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Cdx genes (Cdx1, Cdx2, and Cdx4) encode a family of caudal-related
transcription factors that mediate anterior—posterior patterning dur-
ing embryogenesis through Hox gene regulation. Homologues in the
zebrafish have been shown to play key roles in blood formation. To
define the role of Cdx genes during embryonic hematopoiesis in a
mammalian system, we examined the hematopoietic potential of
Cdx-deficient mouse embryonic stem cells (ESCs) in vitro and in vivo.
Individual Cdx-deficient ESCs exhibited impaired embryonic hemato-
poietic progenitor formation and altered Hox gene expression, most
notably for Cdx2 deficiency. A more severe hematopoietic defect was
observed with compound Cdx deficiency than loss of function of any
single Cdx gene. Reduced hematopoietic progenitor formation of
ESCs deficient in multiple Cdx genes could be rescued by ectopic
expression of Cdx4, concomitant with partially restored Hox gene
expression. These results reveal an essential and partially redundant
role for multiple Cdx genes during embryonic hematopoiesis in the
mouse.

Hox genes | embryonic stem cell | A-P patterning | development |
embryoid body

ematopoietic development occurs sequentially at distinct sites

during vertebrate embryogenesis. In mice, the first wave of
primitive yolk sac (YS) hematopoiesis occurs before 7.5 days
postcoitum (dpc), followed by a second wave of definitive hema-
topoiesis in the aorta—gonad-mesonephros (AGM) region, which
then relocates to fetal liver before birth (1). The underlying
molecular pathways involved in the initiation and maintenance of
hematopoiesis at different stages during embryogenesis are poorly
understood.

Over the past several years, accumulating evidence suggests that
the master regulators of Hox genes, Cdx family members, are
involved in the proliferation and differentiation of hematopoietic
cells. Cdx genes are caudal-related transcription factors that medi-
ate anterior—posterior patterning through Hox gene regulation
(2-5). Three Cdx genes (Cdx1, Cdx2, and Cdx4) have been identified
so far in mammals. A potential role for Cdx genes in embryonic
hematopoiesis initially came from studies in zebrafish. Cdx4 mutant
zebrafish have severe blood defects and altered ox gene expression
during embryogenesis. CdxI functions redundantly with cdx4 to
promote hematopoiesis in zebrafish (6, 7). In mouse, ectopic
expression of Cdx4 enhances hematopoietic mesoderm formation
and further promotes blood progenitor specification and hemato-
poietic engraftment in adult mice from murine embryonic stem
cells (ESCs) (8). In addition, Cdx4 overexpression rescues defective
blood progenitor formation in mouse ESCs deficient in the MIl, a
Hox regulator involved in definitive hematopoiesis (9). During adult
hematopoiesis, overexpression of human CDX2 or murine Cdx4
alone results in acute myeloid leukemia in mice (10, 11). Interest-
ingly, despite all of the evidence suggesting an essential role for Cdx
genes in hematopoietic development, no significant defects in
hematopoiesis have been observed in Cdx single or compound
deficient mice (2-5). This led us to hypothesize that Cdx genes may
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have overlapping or redundant functions during hematopoiesis, and
that defects during embryonic stages of hematopoietic develop-
ment may ultimately be masked by compensatory mechanisms in
the adult.

Long-term culture of pluripotent ESCs has been established
from a variety of mammalian species, including human and mouse.
When induced to differentiate in vitro, ESCs form cystic embryonic
bodies (EB) in which hematopoietic cells develop. Collective find-
ings strongly suggest that the ESC/EB in vitro differentiation system
recapitulates early hematopoiesis observed in vivo during embry-
onic development (1). As such, the ESC/EB system provides a
powerful and convenient in vitro model to explore the molecular
pathways that specify hematopoietic commitment, which otherwise
would be difficult to examine in embryos.

