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ABSTRACT OF THE DISSERTATION

Markers and Regulators Defining the Development

of Hematopoietic Stem Cells and their Niches

by

Lydia Kyung-Min Lee
Doctor of Philosophy in Molecular, Cell and Developmental Biology
University of California, Los Angeles, 2014
Professor Hanna A. Mikkola, Chair

The future of personalized regenerative cellular medicine depends on the ability to
faithfully differentiate pluripotent cells to tissue stem cells, or reprogram them from
other cellular sources. So far, the efforts to generate transplantable multi-potent
hematopoietic stem cells (HSC) in vitro have yielded hematopoietic cells with only
limited functional potential. Thus, improved understanding of in vivo programs that
direct specification of hematopoietic stem versus progenitor cells during embryonic
development holds immense clinical implication. However, characterization of the
unique properties of these cell populations is currently hindered by the inability to
distinguish them prospectively due to the absence of discriminating cell surface
markers or genes.

Here, we uncovered lymphatic vessel endothelial receptor-1 (LYVE1) as a
unique cell surface marker that identifies definitive hematopoietic stem and

progenitor cells and their cellular precursor, the hemogenic endothelium, in the yolk

ii



sac. Furthermore, we showed that LYVE[-eGFP-hCre knock-in mouse is a powerful
tool to separate the primitive erythropoiesis from definitive, even after the cell admixture
upon onset of embryonic circulation. Using this tool, we provide in vivo evidence that the
earliest progenitors to seed the fetal liver derive from the yolk sac.

The mechanisms that establish multilineage differentiation potential in hemogenic
endothelium are poorly understood. The vascular endothelial growth factor A (VEGF-A)
is essential for endothelial development; however, its role in hemogenic endothelium has
not been elucidated. Incorporating several unique mouse models of VEGF-A gene
targeting, we document that proper VEGF-A dosage is critical for vascular
remodeling and generating multipotent HS/PCs in embryonic hemogenic tissues.
Our data support the fact that VEGF-A haploinsufficiency is able to establish
primitive erythropoiesis and generate transient myelo-erythroid progenitors from
the yolk sac. Moreover, we discover a new cellular source of VEGF-A in placental
trophoblasts, and show that trophoblast VEGF-A is important for angiogenesis and

hematopoiesis in distant hemogenic organs as well.
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INTRODUCTION

Healthy donors comprise the only source of transplantable hematopoietic stem cells
(HSC) to date. However, the limited supply of HLA-matched donors remains as one
of the most pressing bottlenecks for the treatment of many patients with
hematopoietic malignancies and inherited blood and immune disorders. Hence, it
becomes evident that the in vitro production of transplantable HSCs carries
immense clinical implications. Furthermore, the high stake incentives to broaden
regenerative medicine into other organ systems build upon the success of the

pioneering HSC therapies.

The potential for in vitro generation of targeted cellular therapies was accelerated
by recent discoveries in induced pluripotent stem cells. In order to ultimately offer
personalized patient-specific cell replacement treatments, many stem cell biologists
have centered on how to faithfully steer the induced pluripotent cell to differentiate
into the specific cell of need. Unfortunately, directing cell reprogramming in the
laboratory has remained elusive so far. In fact, while hematopoietic progenitor cells
with restricted lineage and repopulating potential have been produced in vitro,
multipotent, self-renewing HSCs have not yet, despite being the best characterized
tissue stem cell. Therefore, understanding how HSC development and maintenance
are regulated will not only advance efforts to satisfy the clinical demand for
transplantable HSCs, but also provide insights to the shared tenets that define other
tissue specific stem cells, namely, long-term engraftment ability, self-renewal

capacity and multipotency.



DEVELOPMENTAL HEMATOPOIESIS

It is remarkable that the stem cells that are responsible for sustaining the
production of all blood cell types in the lifespan of a human are generated
exclusively during few days of embryogenesis. Hence, recapitulating this powerful
developmental program stands out as one of the most compelling approaches to

design protocols of HSC generation in the laboratory.

HSCs are not the first hematopoietic cells that are generated in the embryo:
they are produced last, and only after two other waves of provisional progenitors
that fulfill the immediate needs of the growing fetus by ensuring oxygen delivery
and tissue remodeling and defense, have been formed. These earlier two waves are
termed “primitive” and “transient-definitive” and emerge from the extra-embryonic

yolk sac (Fig. 1). The HSC-forming wave is termed “definitive” hematopoiesis and

Primitive Erythroid

Placenta Circulation
Yolk sac

Transient
definitive Fetal liver Myeloid-erythroid
Yolk sac
Definitive .
e B mATTOW Multipotent
Yolksac AGM Nver AGM, placenta and HSC
yolk sac (Myeloid-

f f erythroid-
Conception Birth lymphoid)

Figure 1. Waves of hematopoiesis during mammalian development



takes place In multiple sites: the aorta-gonad-mesonephros region, the umbilical
and vitelline vessels, the placenta, and the yolk sac. Once generated, progeny from
the transient-definitive and definitive waves seed the fetal liver for proliferation and
maturation, before migrating to the bone marrow, their lifelong niche of residence.
While it was long recognized that the primitive progenitors arise from the
fetal liver kinase 1 (Flk1) expressing mesoderm in the blood islands of the yolk sac,
the cellular founder of the definitive waves was contested until recent imaging and
lineage tracing studies nominated a rare subset of highly specialized endothelial
cells, termed as “hemogenic endothelium”, as the precursor of definitive cells. Real-
time in vivo visualization of the dorsa aorta of cmyb:eGFP;kdrl:memCherry double-
transgenic transparent zebrafish embryos showed that kdri:memCherry* cells
changed into cmyb;eGFP* cells (Bertrand et al., 2010). When mouse embryos with
green fluorescent protein (GFP) expressed under the control of the Ly-6A (also
known as Scal) transcriptional elements were flushed with fluorochrome-
conjugated endothelial cell-specific CD31 antibodies, sliced and then cultured
directly under the confocal microscope for sequential time-lapsed imaging, rare
GFP+ cells were noted to bud from GFP*CD31* endothelial cells lining the lumen of
the aorta (Boisset et al,, 2010). Lineage tracing studies using kdrl:Cre;switch DsRed
reporter zebrafish and inducible VE-Cadherin Cre mouse line further demonstrated

the endothelial origin of HSCs (Bertrand et al., 2010; Zovein et al., 2008).

The lineage tracing studies showed conclusively that HSCs emerge from

endothelial cells; however, neither these nor the time-lapsed reports addressed the



origin of the transient-definitive wave. Given that endothelial cells display plasticity
in adopting venous versus arterial identity, it is unknown whether the self-renewing,
multipotent HSCs and the transient myelo-erythoid restricted progenitors emerge
from a common or wave-specific hemogenic endothelium. The discovery of similar
plasticity in hemogenic endothelium to stir its fate would provide an exciting avenue
to elucidate why ex vivo attempts to produce HSCs have failed. However, how the
hemogenic endothelium responsible for the transient-definitive wave differs from
the one responsible for the definitive wave is poorly understood because of the lack
of wave-specific cell markers. Therefore, identifying tools for prospective fractionation
of the temporally and spatially overlapping products from the two definitive waves
will be critical to dissect the regulatory programs that govern the diversity and fate

of hemogenic endothelium.



ROLE OF VASCULAR ENDOTHELIAL GROWTH FACTOR A IN HEMATOPOIESIS

One critical signaling pathway acting on embryonic mesoderm and
endothelium involves the Vascular Endothelial Growth Factor A (VEGF-A), a potent
regulator of vasculogenesis and angiogenesis during development. VEGF is a
secreted mitogen that binds with high affinity to two receptor tyrosine kinases, fms-
related tyrosine kinase 1 (flt-1) and fetal liver kinase 1 (flk-1). Mouse embryos that
are homozygous for these receptors or even simply heterozygous for the ligand die
between embryonic day 8.5 and 9.5 and display concomitant vascular and
hematopoietic defects. Blood islands of yolk sacs with disrupted Flk1l or Fltl
signaling appear devoid of primitive cells (Carmeliet et al., 1996; Ferrara et al,
1996; Fong et al,, 1995; Shalaby et al., 1995).

In adult HSCs, colony forming potential was reduced when VEGF signaling
was interrupted by a small-molecule inhibitor of VEGF receptor tyrosine kinase that
acts intracellularly and was only mildly affected when a soluble Flt1, which blocks
VEGF signaling extracellularly, was administered. This suggested that HSC survival
is regulated by VEGF-A via an internal autocrine loop mechanism (Gerber et al,,
2002).

In adults, endothelial cells have been shown to express VEGF. Despite intact
levels of circulating VEGF-A protein or mRNA in whole organs, systemic endothelial
apoptosis with neonatal demise can ensue when VEGF-A is inactivated specifically in
VE-Cadherin-Cre expressing endothelial cells (Lee et al., 2007). This uncovered an

autocrine VEGF-A signaling pathway that is required for adult endothelial cell



homeostasis and begs the question for a similar role of VEGF-A in hemogenic
endothelium.

Because vascular and hematopoietic defects usually appear concurrently, it
was difficult to exclude that defective hematopoiesis was a secondary effect of
impaired or absent hemogenic endothelium. At least in Xenopus embryos, the VEGF-
A requirement for HSC specification versus endothelial arterial formation appears to

be VEGF-A isoform specific (Leung et al., 2013).

Taken together, a critical function of VEGF in embryonic hematopoiesis has
been implied, but in vivo mammalian studies of VEGF deficiency during development
are scarce. This might have been due to the experimental challenges posed by the
lethality of the VEGF-A heterozygous embryos. However, new models of genetic
manipulation are opening new avenues to readdress questions that could not be

previously assessed.



PLACENTA AS A NOVEL NICHE FOR HEMATOPOIESIS

The chorioallantoic placenta contains cells of trophectoderm and mesoderm
lineages, among others. The maternal-fetal exchange of gases, nutrients and waste
products takes place between the fetal blood vessels lined by mesoderm-derived
endothelial cells and the maternal blood spaces lined by trophectoderm-derived
trophoblast cells (Cross et al, 1994; Georgiades et al., 2002). One class of
trophoblast cells has very large cytoplasm and polyploid nuclei and is called
trophoblast giant cells (TGC). These have been characterized into at least four
different types depending on their location in the placenta and their

endocrine/paracrine function (Simmons et al., 2007).

The placenta, more specifically, TGCs have been reported to express VEGF-A
(Demir et al.,, 2004; Voss et al,, 2000). The VEGF-A receptor flt1 is not only present
in endothelial cells but also in the trophoblasts of the ectoplacental cone first and
the spongiotrophoblast region later. However, chimeric placentas with inactivating
flt1lacZ/lacZ trophoblasts and fIt1*/* fetal endothelium do not display any defects in
placental, vascular, or hematopoietic compartments (Hirashima et al., 2003).
Alternatively, the VEGF-A receptor flk1 is robustly expressed in endothelial cells and
hematopoietic progenitors but absent in trophoblasts. Of note, the placenta also
secretes another member of the VEGF family, the placental-like growth factor, which

binds to flt1, enhancing VEGF-A signaling through flk1 (Autiero et al., 2003).



Figure 2. The hematopoietic niches in the placenta

While previously HSCs found in the placenta were disregarded as simply circulating,
it is now accepted that they can emerge de novo from the placenta (Alvarez-Silva et
al., 2003; Barcena et al., 2009; Rhodes et al., 2008; Robin et al., 2009). In fact, the
murine placenta harbors 15-fold more HSCs than any other HSC-generating organ
(Gekas et al, 2005). Two functionally distinct hematopoietic niches have been
described: the large fetal blood vessels in the chorioallantoic mesenchyme for HSC
generation and the small fetal blood vessels in the labyrinth for HSC proliferation
(Rhodes et al,, 2008) (Fig. 2; YS, yolk sac; MB, maternal blood; Dec, decidua; CP,
chorionic plate; Lab, labyrinth; FL, fetal liver; DA, dorsal aorta; HSC, hematopoietic

stem cell; EC, endothelial cell; Tb, trophoblast; Pe, pericyte). The placenta



constitutes a unique hematopoietic microenvironment that can support HSC
expansion without promoting differentiation. (Ottersbach and Dzierzak, 2005). Our
group recently expanded the repertoire of the trophoblast as an important niche cell
that prevents premature differentiation of HS/PCs in the placental labyrinth
vasculature via PDGF-B/PDGFRf signaling (Chhabra et al., 2012). Many more cell
types likely contribute to the placental niche and their differential regulation of the

HSC-generating versus proliferating segregated niches awaits further investigation.
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definitive hemogenic endothelium
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INTRODUCTION

Embryonic survival depends on orchestrated developmental programs that can
rapidly produce differentiated blood cells and concomitantly generate a pool of
undifferentiated hematopoietic stem cells (HSC) within a narrow window of time. This
developmental challenge is met by segregating hematopoiesis into multiple functional
waves. The earliest wave (called “primitive”) appears in the extra-embryonic yolk sac
and predominantly generates erythroid cells that express unique embryonic globins to
meet the immediate metabolic needs of the developing embryo. The final wave (called
“definitive”) introduces the enduring HSCs that hold the lifelong capacity to replenish all
blood cell types --namely, the myeloid, erythroid and lymphoid lineages. These
multipotent hematopoietic cells emerge from the specialized hemogenic endothelium in
several anatomical sites: the para-aortic splanchnopleural/aorta-gonad-mesonephros
region (pSP/AGM), the yolk sac, the placenta, and the vitelline and umbilical vessels that
connect the dorsal aorta to the yolk sac and placenta, respectively (Medvinsky and
Dzierzak, 1996; Muller et al., 1994; Palis et al., 1999; Rhodes et al., 2008; Zeigler et al.,
2006). Flanking these two waves, an intermediate wave (called “transient-definitive”)
consisting of provisional progenitors with predominantly myelo-erythroid potential
emerges from the yolk sac (Mikkola and Orkin, 2006). The red cells made from these
progenitors express “definitive” adult type globins; however, these progenitors lack self-
renewal ability and the robust lymphoid potential characteristics of HSCs. Although the
characterization of the hematopoietic waves and organs that give rise to them is gradually

improving, the contribution of each wave to fetal hematopoiesis remains poorly defined

14



due to the lack of wave-specific cell markers hindering the prospective isolation of these
temporally and spatially overlapping products. Currently, our toolbox of cell surface
antigens to prospectively isolate developing hematopoietic stem and progenitor cells
(HS/PCs) includes CD41, ckit, CD45, CD150, Scal, Macl (Ferkowicz et al., 2003; Gazit
et al., 2014; Mikkola et al., 2003a; Morrison et al., 1995). However, none of these
markers can segregate the myelo-erythroid restricted progenitors from the multipotent
stem cells.

