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ABSTRACT Erf is a gene for a ubiquitously expressed Ets DNA-binding domain-
containing transcriptional repressor. Erf haploinsufficiency causes craniosynostosis in
humans and mice, while its absence in mice leads to failed chorioallantoic fusion
and death at embryonic day 10.5 (E10.5). In this study, we show that Erf is required
in all three waves of embryonic hematopoiesis. Mice lacking Erf in the embryo
proper exhibited severe anemia and died around embryonic day 14.5. Erf epiblast-
specific knockout embryos had reduced numbers of circulating blood cells from E9.5
onwards, with the development of severe anemia by E14.5. Elimination of Erf re-
sulted in both reduced and more immature primitive erythroblasts at E9.5 to E10.5.
Reduced definitive erythroid colony-forming activity was found in the bloodstream
of E10.5 embryos and in the fetal liver at E11.5 to E13.5. Finally, elimination of Erf re-
sulted in impaired repopulation ability, indicating that Erf is necessary for hematopoietic
stem cell maintenance or differentiation. We conclude that Erf is required for both primi-
tive and erythromyeloid progenitor waves of hematopoietic stem cell (HSC)-independent
hematopoiesis as well as for the normal function of HSCs.

KEYWORDS Erf, mouse, embryo, anemia, primitive wave, definitive wave, HSCs,
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he ontogeny of the hematopoietic system is a complex process with multiple waves

of hemopoietic potential emerging from different anatomical sites (1). The first
hematopoietic progenitors that emerge in the yolk sac at embryonic day 7.5 (E7.5)
generate the first circulating blood cells of erythroid, megakaryocyte, and macrophage
lineages (2-4). Shortly after, at E8.25, a second wave of hematopoietic progenitors,
termed erythro-myeloid progenitors (EMPs), emerges in the yolk sac and colonizes the
fetal liver at E10.5 (5-8). A third wave of hematopoietic potential, consisting of adult
repopulating hematopoietic stem cells (HSCs), emerges from large arterial vessels
beginning at E10.5, and colonizes the fetal liver but ultimately engrafts the bone
marrow to provide lifelong postnatal blood cell production (9-12).

Several ets genes have been shown to play a crucial role in distinct steps of
hematopoiesis. PU.1 regulates the HSCs to myeloid commitment (13, 14). Other tran-
scription factors of the ETS family have also been shown to regulate hematopoiesis.
Etv2 regulates the emergence of blood and endothelial cells activating the Flk1 gene
that is critical for initiation of hemangioblast formation (15-20) and that is also required
for the formation of hemogenic endothelium at the onset of yolk sac hematopoiesis
(21). Erg is a critical regulator for HSC maintenance during embryonic development (22).
Fev regulates the number of Runx1-expressing cells by transcriptionally activating Erk2
to enhance extracellular signal-regulated kinase (ERK) signaling (23), while PU.1 syner-
gizes with Runx1 and determines its hematopoiesis-specific expression (24).

Erf is a ubiquitously expressed ets family gene, and it has been suggested that it
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enhances erythroid differentiation. Erf is regulated by Erk1/2 phosphorylation and
nucleocytoplasmic shuttling. In its nonphosphorylated nuclear form, Erf blocks cell
proliferation-arresting cells at the Gy/G, phase in a cell-type-specific manner; it can
suppress Ets- and Ras-induced tumorigenicity in fibroblasts, cell lines derived from
Ewing’s sarcomas harboring the EWS-FLIT rearrangement, and the epithelial-to-
mesenchymal transition via semaphorin 7a inhibition (25-30). Erf-null embryos fail to
undergo chorioallantoic fusion and labyrinth development because of a block in
chorion trophoblast stem cell (Ch-TSC) differentiation, resulting in fetal demise at E10.5
(31). Finally, Erf haploinsufficiency causes craniosynostosis in humans and in mice,
identifying Erf as a novel regulator of osteogenesis within the RAS-ERK signaling
pathway (32).

Here, we demonstrate that elimination of Erf in the murine embryo proper at E5
leads to severe anemia and fetal death at E14.5. Employing histological, cellular,
molecular, and in vivo repopulation assays, we show that Erf is required for the timely
or quantitative production of both primitive and definitive yolk sac-derived hemato-
poiesis, as well as the production or maintenance of HSCs. In addition, Erf is required
for the efficient maturation of erythroid precursors into mature erythrocytes. Thus, our
data indicate that Erf is required throughout hematopoietic development for the
homeostasis of this complex system.