In this study, using Cdx-deficient ESCs and murine models, we
demonstrate a requirement for the Cdx-Hox gene pathway during
primitive embryonic hematopoiesis. Deletion of any single Cdx
gene led to impaired embryonic hematopoietic progenitor forma-
tion with disturbed Hox expression profiles. In particular, the Cdx2
null state caused the most dramatic hematopoietic deficiency in a
cell autonomous manner. In addition, ectopic expression of Cdx4
rescued decreased blood progenitor formation caused by com-
pound Cdx deficiency and partially restored Hox gene expression
patterns. Furthermore, HoxB4 transgene activation partially com-
pensated for the impaired hematopoietic defects of Cdx2 defi-
ciency. These results reveal an essential role for the Cdx-Hox
pathway during early primitive hematopoiesis in mammals and
support our hypothesis that Cdx genes function redundantly in
hematopoietic progenitor specification during embryogenesis.

Results

Cdx4 Deficiency Causes Modest Defects in Embryonic Hematopoiesis.
To investigate the physiological function of Cdx4 during embryonic
hematopoiesis in mammals, we created Cdx4-deficient ESC lines
and mice by replacing the first exon of Cdx4 on the X-chromosome
with a cDNA encoding GFP [supporting information (SI) Fig. S1
A-D].

We first evaluated the ability of Cdx4-deficient (Cdx4°FF») ESCs
to undergo hematopoietic differentiation in vitro. As shown in Fig.
14, Cdx4°FPy ESCs demonstrated a modest reduction in number of
blood progenitors, primarily in erythroid and mixed progenitor
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Fig. 1. Cdx4 deficiency leads to reduced hematopoietic progenitor forma-
tion and altered Hox gene expression profiles. (A) Hematopoietic progenitor
and (B) OP9 colony formation of day 6 EB-derived cells. Day 6 EB cells from
Cdx4*" or Cdx4SFPlY ESCs were plated into M3434 methylcult (A) or onto OP9
stromal cells (B), and colony number was assessed. CFU, colony forming unit;
Ery-P, primitive erythroid; Ery-D, definitive erythroid; GEMM, multilineage
progenitor of granulocyte, erythroid, macrophage, megakaryocyte; GM, mul-
tilineage progenitor of granulocyte and macrophage. (C) Hematopoietic
colony formation of YS at 8.5 dpc from either Cdx4-deficient (Cdx4SFP/GFP and
Cdx4GFPly: KO) embryos or their WT littermates (Cdx4*/* or Cdx4*/¥: WT). Data
represent an average of five litters from two independent experiments. (D)
Relative expression levels of Cdx4 in CD41* or whole day 6 EBs, measured by
real-time RT-PCR. (E) Expression levels of Hox genes in CD41" or whole day 6
EBs, assessed by real-time RT-PCR. (A and B, D and E) Data represent averaged
fold changes relative to WT control from replicates in two to three indepen-
dent experiments. Each data point denotes six biological replicates. *, Pvalue
<0.01; **, Pvalue >0.05. For all experiments, error bars represent = 1 SD.

colonies, when assayed for hematopoietic progenitor colony for-
mation. In addition, day 6 Cdx4¢""y EB-derived cells showed
decreased hematopoietic expansion on OP9 stroma (Fig. 1B), a
coculture system that allows the expansion of multipotential he-
matopoietic progenitors (12). The reduced hematopoietic progen-
itor formation in vitro caused by loss of function of Cdx4 was further
confirmed by analyzing hematopoietic tissues in Cdx4-deficient
mice (Cdx4“FPY and Cdx4CFP/GFP), 1n this study, YS-derived prim-
itive erythroid colony formation was reduced in Cdx4-deficient
embryos from 7.5 to 9 dpc compared with their WT littermates
(Fig. 1C, Fig. S1F). Taken together, these data suggest that prim-
itive hematopoiesis is impaired, although modestly, upon Cdx4
deficiency.

Because Cdx4 is a master regulator of Hox genes, and altered hox
gene expression patterns due to cdx4 deficiency is associated with
blood formation defects in zebrafish (6), we next measured Hox
gene expression levels by real-time RT-PCR from either CD41" or
whole day 6 EBs derived from Cdx4¢FF¥ or Cdx4™ ESCs. CD41+
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Fig.2. Cdx7 deficiency causes reduced hematopoietic progenitor formation
and altered Hox gene expression profiles from ESCs. (A) Hematopoietic colony
formation of day 6 EB cells from either WT or two Cdx7~/~ ESC lines (KO20 and
KO25). Data represent averaged fold changes (=1 SD) in CFU relative to WT
control from triplicates in two independent experiments. (B) Expression levels
of Hox genes in day 6 CD41* Cdx7~/~ EBs, measured by real-time RT-PCR
analysis and presented as Cdx1~/~ relative to Cdx1*/* (WT). Data represent the
averaged fold changes (=1 SD) from triplicates in two independent experi-
ments. *, P value <0.01; **, Pvalue >0.01.

