manner

Cited2 is expressed in phenotypically defined hematopoietic pro-
genitor cells, HSCs, hepatoblasts, and hepatocytes in the fetal liver.
To test whether Cited2 plays a cell-autonomous role in HSC
functions, we performed the CRU assay with sorted LSK cells from
Cited2�/� and Cited2�/� fetal livers at 14.5 dpc. The same number

Figure 5. Retrovirus-mediated Cited2 expression rescues the defective hematopoietic colony-forming activity in Lin�c-Kit� Cited2�/� fetal liver cells.
MSCV-Cited2-IRES-GFP plasmid– or MSCV-IRES-GFP control plasmid–mediated retrovirus transduction was performed on Cited2�/� and Cited2�/� 13.5 dpc fetal liver cells.
Briefly, after coculture with retrovirus producer cells, GFP�Lin�c-Kit� fetal liver cells were sorted for GFP expression followed by analysis of Cited2 mRNA expression via
real-time PCR. Meanwhile, 500 cells of the analyzed cell population were plated in triplicate in methylcellulose-based medium (M3434; StemCell Technologies) for
colony-forming unit (CFU) assay. Colonies were counted 12 days after plating. (A) Cited2 was expressed in GFP�Lin�c-Kit� Cited2�/� fetal liver after transduction with
Cited2-expressing retrovirus. (B) Retrovirus-mediated Cited2 expression in GFP�Lin�c-Kit� Cited2�/� fetal liver cells at 13.5 dpc significantly increased the frequency of
BFU-Es, CFU-GMs, and CFU-GEMMs (n � 3) compared with the vector control (n � 3; *P � .01; average 
 SD). (Cited2�/� fetal liver cells transduced with control virus [f];
Cited2�/� fetal liver cells transduced with control virus [ ]; Cited2�/� fetal liver cells transduced with Cited2-expressing virus [e].)

Figure 6. Cited2 deficiency results in impaired reconstitution of multiple
lineages in primary and secondary transplantations. (A) Fetal liver cells (106)
from each of Cited2�/� (n � 3) and Cited2�/� (n � 3) embryos were injected via tail
vein into lethally irradiated congenic recipient mice, and the peripheral blood
reconstitution of T-lymphoid, B-lymphoid, and myeloid cells was analyzed 8 months
after transplantation. The long-term reconstitution of T-lymphoid, B-lymphoid, and
myeloid lineages was impaired as shown by significantly decreased absolute number
of donor-derived cells of each lineage (P � .01) in Cited2�/� mice that underwent
transplantation. Donor chimerism was determined as: [%CD45.2�CD3�/
%CD3�] � 100, [%CD45.2�B220�/%B220�] � 100, [%CD45.2�Mac-1�/
%Mac-1�] � 100, [%CD45.2�Gr-1�/%Gr-1�] � 100. (B) Secondary transplantation
was performed 8 months after the primary transplantation. Bone marrow cells (107)
were harvested from primary transplants and transplanted into recipient mice after
irradiation (9 Gy). Significantly decreased numbers of donor-derived T-lymphoid,
B-lymphoid, and myeloid cells were observed in Cited2�/� mice that underwent
transplantation (P � .01).
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of Cited2�/� and Cited2�/� fetal liver LSK cells at different cell
dosage along with competitor cells were transplanted, and the
reconstitution for both lymphoid and myeloid was assayed 15 weeks
after transplantation. As shown in Table 2, Cited2�/� fetal liver
LSK cells displayed significantly impaired reconstitution ability
compared with LSK cells from Cited2�/� fetal liver (P � .002),
indicating that loss of Cited2 results in an HSC intrinsic defect.

Decreased expression of myeloid-specific genes in Cited2�/�

fetal liver

To elucidate mechanisms underlying hematopoietic deficiency in
Cited2�/� fetal liver, gene expression profiles for Cited2�/� (n � 3)
and Cited2�/� (n � 3) fetal livers at 14.5 dpc were compared by
microarray analysis. Nine comparisons were performed among
data collected from Cited2�/� and Cited2�/� fetal livers. Genes
with altered expression from more than 3 of 9 comparisons were
further confirmed by real-time PCR (see Table 1 for primers).
Decreased expression of several myeloid molecular markers, such
as Neutrophil elastase (Ela2), Proteinase 3 (Prtn3), Myeloperoxi-
dase (Mpo), Cathepsin G, and Eosinophil peroxidase, was detected
in unsorted and sorted Lin�c-Kit� Cited2�/� fetal liver cells (Table
3). Expression of ELA2 and PRTN3 is restricted to the promyelo-