RESULTS

Erfed/ed embryos die in utero due to severe anemia. We have previously shown
that elimination of Erfin mice leads to lethality at E10.5 because of failed chorioallantoic
fusion and labyrinth development (31), while Erf haploinsufficiency leads to defective
suture development and craniosynostosis (32). To investigate other developmental
processes that Erf may regulate and bypass the placental defect, we eliminated Erf in
the epiblast at E5, crossing ErfoxP/loxP mice with mice expressing the Cre recombinase
under the control of the Meox2 gene (33) in order to delete Erf in the embryos but not
in the placenta (epiblast-derived Erf [Erfed/ed]). Elimination of Erf in the epiblast resulted
in embryonic death around E14.5 (Fig. 1A). The embryos were pale, indicative of anemia
(Fig. 1B). Erfed’ed embryos contained approximately 50% of normal circulating primitive
erythroblasts from E9.5 through E12.5. The blood levels of Erfe/ed fetuses subsequently
dropped precipitously by E14.5 to less than 5% of the normal level (Fig. 1C). A few Erf
knockout fetuses exhibited somewhat higher levels of circulating blood at E14.5,
consistent with the occasional survival until E15.5 or E16.5. The mutant embryos did not
appear to have defects in other tissues (data not shown), and overall embryo size was
comparable to that of Erf-expressing embryo (see Fig. S1 in the supplemental material).
The anemia and fetal demise did not appear to be of placental origin, as placental
development appeared unaffected in the Erfe#ed embryos (Fig. S2), but rather ap-
peared to result from a defect in the embryo proper, where Erf elimination
exceeded 90% (Fig. S3A to Q).

Erf elimination impairs primitive erythropoiesis. Because of the onset of anemia
as early as E9.5, we initially examined erythropoiesis at E9.5 and E10.5, when erythro-
blasts mature semisynchronously. At E9.5, the Erfe?/ed yolk sac revealed normal meso-
thelium and visceral endoderm junctions, but the blood islands contained fewer and
larger primitive erythroblasts (Fig. 2A). In contrast, the yolk sac vasculature of Erfed/ed
embryos appeared normal (Fig. 2B). More than 95% of the circulating erythroid cells
from E9.5 to E12.5 derive from the primitive wave of hematopoietic progenitors in the
yolk sac (4). Thus, the reduced numbers of circulating blood cells would suggest a
defect in primitive erythropoiesis. In the absence of Erf, primitive erythroblasts at E10.5
are larger and contain enlarged nuclei with less condensed chromatin, features con-
sistent with a delay in their maturation (Fig. 2C). Globin mRNA levels analyzed by
real-time PCR indicate that ey-globin expression in primitive erythroblasts of Erfed/ed
embryos was significantly lower than that in their Erf-expressing littermates at both
E10.5 and E11.5 (Fig. 2D), consistent with delayed maturation (34). These data indicate
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FIG 1 Erfed/ed mice are embryonic lethal and appear anemic. (A) Pregnant mice were sacrificed at the
indicated day of gestation, and the genotypes of the embryos were analyzed. The graph indicates the
percentages of live Erfed/ed embryos. The data are from 160 litters, with at least 5 litters for each gestation
stage (see Table S1 in the supplemental material). A chi-square test showed a statistically important
decrease with the expected Mendelian distribution after E13.5. (B) Representative microphotographs of
embryos at E13.5 showing apparent anemia and a lack of other gross morphology differences between
Erfed/ed embryos and their ErfoxP/+ littermates. (C) Number of blood cells from the yolk sac and embryo
proper at the indicated day of gestation. Erfe#’ed embryos exhibit a statistically significant decrease
throughout E9.5 to E13.5, which is exacerbated at E14.5. Samples are represented in a logarithmic scale.
All values are means = SE from 35 litters with at least 7 litters for each gestation stage (Table S2).
Statistical analysis was performed using an unpaired t test with two-tailed distribution. *, P < 0.05; **, P <
0.005; ***, P < 0.0005, for results with ErfoxP/*+ mice versus those with Erfed/ed mice.

that elimination of Erf results in both decreased numbers and delayed maturation of
primitive erythroid precursors.

Erf elimination impairs yolk sac-derived definitive erythroblasts. The first cir-
culating definitive erythroid cells that emerge at E11.5 to E12.5 are derived from
EMPs/erythroid burst-forming units (BFU-E) that have seeded the fetal liver (35). The
profound anemia at E13.5 to E14.5 suggested a defect in EMPs. To explore the effect of
Erf elimination on the progenitors of the definitive hematopoietic wave that emerges
in the yolk sac, peripheral blood was isolated at E10.5 and CD41+ CD16/32+ EMP cells
expressing high levels of c-Kithigh (c-Kit"i9h) were quantitated by flow cytometry (35)
(Fig. 3A). As shown in Fig. 3B, Erfe?’¢d embryos have half as many phenotypic EMP cells
as their Erf-expressing littermates. Consistent with the loss of phenotypic EMPs, the
number of definitive erythroid progenitors (BFU-E and erythroid CFU [CFU-E]), defined
by their ability to form colonies in semisolid medium, was also significantly reduced at
E10.5 (Fig. 3C). Taken together, these data confirm that the yolk sac-derived EMP wave
of hematopoietic potential is also impaired by the loss of Erf.