One strategy to discriminate cells from individual waves is to characterize them at
the time of their specification before they intermix in circulation. The mesoderm-derived
blood islands in the yolk sac have been recognized as the origin of the primitive erythroid
cells (Haar and Ackerman, 1971), but the precise precursor for the latter two waves had
remained contested for decades, as they emerge at the time or after circulation is already
established. Time-lapsed imaging of in vitro and in vivo HS/PC emergence as well as
lineage tracing experiments provided long-awaited evidence that a subset of highly
specialized endothelial cells was capable of generating definitive hematopoietic cells
(Bertrand et al.; Boisset et al.; Chen et al., 2009; Eilken et al., 2009; Lancrin et al., 2009;
Zovein et al., 2008). However, like the HS/PC markers, most antigens/genes known to be
expressed in hemogenic endothelium --such as, flk1, CD31, VE-Cadherin and Tie2-- are
not specific to individual waves or anatomical sites. Moreover, although many of these
markers are developmentally regulated (McKinney-Freeman et al., 2009), none of them
are wave-specific. Thus, there are no robust methods to prospectively identify or

genetically target only one of the hematopoietic waves or organs, while sparing others.
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Here we identify surface expression of the lymphatic vessel endothelial hyaluronan
receptor-1 (LYVE]) as a unique marker that distinguishes hemogenic endothelium and
definitive HS/PCs in the yolk sac from the primitive erythroid lineage, as well as from the
hemogenic endothelium and HS/PCs in other anatomical sites. Moreover, we used the
LYVEI-eGFP-hCre knock-in mouse to mark the molecular divergence between the
primitive and definitive hematopoietic programs in the yolk sac. While a fraction of
definitive HSCs also become labeled, the majority of the HSC compartment was
unaffected. As the primitive wave originating from the yolk sac and the HSC waves
arising from the placenta and AGM are completely and partially spared, respectively,
from LYVEI-Cre mediated excision, this tool now enables the tracing and genetic
manipulation of hemogenic endothelium that gives rise to the yolk sac definitive

hematopoietic waves.
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RESULTS

LYVE1 protein is expressed exclusively in yolk sac hematopoietic stem and

progenitor cells and hemogenic endothelium

Our objective was to identify a novel hemogenic endothelial cell surface marker
that could illuminate the divergence of the hematopoietic waves. Our laboratory had
previously screened for differentially expressed hematovascular genes in yolk sac
endothelium lacking the Stem Cell Leukemia (Scl/Tall) gene, which encodes a
transcription factor that is critical for the establishment of hemogenic identity in
endothelium (Lancrin et al., 2009; Van Handel et al., 2012). We reasoned that endothelial
genes that are down-regulated upon Scl inactivation could potentially serve as markers
that highlight the hemogenic endothelium, or distinct subsets of it. We selected the
LYVE1] as a candidate because it is extensively expressed in the early yolk sac
vasculature but largely absent from the dorsal aorta (Banerji et al., 1999; Gordon et al.,
2008), and thereby potentially provide a tissue specific marker for hemogenic
endothelium.

We first assessed the expression of LYVEI] protein in hemogenic tissues by
immunostaining. Screening of E10.5 hemogenic tissues demonstrated that LYVEI]
protein was robustly expressed in the yolk sac and vitelline vessels, but highly restricted
in the embryo proper and undetectable in the placenta and umbilical vessels (Fig. 1A).
Using flow cytometry analysis, LY VE1 protein could be detected in the yolk sac as early

as at the 8 somite-pair embryonic stage (E8.5) (Fig. 1B).
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Figure 1. LYVE1 protein expression in hemogenic organs and hematopoietic compartments.
(A) Immunofluorescence (IF) staining of tissues at E10.5. PL, placenta; UV, umbilical vessels; YS,
yolk sac; DA, dorsal aorta; CV, cardinal vein; VV, vitelline vessels. (B) Flow cytometry analysis
(FACS) of yolk sac at E8.5. (C) IF of yolk sac at E10.5 and FACS plot of primitive erythroid
population in yolk sac at ES.5 and peripheral blood at E11.0. The right column shows the gated
erythroid population from the corresponding left column. (D) IF and FACS plot of HS/PC fraction
in yolk sac at E9.5. (E) FACS plot of HS/PCs from YS, PL and CH, caudal half from Ncx control and

null littermate embryos at E9S.5.
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During early gestation, the yolk sac is primarily populated by Ter119" primitive
erythroid cells. Immunofluorescence and flow cytometry analysis revealed that primitive
erythroid cells were devoid of LYVEI] protein expression both immediately after their
emergence in the yolk sac at E9.5, and upon their maturation in the peripheral blood at
E11.0 (Fig. 1C). In contrast, LYVEI was expressed in 49.6% (= 15.9%) of CD41" cKit"
nascent HS/PCs in E9.5 yolk sac (Fig. 1D)

Given that HS/PCs arise from hemogenic endothelium, we surveyed the
vasculature for LYVE] expression in all hemogenic organs. As previously reported
(Gordon et al., 2008), immunostaining confirmed that LYVE] was expressed almost
ubiquitously in CD31" endothelial cells of the E10.5 yolk sac. LYVEIl expression
continued along the vitelline artery, which has been shown to give rise to hematopoietic
clusters beginning at E10.0 (Zovein et al., 2010). Within intra-embryonic tissues, LYVEI]
expression was confined to the cardinal vein and spared from the dorsal aorta (Fig. 1A).
Flow cytometry analysis further highlighted the striking contrast of LYVEL" fraction in
the Flk1"CD41" endothelial compartment between the distinct hemogenic organs at E9.5:
89.0% + 2.9% in the yolk sac versus 3.2% + 1.9% and 5.0% * 2.6% in the placenta and
embryonic caudal half, respectively (Fig. S1). Altogether, these data show that the yolk
sac is the predominant site that contains the putative hemogenic endothelium with

LYVEI] protein expression during the window of HS/PC emergence.

To verify whether the yolk sac is the only source of LYVE1" HS/PCs, we
assessed LYVEL surface expression in HS/PC populations in the different hemogenic
tissues of NcxI™ embryos that are heartbeat-deficient and hence lack circulation (Koushik

et al., 2001). Flow cytometry of NcxI™ tissues showed co-expression of LYVE1 with
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CD41%cKit" HS/PCs specifically in the yolk sac, but not in the placenta or embryo proper,
which harbored some LYVE" HS/PCs in control littermates with intact circulation (Fig.
1E and Suppl. 2). These data nominated the yolk sac as a sole source of LYVE1" HS/PCs,
and suggested that during normal cardiac function, the HS/PC pool in the placenta and

embryo is infused with LYVE1" HS/PCs circulating from the yolk sac (Fig. 1E).

LYVEICre lineage tracing bypasses the primitive erythroid lineage but labels yolk

sac definitive myelo-erythroid progenitors

To define the fate of LYVEI1" candidate hemogenic endothelial cells, we
performed lineage-tracing analysis by interbreeding LYVEI-eGFP-hCre knock-in mice
(referred as “LYVEI1Cre” hereafter) with the R26-stop-YFP reporter line (referred as
“YFP”). Cells with Cre recombinase activity driven by the LYVEI promoter underwent
excision of the floxed transcriptional stop preceding the YFP sequence in the Rosa26
locus, permanently labeling them and all their daughter cells with YFP expression (Fig. 2

A).

Flow cytometry analysis of E9.0 LYVEICre;YFP yolk sacs showed that the
Ter119" primitive red blood cells were not labeled (Fig. 2A). The absence of reporter
activity in E9.0 yolk sac erythroid cells was not due to YFP gene silencing as they were
90% labeled when crossed with the hemato-endothelial cell specific Tie2/Tek Cre strain,
in which Cre is activated after gastrulation in hemato-vascular precursors and 100%

labeled when mated with the germ cell specific VasaCre mouse, in which Cre is active
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during fertilization resulting in labeling of all cells of the conceptus (Fig. 2B). This
demonstrated that primitive erythropoiesis does not arise from the LYVEI-lineage.
Consistent with previous studies, we also found that YFP expression from the Rosa26
locus is silenced in primitive erythroid cells as these cells mature in circulation

irrespective of the Cre that was used for activating YFP expression (Fig. S3).
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Figure 2. LYVE1Cre lineage tracing of hematopoietic waves.

‘9 X ‘9 > '&o i Sasisasts
LYVE1-0GFP-Cre R26-stop-YFP
(“LYVE1Cre”) ("YFP")
B YS ES.0
LYVE1Cre;YFP
932
@ 0.069
s K
Tie2Cre;YFP ,
r 89.8 E4
D 8
@ § 1 Bl CFU-Ery
e [ CFU-Mac
B - B3 CFU-Myelo
8. Bl CFU-Mixed
=)
S
VasaCre:YFP.
- T N - -
98.6
E x | l
ki) .. )
—
SSA e BF YFP  Merged YFP
E FLE13.5
389
2, 0 E = @ ‘ ‘
8 .§|
—
cKit cKit YFP
F Adult
Lin- fraction
:BM*B ! "" . o 10!
8
5 1 gty | [ S s
4
(=
cKit cos S~ 20
BM SPL |
E] n E I il ‘?‘6}' o“’\b 0’\\’ o’\\.
- o . ¥ > *\V‘ e
] a QS
S| . o
Grl B220 e

(A) Cartoon of mouse model for

lineage tracing. (B) FACS plots of yolk sac erythroid population at E9.0. The right column show
representative YFP marking fractions. (C) FACS plot of yolk sac HS/PC and its YFP marking at
E9.25. (D) Methylcellulose assay of E9.5 yolk sac and direct visualization of yellow fluorescent
protein expressing colony via inverted fluorescence microscope. (E) FACS plot of HS/PC fraction
in fetal liver at E13.5 (F) FACS plot of blood cell types in adult tissues, such as, BM, bone

marrow, TM, thymus and SPL, spleen.
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In contrast to the primitive erythroid cells that were not lineage-traced by LYVEI-Cre,
74% (x 3.7% SEM) of CD41"cKit" HS/PCs from E9.25 LYVEICre;YFP yolk sac were
marked by YFP. Furthermore, 100% of myelo-erythroid hematopoietic colonies that were
formed from yolk sac single cell suspension were labeled with YFP (Fig. 2C and 2D).
These data are in concordance with the observed surface expression for LYVEI protein,
and suggest that the majority of yolk sac HS/PCs, at least the myelo-erythroid progenitors
that constitute the transient definitive hematopoietic wave, emerge from LYVE]-lineage

traced hemogenic endothelium

LYVEI1 lineage traced cells contribute to a subset of fetal and adult HSCs and their

progeny

We next assessed the contribution of LYVEI lineage traced cells to the definitive
HSC compartment in the fetal liver and adult bone marrow. In E13.5 fetal liver, the Lin’
Scal*cKit"CD34" HSC pool was 38.9% YFP marked (Fig. 2E). Moreover, in the adult,
similar fractions of YFP labeled cells were found in the Lin'Scal cKit" HSC compartment
of the bone marrow (33.8 +1.7%), Mac1'Gr1" myeloid cells of the bone marrow (38.5
+3.5%), CD4'CD8" T lymphocytes in the thymus (41.1 +1.9%), CD19'B220" B
lymphocytes in the spleen (39.75 +5.5%), and CD45" cells in the peripheral blood (35.73
+5.3%) (Fig. 2F). These data establish that a subgroup of long-term populating, self-
renewing HSCs stem emerge from the LYVE] lineage while the majority of them arise

from precursors not marked by LYVEI lineage trace.
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LYVEICre lineage tracing robustly labels HS/PCs in the yolk sac but also shows

some ectopic labeling in the placenta and AGM

As 44.0% and 42.9% of CD41%cKit" HS/PC populations in E9.5 placenta and
caudal half, respectively, were also labeled by YFP despite the lack of LYVEI protein
expression in these tissues in the absence of circulation, we compared YFP labeling in
NcxI” versus control littermates to investigate for the contribution of HS/PCs migrating
through circulation. At E9.5, only 0.7% of HS/PCs residing in the NcxI” placenta
showed YFP labeling. The NcxI” embryonic HS/PCs could not be assessed due to
insufficient number of cells (Fig. 3A). To evaluate the labeling in myeloerythroid
progenitors, NcxI” and control hemogenic organ explants underwent co-culture in OP9-
DL1 stroma for 5 days and then colonies were allowed to grow in methylcellulose for 7-
10 days (Fig. 3B). When examined under fluorescence microscope, 92%, 65% and 77%
of colonies derived from the Ncx/ control yolk sac, placenta and embryonic caudal half
showed green fluorescence. In contrast to the concepti with circulating cells, 95%, 10%
and none of the colonies derived from circulation deficient NexI™ yolk sac, placenta and
embryo, respectively, were YFP+ (Fig. 3C). These data further support the notion that the

LYVEICere is a useful tool for labeling definitive HS/PCs originating from the yolk sac.