Figure 7. Impaired HSC activity due to Cited2 defi-
ciency. Competitive reconstitution was performed by
transplanting 106 fetal liver cells from the recipient strain
as competitor cells (CD45.1�) and 106 fetal liver cells
from Cited2�/� (n � 3), Cited2�/� (n � 3), and Cited2�/�

littermate control (n � 3) at 14.5 dpc (CD45.2�). Percent-
age of CD45.2� and CD45.1� cells in the peripheral
blood was analyzed and donor chimerism was deter-
mined as [%CD45.2�/(%CD45.1� � %CD45.2�)] � 100.
The chimerism data were expressed as average plus or
minus SD (below “Donor chimerism”). (A) The gating was
performed in 2 steps to exclude the CD45.1 and CD45.2
double-positive cells and artifacts in the analysis. First,
viable nucleated cells (R1) according to forward and side
scatter characteristics were gated to gain CD45.1 and
CD45.2 positivity. Then, CD45.1 and CD45.2 double-
positive cells (ranging from 0.95% to 4.5%) were gated
out and the R2 was retained for further analysis, which
includes UL, LL, and LR quadrants. (B) Representative
histograms plotted after gating on R1 and R2. Compared
with Cited2�/� littermate controls, Cited2�/� fetal liver
cells exhibited severely impaired reconstitution ability
reflected by significantly decreased donor chimerism
(*P � .01). Cited2�/� fetal liver cells showed significant
reduced reconstitution as well (*P � .01). The percent-
ages above the brackets represent the CD45.2� cells.

Table 2. CRU frequency in Cited2�/� and Cited2�/� fetal liver LSK
cells

Cell dose
injected

No. of mice with
donor-derived
reconstitution

No. of mice
analyzed

CRU
frequency 95% Cl

�/�

20 0 2 — —

50 2 5 — —

100 3 4 — —

300 5 5 — —

1/83 1/39-1/175

�/�

20 0 5 — —

50 0 4 — —

100 0 5 — —

300 1 5 — —

1/2147 1/307-1/14 988*

Lethally irradiated B6.SJL/BoyJ recipient mice (5 recipient mice for each cell
dose) received a transplant of sorted LSK cells (CD45.2�) from Cited2�/� (n � 5) and
Cited2�/� (n � 4) fetal liver at 14.5 dpc at different cell doses as indicated.
Donor-derived reconstitution was assessed by monitoring the percentage for CD45.2�

lymphoid (B220�) and myeloid (Gr-1� and Mac-1�) cells in the peripheral blood at
15 weeks after transplantation. Mice that had more than 1% test sample–derived
(CD45.2�) cells in both lymphoid and myeloid subpopulations were considered to be
repopulated by test donor cells. The CRU frequency in the test fetal liver LSK cells
was calculated by L-Calc software.

CI indicates confidence interval; —, not applicable.
*P � .002.

Table 3. Decreased expression of genes restricted to myeloid
lineage in Cited2�/� fetal liver and Lin�c-Kit� cells at 13.5 dpc

Gene name

Microarray Real-time PCR

Fetal liver Fetal liver Lin�c-Kit� cells

Pre-pro proteinase3 �2.99 �2.78 
 0.11 �2.9 
 0.35

Myeloperoxidase �2.53 �2.14 
 0.02 �4.28 
 0.16

Neutrophil elastase �3.276 �3.275 
 0.46 �5.77 
 0.47

Cathepsin G �2.738 �2.015 
 0.12 �3.47 
 0.07

Eosinophil peroxidase �12.931 �6 
 1.47 �6.12 
 0.22

Wnt5a �9.413 �4.68 
 1.39 ND

Microarray data collected from Cited2�/� fetal liver (n�3) and Cited2�/� litter-
mate controls (n�3) were compared, and real-time PCR was performed to verify the
expression of differentially expressed genes. HPRT was used as an internal control
for real-time PCR, and the expression of each gene was normalized to HPRT and
compared between Cited2�/� and Cited2�/� littermate controls. The table shows
mean (
 SD) fold changes in Cited2�/� (n � 3-5) fetal liver at 14.5 dpc and Lin�c-Kit�

cells at 13.5 dpc after comparison with wild-type littermate controls (n � 3-5).
ND indicates not detected.
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cytic stage of granulocytic differentiation, and they are coordi-
nately expressed in a granulocyte-specific fashion.24-26 MPO repre-
sents an early-appearing and highly reliable intracellular myeloid
lineage marker,27-29 which is detected in a subset of human
hematopoietic bone marrow progenitor cells and in granulomono-
cytic cells.30 Cathepsin G is highly expressed at the promyelocytic
stage of myeloid development and also functions to stimulate the
proliferation of lymphocytes.31,32 Eosinophil peroxidase is a molecu-
lar marker for eosinophils and eosinophil lineage-committed
progenitors.33 The down-regulated expression of these genes
provides molecular evidence of impaired myelopoiesis in Cited2-
deficient fetal liver, which is consistent with the findings from the
in vivo studies.