Elimination of Erf in hemogenic endothelium recapitulates the Erf¢?/¢d hema-
topoietic phenotype in definitive hematopoiesis. To determine if Erf exerts a cell-
autonomous effect on hematopoietic development, we deleted Erf in the hemogenic
endothelium, utilizing Lyve1tm!-1(EGFP/cre)Cys mice, which express the Cre recombinase
under the control of the LyveT gene. Recently, it has been shown that LyveT is expressed
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FIG 2 Erfed’ed yolk sacs exhibit immature primitive erythroid progenitors. (A) Sagittal sections of paraffin-
embedded yolk sacs from E9.5 Erfed/ed and ErfoxF/+ embryos stained with H&E. ve, visceral endoderm; m,
mesothelium; bi, blood islands. (B) Fluorescent microphotographs of yolk sac from ErfexP’+ and Meox2-
cre; Erfed/ed (Erfed/ed) mice at E10.5 stained with the angiogenesis marker PECAM-1. The boxed areas of the
images on the left are magnified on the right. (C) Representative microphotographs of Giemsa-stained
peripheral blood cells from E10.5 embryos. Erfe?/d cells exhibit larger primitive precursor cells with less
condensed chromatin and larger nuclei than their Erf-expressing littermates. Thin arrows indicate the
more immature, larger progenitors while thick arrows indicate the more mature, smaller progenitors in
each genotype. (D) ey-globin mRNA levels, normalized to Gapdh mRNA levels, were determined by QPCR
in blood cells from E10.5 and E11.5 Erfed/ed and ErfloxP’+ embryos. All values are means = SE from at least
6 biological samples of each genotype from six litters at E10.5 and from at least 11 biological samples
of each genotype from seven litters at E11.5.

in hemogenic endothelium and specifically marks EMP cells but not the primitive
hematopoietic wave that emerges from the yolk sac (36). Later, LyveT is also expressed
in blood and lymphatic vessels, lymph nodes, liver, spleen sinuses, and lung and
endocardial endothelial cells (37-39). Lyveltm!-1(EGFP/cre)Cys/tm1.1(EGFP/cre)Cys - ErfloxP/loxP
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FIG 3 Erfed’ed embryos have decreased definitive progenitors in bloodstream. (A) Representative flow
cytometry analysis of blood from E10.5 embryos stained with anti-c-Kit, anti-CD41, and anti-CD16/32
antibodies. Cells expressing high levels of c-Kit (left panel) that were positive for CD41 and CD16/32 (right
panel) were considered the EMP fraction. FS, forward scatter. (B) The numbers of EMP (c-Kithigh CD41+
CD16/327) cells from E10.5 Erfe?/d and Erfex/* embryonic blood were compared to the average number
of the Erfox”’+ EMP cells of the litter. All values are means * SE of four biological samples of each
genotype from three litters. Statistical analysis was performed using an unpaired t test with two-tailed
distribution. (C) Numbers of BFU-E and CFU-E derived from E10.5 Erfe?/ed and Erflox?’+ embryo blood were
compared to the average number of the Erflx”/*+ BFU-E/CFU-E of the litter. All values are means *+ SE
from six biological samples of each genotype from three litters. Statistical analysis was performed using
an unpaired t test with two-tailed distribution. *, P < 0.05; **, P < 0.005; ***, P < 0.0005.

(Lyve1cre/Cre ErfloxP/loxP) mice died in utero and appeared anemic, a phenotype analo-
gous to that of the epiblast-specific Erf#/¢d embryos. They were pale (Fig. 4A) and
showed reduced BFU-E/CFU-E counts at E10.5 (Fig. 4B), indicating a defect in EMPs
before their migration to the liver. At E13.5 the mice exhibited decreased liver cell
numbers and severely reduced blood cells in the bloodstream at E14.5 (Fig. 4C and D,
respectively). Both the small liver size and the reduced number of circulating blood cells
suggest impaired EMP-derived hematopoiesis, similar to that observed in epiblast
Erf-null embryos (see below). This would be indicative of a cell-autonomous defect of
Erf elimination, specifically in the definitive hematopoietic wave of the yolk sac.