cells are enriched with early hematopoietic progenitors (9, 13), and
expression of Cdx4 was higher in CD41-sorted cells than whole day
6 EBs (Fig. 1D). Although Hox gene levels were not profoundly
altered in whole EBs, the expression of posterior A cluster genes
was notably reduced in Cdx4S**% CD41" cells (Fig. 1E). Taken
together, these data suggest that Cdx4 affects Hox gene expression
patterns specifically in CD41* hematopoietic cells, which in turn
affect hematopoietic colony forming potential and/or proliferation.

Cdx1 Deficiency Reduces Hematopoietic Formation from ESCs. CdxI-
deficient (CdxI~/'~) mice were established (4). Analysis of the early
YS hematopoiesis at 7.5-9.5 dpc or adult hematopoiesis from
Cdx1~'~ mice did not reveal any obvious blood defects compared
with Cdx1™'* controls (Fig. S2).

To investigate whether subtle defects in hematopoietic specifi-
cation could be detected with the ESC/EB in vitro system, we
generated Cdxl~/~ and CdxI™* ESC lines from these mice (Fig.
S2A). The growth and appearance of Cdx! '~ EBs were indistin-
guishable from WT controls (data not shown). However, hemato-
poietic progenitor formation from day 6 CdxI~'~ EB cells was
notably reduced compared with CdxI™'*, as measured by progen-
itor colony-forming assay (Fig. 24). These results indicate that Cdx!
may play a role in early hematopoiesis, but compensatory mecha-
nisms in vivo may mask subtle phenotypes caused by Cdx! defi-
ciency. The expression of several posterior Hox A cluster genes was
down-regulated in both CD41" hematopoietic cells and whole day
6 EBs from Cdx!~'/~ ESCs (Fig. 2B, Fig. S2C). These findings
correlate altered Hox expression patterns with decreased blood
formation in Cdx]~'~ ESCs.

Cdx2 Deficiency Results in Severe Blood Defects During Embryonic
Hematopoiesis. Cdx2 null embryos die between 3.5 and 5.5 dpc
because of defects in trophectoderm differentiation (2, 14). Anal-
ysis of in vitro differentiation of Cdx2-deficient ESCs (3) provides
an opportunity to survey potentially later stages of embryonic
development in hematopoiesis.

As shown in Fig. 34, the number of multipotential blood pro-
genitor colonies was reduced in Cdx2~/~ day 6 EBs, suggesting that
hematopoietic development was impaired in the absence of Cdx2
activity. We next explored hematopoietic differentiation in Cdx2 =/~
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one representative experiment and reproduced from two independent experiments. (D) Relative expression level of Cdx2 in CD41" or whole day 6 EBs, measured
by real-time RT-PCR. (A, B, and D) Data are averaged fold changes (+1 SD) relative to WT control from replicates in two or three independent experiments. Each
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Cdx2*/* ESCs. Donor blastocysts are lacZ*. The percentage of lacZ~ (ESC-contributed)/total CFU was measured. Data represent average = 1 SD. * Pvalues <0.001.

EBs by conducting flow cytometry analysis on surface antigens that
are enriched for hematopoietic precursors. Flk1 is a marker for
multipotential mesodermal progenitors, which develop into hema-
topoietic and endothelial lineages (15). As for CD41, c-kit* cells are
also enriched for early hematopoietic precursors, and the majority
of EB-derived hematopoietic progenitors are CD41"/c-kit* (9, 13).
CD45 is a panhematopoietic marker. As shown in Fig. 3B, the
overall hematopoietic compartment was reduced in Cdx2~/~ day 6
EBs, as reflected by surface antigen analysis. Notably, the fre-
quency of CD41%, c-kit*, or CD41%/c-kit* cells showed only a
moderate decrease, in contrast with more significant reductions in
CD45* from Cdx2~'~ EBs, suggesting that Cdx2 may largely affect
the differentiation or proliferation of hematopoietic progenitors.
Taken together, these data support an essential role for Cdx2 in
early embryonic hematopoiesis.