Decreased expression of genes involved in hematopoietic stem
cell self-renewal and survival in Cited2�/� hematopoietic
progenitors

Bmi-1, a polycomb transcription factor essential for adult HSC
self-renewal, has been reported to be a Cited2 target gene.14,15

Significantly decreased Bmi-1 expression in Cited2�/� fetal liver
was revealed by Northern blot analysis (data not shown) and
further quantified by real-time PCR in sorted Lin�c-Kit� fetal liver
cells (Table 4), thus supporting the involvement of Bmi-1 in
Cited2�/� hematopoietic deficiency. Microarray analysis also re-
vealed a 9-fold decrease in Wnt5a expression, and this down-
regulation was confirmed by real-time PCR, which showed a
5.6-fold decrease in Cited2-deficient fetal liver (Table 3). The
expression of Wnt5a was not detected in sorted Lin�c-Kit� fetal
liver cells, which is consistent with the report that Wnt family
members are expressed in the microenvironment of fetal liver.34,35

Because LEF-1 is one of the important signaling molecules in Wnt
signaling pathway and is involved in B lymphogenesis,35 we
further analyzed the expression of LEF-1 by real-time PCR and
found a 6-fold reduction in Cited2�/� fetal liver (data not shown)
and 15.9-fold reduction in sorted Lin�c-Kit� cells (Table 4). Wnt
signaling is important for hematopoietic stem cell self-renewal, and
this function is mediated by genes including Notch1.36 Notch
signaling is capable of enhancing the in vitro generation of
hematopoietic progenitor cells and is critical for lymphoid specifi-
cation.37 In Lin�c-Kit� Cited2�/� fetal liver cells, Notch1 expres-
sion was down-regulated approximately 2.9-fold (Table 4). Altered
expression of GATA2 was found by screening a number of genes
that have been shown to be involved in hematopoiesis. A 4.4-fold
decreased expression of GATA2 in sorted Lin�c-Kit� Cited2�/�

fetal liver cells suggests that altered expression of GATA2 might
contribute to hematopoietic defects in Cited2�/� fetal liver (Table
4). Mcl-1 is one of the members of the Bcl-2 family and is required
for the HSC survival.38 A 4.2-fold decrease in the expression of
Mcl-1 was also observed in Lin�c-Kit� Cited2�/� fetal liver cells
(Table 4). The down-regulated expression of these genes provides
molecular evidence of impaired HSCs in Cited2-deficient fetal
liver, which is consistent with hematopoietic reconstitution studies.

Discussion

The present study demonstrates for the first time that fetal liver
hematopoiesis is disturbed due to Cited2 deficiency. A broad and
quantitative developmental aberration of HSCs, hematopoietic
progenitors, and differentiated hematopoietic cells is evident in
Cited2-deficient fetal liver, indicating an essential role for Cited2 in
hematopoietic maintenance during development.

Cited2 competes with HIF-1� in binding to the CH1 domain of
CBP/p300, thus interfering with hypoxia-driven transcription.39,40

Hypoxic condition is important for many physiological processes
including hematopoiesis.41 Up-regulated HIF-1 signaling is ob-
served in Cited2-deficient embryonic hearts and has been shown to
be partially responsible for the defective heart morphogenesis due
to Cited2 deficiency.8,13 However, Cited2-deficient fetal liver
manifested multiple lineage hematopoietic defects during develop-
ment, which could not be explained by dysregulated HIF-1
signaling alone based on the known functions of HIF family
members in hematopoiesis and the negative regulatory role of
Cited2 in HIF-1–mediated responses revealed by other stud-
ies.8,39,40 Hypoxia also promotes the undifferentiated cell state in
various stem and precursor cell types, and Notch signaling has been
shown to be in part responsible for hypoxia-mediated processes in
myogenic and neuronal precursor cells.42 Notch signaling is active
in HSCs and is important during the earliest stage of hematopoietic
development.43 Overexpression of the intracellular domain of
Notch leads to enhanced self-renewal of HSCs.37,44 Conversely,
HSC development and functions are impaired in vitro and in vivo
due to the loss of Notch signaling and Notch deficiency results in
defective establishment and maintenance of HSCs.45,46 We detected
decreased expression of Notch1 in Cited2-deficient hematopoietic
progenitors. An 18-fold decrease in Notch1 expression was also
detected by microarray in Cited2-deficient embryonic hearts (unpub-
lished data, July 2001). Thus, it is possible that hypoxic responses
might be impaired in Cited2-deficient fetal liver due to decreased
Notch1 expression, which partially contributes to the hematopoi-
etic defects in Cited2-deficient embryos. Involvement of Cited2 in
TGF� signaling47 also cannot exclusively explain the hematopoi-
etic defects due to Cited2 deficiency, because TGF� signaling is
thought to be a negative regulator for hematopoiesis by in vitro
studies and deficiency of TGF� signaling in vivo does not affect
proliferation of HSCs and lineage determination.48