Surprisingly, in contrast to the Lyve]cre/cre ErfloxP/ioxP embryos, Lyve1cre/* ErfloxP/loxP
mice were viable, albeit at sub-Mendelian frequencies (Fig. S3D). Analysis, of the Erf
expression in fetal livers showed that heterozygous Lyvel-cre embryos have signifi-
cantly higher expression than the homozygous Lyvel-cre embryos as well as the
Meox2-cre embryos (Fig. S3C). This would suggest that the frequency of Erf elimination
and/or the level of expression of Erf in EMPs may be critical for the severity of the defect
and thus survival.

Erf elimination compromises fetal liver erythropoiesis. The increased anemia at
E13.5 to E14.5 indicated a profound lack of definitive erythroid cells which are produced
at this time in the fetal liver and make up the majority of the circulating cells at these
time points (5, 40). Analysis of Erfed/ed embryos from E11.5 to E13.5 revealed signifi-
cantly reduced liver size and liver cell numbers compared to those of their Erflox/+
littermates (Fig. 5A and Fig. S4A). To examine if this reduction is due to the colonization
of the liver and/or the expansion of the erythroid progenitors in the liver, we analyzed
BFU-E and CFU-E numbers at E11.5 to E13.5. Consistent with the reduced number of
EMPs in the yolk sac and in the bloodstream, Erfe?/¢? embryos contained fewer BFU-E
and CFU-E in the liver than their Erfox/* littermates (Fig. 5B and Q). Interestingly, BFU-E
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FIG 4 Elimination of Erf in the definitive yolk sac wave leads to anemia. (A) Representative micropho-
tographs of embryos at E13.5 showing apparent anemia of Lyvetm1.1(EGFP/cre)Cys/tm1.1(EGFP/cre)Cys; FfloxP/loxP
(Lyve1¢re/Cre ErfloxP/loxP) embryos compared to results in their Erf*/* littermates. (B) Numbers of BFU-E and
CFU-E derived from E10.5 Lyve1cre/Cre ErfloxP/loxP and Erf+/+ embryo blood were compared to the average
numbers of the Erf*/+ BFU-E/CFU-E of the litter. All values are means * SE from four biological samples
from two litters. Statistical analysis was performed using an unpaired t test with two-tailed distribution.
*, P < 0.05. (C) Total liver cell counts of Lyvelcre/Cre ErfloxP/loxP embryos compared to counts in the Erf*/+
littermates at E13.5. All values are means =+ SE from two biological samples of each genotype from two
litters. Statistical analysis was performed using an unpaired t test with two-tailed distribution. *, P < 0.05;
** P < 0.005. (D) Total cell counts of Lyveicre/Cre ErfloxP/loxP embryos compared to counts of the Erf*/*
littermates in E14.5 bloodstream. All values are means = SE from two biological samples of each
genotype from two litters. Statistical analysis was performed using an unpaired t test with two-tailed
distribution. *, P < 0.05.

abundance in Erfe?’ed embryo livers at E11.5 was comparable to that of their Erflox/+
littermates, whereas it was increased at E12.5 to E13.5 (Fig. S4B). The abundance of
CFU-E in the Erfed’ed embryo livers was increased compared to that in ErfoxP/+ litter-
mates throughout E11.5 to E13.5 (Fig. S4C). In addition, nonerythroid liver cells ap-
peared unaffected as Erfe?ed embryos had comparable numbers of hepatocytes and
stromal cells and comparable rates of liver cell proliferation and apoptosis (Fig. S5; also
unpublished data). We further tested the possible contribution of hepatic cells, elimi-
nating Erf specifically in the hepatocytes after crossing the ErfoxP/loxP mice with the
Alfp-Cre mice (41). Alfp-Cre; ErfloxP/loxP mice were normal with no hematopoietic defects
(not shown). All these data indicate that Erf elimination may also affect erythroid
maturation in the fetal liver.