To examine whether the requirement of Cdx2 for hematopoiesis
was cell autonomous, we conducted an in vitro chimera study. In this
analysis, Cdx2™/* or Cdx2~/~ ESCs were mixed with WT GFP*
ESCs at different ratios, and the hematopoietic potential of these
mixed populations was measured. Because GFP was not well
expressed in erythroid colonies, only mixed progenitor colonies
were counted. As shown in Fig. 3C, Cdx2~/~ ESCs generated a
reduced number of blood progenitors, indicating that the blood
defects could not be rescued by mixing with normal GFP* ESCs.
These results suggest an intrinsic requirement for Cdx2 in hema-
topoiesis. Consistent with this finding, higher Cdx2 expression was
observed in the CD41" hematopoietic fraction compared with
whole day 6 EBs (Fig. 3D).

We further investigated whether Cdx2 was required for embry-
onic hematopoiesis in mice by an in vivo chimera study. Cdx2~/~ or
Cdx2*'* ESCs were injected into normal lacZ™ blastocysts. The
overall contribution of ESCs was then determined by X-Gal
staining. Because a high contribution of Cdx2~/~ ESCs resulted in
embryonic lethality, we limited our analysis to embryos with overall
contribution of 40-60% of Cdx2~/~ or Cdx2*/* ESCs. In this case,
the appearance of YS was indistinguishable in chimeras with
Cdx2~'~ ESCs compared to WT control. The hematopoietic ac-
tivity of YS at 8.5 and 9 dpc was measured, and the ratio of lacZ~
(Cdx2~'~) progenitor colonies was determined. Consistent with our
in vitro results, the percentage of lacZ~ hematopoietic colonies was
reduced in chimeric mice, indicating a reduced contribution of
Cdx2~'~ ESCs to YS-derived blood progenitors (Fig. 3E, Fig. S3C).
In summary, our results demonstrate an intrinsic requirement for
Cdx2 during primitive embryonic hematopoiesis in vitro and in vivo.
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Expression Analysis Implicates the Involvement of Cdx2 in Embryonic
Hematopoiesis. The biological functions of Cdx2 during later em-
bryonic development have not been understood completely be-
cause of the early lethality of Cdx2 null embryos. To identify the
target genes of Cdx2 during embryogenesis and to explore the
molecular mechanism of reduced hematopoiesis caused by Cdx2
deficiency, we performed a genome-wide microarray expression
analysis on total RNA isolated from Cdx2~/~ or Cdx2*'* day 6 EBs.

Using a 2-fold expression difference from WT control as a
threshold, ingenuity pathway analysis (IPA) revealed >10 altered
biological functions upon Cdx2 deficiency. Among them, “cell
growth and proliferation” and “hematopoietic development”
scored as the most significant annotated function groups (Fig. 44).
As expected, the expression of Hox genes was significantly altered,
and most of them displayed dramatic down-regulation upon Cdx2
deficiency (Fig. 4B, Table 1). This observation was consistent with
the role of Cdx2 as a Hox gene regulator. In addition, the expression
of several hematopoiesis-specific genes was decreased 2- to 20-fold,
including Scl, Gatal, Runx1, and B-H1 globin (Fig. 4B). Notably, Scl,
Gatal, and B-HI are markers for primitive hematopoietic devel-
opment (16). Dramatic decrease in their expression because of
Cdx2 deficiency thus supports our previous results that Cdx2 is
required for primitive hematopoiesis. Interestingly, the expression
of several components of canonical signal transduction pathways
was altered in Cdx2~/~ EBs (Table 1, Fig. S3 F and G). Several of
these pathways, such as the Jak/Stat and sonic hedgehog pathways,
have been implicated in hematopoietic development through pro-
tein network interactions (17-19), suggesting that Cdx2 deficiency
may impair embryonic hematopoiesis indirectly through broad
signal transduction networks. Taken together, our genome-wide
expression analysis reveals that Cdx2 deficiency perturbs expression
profiles of Hox genes and genes involved in signal transduction and
hematopoiesis, thus indicating a role for Cdx2 during hematopoietic
development.