To further outline the source of LYVEI1-traced HS/PCs, we next focused on the
endothelial cells, which release HS/PCs into circulation via endothelium-to-
hematopoietic cell transition. Within the Ter119°CD41 CD31" endothelial compartment at

E9.5, 85.6 £0.1% in the yolk sac versus 4.7 +2.4% and 4.2 +1.2% in the placenta and
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caudal half, respectively, were YFP marked (Fig. 3D). Of note, although the LYVEI
protein could not be visualized by immunofluorescence staining of the E10.5 placenta
and only low level of LYVEI protein could be discerned by flow analysis in 0.13% of

endothelial cells, anti-YFP immunostaining was detected in some cells in placental
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Figure 3. LYVE1Cre lineage tracing of yolk sac definitive hematopoiesis. (A) FACS plots of HS/
PC from hemogenic tissues of Ncx control and null littermates at E9.5. (B) Cartoon diagram of
experimental method. (C) Frequency of YFP* colonies. (D) FACS plot of vascular marking in wild
type organs at E9.5

25



vascular walls. In the embryo proper, anti-LYVE] immunostaining had localized the
protein expression to the cardinal vein but not the aorta. However, anti-YFP staining was
present in both vascular structures, indicating a discordant expression between LY VEI1
protein and LY VE1-lineage traced YFP protein (Fig S4). In contrast to the hematopoietic
cells, the fractions of endothelial cells with marking were not significantly changed in the
NcxI™ tissues lacking circulation (84.4 +0.1% in yolk sac, 4.5 +2.2% in placenta, and 2.8
+0.4% in caudal half) (Fig. S5). These data imply that LYVE1-Cre shows promiscuous
activation in a subset of endothelial cells in the placenta and embryo proper in the

absence of protein expression.

LYVEICre is a unique tool for molecular targeting of yolk sac definitive

hematopoiesis and early fetal liver colonization

In addition to serving as a site for HSC expansion during late midgestation, the
fetal liver has a critical role in supporting definitive erythropoiesis through most of fetal
life. In contrast to the primitive erythroid cells that mature at their site of origin, namely
the yolk sac, the progenitors for the definitive erythroid cells must transit through the
fetal liver to mature. However, although postulated to also originate from the yolk sac,
the anatomical origin of the precursors that first colonize the fetal liver and jump-start
fetal definitive erythropoiesis has not been experimentally proven. FACS analysis of
E13.5 fetal liver from LYVEICre;YFP mice showed that 87%=+1.5% of the

CD71*Ter119"" proerythroblast compartment had derived from the LY VE1-lineage (Fig.
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Figure 4. LYVE1Cre as a novel tool to study transient-definitive hematopoiesis. (A) FACS plot of
YFP marking in fetal liver at E13.5. (B) Colony forming units from the E9.5 yolk sac of LYVE1Cre-
specific Runx1 deletion. (C) Representative PCR genotyping of each colony. (D) FACS plot of
definitive cKit* progenitors and immature proerythroblasts in fetal liver at E11.5 and E12.5 of
LYVE1Cre-specific Runx1 null embryos. (E) May-Griinwald-Giemsa stain of peripheral blood from
Tie2Cre versus LYVE1Cre specific Scl deletion. (F) FACS plot of immature proerythroblast fraction
in fetal liver of Tie2Cre versus LYVE1Cre specific Scl null embryos. (G) FACS plot of immature
proerythroblast fraction in fetal liver of LYVE1Cre-specific Scl deletion.
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4A). As only a minimal subset of the HS/PCs originating in the early placenta and the
embryo exhibit YFP marking, these data suggest that the progenitors that are responsible

for initiating fetal liver definitive erythropoiesis are of yolk sac origin.

As the primitive erythroid lineage from the yolk sac and the majority of the
definite HSC pool originating from the embryo and the placenta is not excised by the
LYVEICre, we reasoned that the LYVE1Cre would provide a unique model to study the
impact of yolk sac definitive hematopoiesis specifically on fetal hematopoiesis and
survival. Runt-related transcription factor 1 (Runx1) is required for the generation of both
the transient definitive hematopoietic progenitors in the yolk sac and HSCs in all
hemogenic tissues.

At E9.5, LYVEICre-mediated Runx1 inactivation exhibited a dramatic reduction
of myeloerythroid colonies from the yolk sac (from 469.5 in control to 85.5 total CFUs in
LYVEICre;RunxI™) (Fig. 4B). As anticipated from the known requirement of Runx1 in
hemogenic endothelium (Chen et al., 2009), genotyping of colonies confirmed that only
cells that had escaped LY VE1Cre-mediated Runx1 deletion were able to grow (Fig. 4C).
We then examined the fetal liver at E11.5 as it is where HS/PCs from all organs converge
for maturation and expansion. Analysis of E11.5 LYVEICre;RunxI” mutants revealed a
marked reduction in both fetal liver cKit"CD34 erythroid enriched progenitors and
CD71'Ter119"" proerythroblasts. However, by E12.5, these population fractions did
recover to numbers comparable to control littermates (Fig. 4D), suggesting that another
source of undeleted precursors can sustain definitive erythropoiesis after midgestation.

These data implied that the deletion of Runx1 from LYVEI1Cre expressing hemogenic
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endothelium allows depletion of transient definitive erythroid progenitors that initiate

fetal liver definitive erythropoiesis.

To further investigate the impact of yolk sac definitive progenitors on definitive
erythropoiesis, we utilized the LYVEI1Cre to delete the transcription factor Scl. Scl is
essential for the specification of hemogenic endothelium (Porcher et al., 1996; Van
Handel et al., 2012), and later is required for the differentiation of both primitive and
definitive red cells (Schlaeger et al., 2005), while being dispensable for HSC
maintenance (Mikkola et al., 2003b). As shown in prior publications, deletion of Scl by
Tie2Cre resulted in defects in both primitive and definitive erythropoiesis. May-
Grunwald Giemsa stain of the E12.5 peripheral blood displayed erythroid cells that were
binucleated and with larger nucleus to cytoplasm ratio. In contrast, an intact morphology
of circulating erythroblasts was evident when LYVEICre had excised the Scl/ gene,
indicating that primitive erythropoiesis had been spared (Fig. 4E). On the other hand, like
the Tie2Cre;Scl"" embryos, FACS analysis of the corresponding LYVEICre;Scl"" fetal
livers showed abnormal accumulation of the CD71"Ter119"" immature erythroblasts
(Fig. 4F). This defect was ameliorated one day later, possibly because HSC-derived
erythroid cells replenished the fetal liver proerythroblast pool (Fig. 4G). This verified that
LYVEI1-Cre deletes Scl specifically from the transient-definitive erythroid cells but not
primitive erythroid cells, enabling studies addressing the impact of the different erythroid

waves on embryonic development and survival.
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DISCUSSION

The inability to prospectively identify the rare multipotent hematopoietic stem
cells from a pool of lineage-restricted progenitors has hindered the road to elucidate on
one hand the regulatory mechanisms that confer stemness in developing HSCs, and on
the other hand the impact of the transient progenitor waves in embryonic development
and survival. Here, we have provided evidence to nominate LY VE1Cre knockin mouse
as a novel tool to dissect the waves of developmental hematopoiesis, in particular, to

target the transient-definitive progenitor wave.

Our data indicate that the LYVE1" hemogenic endothelium compartment does not
give rise to primitive erythroid cells. The absolute absence of LYVEI protein expression
and LYVEI1Cre;YFP marking in these cells implies that they emerge from a mesodermal
precursor that either is independent from the LYVEI lineage, or gives rise to the

primitive erythroid precursors before LY VE1Cre activation.

In sharp contrast, both LYVE]1 expression and lineage-tracing were robust in the
definitive HS/PC population arising from the hemogenic endothelium of the yolk sac.
Such dichotomy offers a powerful tool to separate the primitive from definitive
erythropoiesis even after circulatory admixture. In fact, using the LY VE1Cre-mediated
recombination, we were able to uncouple the defective differentiation events in primitive
and definitive erythroid cells caused by Tie2Cre-specific Scl deletion (Schlaeger et al.,

2005). This selective inactivation of Scl in the definitive wave only allows now to study
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the requirement of Scl in fetal liver erythropoiesis without confounding effects of early
embryonic lethality --as in the germline Scl null (Porcher et al., 1996)-- or primitive
erythroid defects --as in the Tie2Cre;Sc™. Furthermore, we show in vivo evidence that
the earliest progenitors to seed the fetal liver are products of the yolk sac; however, the
deletion of Runxl from these cells causes only temporary effect on fetal liver

hematopoiesis without compromising blood development during late gestation.

The promiscuous activation of LYVEICre transgene in the placental vasculature
and dorsal aorta in the absence of LYVEI protein expression during the window of HSC
specification precludes strong statements of the yolk sac as the sole source of LYVE1-
lineage traced adult hematopoietic cells. Hence, to what extent adult hematopoiesis

emerges de novo from the yolk sac awaits further studies.
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MATERIALS AND METHODS

Mouse models. LYVEI1-eGFP-hCre mice (Pham et al., 2010) were intercrossed with the
reporter line carrying the YFP preceded by a floxed transcriptional stop in the Rosa26
locus (Srinivas et al., 2001). Similar breeding strategies were used for Tie2Cre;YFP and
VasaCre;YFP concepti. NcxI heterozygous mice for knockout experiments were obtained
from (Koushik et al., 2001). Timed matings were performed and the noon of the day of
vaginal plug was recorded as embryonic day 0.5 (E0.5). Mice were maintained according

to protocols of Animal Research Committee at the University of California, Los Angeles.

Preparation of tissue sections. After isoflurane-induced anesthesia, mice were sacrificed
by cervical dislocation. Fetal hematopoietic organs were dissected and fixed in 4%
paraformaldehyde at 4~ C for 4-6 hours, followed by 30% sucrose in PBS solution
overnight, 1:1 30% sucrose:OCT (Tissue-Tek, Electron Microscopy Sciences) for 1 hour
at 4" C, and finally embedded and frozen in 100% OCT. Frozen sections were cut at 5-7
pm with a Leica CM3050 S cryostat. For paraffin-embedded blocks, tissues were fixed in
4% paraformaldehyde at 4" C overnight and processed by standard protocol at the Tissue
Procurement and Histology Core Laboratory of the Pathology and Laboratory Medicine

at UCLA. Paraffin sections were cut at 5 um.

Immunostaining. Fixed frozen and paraffin-embedded sections were prepared and

immunostained as described elsewhere (Rhodes et al., 2008) but using the following
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antibodies: LYVEI1 conjugated to APC (1:200; BD Pharmingen), Ter119 (1:500, BD
Pharmingen), CD41 (1:100; eBiosciences), and GFP (1:500; Abcam). Biotinylated
secondary antibodies (1:500; Vector) and Tyramide Signal Amplification kit
(PerkinElmer) were used as directed by manufacturer’s protocol. Immunofluorescent
images were obtained on a Zeiss Axio Imager.A1 with a Zeiss Axiocam MRm camera or

a Zeiss LSM 510 microscope equipped with 405 nm, 488 nm, 543 nm, and 633 nm lasers.

Flow cytometry. Tissues were dissociated with collagenase (Worthington), DNase
(Qiagen) and dispase (Invitrogen) at 37" C for 20 minutes. Cells were stained with rat
anti-mouse monoclonal antibodies against Ter119, CD71, CD41, cKit, Scal, CD31, flk1,
and LYVEI (all from BD Biosciences or eBiosciences). Dead cells were excluded with
DAPI. Cells were assayed on a Becton Dickinson Biosciences LSRII or Fortessa flow

cytometer and data was analyzed with FlowJo software (Tree Star Inc.).