We thus examined erythroid maturation by analyzing the abundance of the popu-
lations of region 1 (R1) to R4 in E12.5 fetal liver by CD71 and Ter119 staining and flow
cytometry (Fig. 5D). This analysis suggested that, indeed, the early precursor cells and
the proerythroblasts (R1), as well as the proerythroblasts and the early basophilic
proerythroblasts (R2), are more abundant in Erfe?/ed embryo livers, while the early and
late basophilic erythroblasts (R3) and the polychromatophilic and orthochromatic
erythroblast (R4) populations (42) are less abundant (Fig. 5E). Consistent with the
colony assays, these data indicate that in addition to the initial colonization, there is
also a defect in the maturation of the erythroid precursors in the fetal liver. This
apparently reduced rate of maturation was not due to a defect in cell cycle at E13.5 (Fig.
S6) or to the lack of erythroblast contacts with macrophages as they were evident in
E12.5 livers (Fig. S7). The defect in maturation was also not evident at E11.5, the earlier
stages of liver population by EMPs (Fig. 8). It would thus appear that the maturational
defect of the Erfed’ed liver erythroblasts is cell autonomous.
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FIG 5 Erfed’ed embryos have a decreased differentiation rate in the fetal liver. (A) Total number of liver
cells. (B) Number of BFU-E per liver at E11.5 to E13.5. (C) Number of CFU-E at E11.5 to E13.5. Values for
Erfed’ed and ErfoxP/+ embryos are compared to the average value of the Erfox”/* [ittermates. All values are
means *= SE from samples of at least six litters per gestation day (see Table S3 in the supplemental
material) for total cells in liver and at least six litters per gestation day (Table S4) for BFU-E/CFU-E counts.
Statistical analysis was performed using an unpaired t test with two-tailed distribution. (D) Representative
flow cytometry of Erfed/ed E12.5 liver cells stained for Ter119, a marker for early proerythroblasts to mature
erythrocytes (R3 to R5), and CD71, a marker for all proerythroblasts, except mature erythrocytes (R1 to
R4). (E) Comparison of R1 to R4 populations of E12.5 liver cells, analyzed by flow cytometry as described
for panel D. Values for Erfed/ed and ErfloxP/+ cells are compared to the average value of the ErfoxP/+
littermates, and results are expressed as ratios. All values are means = SE from at least six biological
samples of each genotype from at least four litters. Statistical analysis was performed using an unpaired
t test with two-tailed distribution. *, P < 0.05; **, P < 0.005; ***, P < 0.0005.

Erf is required for HSC development. The dramatic decrease in peripheral blood
at E14.5 raised the possibility that not only the EMPs but also the HSCs are affected by
the Erf loss. Therefore, we examined the role of Erf in hematopoietic stem cell main-
tenance and differentiation via both noncompetitive and competitive repopulation
experiments to evaluate short-term and long-term HSCs. Fifteen to 23 days after the
transplantation of E13.5 liver cells in irradiated mice of the same haplotype, 3 of 4 mice
repopulated with Erfe/¢d cells died in contrast to survival of all of the mice transplanted
with Erf-competent cells, indicating a defect in short-term HSCs (Fig. 6A). For the
competitive repopulation assays, E12.5 fetal liver cells were coinjected with spleen cells
from wild-type (wt) animals in irradiated wt host mice of the same genetic background
(Fig. 6A). Donor HSC engraftment was estimated with semiquantitative PCR at 5 months
after the injection. Our data suggest that in contrast to the Erfox”/* cells that contrib-
uted to almost all the hematopoietic cells of the irradiated animals, the Erfe?/ed cells had
a marginally detectable contribution (Fig. 6B), suggesting that the long-term HSCs may
also be affected by the elimination of Erf.

DISCUSSION
In this study, we demonstrate for first time that elimination of Erf in the murine
embryo proper at E5 is detrimental to embryonic erythropoiesis and leads to embryonic
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FIG 6 Erfeded embryos have reduced HSCs in liver transplant recipients. (A) Outline of repopulation
experiments of sublethally irradiated mice with E13.5 liver cells or competitive repopulation experiments
with E12.5 liver donor cells (+ helper) from Erfed/ed and ErfoxP/+ embryos assayed 1 or 5 months (m) after
irradiation. (B) Detection of the repopulating cells in the competitive repopulation experiment 5 months
after irradiation by semiquantitative PCR. Transplanted Erf-expressing cells are detected by the presence
of the 170-bp band (loxP; left panel) while Erf-null cells are detected by the expression of the 178-bp
band (del; right panel) generated after the excision of the Erf gene. The 101-bp wt Erf band and the
206-bp band from the GRCm38.p4 locus (GRC) were used as PCR controls. Lanes 100, 50, 10, and 1 are
quantitation controls containing 100%, 50%, 10%, 1% ErfoxP/+ or Erfed/ed DNA mixed with Erf*/~ DNA. The
numbers below indicate the percentage of the test band compared to the 100% sample.

death at around E14.5 due to severe anemia. Our data indicate that Erf elimination
decreases, but does not block, the primitive and definitive yolk sac-derived erythro-
poiesis waves and decreases the efficiency of fetal HSCs that support adult hemato-
poiesis.

A wave of primitive erythroid progenitors emerges from the yolk sac at E7.5 to E9.0
(5), providing the majority of circulating blood cells until E12.5 (4). The reduced
numbers of blood cells at E9.5 and onwards in the Erfe?/ed embryos indicate a defect in
the production and/or differentiation of these cells. The immature cell morphology and
the decreased expression of ey-globin suggest that Erfe?¢d may affect the onset or
differentiation rate of these cells.