Functional Redundancy Among Cdx Genes During Embryonic Hema-
topoiesis. Although impaired hematopoietic progenitor activity was
observed upon single Cdx gene deficiency, Cdx mutants are not
totally bloodless, and Cdx! or Cdx4 null mutations caused only
modest defects in blood formation. Given the functional redun-
dancy known to exist among Cdx family members during vertebral
patterning and axis elongation (20), it is likely they also function
redundantly during embryonic hematopoiesis. To examine this
hypothesis, we investigated the effect of compound Cdx deficiency

Wang et al.
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using RNA interference technology to knock down Cdx! or Cdx2
in the Cdx4 null background.

The combination of cdx4 and cdxl deficiency in zebrafish leads
to a completely bloodless embryo (6, 7). However, simultaneous
reduction of Cdx! and Cdx4 expression by Cdx! knockdown in the
Cdx4*? or Cdx4“FPl ESCs decreased only the formation of ery-
throid progenitors more significantly than single Cdx! knockdown
or Cdx4 knockout (Fig. S4), demonstrating functional differences of
Cdx genes in mammals from zebrafish. We thus examined the effect
of compound Cdx deficiency including Cdx2 reduction by knocking
down Cdx2 alone or both Cdx! and Cdx2 in the Cdx4+? or Cdx4“FFY
ESCs (KO3). Consistent with our results on Cdx2~/~ ESCs, Cdx2
knockdown resulted in significantly reduced blood progenitor for-
mation (Fig. 54, Fig. S4). In addition, the combination of Cdx4
knockout with Cdx! and Cdx2 knockdown almost abolished blood
formation from day 6 EBs (Fig. 54, Fig. S4). Taken together, these
results support an essential role of Cdx2 in murine hematopoiesis
and suggest that the dosage of Cdx genes is an important permissive
factor in hematopoietic specification.

Because our Cdv4©FF ESC line KO3 was derived from a
tetracycline-inducible Cdx4 ESC line, ectopic Cdx4 expression
could be induced upon doxycycline (dox) treatment, even though its
endogenous Cdx4 locus had been disrupted by GFP cDNA inser-
tion (SI Text). Therefore, this cell line was used to investigate
whether activation of a Cdx4 transgene could rescue the blood
defects caused by Cdx gene deficiency. Interestingly, ectopic Cdx4
expression not only rescued the blood forming defects caused by
loss of function of Cdx4 but also compensated for the reduced blood
formation because of Cdx2 or compound Cdx gene deficiency (Fig.
5A, Fig. S4). Thus, these results support our hypothesis that Cdx

Table 1. Gene expression changes in Cdx2 null EBs in
microarray analysis

Gene class Up-regulated Down-regulated

A7,9-11, 13, B2-5, 7-9, C6, 8, 10,
D1, 3,4,8-11.13
Scl, GATAT, Runx1, Vavi, pu.1,
B-H1, B-major, Fcrh3, Ddx3y, Tox,
Tgtp, Gimap3, ifi204
Jak3, Stat1-3, Stat5a, 5b, Stat6,
Gpri123, FGFR1

Hox genes B1

Hematopoiesis

Cell signaling Socs2, Edil3, Gbp1, Shh, Fzd2,

Cacnald, Ppp2r2b, PDGFD

Wang et al.

Scl GATA1 Runx1 B-H1
Hematopoietic development

analysis by real-time RT-PCR in day 6 EBs from Cdx2-
deficient ESCs. Data represent fold changes (+1SD) in
Cdx '~ EBs, relative to WT control. All results were
reproduced from two independent experiments.

family members function redundantly during embryonic
hematopoiesis.