MEF cells lacking Cited2 ceased proliferation prematurely and
had reduced expression of Bmi-1. Complementation with Cited2-
expressing retrovirus induced Bmi-1 expression, and Bmi-1–
expressing retrovirus enhanced the proliferation of Cited2-deficient
MEF cells, indicating Bmi-1 may work downstream of Cited2.15

Bmi-1 is essential for adult HSC self-renewal because the number
of HSCs is markedly reduced in postnatal Bmi-1�/� mice and there
is no detectable self-renewal of adult HSCs, indicating a cell-
autonomous defect in Bmi-1�/� mice. Competitive reconstitution
with Bmi-1�/� fetal liver cells showed severe defects of Bmi-1�/�

Table 4. Decreased expression of genes essential for HSC function
in Cited2�/� Lin�c-Kit� cells at 13.5 dpc

Gene name Real-time PCR Lin�c-Kit� cells

Bmi-1 -6.08 
 0.81

GATA-1 ND

GATA2 -4.42 
 0.36

GATA3 ND

LEF-1 -15.5 
 0.67

Mcl-1 -4.13 
 0.1

Notch1 -2.9 
 0.25

BMP4 NC

Real-time PCR was performed to analyze an array of genes essential for HSC
function. HPRT was used as an internal control for real-time PCR, and the expression
of each gene was normalized to HPRT and compared between Cited2�/� and
wild-type littermate controls. The table shows mean (
 SD) fold changes in Cited2�/�

(n � 3) Lin�c-Kit� cells at 13.5 dpc after comparison with wild-type littermate controls
(n � 3).

ND indicates not detected; NC, no change.
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fetal liver HSCs in maintaining hematopoiesis, with impaired
B-lymphoid reconstitution being the earliest event detected.14 This
is consistent with the hematopoietic phenotypes we observed in
Cited2�/� fetal liver. Significantly decreased expression of Bmi-1
in hematopoietic progenitor cells in Cited2-deficient fetal liver
supports the involvement of Bmi-1 in hematopoietic defects due to
Cited2 deficiency and indicates that impaired function of Cited2-
deficient fetal liver HSCs might partially result from the decreased
expression of Bmi-1.

In addition to Bmi-1, several other genes of critical importance
to HSC functions showed decreased expression in Cited2-deficient
fetal liver, including Wnt5a, LEF-1, GATA2, Notch1, and Mcl-1.
Wnt proteins have been shown to act as potent growth factors in a
variety of cell types and tissues. During embryogenesis, Wnt
proteins, such as Wnt5a and Wnt10b, are expressed in murine yolk
sac and fetal liver microenvironment and Wnt5a is expressed in
fetal liver stromal cells. Accumulated evidence has shown that Wnt
signaling pathway regulates stem cell fate in many organs,
including the hematopoietic system. Wnt proteins function as
hematopoietic regulatory factors that can directly stimulate the
proliferation and survival of hematopoietic stem cells and the
expansion of multipotential colony-forming cells and progenitor
cells.49 Furthermore, Wnt proteins activate a LEF-1/TCF reporter
in HSCs residing in their normal microenvironment, indicating that
HSCs respond to Wnt signaling in vivo and Wnt proteins play
critical roles in HSC homeostasis and HSC self-renewal.34-36 In our
study, the decreased expression of Wnt5a and LEF-1 was detected
in Cited2-deficient fetal liver and enriched hematopoietic progeni-
tor cells, respectively. These results correlate with the disturbed
hematopoietic homeostasis and impaired HSC function in the
absence of Cited2, thus strongly indicating the potential connection
between Cited2 and Wnt signaling during hematopoietic develop-
ment. As discussed above, Notch signaling is involved in enhanc-
ing HSC self-renewal and regulating hematopoietic differentia-
tion.37 Interestingly, Notch1 expression is up-regulated following
the activation of Wnt signaling in HSCs,36 and Notch signaling is
required for Wnt-mediated maintenance of undifferentiated HSCs.43

Thus, one possible interpretation of our findings is that down-
regulated Wnt signaling is in part responsible for the decreased
Notch1 expression in Cited2�/� hematopoietic progenitor cells,
thus contributing to Cited2�/� hematopoietic defects synergistically.