Clonogenic progenitor assay. Methylcellulose colony-forming assays were performed
as described previously (Chhabra et al., 2012). Briefly, single cell suspension was plated
in MethoCult 3434 (Stem Cell Technologies) supplemented with TPO (PeproTech) and
colonies were enumerated in 5-7 days. Clustering of 30 or more cells were defined as one
colony. Colonies were imaged using a Canon PowerShot G6 camera connected to Zeiss
Axiovert 40 CFL microscope. Individual LYVE1Cre;Runx1"" colonies were genotyped

by PCR.
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Cytospin. Peripheral blood cells were mounted on frosted microscope glass slides
(Fisherbrand) using a Shandon Cytospin 4 (Thermo Electron). Air dried slides were
stained MGG stain (Sigma Aldrich). Images were taken using an Olympus BXS5I

microscope with a DP72 camera.

Statistical analysis.
Mathematical analysis and statistics were performed using GraphPad Prism Software. P
values and data reported as mean + SEM were calculated using the Student’s unpaired

two-tailed t tests.
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Figure S2. IF staining of CD41* progenitors with and without co-expression of LYVE1 protein in
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Figure S3. Silencing of YFP* marking from mature primitive erythroid cells in peripheral blood

Figure S4. Ectopic IF staining of YFP* cells lining the blood vessels in placenta and dorsal aorta
at E10.5

Figure S5. LYVE1 protein expression in the CD41" Flk1* endothelial compartment in the Ncx
null YS, PL and CH.
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CHAPTER 3

Dosage of Vascular Endothelial Growth Factor-A

Is Critical for Multipotent Hematopoiesis
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INTRODUCTION

Multipotent, self-renewing hematopoietic stem cells (HSCs) bestow bone
marrow transplantations with their life-saving regenerative capacity. However, the
quest to generate HSCs in vitro from induced pluripotent stem cells has so far
yielded the production of progenitors with only restricted lineage potential. Hence,
to overcome this hurdle, it will be critical to elucidate molecular mechanisms that
distinguish the normal developmental programs that generate multipotent,
hematopoietic cells from those that result in the lineage restricted hematopoietic

counterparts.

During mammalian development, blood cells emerge in three distinct
functional waves from segregated anatomical sites. The earliest embryonic
hematopoietic cells arise from the yolk sac in a process called primitive
hematopoiesis, which consists of the rapid production of mature hematopoietic cells
(mainly erythroid cells that express unique embryonic globin chains) that can fulfill
the immediate metabolic needs of the developing embryo (Mikkola and Orkin, 2006;
Palis, 2008). Then follows a wave of progenitors with potential to differentiate into
the myeloid and erythroid but not the lymphoid lineages. This wave is referred as
transient-definitive hematopoiesis as the erythroid cells that emerge from these
precursors are definitive, adult type; but incapable of self-renewal or repopulation
of the recipient hematopoietic system upon transplantation. It is the subsequent and

last wave, called definitive hematopoiesis, that arises from the placenta, the yolk sac
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and the aorta-gonads-mesonephros (AGM) region in the embryonic caudal half and
is responsible for the generation of the lifelong reservoir of HSCs in the bone
marrow (Alvarez-Silva et al., 2003; de Bruijn et al, 2000; Gekas et al., 2005;
Medvinsky and Dzierzak, 1996; Rhodes et al., 2008; Robin et al., 2009).

To understand how the hematopoietic waves diverge, it will be critical to
pinpoint the precursors that give rise to the various cell types. The cellular origin of
hematopoietic stem and progenitor cells (HS/PCs) had remained controversial for
decades. However, recent studies using lineage tracing experiments as well as time-
lapsed imaging of in vivo and in vitro hematopoietic emergence in mouse and
zebrafish embryos demonstrated that a rare subset of highly specialized endothelial
cells --now referred as hemogenic endothelium-- generates HS/PCs (Bertrand et al.,
2010; Chen et al,, 2009; Eilken et al., 2009; Lancrin et al., 2009; Zovein et al., 2008).
Now, attention has turned to elucidate the molecular, cellular and developmental
profiles of the hemogenic endothelium. Our group presented evidence that the stem
cell leukemia (Scl/tall) gene encodes for a critical transcription factor that provides
hemogenic competence to endothelium by activating a broad hemato-vascular
transcriptional program while repressing a competing cardiac fate (Van Handel et
al, 2012). However, the mechanisms that establish multilineage differentiation

ability in hemogenic endothelium and HSCs remain largely unknown.

Because the vascular endothelial growth factor-A (VEGF-A) plays a critical
role in endothelial cell development and differentiation during the period when

definitive hematopoiesis is established, we hypothesized that VEGF-A participates in
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the specification and function of the hemogenic endothelium. VEGF-A is a potent
secreted mitogen that binds with high affinity to two receptor tyrosine kinases, fms-
related tyrosine kinase 1 (flt-1) and fetal liver kinase 1 (flk-1). VEGF-A signaling is
critical for vasculogenesis and angiogenesis in embryonic and extra-embryonic
tissues (Ferrara et al,, 2003). Earlier reports revealed that genetic ablation of both
or even a single VEGF-A allele caused marked vascular disruption in the dorsal aorta
and yolk sac, resulting in embryonic lethality during midgestation (Carmeliet et al.,
1996; Ferrara et al., 1996). These reports also suggested severely compromised
hematopoiesis in the yolk sac, as the blood islands of VEGF-A deficient yolk sacs
appeared devoid of primitive erythroblasts. However, developmental studies using
in vivo mammalian models of VEGF-A deficiency have been far and few between
because embryonic lethality posed significant methodological challenges.
Embryonic lethality of the heterozygote required aggregation of VEGF-A mutant
embryonic stem cells with wild-type tetraploid embryos in order to create embryos
that were affected by a reduction in VEGF-A levels (Carmeliet et al.,, 1996; Ferrara et
al., 1996). Hence, detailed in vivo studies of the hematopoietic perturbations during

development have not been conducted.

Incorporating several unique mouse models of VEGF-A gene targeting, we
document that proper VEGF-A dosage is critical for vascular remodeling and
generating multipotent HS/PCs in embryonic hemogenic tissues. Our data support
the fact that VEGF-A haploinsufficiency is able to establish primitive erythropoiesis

and generate transient myelo-erythroid progenitors from the yolk sac. Moreover,
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we discover a new cellular source of VEGF-A in placental trophoblasts that is

important for angiogenesis and hematopoiesis in distant hemogenic organs as well.

RESULTS

Vasa-Cre intercross with VEGF-A/"t mice is a robust model for VEGF-A

haploinsufficiency

To overcome the previously encountered experimental hurdles of generating
VEGF-A heterozygous embryos, we established a robust in vivo model of global
VEGF-A haploinsufficiency by interbreeding VEGF-A"*t mice with a germline Cre
deleter. The germ cell specific Vasa-Cre is active in the egg at the time of fertilization,
enabling germline excision of the VEGF-A gene and generation of concepti with VEGF
heterozygocity in all cells (Gallardo et al., 2007). Vasa-Cre;VEGF*t mutants
displayed marked embryonic growth restriction and developmental delay at
embryonic day 9.5 (E9.5), and lethality followed within a day (Fig. 1A). Of note,
hypocellularity preceded gross findings, in particular, in the embryonic caudal half
(Fig. 1B). Vascular disruptions were prominent in both embryonic and extra-
embryonic tissues. The embryo had pericardiac effusion and the umbilical vessels
appeared congested, while the yolk sac lacked well-defined red
cell-filled vascular branches (Fig. 1C). Whole mount staining of E9.5 embryo and

yolk sac with anti-PECAM1 showed enlarged vessels and persistent plexuses,
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consistent with immature vascular remodeling (Fig. 1D). In the placenta, the
intricate intertwining of fetal blood vessels with maternal blood spaces was absent
in the heterozygous mutants, giving the appearance of trophoblast crowding. Such
appearance could be contributed in part by the severe reduction in fetal blood
vessels as shown by immunohistochemistry with anti-PECAM1 (Fig. 1E). Taken
together, the findings of the Vasa-Cre;VEGF"*t mutants mirrored characteristics of

previously published models of VEGF-A haploinsufficiency.
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Figure 1. VasaCre;VEGF//*t heterozygote, a novel model for VEGF-A haploinsufficiency

(A) Gross morphology, size and developmental stage of heterozygous versus control embryos.
CRL, crown-rump-length (B) Cellularity of each hemogenic organ at ES.25. (C) Gross
morphology of yolk sac at E10.0. (D) Whole mount staining of yolk sac and embryo against pan-
vascular marker PECAM1. (E) H&E stain and immunohistochemistry analysis of PECAM1 in
placenta at E10.0.
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VEGF-A haploinsufficiency does not disrupt primitive erythropoiesis

Prior studies had reported that hematopoiesis in VEGF heterozygous yolk
sacs was markedly impaired (Carmeliet et al., 1996; Ferrara et al.,, 1996). Vasa-
Cre;VEGF/vt yolk sacs at E10.5 appeared pale on gross morphology and contained
only rare hematopoietic cells on histologic screening (Fig. 1C, 2A). However, we
observed nucleated cells with hematopoietic morphology in the corresponding
placenta. To identify these cells, we performed immunofluorescence (IF) staining,
which confirmed the presence of Ter119+ and BH1 globin expressing primitive
erythroid cells in the VEGF-A haploinsufficient placenta (Fig. 2A). Flow cytometry
analysis indicated that both the mutant yolk sac and placenta at E9.25 contained

Ter119+ primitive erythroid cells, albeit at reduced levels. (Fig 2B)

To determine whether the production of primitive erythroid precursors was
compromised in the yolk sac, we assayed the clonogenic potential of the yolk sac at
E7.5 and E8.5, which comprise the developmental period when the primitive
erythroid precursors can be found in the conceptus (Haar and Ackerman, 1971;
Palis et al,, 1999). VEGF-A haploinsufficiency did not affect the potential of the yolk
sac to form primitive erythroid colonies (EryP-CFC) (Fig. 2C). Next, given the
accumulation of primitive erythroblasts in the mutant placenta, we evaluated
whether the placenta was capable of ectopic generation of primitive erythroid
progenitors. We submitted the allantois --which eventually gives rise to the

vasculature of the placenta-- to the colony-forming assay prior to the chorioallantoic
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fusion. EryP-CFC colonies could not be obtained from either wild-type or mutant

allantois, providing evidence that the primitive erythroid progenitors found in the
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Figure 2. Effects of VEGF-A haploinsufficiency in hematopoietic waves

(A) H&E histology of wild-type and heterozygous yolk sac and placenta at E10.5. IF staining of
BH1 globin expressing primitive erythroid cells in placenta. All arrows point to the erythroid
cells. (B) FACS plot and quantification of primitive erythroid population in yolk sac at E9.25 and
at £10.0. (C) EryP colony and corresponding May-Griinwald-Giemsa stain of primitive erythroid
cells (see arrow). Quantification of EryP colonies from entire conceptus at E7.5 and from yolk
sac versus allantois (AL). (D) FACS plot and quantification of of definitive HS/PCs in yolk sac at
E9.25 and E10.0 (E) Yolk sac’s clonogenic potential counted per embryo equivalent (ee). CFU,
colony forming units (F) Yolk sac’s clonogenic potential counted per number of cells seeded.
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VEGF-A haploinsufficiency does not perturb the generation of transient

myeloerythroid progenitors in the yolk sac

We next evaluated the requirement of VEGF-A in transient-definitive
hematopoiesis. In the yolk sac, the fractions of CD41 and cKit expressing nascent
HS/PCs were not significantly decreased either before or after gross abnormalities
became evident, that is, at E9.25 and E10.0, respectively (Fig 2D). There was a slight
reduction in the number of myeloerythroid colonies formed per embryo-equivalent
by E9.5 heterozygous yolk sac (116 *+ 16.7 total wild-type CFUs to 95.3 + 10.5 total
mutant CFUs) (Fig. 2E). However, comparable numbers and types of progenitor
colonies were counted when the same number of dissociated cells was seeded (Fig
2F). These data provided evidence that VEGF-A heterozygocity is sufficient to

support the formation of transient myeloerythroid progenitors in the yolk sac.

Dosage of VEGF-A is critical for establishing HS/PCs with lymphoid lineage

differentiation capacity

We evaluated the requirement of VEGF-A for hematopoiesis in the placenta
and the embryonic caudal half, which are sites of de novo generation of multipotent
HS/PCs (Barcena et al., 2009; Rhodes et al., 2008; Zeigler et al., 2006). FACS analysis
of CD41+cKit* HS/PC fractions did not reveal a significant decrease of this
subpopulation in these organs at E9.25 and E10.0. However, unlike the yolk sac, the

placenta did show a significant reduction in the number of colonies (from 33 * 13
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total wild-type CFUs to 2 * 1.4 total heterozygous CFUs) even when equivalent
number of cells had been plated (Fig. 2G). This defective placental hematopoiesis
was not due to a delay in development as the heterozygotes and controls were
indistinguishable in somite-pair count and gross morphology. Only few colonies
were able to grow from the caudal halves of both mutant and wild-type littermates

at E9.25.