Because the Hox genes are good candidates for mediating the
effects of the Cdx genes in hematopoiesis, we further examined
whether Hox gene expression levels could be restored in Cdx-
deficient cells by activation of a Cdx4 transgene. As shown in Fig.
5B, the expression level of most Hox genes was indeed restored to
normal, with some posterior Hox genes being up-regulated signif-
icantly by ectopic Cdx4 expression (e.g., HoxA7, -A9, -BS, -B9).
Compared to a luciferase (Luc) shRNA control, the expression
levels of HoxBI and HoxB3 appeared to be higher in the Cdx-
deficient cells (Fig. 5B). Because Cdx genes typically do not
influence the expression of the most anterior Hox genes, we suspect
the effects are most likely due to inappropriate expression level or
timing of the dox-driven Cdx4 transgene.

Finally, to determine whether Hox genes act downstream of Cdx
family members in hematopoiesis, we examined whether ectopic
HoxB4 expression could rescue the impaired hematopoietic com-
mitment caused by Cdx2 deficiency. We chose HoxB4 in this
analysis, because its expression was significantly reduced in Cdx2
null cells. In addition, it has been shown that Cdx4 activates HoxB4
in hematopoietic progenitors, and HoxB4 promotes hematopoietic
specification from ESCs (8, 21). We thus introduced a shRNA
construct against Cdx2 into inducible HoxB4 ESCs (21) and eval-
uated hematopoietic progenitor formation after dox induction of
HoxB4 expression. We observed that overexpression of the HoxB4
transgene indeed rescued the impaired blood progenitor formation
due to Cdx2 deficiency, suggesting HoxB4 is downstream of Cdx2
(Fig. 5C). Taken together, these data suggest that proper Hox gene
expression patterns, as regulated by Cdx genes, contribute to
embryonic hematopoietic specification in mammals.

Discussion

Although the functional requirement for cdx4 and cdxl during
hematopoiesis has been demonstrated in zebrafish, the roles of Cdx
genes during hematopoietic commitment are poorly understood in
mammals. In this study, using the ESC/EB in vitro differentiation
system and mouse models, we demonstrate that deficiency of Cdx
genes perturbs hematopoiesis to variable extents, with Cdx2 defi-
ciency most substantially compromising primitive embryonic he-
matopoiesis. These data establish the functional conservation of the
role of Cdx genes in hematopoietic development between fish and
mammals, but that a combination of Cdx gene deficiencies is
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Fig.5. Functional redundancy among Cdx family members. (A) Hematopoietic
colony formation upon gene knockdown of Cdx2 alone or Cdx7 and Cdx2 in
Cdx4 ™y or Cdx4CFPly (KO3) ESCs. (Upper) Expression of Cdx1 and Cdx2 was ana-
lyzed by real-time RT-PCR on day 4 EBs upon gene knockdown of Cdx7 (X1) and/or
Cdx2 (X2) compared with control shRNA against Luc. (Lower) Hematopoietic
colony formation from day 6 EBs upon gene knockdown of Cdx2 (X2), Cdx7 and
Cdx2 (X14+X2), or Luc in Cdx4*"Y or Cdx4SFPly (KO3) ESCs. Cells were treated
without (—) or with dox from day 2-6 of EB development (as indicated below x
axis). Data are averaged CFU from triplicates in one representative experiment
reproduced from three additional experiments. (B) Relative Hox gene expression
level as measured with real-time RT-PCR analysis. Samples were Cdx4%?¥ day 6
EBs with either control shRNA against Luc or shRNA against Cdx7 and Cdx2
(X1+X2). Both samples were treated with dox from day 2-6 of EB development,
and their Hox gene expression level was relative to Cdx4+ day 6 EBs with control
shRNA against Luc without dox treatment. Data represent the averaged fold
changes of gene expression from triplicates in two independent experiments. (C)
Ectopic HoxB4 expression rescues impaired hematopoietic progenitor formation
caused by Cdx2 deficiency. Hematopoietic colony formation was examined from
tetracycline-inducible HoxB4 ESCs with shRNA against either Luc or Cdx2 (X2) in
the absence or presence of dox. Data represent as averaged fold change in cfu
from triplicates in two independent experiments. (A-C) Error bars represent *+1
SD. *, Pvalue <0.01; **, Pvalue >0.01.

required to produce substantial deficits implies a more complex and
redundant role in mammals.