The second, EMP, wave emerging from the yolk sac at E8.25 and colonizing the fetal
liver (5) is also reduced in the absence of Erf. Both the number of EMPs assessed by flow
cytometry and the number of BFU-E and CFU-E, circulating in the bloodstream of E10.5
embryos are reduced in Erfe?/ed embryos. Erfe?/ed embryos show additional differenti-
ation defects in definitive erythropoiesis after EMPs have homed to the fetal liver.
Consistent with the decrease in the number of EMPs, total cells in the liver, as well as
erythroid precursor cells, are decreased in the absence of Erf. However, both BFU-E/
CFU-E colony assays and flow cytometry of liver cells indicate increased proportions of
R1 and R2 proerythroblasts and reduced proportions of the mature R3 and R4 popu-
lations. These data suggest an additional role for Erf in R2-R3 differentiation. The
apparent defect in the production and differentiation of the definitive erythroid lineage
in the absence of Erf appears to be a cell-autonomous event, as evidenced by the
elimination of Erf in the Lyve1-expressing hemogenic endothelium cells of the yolk sac.
Similar to the epiblast-deleted Erfed’ed embryos, the Lyvelcre/cre ErfloxP/loxP embryos
appear anemic, have reduced BFU-E/CFU-E counts in the bloodstream at E10.5, and
have reduced numbers of total cells and erythroid precursors in the liver at E14.5.

Finally, Erf appears to also have a crucial role in the differentiation of HSCs emerging
from the aorta-gonad-mesonephros (AGM) region at E10.5, migrating to the liver and
ultimately constituting the adult HSCs in the bone marrow. Transplantation of Erfed/ed
liver cells into irradiated mice shows that recipients could not live beyond 4 weeks,
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suggesting a defect in short-term HSCs. Addition of spleen helper cells from wt mice to
assess long-term HSCs indicates a marginal contribution from the Erfe?/¢d cells at 5
months after transplantation. These data allude to a defect in HSC maintenance or
differentiation ability that may have implications in adult pathologies and needs further
examination.

In spite of the wide effect of Erf on hematopoiesis, it remains unclear if there is
a common underlying mechanism or if there are distinct downstream effectors
involved in the different cell types affected. The fact that in the absence of Erf we
have quantitative differences rather than a block in any specific differentiation step
or the cell cycle makes determination of possible mechanisms even more challeng-
ing. Indeed, transcriptional analysis of E13.5 livers, before the collapse of peripheral
blood levels, failed to reveal statistically significant differences in genes or pathways
between wt and Erf-null cells (unpublished data). This would be consistent with a
quantitative rather than an instructive effect. This conclusion is also supported by
the apparent difference in viability of the Lyve1-Cre heterozygous and homozygous
animals in which the observed difference may be the result of the extent of the
deletion. In addition, our unpublished data indicate a minimal but statistically
significant sub-Mendelian frequency of the viable Erfox?/— animals, suggesting an
effect because of the timing and/or the extent of Erf expression.

Erf is @ member of the ETS family of transcription factors and an effector in the
RTK/Ras/Erk pathway, both of which have been involved in diverse facets of hemato-
poiesis. Erk has been reported to negatively affect fetal hemopoiesis, leading to tight
junctions between endothelial cells in the AGM region of zebrafish, repressing the
emergence of HSCs, and promoting the arterial endothelial identity (43). Such an effect
would be consistent with the apparent decrease of the HSCs observed in the absence
of Erf and the reduced numbers of EMPs and primitive cells that emerge from the
hemogenic endothelium in the yolk sac (44). In addition, oncogenic H-Ras blocks the
terminal differentiation of CFU-E progenitors in vivo (45), consistent with the differen-
tiation defect of the R2 population observed in Erfed/ed [ivers.

ETS transcription factors recognize a common DNA-binding motif (46) and may
antagonize each other on a variety of targets. Erf, a transcriptional repressor may ensure
the absence of spurious activation by other Ets family proteins, leading to the proper
differentiation programs and homeostasis. Overexpression of PU-1 is reported to block
the differentiation of BFU-E/CFU-E to mature erythrocytes (47). The archetypal fusion
Gag-Myb-Ets oncoprotein, encoded by E26 retrovirus, induces acute leukemia and can
block both myeloid and erythroid differentiation at the stage of BFU-E/CFU-E (48).
Overactivation of Etv2 leads to the upregulation of Fli1 (49), which promotes the
formation of the vascular system (50) and the upregulation of PU.1. FliT was identified
as a proto-oncogene in erythroleukemias induced by retroviral integration (51). Finally,
Erf itself has been reported to promote erythroid differentiation (26) and may antag-
onize Ets1, which may also have a role in this process (52). Thus, elimination of Erf may
affect the entire regulatory network of ETS factors in hematopoiesis.