Because progenitors with restricted myeloerythroid potential and
multipotent HSCs cannot be separated at this stage based on known cell surface
markers or colony-forming ability, we used the OP9 and OP9-DL1 in vitro lymphoid
assays to help distinguish the two waves of definitive hematopoiesis (Schmitt et al.,
2004). In contrast to the tissues with intact VEGF-A levels, haploinsufficient E10.5
yolk sac, placenta and caudal half could not produce any CD19*B220+* B lymphoid
cells on OP9 stroma co-culture. Likewise, generation of CD4+*CD8* T lymphoid cells
in OP9-DL1 stroma was completely abolished in VEGF-A haploinsufficient E9.5
hemogenic tissues (Fig. 2H). These results imply that VEGF-A heterozygous tissues
cannot specify HS/PCs with full myelo-lymphoid differentiation ability, a key

property of definitive HSCs.

Hemogenic tissues have multiple cellular sources of VEGF during development

As VEGF-A/Flk1l signaling is crucial for vascular development during

embryogenesis, others have previously described the patterns of VEGF-A expression
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CK B-gal

Figure 3. Localization of VEGF protein and VEGF-A/LacZ

(A) IF staining of wild-type E9.5 placenta against VEGF-A. MD, maternal decidua; TGC,
trophoblast giant cell; PL, placenta; VV, vitelline vessels. (B) B-gal costained with trophoblast
marker cytokeratin (CK). CP, chorionic plate; LB, labyrinth; YS, yolk sac. In the inset, the arrows
point to cells expressing B-gal.
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in the AGM region and the yolk sac . However, the precise cellular source for the
VEGF-A ligand required for hemato-vascular development has not been verified at
the molecular level. Moreover, despite the fact that the placenta is now recognized
as being capable of generating and expanding multipotent HS/PCs, which cells
supply the VEGF-A ligand to the Flk1* hemogenic endothelium in the placenta
remain poorly characterized. To delineate the cellular sources of VEGF-A in the
placenta, we first screened E9.5 wild-type placentas for VEGF-A protein expression
using immunofluorescence. As previously reported, VEGF-A activity was observed
in the yolk sac visceral endoderm as well as the parietal trophoblast giant cells
(TGC) that wrap the yolk sac during midgestation. The TGC cells located between
the spongiotrophoblast layer and the maternal decidua also robustly expressed

VEGF (Fig. 3A).

To verify that VEGF-A gene regulatory regions are active in the cells where
the VEGF-A protein is found, we performed beta-galactosidase (-gal) staining in
hemogenic organs of VEGF-LacZ knockin mice (Miquerol et al.,, 1999). Within E9.25
hemogenic tissues, [3-gal activity could be appreciated in three distinct
extraembryonic hemogenic niches: the chorionic plate and the labyrinth in the
placenta, as well as the yolk sac (Fig 3B). Credited to host the potential to generate
HSCs de novo from its large fetal blood vessels (Rhodes et al., 2008), the chorionic
plate contained chorioallantoic mesenchymal cells that stained for (-gal. On the
other hand, 3-gal activity could be appreciated in the trophoblasts surrounding the

small fetal vessels within the labyrinth, which harbor highly proliferative HS/PCs. As
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previously reported, 3-gal staining was detected in the yolk sac’s visceral endoderm

and mesoderm. These cells are adjacent to the yolk sac’s hemogenic endothelium.

Autocrine VEGF-A signaling in hemato-vascular cells is not critical for HSC

development

Postnatal endothelial cells express VEGF and their autocrine VEGF signaling
in VE-Cadherin expressing endothelial cells is required for vascular homeostasis in
adult life (Lee et al,, 2007). To examine whether an autocrine mechanism is also
required for specification or function of the hemogenic endothelium during
development, we ablated VEGF exclusively from the vascular endothelial cells and
their progeny (including hematopoietic cells) by crossing TieZ-Cre transgenic males
with VEGF"f females. As the Tie2-Cre;VEGF/wt heterozygous offsprings survived to
adulthood, we further interbred Tie2-Cre,VEGE/wt with VEGFY/ and generated
conditional null concepti (Fig 4A). These hemato-vascular cell specific VEGF-A
mutants also survived to 6 months of age without obvious differences in their

peripheral red blood cell, white blood cell and platelet count profiles (Fig. 4B).

To assess for the presence of a transient hemato-vascular deficiency that
could have resolved prior to birth, we evaluated the midgestation concepti. No gross
abnormalities in the yolk sac or embryo were evident (Fig. 4C). IF co-staining for
endothelial cell marker CD34 and trophoblast cell marker cytokeratin did not show

perturbations in the overall architecture of the Tie2-Cre; VEGF"f null placenta at
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Figure 4. Requirement of hemato-vascular source of VEGF-A

(A) PCR genotyping of peripheral blood from mutant adults. (B) Complete blood count of adult
peripheral blood. RBC, red blood cells; WBC, white blood cells. (C) Gross morphology of yolk
sac and embryos at E11.0. (D) IF staining for placental vasculature. (E) Fetal liver cellularity at
E13.5. (F) FACS plot and quantification of HS/PC population in E13.5 fetal liver.
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E11.0 (Fig. 4D). Fetal liver cellularity at E13.5 was comparable between the
genotypes (4x10° + 2.6x10° cells in null, 3.4 x106 + 0.3x10° cells in heterozygous,
and 1.7 x10¢ £ 1.9x10° cells in wild-type controls) (Fig. 4E). The Scal*cKit*CD34+*
HSC compartment in the fetal liver was also unaffected at this stage (Fig. 4F). These
findings indicated that autocrine VEGF signaling in Tie2-Cre expressing cells and

their progeny is not required during development.

Mesodermal VEGF-A has minimal function in hemato-vascular development

during embryogenesis

Since [3-gal staining analysis demonstrated VEGF-lacZ activity in the allantois
as well as the chorioallantoic mesenchyme, we asked whether VEGF-A generated in
early mesodermal cells and their derivatives regulated specification of the
hemogenic endothelium and thus HS/PC development. Hence, we intercrossed
VEGF/wt with Mesp1-Cre mice and deleted one VEGF allele from Mesp1-expressing
mesoderm. Mesp1-Cre becomes active during early gastrulation and can excise the
floxed sequence earlier and in a broader spectrum of mesoderm-derived tissues
than Tie2-Cre (Saga et al, 1999). By E10.5, the Mesp1-Cre;VEGFYwt mutants
demonstrated no obvious abnormalities in embryonic growth and development,
gross morphology or vascular remodeling in the yolk sac (Fig. 5A). FACS analysis did
not reveal any defect in the Ter119+ erythroid cell or CD41+cKit* HS/PC fractions in
any of the hematopoietic tissues (Fig. 5B). Myeloerythroid clonogenic potential was

also unaffected in all organs at E9.5 (Fig. 5C). Finally, Mesp1-Cre;VEGE/"t tissues
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could produce CD4+CD8* T cells after 21 days of OP9-DL1 co-culture, albeit at lower
percentages than the control littermates for the placenta (Fig. 5D). Taken together,
this data indicated that reduction of mesoderm-derived VEGF-A to half doses does
not compromise embryonic hematopoiesis or vasculogenesis. However, whether it
reduces the efficiency to generate multipotent HS/PCs in the placenta requires

further investigation.
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Figure 5. Mesoderm-specific VEGF-A haploinsufficiency

(A) Gross morphology of embryos and yolk sac. Embryonic size and developmental stage. (B)
FACS plot and quantification of primitive erythroid cells in the yolk sac and placenta at E10.5. (C)
Colony forming units from each hemogenic tissue at E9.5. (D) T lymphoid cells from OP9-DL1 co-
culture.
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Trophoblasts constitute a critical source of VEGF-A for not only the placenta

but also distant organs

During the critical period of specification of hemogenic endothelium and
HS/PCs, B-gal and VEGF-A immunostaining predominantly colored the trophoblasts.
To dissect the exclusive contribution of trophoblasts in VEGF-A signaling, we used a
novel lentiviral Cre-based technique of gene manipulation that inactivates a gene of
interest specifically from the trophoblast compartment without disturbing other
extra-embryonic tissues or any of the embryonic-derived tissues (Georgiades et al.,
2007). We obtained trophoblast-specific VEGF heterozygous and null mutants by
infecting the trophectoderm of E3.5 blastocysts from VEGF /¥t intercrosses with the
lentiviral vector encoding for GFP-Cre (referred as LV-Cre hereafter). Because the
trophectoderm gives rise to trophoblasts only, lentiviral transduction resulted in
green fluorescence protein (GFP) expression confined to trophoblast cell lineages.
On the other hand, GFP was absent in all derivatives of the inner cell mass, namely,
the yolk sac, the allantoic vasculature of the placenta, the HS/PCs and the embryo
(Fig. 6A). Trophoblast-specific VEGF-A mutant embryos at E9.5 appeared growth-
restricted and developmentally delayed compared to controls (Fig. 6B). No embryos
with loss of either one or both VEGF alleles from trophoblasts survived beyond the
26 somite-pair stage. Whole mount of trophoblast-specific VEGF-A haploinsufficient
yolk sacs using PECAM1 antibody demonstrated enlarged capillary plexus without

remodeling (Fig. 6C). In brief, LV-Cre;VEGF/*t and LV-Cre;VEGF/frecapitulated the
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phenotypes of the Vasa-Cre mediated global VEGF-A inactivation. Altogether, these
data identify the placental trophoblasts as a critical source for VEGF-A ligand that is
essential for embryonic survival, and required for proper hemato-vascular

development also in distant organs.

E9.5 LV-GFP-Cre
PL

Figure 6. Trophoblast-derived VEGF-A
(A) IF staining of placenta and yolk sac against GFP (arrows). F, fetal circulation. (B) Gross
morphology of embryo and yolk sac at E9.5. (C) Whole mount of yolk sac against PECAM1

vascular marker.
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DISCUSSION

Despite the essential requirement of VEGF-A for embryonic survival, its role
in development has been inferred mostly from in vitro or non-mammalian studies.
Here, using the Cre/loxP recombination with a germline deleter mouse strain, we
expand the scope of current understanding with in vivo observations.

First, we present evidence for VEGF-A dose dependent effects in regulating the
different hematopoietic waves. To our surprise and contrasting previous reports,
VEGF-A deficiency from the loss of one VEGF-A allele was sufficient to support the
lineage-restricted primitive and transient-definitive waves. But deletion of both
alleles resulted in the loss of all myeloerythroid colony-forming progenitors (Lee,
Mikkola, unpublished data 2013), indicating that VEGF-A is indispensable for
definitive hematopoiesis. On the other hand, the HS/PCs with lymphoid lineage
potential were completely eliminated in the heterozygous tissues, suggesting that
the tightly regulated VEGF-A dosage determines hematopoietic fate. Our findings
thus far cannot ascertain whether the unequivocal eradication of the lymphoid
potential has resulted because VEGF-A plays a pivotal role in lymphoid
differentiation, HS/PC specification and/or survival, or hemogenic endothelial
specification and/or survival. However, as evidence from zebrafish studies have
indicated that VEGF-A up-regulates Notch signaling, which is important in
determining arterial cell fate (Lawson and Weinstein, 2002), further studies to
confirm that this molecular network is conserved in mice and directs the fate of

arterial hemogenic endothelium are needed.

60



Fetal survival and hematopoies do not depend on or at least end an autocrine
VEGF-A requirement in HSC or hemogenic endothelium by the time Tie2-Cre is
activated. Then, if cell intrinsic VEGF-A is dispensable for hematopoiesis during
development, the exogenous sources of VEGF-A from the hematopoietic niches must
account for the lethal defects. In the yolk sac, VEGF-A is expressed in the extra-
embryonic visceral endoderm and mesoderm in proximity with the hemogenic
endothelium (Miquerol et al.,, 1999). When VEGF-A expression is depleted from all
tissues except in the yolk sac visceral endoderm, the hematopoietic and vascular
compartments near intact VEGF-A secretion can be adequately established but the
embryo proper cannot be rescued (Damert et al., 2002). Consistent with the limited
role of yolk sac derived ligand, the VEGF-A deficient embryo died at midgestation
despite aggregation with wild-type embryos, which results in normal VEGF-A
expression in not only yolk sac endoderm but also all trophoblast lineages (Ferrara
et al, 1996). Hence, although the placenta was previously thought to be a minor
source of VEGF-A, our findings from trophoblast-specific VEGF-A deletion reveal that
the trophoblast compartment is a vital player and that the yolk sac and embryonic
sources of VEGF-A are insufficient to support their local hemogenic niches and/or
vascularization.

The precise trophoblast cell types that supply VEGF-A have not been well
characterized. Previous published reports indicated that after gastrulation, VEGF-A
is expressed in the parietal trophoblast giant cells that encircle the conceptus.