Our study reveals a previously undescribed role for Cdx2 during
embryonic hematopoiesis. Because Cdx2 deficiency results in em-
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bryonic lethality in mice, future investigation of the specific role of
Cdx2 in hematopoietic development will require construction of a
conditional knockout. Our data demonstrated only modest hema-
topoietic defects in CdxI or Cdx4 null cells but severe deficiency due
to loss of function of Cdx2 in the murine system. A zebrafish
orthologue of cdx2 has not been identified; thus, it is possible that
the critical function of Cdx4 in zebrafish hematopoiesis is shared by
Cdx2 in mammals.

All Cdx genes can be detected in the posterior primitive streak of
mouse embryos ~7 dpc (14, 22-25), where the highest frequency of
the first hematopoietic cells, the hemangioblast, is found before
blood island formation in YS (26). In EBs, peak Cdx expression
occurs from day 2 to 5 of ESC differentiation (data not shown),
which corresponds to the window of primitive hematopoietic fate
specification (1). In addition, the expression of Cdx2 and Cdx4 is
enriched in CD41-sorted hematopoietic cells. These findings sug-
gest an intrinsic requirement for Cdx genes in embryonic hemato-
poiesis. Consistent with this hypothesis, our chimera studies showed
that the reduced hematopoietic colony formation of Cdx2 null ESCs
could not be rescued by mixing with normal ESCs or injecting into
normal blastocysts. Although deficiencies of Cdx genes might alter
a number of different tissue fates, our observations suggest that the
Cdx genes act cell autonomously, at least in part, during blood
development.

Recently, van Nes et al. reported that Cdx! and Cdx4 double
mutant mice were viable, and no hematopoietic defects were noted
(5). In our study, the blood formation defects caused by Cdx
deficiency were transient, primarily at the stage of YS hematopoi-
esis before 9 dpc. No significant blood alteration was observed in YS
after 9 dpc (when circulation is established in embryos), in fetal liver
at 14.5 dpc, in adult bone marrow, or in peripheral blood from Cdx!
or Cdx4 null mice (Figs. S1 and S2 and Dataset S1). The hemato-
poietic contribution from Cdx2-deficient ESCs at the fetal liver
stage appeared to be indistinguishable from the WT control (data
not shown). Thus, Cdx genes primarily affect primitive hematopoi-
esis during embryonic development, which explains why published
accounts of Cdx knockout mice have not reported hematopoietic
defects. It is possible that definitive hematopoiesis is less sensitive
to the dosage of Cdx gene expression and has a more efficient
compensation mechanism than YS hematopoiesis.

Cdx family members appear to function redundantly during
embryonic hematopoiesis, because a more severe hematopoietic
defect was observed with compound Cdx deficiency than loss of
function of any single Cdx gene. Similar alterations in expression
levels of posterior Hox A cluster genes (A6-10) were seen in each
of the different Cdx-deficient ESClines, demonstrating that the Cdx
family members shared common posterior Hox gene targets. In
addition, activation of the Cdx4 transgene in Cdx-deficient EBs both
rescued the hematopoietic defects and restored Hox gene expres-
sion. Therefore, it is reasonable to speculate that Cdx genes function
redundantly during blood development by activating overlapping
Hox gene targets. Although there is considerable evidence for
functional redundancy, loss of function of specific Cdx genes
showed some unique effects on hematopoiesis, perhaps mediated
through the differential effects on the Hox gene targets.

Perturbation in the anterior expression boundaries of Hox genes
alters cell fate. This finding has led to the “Hox code” hypothesis
that a specific Hox gene expression pattern determines the tissue
identity along the anterior—posterior axis (27). Ectopic expression
and loss-of-function studies have implicated many Hox genes in
normal hematopoiesis and leukemogenesis (28). Cdx genes have
been shown to act directly as Hox gene regulators, and this is
corroborated by the homeotic transformations in Cdx knockout
studies (2, 4, 20, 29). Furthermore, blood defects due to Cdx4
deficiency in zebrafish or loss of function of Mll in mouse ESCs can
be rescued by ectopic expression of Cdx4 or particular posterior Hox
genes (6, 9). In this study, we observed that the Hox gene expression
profile, possibly representing a “Hox code,” was altered in CD41*
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hematopoietic cells upon Cdx deficiency, and that this alteration
correlated with reduced blood formation. In addition, Hox gene
expression levels were restored when blood formation was rescued
by ectopic Cdx4 expression in Cdx single or compound deficient
cells, and activation of a HoxB4 transgene partially compensated for
the impaired blood progenitor formation caused by Cdx2 defi-
ciency. Together with previous studies, our data provide compelling
evidence that a proper Hox gene code, initiated by Cdx genes, is
important for embryonic hematopoietic specification in mammals.