Another plausible hypothesis on the diverse effects of Erf in hematopoiesis is its
interplay with the RUNX factors. RunxT is expressed in HSCs and downstream myeloid
cells, but its expression is decreased in maturing erythroid cells (53). Cooperation of
Runx1 with PU.1 is critical for the commitment to myeloid lineages (13). Runx2 is highly
expressed in HSCs and is decreased as they mature (54). Runx1 transcription appears to
be regulated via ETS factor binding to one of its enhancers (24), while Runx2 may also
be regulated by Erf or other ETS proteins (32). Finally, we have recently shown that the
Runx-Erf interplay on osteogenic targets may be important for bone development and
craniosynostosis (32). It is conceivable that a similar interplay may also be relevant in
hematopoietic development.

Taken together, our data strongly suggest an important role of Erf in all three waves
primitive, EMP, and HSC hematopoiesis during ontogeny. Erf activity is regulated by
phosphorylation and nucleocytoplasmic shuttling and thus could be an appealing
target for intervention. However, further experiments are needed to elucidate its
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precise mechanism and the stage of action during hematopoietic differentiation,
particularly in HSC differentiation.

MATERIALS AND METHODS

Generation of conditional Erf~/— mice. Elimination of Erf in epiblast-derived tissues (Erfe?/ed) was
achieved by the intercross of Meox2tm1(cre)serJ (stock no. 003755; Jackson Laboratory) mice with ErfoxP/loxP
mice (32) to generate Meox2tmI(cre)sor/); Erf+/= mice and by crossing these mice with ErfloxP/loxP mice to
totally eliminate Erf in the embryo proper. Lyvetm?.1(EGFP/creXCys/) mice (stock no. 012601; Jackson Labo-
ratory) were crossed with the ErfloxP/loxP mice to eliminate Erf in the hemogenic endothelium (39) and
finally in the definitive yolk sac-derived wave (36). The liver-specific Alfp-Cre; ErfoxF/oxP mice were used
to eliminate Erf in hepatic cells (41). Mice were maintained in the Institute of Molecular Biology and
Biotechnology (IMBB) colony. All experiments were approved by the General Directorate of Veterinary
Services, Region Crete (permit numbers EL 91BIO-02 and EL91-BlOexp-02; project license no. 27289 to G.
Mavrothalassitis). All efforts were undertaken to minimize animal suffering and use according to Greek
and European Union guidelines.

Tissue collection and histological analysis. Timed-pregnant female mice were sacrificed at spec-
ified days of gestation by cervical dislocation according to institutional guidelines. The uteri were isolated
from the peritoneum, and placentas were removed using watchmaker's forceps (number 5). The
remaining whole yolk sacs were rinsed in phosphate-buffered saline (PBS) to remove vestiges of maternal
blood and placed in Iscove’s modified Dulbecco’s medium (IMDM) (catalog no. 12440053; ThermoFisher)
with 2% fetal bovine serum (FBS) (50115; Biochrom). Blood was collected from separated embryos. Fetal
livers were isolated from embryos not subjected to bleeding and dissociated by gentle pipetting in IMDM
with 2% FBS. Cells were counted on a hemocytometer. Blood collected on slides was left to dry, fixed
with methanol for 10 min, stained with Giemsa (Merck) for 2 min, washed with excess water, dried, and
mounted for observation.

For hematoxylin-eosin (H&E) staining, yolk sacs were fixed with 4% paraformaldehyde for 1 h at room
temperature, dehydrated gradually with an ethanol series of 70%, 90%, and 100% for 30 min at room
temperature, cleared in xylol for 30 min, and impregnated with paraffin at 58°C twice for 30 min each
time. Paraffin sections (5 um) were stained with hematoxylin-eosin. For immunostaining, yolk sacs were
fixed with 4% paraformaldehyde (PFA) for 1 h at room temperature, washed extensively with PBS, stained
with rat anti-platelet endothelial cell adhesion molecule 1 (anti-PECAM-1) (catalog no. 553370; Pharmin-
gen) overnight at 4°C and then incubated with anti-rat fluorescein isothiocyanate (FITC)-conjugated
antibody (F0382; Sigma) in a 1:50 dilution for 1 h at room temperature.