During midgestation, the VEGF-A ligand was located in the trophoblast giant cells
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that wraps around the yolk sac as well as those that reside in the
spongiotrophoblast layer. The expression of VEGF-A as assessed by the
transcription of lacZ under the control of VEGF-A promoter resides though in the
trophoblasts of the labyrinthine region, which contains the niche for HS/PC
proliferation. Since the placenta harbors 15-fold more HSCs than any other organ
generating them (Gekas et al, 2005) and VEGF-A acts primarily in a paracrine
fashion, we suspect that these trophoblasts comprise the immediate source of VEGF-
A for HS/PC development in the placenta. Hence, further understanding of the
unique properties of the trophoblasts and other niche cells in the placenta will be

instrumental to produce transplantable HSCs in culture.
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MATERIALS AND METHODS

Mouse models. VasaCre (Gallardo et al., 2007) heterozygous females were obtained
from the Jackson laboratory and intercrossed with VEGF""" males (Gerber et al., 1999).
Similar breeding strategies were used for Tie2Cre; VEGF" concepti. NcxI heterozygous
mice for knockout experiments were obtained from (Koushik et al., 2001). Trophoblast-
specific VEGF-A deletion was obtained by microinjecting a lentivirus vector expressing
Cre-GFP under the zona pellucida of E3.5 blastocysts derived from VEGF™" intercrosses.
These blastocysts were transferred into wild-type pseudo-pregnant females. Timed
matings were performed and the noon of the day of vaginal plug was recorded as
embryonic day 0.5 (E0.5). Mice were maintained according to protocols of Animal

Research Committee at the University of California, Los Angeles.

Preparation of tissue sections. After isoflurane-induced anesthesia, mice were sacrificed
by cervical dislocation. Fetal hematopoietic organs were dissected and fixed in 4%
paraformaldehyde at 4~ C for 4-6 hours, followed by 30% sucrose in PBS solution
overnight, 1:1 30% sucrose:OCT (Tissue-Tek, Electron Microscopy Sciences) for 1 hour
at 4" C, and finally embedded and frozen in 100% OCT. Frozen sections were cut at 5-7
pm with a Leica CM3050 S cryostat. For paraffin-embedded blocks, tissues were fixed in
4% paraformaldehyde at 4" C overnight and processed by standard protocol at the Tissue
Procurement and Histology Core Laboratory of the Pathology and Laboratory Medicine

at UCLA. Paraffin sections were cut at 5 um.
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Immunostaining. Fixed frozen and paraffin-embedded sections were prepared and
immunostained as described elsewhere (Rhodes et al., 2008) but using the following
antibodies: VEGF (1:200; Abcam), Ter119 (1:500, BD Pharmingen), [B-globin (1:100;
gift from Palis lab), CD34 (1:200; eBiosciences), cytokeratin (1:1000; Dako).
Biotinylated secondary antibodies (1:500; Vector) and Tyramide Signal Amplification kit
(PerkinElmer) were used as directed by manufacturer’s protocol. Immunofluorescent
images were obtained on a Zeiss Axio Imager.Al with a Zeiss Axiocam MRm camera or
a Zeiss LSM 510 microscope equipped with 405 nm, 488 nm, 543 nm, and 633 nm lasers.
Whole mount staining was performed using purified CD31 antibody (1:600; BD

Pharmingen) and imaged using the confocal Zeiss LSM 510.

Flow cytometry. Tissues were dissociated with collagenase (Worthington), DNase
(Qiagen) and dispase (Invitrogen) at 37" C for 20 minutes. Cells were stained with rat
anti-mouse monoclonal antibodies against Ter119, CD71, CD41, cKit, Scal, CD31, and
flk1 (all from BD Biosciences or eBiosciences). Dead cells were excluded with DAPI.
Cells were assayed on a Becton Dickinson Biosciences LSRII or Fortessa flow cytometer

and data was analyzed with FlowJo software (Tree Star Inc.).

Clonogenic progenitor assay. Methylcellulose colony-forming assays were performed
as described previously (Chhabra et al., 2012). Briefly, single cell suspension was plated
in MethoCult 3434 (Stem Cell Technologies) supplemented with TPO (PeproTech) and

colonies were enumerated in 5-7 days. Clustering of 30 or more cells were defined as one
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colony. Colonies were imaged using a Canon PowerShot G6 camera connected to Zeiss

Axiovert 40 CFL microscope.

Complete blood cell count. Peripheral blood from the tail was collected into heparinized
tubes and submitted to the Division of Laboratory Animal Medicine at UCLA for

analysis using Humavet Interface.

Lymphoid cultures. Fetal organ explants or their dissociated single cell suspensions
were cocultured on mouse OP9 or OP9-DL1 stromal cells (Schmitt et al., 2004) in 24-

well plates as previously described (Rhodes et al., 2008).

Statistical analysis. Mathematical analysis and statistics were performed using GraphPad
Prism Software. P values and data reported as mean + SEM were calculated using the

Student’s unpaired two-tailed t tests.
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SUMMARY

The placenta provides the interface for gas and
nutrient exchange between the mother and the fetus.
Despite its critical function in sustaining pregnancy,
the stem/progenitor cell hierarchy and molecular
mechanisms responsible for the development of
the placental exchange interface are poorly under-
stood. We identified an Epcam™ labyrinth tropho-
blast progenitor (LaTP) in mouse placenta that at a
clonal level generates all labyrinth trophoblast sub-
types, syncytiotrophoblasts | and Il, and sinusoidal
trophoblast giant cells. Moreover, we discovered
that hepatocyte growth factor/c-Met signaling is
required for sustaining proliferation of LaTP during
midgestation. Loss of trophoblast c-Met also dis-
rupted terminal differentiation and polarization of
syncytiotrophoblasts, leading to intrauterine fetal
growth restriction, fetal liver hypocellularity, and
demise. Identification of this c-Met-dependent multi-
potent LaTP provides a landmark in the poorly
defined placental stem/progenitor cell hierarchy
and may help us understand pregnancy complica-
tions caused by a defective placental exchange.

INTRODUCTION

The mammalian placenta serves as the interface for gas and
nutrient exchange during development. The placenta also pro-
vides an immunological barrier between the fetus and the
mother and secretes hormones that regulate pregnancy. Recent
studies identified the placenta as a hematopoietic organ that
generates hematopoietic stem/progenitor cells (HS/PC) and
macrophages and provides a niche that protects definitive
HS/PC from premature erythroid differentiation (Gekas et al.,

=
\!)Cn-:Mm:k

2005; Rhodes et al., 2008; Van Handel et al., 2010; Chhabra
et al., 2012). Dysfunctional placental development has been
associated with maternal hypertension and preeclampsia
(Young et al., 2010), while disruption of placental circulation
and fetal-maternal exchange can lead to intrauterine fetal
growth restriction (IUGR) and demise (Scifres and Nelson,
2009). Therefore, proper placental function is critical for a
healthy pregnancy.

In the mouse placenta, substance exchange occurs in the
labyrinth (La; analogous to chorionic villi in human), which is
composed of highly branched fetal vasculature and tropho-
blast-lined maternal blood spaces (Figure S1A available online;
Rossant and Cross, 2001; Watson and Cross, 2005; Maltepe
et al., 2010). Trophoblasts are epithelial cells that develop from
the trophectoderm (Te), the outermost layer of the blastocyst.
Mitotic activity is limited to polar Te that differentiates into chori-
onic trophoblasts and the ectoplacental cone (EPC). Chorionic
trophoblasts form the labyrinth, while the EPC gives rise to the
junctional zone (JZ) consisting of spongiotrophoblasts (Sp) and
trophoblast giant cells (TGC) that provide structural support
and enable invasion to the uterus (Figure 1A; Figure S1A).
Morphogenesis of the labyrinth occurs after fusion of the allan-
toic mesoderm with chorionic trophoblasts (embryonic day 8.5
[E8.5]), which undergo extensive branching (Figure 1A). The lab-
yrinth consists of two layers of multinucleated syncytiotropho-
blasts (SynT-I and -Il) that control fetal-maternal transport, and
sinusoidal trophoblast giant cells (sTGCs) that have endocrine
functions and act as hematopoietic signaling centers (Chhabra
etal., 2012). Fibroblast growth factor 4 (Fgf4)-dependent tropho-
blast stem (TS) cells that generate all trophoblast subtypes can
be established from the blastocyst and early postimplantation
embryos, and are the in vitro equivalents of Te (Tanaka et al.,
1998). However, TS cell potential disappears after chorioallan-
toic fusion (Uy et al., 2002) suggesting that yet unidentified pre-
cursors downstream of TS cells form the placenta (Figure 1A;
Simmons and Cross, 2005). Recent studies identified an EPC-
derived Blimp1* precursor that generates multiple types of
TGC in the Sp layer (Mould et al., 2012). However, the precursors
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that generate the exchange interface in the placental labyrinth
are unknown.

Targeted mutagenesis in mice has provided clues to mecha-
nisms regulating key stages of placental development (Rossant
and Cross, 2001; Watson and Cross, 2005). c-Met receptor tyro-
sine kinase and its ligand, hepatocyte growth factor (Hgf), have
been identified as regulators of labyrinth morphogenesis. Hgf
and c-Met knockout (KO) embryos exhibit IUGR and a smaller
placenta and die by E14.5; Bladt et al., 1995; Schmidt et al.,
1995; Uehara et al., 1995). c-Met signaling governs various
morphogenetic events in development, tissue repair, and cancer
metastasis by regulating cell growth and motility and stem/pro-
genitor cells in multiple tissues express c-Met (Boccaccio and
Comoglio, 2006). Nevertheless, little is known about the cellular
and molecular mechanisms of how c-Met signaling governs
placental development, and the extent to which placental
dysfunction underlies the defective development of c-Met-defi-
cient embryos.

Here we identify an Hgf/c-Met signaling-dependent Epcam™
multipotent labyrinth progenitor that gives rise to all labyrinth
trophoblast subtypes. Trophoblast-specific loss of c-Met abro-
gated the proliferation of labyrinth trophoblast progenitors
(LaTPs) and terminal differentiation and polarization of syncytio-
trophoblasts, compromising both placental and fetal develop-
ment. These discoveries advance our understanding of placental
stem/progenitor cell hierarchy and provide an in vivo model for
studying how dysfunctional placental exchange compromises
pregnancy.

RESULTS

Epcam Marks Proliferative, Undifferentiated
Trophoblasts in the Placental Labyrinth

To identify candidate trophoblast progenitor cells inthe placental
labyrinth, proliferative cells were labeled with bromodeoxyuridine
(BrdU) 1 hr before dissection, and immunofluorescence (IF) was
performed for BrdU and CD9 or Epcam (Trop1; Figure 1B; Fig
ure S1A). CD9, atrophoblast marker upregulated at E10.5 during
labyrinth morphogenesis (Wynne et al., 2006), was expressed
broadly in syncytiotrophoblasts (SynT) in E12.5 labyrinth (Fig-
ure 1B; Figure S1A). Incontrast, Epcam, a marker of many epithe-
lial stem cells (McQualter et al., 2010), was expressed highly ina
subset of labyrinth trophoblasts, while SynT showed low expres-
sion (Figure 1B; Figure S1A). Moreover, Epcam™ cells were ar-
ranged in clusters and showed much higher frequency of BrdU
incorporation than CD9* cells (Figure 1B). To assess whether
Epcam™ cells are undifferentiated trophoblasts, sections were
costained for monocarboxylate transporter (Mct) 4, which is
expressed in the basal plasma membrane of SynT-Il (Nagai
etal., 2010) adjacent to fetal vasculature. Mct4 was undetectable
by IF at E10.5 (data not shown), whereas by E12.5, Mct4 colo-
calized with Epcam in SynT-Il (Epcam¥; Figure 1C). In contrast,
Epcam™ cells were devoid of Mct4 expression (Figure 1C). At
E9.5, Epcamhi cells resided at the site of chorioallantoic fusion
(Figure 1D), and by E12.5, they formed clusters adjacent to
laminin® stromal cells in the labyrinth. No Epcam™ cells were
detectable after completion of labyrinth morphogenesis at
E14.5 (Figure 1D). These data nominated Epcam™ cells as candi-
date progenitor cells in the placental labyrinth.

Developmental Cell
c-Met-Dependent Labyrinth Trophoblast Progenitor

To define the identity of Epcam™ cells, magnetic bead selec-
tion was used to isolate them from E10.5 placenta (Figure 1E;
Figure S1B). Fluorescence-activated cell sorting (FACS) analysis
confirmed the enrichment of Epcamhi cells without a significant
contribution of Epcam'®” CD9™ SynT (Figure S1B). Results of
quantitative RT-PCR (gRT-PCR) indicated that the expression
of genes required for labyrinth trophoblast development,
including transcription factors Gem1, Dix3, and Ovoi2 (Morasso
et al., 1999; Anson-Cartwright et al., 2000; Unezaki et al., 2007),
and orphan nuclear factor Ni6a? (Morasso et al., 1999), was
enriched in Epcam™ fraction in E10.5 placenta as compared to
Epcam cells or TS cells (Figure 1F). Low expression of sTGC
markers (Ctsq and Pri3b) was detected in both Epcam™ and
Epcam cells, but not in TS cells, whereas TGC (Pri3d1) and
Sp (Tpbpa) markers were absent from both Epcam™ and TS cells
(Figure 1F). These data suggested that Epcam™ cells are primed
for differentiation to labyrinth trophoblasts.