GATA2 expression level is high in hematopoietic progenitor
cells and is required for the proliferation of progenitor cells.
GATA2 is also a critical regulator for the maintenance and
expansion of hematopoietic stem cells and is essential for definitive
hematopoiesis.50,51 GATA2 is stimulated by CBP,52 a Cited2
interacting protein that integrates hematopoietic transcription.
GATA2 expression is significantly decreased in hematopoietic
progenitor cells in Cited2-deficient fetal liver and thus might
contribute to the impaired function of Cited2-deficient HSCs.

Apoptosis is one of the mechanisms that regulates the size of the
hematopoietic stem cell pool.53 The Bcl-2 family members are
critical regulators of apoptosis. Mcl-1 is one of the antiapoptotic
members of the Bcl-2 family. Inducible deletion of Mcl-1 results in
ablation of bone marrow leading to the early loss of bone marrow
hematopoietic progenitors including HSCs. Mcl-1 is regulated by
growth factors54,55 to augment the survival of early hematopoietic
progenitors and HSCs.38 In our study, decreased expression of
Mcl-1 is associated with decreased number of hematopoietic
progenitors and reduced size of the hematopoietic stem cell pool in
Cited2-deficient fetal liver, which may explain the compromised
survival of Cited2�/� fetal liver HSCs.

A potential role of Cited2 as a molecule with stem cell–specific
activity has been predicted by a study comparing gene expression
profile of murine long-term reconstituting versus short-term recon-
stituting hematopoietic stem cells.17 Cited2 is ubiquitously ex-
pressed, and its expression has been detected in the hematopoietic
and nonhematopoietic lineages in the fetal liver. We have shown by
the limiting dilution/CRU assay that Cited2 plays a cell-
autonomous role in fetal liver hematopoiesis; however, our study
cannot rule out the possible extrinsic effect of Cited2 on HSC
functions. Additional studies will be required to explore the
possible involvement of Cited2 in the microenvironment to affect
fetal liver hematopoiesis.

The ability of pluripotent hematopoietic stem cells to self-
renew, proliferate, and differentiate into mature blood cells is
coordinated by a complex series of transcriptional events. So far,
numerous transcriptional factors have been identified to be impor-
tant for hematopoiesis at different stages and lineages. However,
the proper onset and development of hematopoiesis are not
achieved by a single transcription factor. Unique combinations of
cell type–specific and ubiquitously expressed nuclear factors
account for the specificity and diversity in gene expression profiles
and the resulting biologic outcomes in hematopoiesis. As a
transcriptional modulator, Cited2 might be recruited by complexes
of transcriptional factors and is very likely to play important roles
in stem and/or progenitor cell function in an integrative manner.
Because the majority of Cited2 molecules bind directly with high
affinity to the first cysteine-histidine–rich (CH1) region of CBP and
p300,6,39 which play different roles in hematopoietic self-renewal
and differentiation,16 it is possible that some of Cited2’s functions
in hematopoiesis are partially mediated by CBP and p300. It is also
not surprising that Cited2 deficiency has a broad impact in
hematopoiesis. It is reasonable to hypothesize that CBP and p300
may exert their differential effects in HSC self-renewal and
differentiation through the recruitment of certain chromatin remod-
eling proteins allowing the regulation of expression of stage- and
lineage-specific target genes. In this regard, the observation that
Cited2 controls the expression of Bmi-1, a polycomb-group
chromatin remodeling gene indispensable for self-renewal or
normal and leukemic stem cells, may also in part explain some of
the phenotypes in Cited2�/� fetal liver.

Our study is the first demonstration uncovering a novel role of
Cited2 in hematopoietic maintenance and HSC function during
development. As a transcriptional modulator, Cited2 is involved in
a variety of signaling pathways. The crosstalk and synergistic
effects among these signaling pathways may complicate the
interpretation of the hematopoietic phenotypes observed in
Cited2�/� fetal liver. A detailed connection of Cited2 with possible
regulatory mechanisms could be further explored by overexpres-
sion of genes identified from the current study in Cited2�/�

hematopoietic stem/progenitor cells or generating conditional
knockouts of Cited2 at specific hematopoietic lineages at specific
developmental stages. Nevertheless, our current study reveals a
novel function of Cited2 in hematopoiesis and thus provides a new
insight into the molecular regulation of hematopoietic development.