Hematopoietic colony assays. Erythroid CFU (CFU-E) and burst-forming units (BFU-E) were analyzed
from bloodstream and fetal livers at E10.5 and at E11.5 to E13.5, respectively. Fifty thousand cells were
plated in 1 ml of 1.2% serum-free methylcellulose (catalog no. H4100; Stem Cell Technologies) supple-
mented with 37% FBS, 1.25% (wt/vol) bovine serum albumin (BSA), 0.25 uM B-mercaptoethanol, 0.01%
sodium bicarbonate, 10 ng/ml interleukin-3 (IL-3) (213-13; Peprotech), 10 ng/ml IL-6 (216-16; Peprotech),
1 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF) (315-03; Peprotech), and 2 U/ml
erythropoietin (gift from Marieke von Lindern). Additionally, 100 ng/ml stem cell factor (SCF; supernatant
of CHO producer cells) was added in colonies from E10.5 blood. The cells were cultured in 35-mm dishes
at 37°C with 5% CO, and 100% humidity. The numbers of colonies were scored after 3 days for CFU-E
and after 7 days for BFU-E.

Flow cytometric analysis. Single-cell suspensions were prepared from E11.5 to E13.5 livers and
stained for 15 min at 4°C in PBS-1% fetal bovine serum with biotinylated rat anti-Ter119 antibody
(catalog no. 116203; Biolegend), a marker for all stages of differentiation from early proerythroblasts to
mature erythrocytes, streptavidin-peridinin chlorophyll protein (PerCP) (405213; Biolegend), and FITC-
coupled rat anti-CD71, a marker for all erythroblasts except mature erythrocytes (113805; Biolegend).
Blood cells were stained with FITC-coupled anti-CD16/32 (101305; Biolegend), phycoerythrin (PE)-
coupled anti-c-Kit (105807; Biolegend), and allophycocyanin (APC)-coupled anti-CD41 (133913; Bioleg-
end), markers of EMPs. Stained cells were analyzed in a MoFloT high-performance cell sorter with FlowJo,
version 10, software.

Real-time QPCR. Total RNA was extracted from peripheral blood and fetal livers at E10.5 to E11.5,
using TRIzol reagent (catalog no. 15596018; Invitrogen) according to the manufacturer’s instructions.
mRNA was subjected to reverse transcription using a SuperScript first-strand synthesis kit (11904-018;
Invitrogen). Expression levels of B-major globin, detected mainly in definitive blood cells (forward [Fw],
5'-CACAAACCCCAGAAACAGACA-3’; reverse [Rv], 5'-CTGACAGATGCTCTCTTGGG-3'), BH1-globin (Fw, 5'-
CTCAAGGAGACCTTTGCTCA-3; Rv: 5'-AGTCCCCATGGAGTCAAAGA-3’), and ey-globin, detected in prim-
itive erythroid cells (Fw, 5'-GGAGAGTCCATTAAGAACCTAGACAA-3’; Ry, 5'-CTGTGAATTCATTGCCGAAG
TAC-3"), were examined with real-time PCRs. Reactions were performed using 5 ng of total cDNA using
2X Brilliant 1ll SYBR green quantitative PCR (QPCR) master mix (600882-51; Stratagene) in an Applied
Biosystems StepOne Plus real-time PCR machine. All expression levels were normalized to Gapdh levels
(Fw, 5'-CCAGTATGACTCCACTCACG-3’; Rv, 5'-GACTCCACGACATACTCAGC-3’) in the same cDNA. To
distinguish Alfp-Cre-homozygous from -heterozygous mice, quantitative real-time PCR was performed
with a general Cre primer (Fw, 5'-GCGGTCTGGCAGTAAAAACTATC-3'; Rv, 5'GTGAAACAGCATTGCTGTCA
CTT-3') in 10 ng of DNA.

Reconstitution analysis. Mice at 6 weeks of age were lethally irradiated with 950 rads. Five hundred
thousand fetal liver cells at E13.5 were injected intravenously into the lethally irradiated recipient Erf*/+
mice. For the competitive repopulation studies, 4 X 10° fetal liver cells from E12.5 embryos were
coinjected intravenously with 2 X 10° spleen cells into lethally irradiated recipient Erft/* mice. The
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animals were monitored twice a week for viability and general health. All mice were of mixed C57B6/
SV129 background. The engraftment of donor cells was analyzed after 5 months. DNA from blood was
extracted with a FlexiGene DNA kit (51204; Qiagen), and PCR for the detection of the loxP allele or the
deletion of Erf was performed with the primer pair m11671F (5'-ACGCCACAGCCCACCTCTCC-3") and
11771R (5'-CAGCAAAAGCTCAGGGAGTG-3’) and the pair 4021F (5'-GCACTGCTAGCTCTGAATGG-3’) and
11771R (5'-CAGCAAAAGCTCAGGGAGTG-3'), respectively.

Statistical analysis. Statistical analysis was carried out using a two-tailed unpaired t test with Excel

2016. For all graphs, data are presented as means * standard errors (SE). Pearson'’s chi-square test was
used to evaluate the actual versus the expected frequency of the genotypes. The P values indicating
statistical significance are given in the figure legends.
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