Epcam™ Cells Represent Multipotent Labyrinth
Trophoblast Progenitors

To define the ability of Epcam™ cells to differentiate into labyrinth
trophoblasts, magnetic-activated cell-sorted Epcam™ cells were
cultured on OP9 stroma. OP9 cells highly express Vcam1, a
ligand for integrin a4 (Itgad), which is expressed both in Epcam™
cells (Figure 2A) and on the basal surface of the chorion at the
time of chorioallantoic fusion (Stecca et al., 2002). The differen-
tiation potential of Epcam™ cells was compared to that of TS
cells, which upregulate markers for the SynT, Sp, and TGC line-
ages after removal of Fgf4 (Tanaka et al., 1998). After 7 days
of culture on OP9, Epcam™ cells maintained the expression of
SynT transcription factors DIx3 and Ovo/2 and upregulated the
mature SynT markers Mct? (SynT-l) and Mct4 (SynT-Il; Nagai
et al., 2010; Figure 2B) to greater levels than differentiated TS
cells, confirming the abilty of Epcam™ cells to efficiently
generate SynT. Moreover, after 7 days in culture, E-cadherin®
(Cdh1) cells with multiple nuclei (> 20) were observed (Figure 2C),
suggesting that SynT derived from Epcam™ cells can form
syncytia in vitro. Costaining with CD9 confirmed that the muilti-
nucleated cells were trophoblasts (Figure 2D). Interestingly,
expression of sTGC markers Ctsqg and Pri3b1 also increased
by 7 days of culture, suggesting that Epcam™ cells also differen-
tiate into labyrinth sTGC in vitro (Figure 2B). In contrast, cultured
Epcam™ cells evidenced minimal expression of TGC and Sp
markers, implying that their differentiation potential is restricted
to labyrinth trophoblasts. These data nominated Epcam™ cells
as labyrinth trophoblast progenitor cells (LaTP) that can give
rise to SynT-l, Il, and sTGC.

We next asked if Epcam™ cells are clonally linked to SynT and
sTGC in vivo. Tamoxifen-inducible Rosa26-CreER™ mice were
crossed with Rosa26-Rainbow reporter strain (Rinkevich et al.,
2011), in which all cells express GFP until Cre-mediated recom-
bination induces one of the three other fluorescent proteins
(mCherry, mOrange, and mCerulean; Figures 2E and 2F). 4-OH
tamoxifen was injected at E9.5 when labyrinth morphogenesis
begins, and placentas were analyzed at E12.5 when Epcam™
cells and differentiated SynT and sTGC are present. To facilitate
clonal analysis, the dose of 4-OH tamoxifen was titrated to
induce rare recombination in trophoblasts. While individual cells
marked with mCherry, mOrange, or mCerulean were found in all
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Figure 1. Epcam™ Cells Are Candidate LaTP Cells

{A) Schematic depicting the development of the mouse placenta. Polar trophectoderm (pTe) develops into ectoplacental cone {(EPC) and chorion (Ch).
Trophoblast stem (TS) cells can established from trophoectoderm/placenta before E8.5, however, TS cells disappear after chorioallantoic fusion, suggesting that
yet unidentified progenitors are responsible for labyrinth development. The labyrinth (La) contains three trophoblast cell types: SynT-l, SynT-Il, and sinusoidal
trophoblast giant cells (sTGCs). The SynT-ll layer is facing fetal endothelium (End), and the sTGC is facing matemal blood. ICM, inner cell mass; De, decidua; Al,
allantois; CP, chorionic plate.

(B) Identification of Epcam as a marker for proliferating trophoblasts. Sections from E12.5 placental labyrinth were stained with CD9 or Epcam. DNA synthesis
was visualized by BrdU incorporation. Arrow, Epcam™ cluster. Arrowhead, SynT. Scale bar, 100 um.

{C) Correlation of SynT-II differentiation marker, Mct4, with low Epcam expression in SynT-Il (arrowhead). Arrow, Epcam”
(D) Kinetic analysis of the frequency of Epcam™ cells in midgestation placentas. Scale bar, 100 um.

(E) Enrichment of Epcam™ cells from E10.5 placenta using magnetic bead separation.

(F) Quantitative analysis of the expression of trophoblast subtype-specific genes in Epcam™-enriched cells.

All error bars indicate SEM. See also Figure S1.

cluster. Scale bar, 100 pm.
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Figure 2. Epcam™ Cells Represent Multipotent LaTPs

{A) Schematic for analysis of the developmental potential of Epcam” cells in vitro. Epcam™ cells from E10.5 placenta were enriched using magnetic beads and
cocultured with OP9 for 7 days. qRT-PCR documents the expression of /tga4 in Epcam” cells and Veam1 in OP9.

{B) gRT-PCR showing the maintenance of SynT-specific genes and upregulation of markers for differentiated SynT-land -Il and sTGC in Epcamh‘ cultures after 7 days.
{C) Documentation of increased frequency of Cdn1* SynT with multiple nuclei after 7 days in culture.

(D) Documentation that Cdh1* multinucleated cells coexpress trophoblast marker CD9.

(E) Schematic for in vivo clonality analysis. Rosa26 (R26) Rainbow reporter mice were mated with R26 CreER™ mice. At E9.5, Cre-mediated gene deletion was
induced by injection with 40H-tamoxifen, and embryos were dissected at E12.5.

{F) Fluorescence image indicating that Cre-mediated gene recombination induces multi-color labeling and establishment of clones of labeled cells in the labyrinth.
JZ, junctional zone; La, labyrinth; Me, mesenchyme.

(legend continued on next page)
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parts of the fetal placenta, the labyrinth contained several clus-
ters of cells marked with the same color (Figure 2F). To investi-
gate differentiation potential of cells in individual clones,
mCherry-labeled clusters were chosen for further analysis (Fig-
ure 2G). Of all Epcam™ cell clusters, 2.2% (+ 0.4) harbored
mCherry* Epcam™ cells (Figure 2H), with each cluster containing
on average 4.8 (+ 2.6) mCherry-labeled trophoblasts (Figure 2I).
Quantitative analysis indicated that 15.8% (x 4.1) of mCherry-
labeled clusters were multipotent and contained labeled clones
with Epcam™ LaTP, Epcam®¥/"9 SynT, and Epcam™? sTGC
(Figures 2G and 2J). Comparable results of clonal association
of Epcam™ LaTP with SynT and sTGC were obtained using
Rosa26-YFP reporter mice (Figures S2A-S2F). Costaining for
Epcam, Cytokeratin, and Mct4 further confirmed labeling of all
labyrinth trophoblast subtypes within YFP*-labeled EpcamM
LaTP clusters (Figure S2G). Together, these data suggest that
Epcam™ cells are LaTPs that generate all labyrinth trophoblast
subtypes in vivo (Figure 2K).

c-Met Signaling Directly Regulates Labyrinth
Trophoblast Development

To identify regulators for LaTP, we searched for mouse models
with labyrinth defects; the Hgf receptor c-Met was identified as
a candidate. We first analyzed the placental defect in c-Met
KO embryos generated by deleting the conditionally targeted
c-Met locus (Huh et al., 2004) in the germline (g-KO). Lethality
of c-Met g-KO embryos occurred by E14.5, as reported for Hgf
and c-Met KO embryos (Bladt et al., 1995; Schmidt et al.,
1995; Uehara et al., 1995). No macroscopic defects were
observed in placentas or embryos until E12.5, when c-Met
g-KO placentas and embryos exhibited decreased size and
hypocellular fetal liver (FL; Figures S3A-S3D). c-Met g-KO
placentas had a thinner labyrinth (La) while the JZ composed
of Sp and TGC was unaffected (Figure 3A), confirming that
placental defects were limited to the labyrinth.

To assess whether loss of Hgf/c-Met signaling in placental tro-
phoblasts alone is sufficient to cause the defects in the placenta
and the fetus, we generated trophoblast-specific c-Met KO
(t-KO) embryos by deleting the c-Met gene in trophoblasts using
a lentiviral Cre (Figure 3B; Chhabra et al., 2012). UbiC-Cre-GFP
lentiviral vector was injected under the zona pellucida (ZP) of
c-Met"™ blastocysts, while c-Met"* blastocysts and untrans-
duced c-Met" blastocysts served as controls. Strikingly,
trophoblast-specific c-Met deletion mimicked the phenotype of
c-Met g-KO mutants, resulting in reduced placental labyrinth
size and poorly developed branching structure (Figure S3E),
IUGR of the embryo (Figures 3C and 3D), and lethality by
E14.5 (data not shown). Moreover, loss of c-Met in placental tro-
phoblasts alone was sufficient to cause hypocellularity of the FL
(Figure S3F). Importantly, transduction of c-Met"* blastocysts
did not show any phenotype in the embryo or the placenta

(data not shown). These findings indicate that trophoblast-spe-
cific loss of c-Met causes both labyrinth and FL hypoplasia
and IUGR of the embryo.

To examine how c-Met regulates labyrinth development, we
conducted Affymetrix microarray analysis on wild-type (WT)
and c-Met g-KO CD9™" labyrinth trophoblasts. We identified
1,294 genes as downregulated and 1,221 genes as upregulated
in c-Met-deficient trophoblasts (> 2-fold, p < 0.05; Tables S1and
S2; Figure S3G). The GO category “placenta development”
included genes regulating labyrinth development (Figure 3E;
Figure S3G). qRT-PCR confirmed reduced expression of SynT
genes (Gem1, DIx3, Ovol2, Cebpa, and Tead3; Natale et al.,
2006) in c-Met g-KO labyrinth trophoblasts (Figure 3F). gRT-
PCR of all E12.5 placentas showed that there was no reduction
in labyrinth sTGC- (Ctsg and Pri3b1), TGC- (Pri3b1, Limkt,
Limk2, and Hand1), or Sp-specific genes (Tpbpa and Nodal; Fig-
ure 3G; (Watson and Cross, 2005; Natale et al., 2006). These
data further indicated that c-Met signaling specifically regulates
labyrinth trophoblast development.

c-Met Sustains Proliferation of LaTP in Midgestation
Placenta
The selective suppression of SynT genes and the morphological
defects inthe placental labyrinth raised the hypothesis that c-Met
signaling regulates the emergence, maintenance, and/or differ-
entiation of LaTP. gRT-PCR documented the expression of
c-Met in both Epcam™ LaTP and CD9™ Epcam®*/™9 SynT,
whereas the mature SynT marker Mct4 was expressed at a higher
level in SynT (Figure 4A). The frequency of Epcam™ cells in c-Met
g-KO placenta was comparable to that of WT at ES.5, but dramat-
ically decreased from E10.5 onward (Figure 4B). These data
suggested that c-Met signaling is not required for specification
of LaTP, but rather for their maintenance through midgestation.
The most highly enriched GO categories among genes downre-
gulated in c-Met-deficient placentas were related to “cell cycle”
(Figures S3G and S4A). gRT-PCR confirmed downregulation of
several genes required for cell division, including Ccna2, Ccnel,
Ccne2, Chek1, and Cdc45 (Figure 4C). BrdU incorporation assay
verified significant reduction in actively proliferating Cytokeratin®
trophoblasts in both c-Met g-KO and t-KO placentas at E12.5
(Figure S4B), whereas no difference in DNA fragmentation was
observed (Figure S4C), suggesting that defective proliferation
rather than apoptosis underlies labyrinth hypoplasia in c-Met-
deficient placentas. Costaining for phospho-Histone H3 (PH3),
a marker of mitosis, and Epcam showed no significant difference
in mitotic activity between WT and c-Met g-KO Epcam™ LaTP at
E9.5, whereas their proliferation was dramatically decreased
E10.5onward (Figure 4D). These data implied that c-Met signaling
is required to sustain the proliferation of LaTP in midgestation.
To verify that reduced proliferation of c-Met-deficient LaTP is
not caused by indirect effects from other tissues, c-Met signaling

(G) Documentation of multilineage differentiation in a cluster of mCherry-labeled trophoblasts. (i) Epcam™ (LaTP), (i) SynT (Epcam'®*/"%9), and (jii) sSTGC (Epcam™™®¢

with large nuclei).

(H) Analysis of the frequency of clusters containing mCherry-labeled Epcam™ cells documenting infrequent labeling of clusters with the same flucrescent color.
() Average number of mCherry* cells in a labeled cluster documenting the establishment of multicellular, labeled clones.

(J) Differentiation potential of mCherry-labeled cells documenting the presence of clones with Epcam™ LaTP and all labyrinth trophoblast subtypes.

(K) Schematic representing the hierarchy of trophoblast lineage differentiation. LaTP gives rise to all types of labyrinth trophoblasts, but not Sp or TGC.