The ESC/EB system is a powerful, sensitive, and convenient in
vitro model to explore the molecular pathways that specify the
earliest stages of hematopoiesis during embryonic development,
especially in cases where gene deficiency leads to embryonic
lethality. In this study, by using the ESC/EB in vitro differentiation
system and mouse models, we demonstrated an intrinsic require-
ment or the Cdx-Hox gene pathway during primitive embryonic
hematopoiesis in mouse. Our findings advance an understanding of
the role of Cdx genes in normal hematopoiesis and, given the links
between Cdx genes and leukemogenesis, illuminate how reactiva-
tion of embryonic pathways might contribute to disease.

Materials and Methods

Cell Culture. ESCs were maintained, differentiated, and harvested in vitro ac-
cording to published protocols (8, 21). OP9 coculture was performed as described
(8, 21), and the colony number was counted on day 6 after plating. Hematopoietic
colony formation assay were performed according to published protocol (15).

Establishing and screening Cdx4 knockout/GFP knockin ESC lines and
mouse are described in details in S/ Text.

Obtaining Cdx1-Deficient ESC Lines and Cdx1 Genotyping. Cdx1~/~ and Cdx1*/*
ESCs were obtained from blastocysts of intercrossed Cdx7~/* heterozygotes
according to standard protocols (30). Cdx7 genotyping primers: sense-5'-
GGCTCCTTGGCCCGGCGG-3', antisense-5'-CCGAGCTGGCTGCTAACC-3'. PCR
from the WT allele gave a 1.5-kb band, whereas the mutant allele gave a 400-bp
band.

Western Blot Analysis. Protein extract was prepared from dissociated Cdx1~/~
and Cdx1*/* day 4 EB, and Western blot analysis of Cdx1 and B-actin was
performed according to published protocol (24).

Embryo Dissection and Analysis. The age of embryo was defined as 0.5 dpc at 8:00
a.m. on the day of vaginal plug observation. In the chimera study, donor blasto-
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cysts were collected from C57BL/6 female mice intercrossed with ROSA26-lacZ
male mice. Expression of lacZ in chimeric embryos was revealed according to
published protocols (9). For lacZ expression in the colonies from YS, 400 ul of X-Gal
staining solution (5 mM potassium ferricyanide, 5 mM potassium ferrocyanide,
and 1 mg/ml X-Gal) was added in drops into methylcult 9 days after plating of YS
cells. Colonies were counted before and 12 h after X-Gal staining. All experimen-
tal procedures were conducted in accordance with the Animal Welfare Act and
Public Health Service Policy.

Quantitative Real-Time PCR. Cells were harvested in TRIzol. Total RNA and cDNAs
were prepared according to the manufacturer’s instructions (Invitrogen). Al RNA
samples were treated with DNasel and then purified by RNeasy MinElute kit
(Qiagen). Real-time PCR was performed on Stratagene MX3000P instrument and
analyzed as described (8). Primer sequences were listed in Dataset S2.

FACS Analysis. All antibodies were purchased from PharMingen, BD Biosciences.
Propidium iodide was added to exclude dead cells. Samples were acquired on LSR
Il Flow Cytometer (BD Biosciences). CD41 sorting was done on Becton Dickinson
FACSVantage SE Flow Cytometer with FITC-labeled CD41 antibody. The sorting
purity was checked to ensure >90% purity for all sorted samples.

Microarray hybridization and data processing are described in detail in S/ Text.

RNA Interference. Lentivirus-based shRNA against Luc, Cdx7 or Cdx2 were
generated as described (31). Detailed shRNA sequences and selection proce-
dure are described in S/ Text.

Statistical Analysis. P values were calculated from Student’s t test for all com-
parisons, except in Fig. 4A, Fisher's exact test was used to calculate the P values.
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