Acknowledgments

This work was supported by National Institutes of Health grants
R01HL075436–02 and R01HL076919–07 (Y.-C.Y.), and
R01HL073738 and R01DK059380 (K.D.B).

2896 CHEN et al BLOOD, 15 OCTOBER 2007 � VOLUME 110, NUMBER 8

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/110/8/2889/1294722/zh802007002889.pdf by guest on 08 June 2024



We thank Dr Lili Liu, Dr Youngji Park, Dr Zhengqi Wang,
Eleonora Haviernikova, Tami Stefan, Alex Rodriguez, and mem-
bers of Dr Yang’s laboratory for technical support.

Authorship

Contribution: Y.C. designed and performed the experiments, ana-
lyzed the data, and wrote the paper; P.H. performed the experi-

ments and analyzed the data; K.D.B. designed the experiments,
analyzed the data, and helped write the paper; Y.-C.Y. designed the
experiments, analyzed the data, and wrote the paper.

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

Correspondence: Yu-Chung Yang, Department of Pharmacol-
ogy and Cancer Center, Case Western Reserve University School
of Medicine, 10900 Euclid Ave, W319, Cleveland, OH 44106;
e-mail: yu-chung.yang@case.edu.

References

1. Johnson GR, Moore MAS. Role of stem cell mi-
gration in initiation of mouse foetal liver haemo-
poiesis. Nature. 1975;258:726-728.

2. Sun HB, Zhu YX, Yin T, Sledge G, Yang YC.
MRG1, the product of a melanocyte-specific gene
related gene, is a cytokine-inducible transcription
factor with transformation activity. Proc Natl Acad
Sci U S A. 1998;95:13555-13560.

3. Shioda T, Fenner MH, Isselbacher KJ. MSG1
and its related protein MRG1 share a transcrip-
tion activating domain. Gene. 1997;19:204:235-
241.

4. Leung MK, Jones T, Michels CL, Livingston DM,
Bhattacharya S. Molecular cloning and chromo-
somal localization of the human CITED2 gene
encoding p35srj/Mrg1. Genomics. 1999;61:307-
313.

5. Dunwoodie SL, Rodriguez TA, Beddington RS.
Msg1 and Mrg1, founding members of a gene
family, show distinct patterns of gene expression
during mouse embryogenesis. Mech Dev. 1998;
72:27-40.

6. Braganca J, Eloranta JJ, Bamforth SD, et al.
Physical and functional interactions among AP-2
transcription factors, p300/CREB-binding protein,
and CITED2. J Biol Chem. 2003;278:16021-
16029.

7. Barbera JP, Rodriguez TA, Greene ND, et al. Fo-
lic acid prevents exencephaly in Cited2 deficient
mice. Hum Mol Genet. 2002;11:283-293.

8. Yin Z, Haynie J, Yang X, et al. The essential
role of Cited2, a negative regulator for HIF-1al-
pha, in heart development and neurulation.
Proc Natl Acad Sci U S A. 2002;99:10488-
10493.

9. Weninger WJ, Floro KL, Bennett MB, et al.
Cited2 is required both for heart morphogen-
esis and establishment of the left-right axis in
mouse development. Development. 2005;132:
1337-1348.

10. Bamforth SD, Braganca J, Eloranta JJ, et al. Car-
diac malformations, adrenal agenesis, neural
crest defects and exencephaly in mice lacking
Cited2, a new Tfap2 co-activator. Nat Genet.
2001;29:469-474.

11. Bamforth SD, Braganca J, Farthing CR, et al.
Cited2 controls left-right patterning and heart de-
velopment through a Nodal-Pitx2c pathway. Nat
Genet. 2004;36:1189-1196.

12. Withington SL, Scott AN, Saunders DN, et al.
Loss of Cited2 affects trophoblast formation and
vascularization of the mouse placenta. Dev Biol.
2006;294:67-82.

13. Xu B, Doughman Y, Turakhia M, et al. Partial res-
cue of defects in Cited2-deficient embryos by
HIF-1alpha heterozygosity. Dev Biol. 2007;301:
130-140.

14. Park Ik Qian D, Kiel M, et al. Bmi-1 is required
for maintenance of adult self-renewing haema-
topoietic stem cells. Nature. 2003;423:302-305.

15. Kranc KR, Bamforth SD, Braganca J, et al.
Transcriptional coactivator Cited2 induces

Bmi1 and Mel18 and controls fibroblast prolif-
eration via Ink4a/ARF. Mol Cell Biol. 2003;23:
7658-7666.

16. Rebel VI, Kung AL, Tanner EA, et al. Distinct roles
for CREB-binding protein and p300 in hematopoi-
etic stem cell self-renewal. Proc Natl Acad Sci U
S A. 2002;99:14789-14794.

17. Zhong JF, Zhao Y, Sutton S, et al. Gene expres-
sion profile of murine long-term reconstituting vs.
short-term reconstituting hematopoietic stem
cells. Proc Natl Acad Sci U S A. 2005;102:2448-
2453.

18. Schlange T, Andree B, Arnold H, Brand T. Ex-
pression analysis of the chicken homologue of
CITED2 during early stages of embryonic de-
velopment. Mech Dev. 2000;98:157-160.

19. Fehling HJ, Lacaud G, Kubo A, et al. Tracking
mesoderm induction and its specification to the
hemangioblast during embryonic stem cell dif-
ferentiation. Development. 2003;130:4217-
4227.

20. Mikkola HKA, Orkin SH. The journey of develop-
ing hematopoietic stem cells. Development.
2006;133:3733-3744.

21. Szilvassy SJ, Humphries RK, Lansdorp PM,
Eaves AC, Eaves CJ. Quantitative assay for
totipotent reconstituting hematopoietic stem
cells by a competitive repopulation strategy.
Proc Natl Acad Sci U S A. 1990;87:8736-8740.

22. Springer T, Galfre G, Secher DS, Milstein C.
Monoclonal xenogeneic antibodies to murine cell
surface antigens: identification of novel leukocyte
differentiation antigens. Eur J Immunol. 1978;8:
539-551.

23. Ogawa M, Matsuzaki Y, Nishikawa S, et al. Ex-
pression and function of c-kit in hemopoietic pro-
genitor cells. J Exp Med. 1991;174:63-71.

24. Zimmer M, Medcalf RL, Fink TM, et al. Three
human elastase-like genes coordinately ex-
pressed in the myelomonocyte lineage are or-
ganized as a single genetic lucus on 19pter.
Proc Natl Acad Sci U S A. 1992;89:8215-8219.

25. Fouret P, du Bois RM, Bernaudin JF, et al. Ex-
pression of the neutrophil elastase gene during
human bone marrow cell differentiation. J Exp
Med. 1989;169:833-845.

26. Niini T, Vettenranta K, Hollmen J, et al. Expres-
sion of myeloid-specific genes in childhood acute
lymphoblastic leukemia: a cDNA array study. Leu-
kemia. 2002;16:2213-2221.

27. Hu M, Krause D, Greaves M, et al. Multilineage
gene expression precedes commitment in the
hemopoietic system. Genes Dev. 1997;11:774-
785.

28. Zhang P, Nelson E, Radomska HS, et al. Induc-
tion of granulocytic differentiation by 2 pathways.
Blood. 2002;99:4406-4412.

29. Nuchprayoon I, Meyers S, Scott LM, et al.
PEBP2/CBF, the murine homolog of the human
myeloid AML1 and PEBP2 beta/CBF beta
proto-oncoproteins, regulates the murine my-
eloperoxidase and neutrophil elastase genes in

immature myeloid cells. Mol Cell Biol. 1994;14:
5558-5568.

30. Strobl H, Takimoto M, Majdic O, et al. Myeloper-
oxidase expression in CD34� normal human he-
matopoietic cells. Blood. 1993;82:2069-2078.

31. Hanson RD, Connolly NL, Burnett D, et al. Devel-
opmental regulation of the human cathepsin G
gene in myelomonocytic cells. J Biol Chem. 1990;
265:1524-1530.

32. Hase-Yamazaki T, Aoki Y. Stimulation of human
lymphocytes by cathepsin G. Cell Immunol. 1995;
160:24-32.

33. Iwasaki H, Mizuno S, Mayfield R, et al. Identifica-
tion of eosinophil lineage-committed progenitors
in the murine bone marrow. J Exp Med. 2005;20:
201:1891-1897.

34. Willert K, Brown JD, Danenberg E, et al. Wnt
proteins are lipid-modified and can act as stem
cell growth factors. Nature. 2003;423:448-452.

35. Reya T, O’Riordan M, Okamura R, et al. Wnt sig-
naling regulates B lymphocyte proliferation
through a LEF-1 dependent mechanism. Immu-
nity. 2000;13:15-24.

36. Reya T, Duncan AW, Ailles L, et al. A role for Wnt
signalling in self-renewal of haematopoietic stem
cells. Nature. 2003;423:409-414.

37. Varnum-Finney B, Xu L, Brashem-Stein C, et
al. Pluripotent, cytokine-dependent, hematopoi-
etic stem cells are immortalized by constitutive
Notch1 signaling. Nat Med. 2000;6:1278-1281.

38. Opferman JT, Iwasaki H, Ong CC, et al. Obligate
role of anti-apoptotic MCL-1 in the survival of he-
matopoietic stem cells. Science. 2005;307:1101-
1104.

39. Bhattacharya S, Michels CL, Leung MK, et al.
Functional role of p35srj, a novel p300/CBP bind-
ing protein, during transactivation by HIF-1.
Genes Dev. 1999;13:64-75.

40. Freedman SJ, Sun ZY, Kung AL, et al. Structural
basis for negative regulation of hypoxia-inducible
factor-1alpha by CITED2. Nat Struct Biol. 2003;
10:504-512.

41. Adelman DM, Maltepe E, Simon MC. Multilineage
embryonic hematopoiesis requires hypoxic ARNT
activity. Genes Dev. 1999;13:2478-2483.

42. Gustafsson MV, Zheng X, Pereira T, et al. Hyp-
oxia requires notch signaling to maintain the un-
differentiated cell state. Dev Cell. 2005;9:617-
628.

43. Duncan AW, Rattis FM, DiMascio LN, et al. Inte-
gration of Notch and Wnt signaling in hematopoi-
etic stem cell maintenance. Nat Immunol. 2005;6:
314-322.

44. Stier S, Cheng T, Dombkowski D, Carlesso N,
Scadden DT. Notch1 activation increases hema-
topoietic stem cell self-renewal in vivo and favors
lymphoid over myeloid lineage outcome. Blood.
2002;99:2369-2378.

45. Kumano K, Chiba S, Kunisato A, et al. Notch1 but
not Notch2 is essential for generating hematopoi-
etic stem cells from endothelial cells. Immunity.
2003;18:699-711.

ROLE OF Cited2 IN FETAL LIVER HEMATOPOIESIS 2897BLOOD, 15 OCTOBER 2007 � VOLUME 110, NUMBER 8

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/110/8/2889/1294722/zh802007002889.pdf by guest on 08 June 2024



46. Hadland BK, Huppert SS, Kanungo J, et al. A re-
quirement for Notch1 distinguishes 2 phases of
definitive hematopoiesis during development.
Blood. 2004;104:3097-3105.

47. Chou YT, Wang H, Chen Y, Danielpour D, Yang
YC. Cited2 modulates TGF-�-mediated upregu-
lation of MMP9. Oncogene. 2006;25:5547-
5560.

48. Larsson J, Karlsson S. The role of Smad signal-
ing in hematopoiesis. Oncogene. 2005;24:5676-
5692.

49. Austin TW, Solar GP, Ziegler FC, Liem L, Mat-
thews W. A role for the Wnt gene family in he-

matopoiesis: expansion of multilineage pro-
genitor cells. Blood. 1997;89:3624-3635.

50. Tsai FY, Orkin SH. Transcription factor GATA-2
is required for proliferation/survival of early he-
matopoietic cells and mast cell formation, but
not for erythroid and myeloid terminal differen-
tiation. Blood. 1997;89:3636-3643.

51. Tsai FY, Keller G, Kuo FC, et al. An early
haematopoietic defect in mice lacking the tran-
scription factor GATA-2. Nature. 1994;371:221-
226.

52. Blobel GA. CREB-binding protein and p300: mo-
lecular integrators of hematopoietic transcription.
Blood. 2000;95:745-755.

53. Kondo M, Wagers AJ, Manz MG, et al. Biology of
hematopoietic stem cells and progenitors: impli-
cations for clinical application. Annu Rev Immu-
nol. 2003;21:759-806.

54. Opferman JT, Letai A, Beard C, et al. Develop-
ment and maintenance of B and T lymphocytes
requires antiapoptotic MCL-1. Nature. 2003;426:
671-676.

55. Huang HM, Huang CJ, Yen JJ-Y. Mcl-1 is a
common target of stem cell factor and interleu-
kin-5 for apoptosis prevention activity via MEK/
MAPK and PI-3K/Akt pathways. Blood. 2000;
96:1764-1771.

2898 CHEN et al BLOOD, 15 OCTOBER 2007 � VOLUME 110, NUMBER 8

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/110/8/2889/1294722/zh802007002889.pdf by guest on 08 June 2024