All error bars indicate SEM. See also Figure S2.
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Figure 3. Loss of c-Met Signaling in Trophoblasts Induces Placental Labyrinth Hypoplasia and IUGR
(A) IF for Cytokeratin (green, trophoblast), Laminin (red, mesenchymal cell), and DAPI (blue, nuclei) on WT and c-Met germline KO (g-KO) placenta at E12.5
showing La-specific hypoplasia in c-Met g-KO placenta. Scale bar, 500 pm.

(B) Generation of trophoblast-specific c-Met KO {t-KO) embryos. Injection of Cre-GFP lentivirus under the zona pellucida (ZP) induces Te-specific gene deletion.
ICM, inner cell mass; Te, trophectoderm.

(C) Trophoblast-specific c-Met gene deletion induces placental labyrinth hypoplasia.

(D) Representative images of c-Met™™ and c-Met trophoblast-specific KO (--KO) embryos and placentas. Numbers indicate size (in millimeters) of each embryo
and placenta. Scale bar, 1 mm.

(E) Heatmap representing differential expression of genes related to placental development (>2.0-fold, p < 0.05) in WT versus ¢c-Met g-KO CD9* trophoblasts.
(F) gRT-PCR for SynT-specific genes on E12.5 WT and c-Met g-KO CD9" trophoblasts. The mean of biological replicates normalized to Gapdh is shown.

(G) gRT-PCR for sTGC, TGC, and Sp-specific genes in E12.5 placenta.

All error bars indicate SEM. See also Figure S3 and Tables S1 and S2.

was blocked in LaTP culture using c-Met inhibitor PHA-665752  c¢-Met Signaling Is Essential for the Establishment of
(Christensen et al., 2008). Inhibition of c-Met signaling impaired  Labyrinth Exchange Interface

the proliferation of Epcam™ cells in culture without increasing Because the expression analysis of c-Met-deficient placentas
apoptosis (Figures 4E and 4F), demonstrating a cell autonomous  had indicated a dramatic reduction of labyrinth trophoblast-
role for c-Met in sustaining the proliferation of LaTP and/or their ~ specific transcription factors, we investigated whether c-Met
progeny. signaling is required for the differentiation of LaTP into SynT
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Figure 4. c-Met Signaling Regulates the Maintenance of LaTP

(A) gRT-PCR documenting the expression of c-Met in both Epcam™ LaTP and Epcam®” SynT.

(B) IF for Epcam (green) and Laminin {red) on WT and c-Met g-KO placenta at E9.5, E10.5, and E12.5 documenting loss of Epcamh‘ cells in c-Met-deficient
placenta after E9.5. Arrows, Epcam” cells adjacent to laminin* mesenchymal cells. Scale bar, 100 um.

{C) gRT-PCR analysis of gene expression in CD9* trophoblast from WT and c-Met g-KO placentas verifying downregulation of cell cycle regulators.

(D) IF for Epcam {green), phospho-Histone-H3 (PH3, red) and laminin {blue) on WT and c-Met g-KO placenta at E9.5, E10.5, and E12.5 documenting premature
loss of proliferative LaTP in c-Met-deficient placenta. Arrows, PH3* Epcam™ cells. Arrowheads, PH3* Epcam ™ cells. Scale bar, 50 ym.

{E) Treatment of cultured LaTP with c-Met inhibitor documents reduced BrdU incorporation in Epcam™ cells. Epcam (green), BrdU (red), DAPI (blue).

{F) Treatment of cultured LaTP with c-Met inhibitor documenting no difference in cell death of Epcam™ cells. Epcam (green), TUNEL {red), DAPI {blue). Positive
control, cells treated with DNase 1.

All error bars indicate SEM. See also Figure S4.
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Figure 5. c-Met Signaling Is Dispensable for SynT and sTGC Specification but Essential for SynT Terminal Differentiation and Cell Polarity
{A) Electron microscopy showing trilaminar structure of labyrinth trophoblasts (SynT-I, SynT-ll, and sTGC) in WT and c-Met g-KO placentas.
(B) Quantitative analysis for trophoblast subtypes.
{C) gRT-PCR showing decreased expression of Syna and Synb in E12.5 c-Met KO CD9" trophoblasts.

(D) Heatmap of cell-cell junction genes differentially expressed between WT and c-Met g-KO CD9™ trophoblasts.
{E) gRT-PCR showing reduced expression of cell-cell junction and cell polarity genes in c-Met g-KO trophoblasts.

(legend continued on next page)
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and/or sTGC. Electron microscopy indicated that the trilaminar
trophoblast structure consisting of SynT-Il, SynT-l, and sTGC
was established in c-Met g-KO placenta (Figure 5A). Costaining
for Mct4 (SynT-ll) and CD9 (both SynT subtypes) confirmed the
presence of both SynT-1 and -Il in c-Met g-KO placentas (Fig-
ure S5A). Quantification of the relative frequencies of labyrinth
trophoblasts in c-Met g-KO placentas at E12.5 revealed a slight
decrease of SynT and increase of sTGC, while Epcam™ cells
were nearly undetectable (Figure 5B). Nevertheless, despite
the presence of both SynT-I and SynT-Il in c-Met g-KO pla-
centas, the expression of Syncytin-a (Syna) and -b (Synb) that
mark terminally differentiated SynT-l and SynT-ll, respectively,
was dramatically reduced, suggesting a defect in terminal differ-
entiation (Figure 5C). Microarray analysis and gRT-PCR revealed
reduced expression of genes encoding tight junction proteins
Cldn3, 6, 7, and 14, and Tjp3, adherence junction proteins
(Cdh1 |E-cadherin]), and gap junction proteins Gjb2 (Cx26) and
Gjb3 (Cx31), which are highly expressed in differentiated SynT
and critical for labyrinth development (Gabriel et al., 1998;
Plum et al., 2001; Figures 5D and 5E).

Epithelial cells exhibit apical-basolateral polarity that is essen-
tial for organ development and function (Martin-Belmonte and
Perez-Moreno, 2012). Closer examination of the CD9 staining
pattern in c-Met-deficient trophoblasts revealed that although
CD9 was localized on both the fetal side of SynT-Il and maternal
(apical) side of SynT-I in WT placentas (Figure S5A), it was
diffusely localized in c-Met g-KO SynT, suggesting that c-Met
signaling regulates SynT cell polarity. Microarray analysis and
qRT-PCR revealed downregulation of polarity genes Crb3 and
aPKCY (Prkcz) in c-Met g-KO trophoblasts (Figure 5E). No statis-
tically significant reduction was observed by gRT-PCR for Pard3
and Pard6b (data not shown), which form a complex with Prkcz
to establish cell polarity in many cell types (Martin-Belmonte and
Perez-Moreno, 2012). Quantitative IF analysis documented
reduction of Prkcz protein in c-Met KO placenta (Figure 5F).
Moreover, while Prkcz was expressed at the fetal side of SynT-II
in WT placenta (Figure 5F), a more diffuse expression of the
residual Prkcz protein was observed in c-Met g-KO SynT-Il.
Likewise, although Epcam expression in SynT in WT placenta
was confined to the membrane of the fetal (basal) side of
SynT-Il (Figure 5G), in c-Met g-KO placenta, Epcam was
diffusely expressed. In the yolk sac, Epcam was distributed on
the basolateral membrane and CD9 was abundantly expressed
at the apical surface in both WT and c-Met g-KO (Figure S5B),
indicating that cell polarity was disrupted only in the placenta.
These data demonstrated a pivotal role for c-Met signaling in
the establishment of apical-basolateral cell polarity during
SynT differentiation.

Transplacental iron transport from the mother is critical for
normal fetal development. Serum iron is bound to transferrin

(Trf), and is taken up by transferrin receptor (CD71) via endocy-
tosis. After iron dissociation, Trf-CD71 complex is recycled to
the cell surface (Grant and Donaldson, 2009). CD71 is necessary
for fetal development (Levy et al., 1999), and the endocytic recy-
cling of CD71 is tightly regulated by cell polarity machinery
(Golachowska et al., 2010). IF and FACS analysis showed that
in WT placenta, CD71 is expressed in both the cytoplasm and
cell surface of SynT-| (Figures 5H and 5I). However, although
IF demonstrated abundant cytoplasmic expression of CD71 in
c-Met-deficient SynT-I (Figure 5H), FACS analysis revealed
drastic reduction of surface CD71 (Figure 5I). These data sug-
gested that impaired cell polarity in the c-Met KO placenta
causes abnormal subcellular distribution of CD71 and other pro-
teins required for fetal-maternal transport.

c-Met Signaling Is Required for the Maintenance of
Gem1 Expression in Midgestation Placenta

Expression analysis of c-Met-deficient trophoblasts had indi-
cated a dramatic reduction of transcription factors regulating
SynT development; the analysis of trophoblast subtypes in
the labyrinth indicated that both SynT-I and SynT-Il were spec-
ified in the absence of c-Met, but their terminal differentiation
was compromised. To investigate whether c-Met signaling
in trophoblasts is directly required for the expression of tran-
scription factors regulating labyrinth morphogenesis, cultured
Epcam™ cells were treated with c-Met inhibitor. qRT-PCR
revealed that blocking c-Met signaling in vitro in LaTP and their
progeny resulted in a drastically reduced expression of Gem?,
but not Ovol2, DIx3, or Tead3 (Figure 6A). IF verified the reduc-
tion of Gem1 LaTP cultures treated with the c-Met inhibitor
(Figure 6B).

Gemf1 is a transcription factor essential for labyrinth morpho-
genesis and SynT differentiation (Anson-Cartwright et al., 2000;
Simmons et al., 2008). While Gem1 is highly expressed in differ-
entiated, postmitotic SynT-ll, Gecm1 expression has also been
reported in the chorion at E8.5 and in putative precursors of
the labyrinth trophoblasts at E9.5 (Basyuk et al., 1999; Hunter
et al., 1999; Stecca et al.,, 2002). qRT-PCR analysis of FACS-
sorted Epcam™ LaTP and Epcam™ CD9™ SynT cells from
E10.5 placenta documented Gem1 expression in both fractions
(Figure S6A). In situ hybridization evidenced the expression
of Gem1 also in Epcam™ LaTP at E10.5 (Figure S6B), whereas
by E14.5, Gem1 expression was largely confined to SynT-Il
(Figure S6C). IF suggested that Gem1 is expressed in some
Epcam™ LaTP that are undergoing mitosis (Figure S6D).
These data imply that Gem1 expression is not restricted to
differentiated, postmitotic SynT but begins already at the level
of LaTP.

To investigate whether Gem1 expression is required for the
emergence and/or differentiation of LaTP, the expression of

(F) IF for Prkcz (green) and CD9 (red) showing polarized localization of Prkcz protein in fetal side of SynT-Il in WT placenta (arrow), and diffuse and decreased

expression of Prkcz in c-Met g-KO placenta. DAPI (blue, nuclei).

(G) IF for Epcam (green), CD9Q (red), and DAP| (blue) on WT and ¢c-Met g-KO placenta at E12.5. Arrows indicate fetal side of SynT-Il and arrowheads indicate apical

membrane of SynT-I. m, maternal blood space; f, fetal vascular lumen.

(H) IF for Epcam (green), CD71 (red), and DAP| (blue) on placental section at E12.5. Expression of cytoplasmic CD71 in SynT-| (arrowheads) is observed in both WT

and c-Met g-KO placenta.

() FACS analysis indicating reduced surface expression of CD71 on SynT in c-Met g-KO placentas.

All error bars indicate SEM. See also Figure S5.
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Figure 6. c-Met Signaling Is Required to Maintain Gem1 Expression in Midgestation Placenta

{A) gRT-PCR demonstrating loss of Gem 1 expression upon treatment of cultured LaTP with c-Met inhibitor.

(B) IF documenting loss of Gem1 in Epcam™ cells upon treatment with c-Met inhibitor. Epcam {green), Gem1 (red), DAPI (blue).

(C) IF documenting reduced labyrinth size in Gem71 g-KO placenta. Scale bar, 100 um. Epcam (green), laminin {red), DAPI {blue).

(D) Phospho-Histone H3 staining documenting reduction of mitotic Epcam™ cells (arrow) in Gem1 KO placentas. Arrowheads, PH3 negative Epcam™ cluster.
Epcam (green), PH3 {red), DAPI (blue). Scale bar, 100 pm.

{E) TUNEL staining indicating apoptosis is not induced in Gem? g-KO placenta at E10.5. Positive control for Tunel staining is shown below. Epcam (green), TUNEL
(red), DAPI {blue). Scale bar, 100 um.

{F) IF showing absence of CD71* SynT in Gem1 g-KO placenta. Epcam (green), CD71 {red), DAPI (blue). Scale bar, 100 pm.

{G) gRT-PCR and (H) IF documenting loss of Gem1 expression by E12.5 in c-Met g-KO placentas. Epcam (green), Gem1 {red) DAPI (blue). Scale bar 100 um.
All error bars indicate SEM. See also Figure S6.
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DISCUSSION
Sp

c-Met deficiency in trophoblasts The stem/progenitor cell hierarchy of the
E125 trophoblasts responsible for placental lab-

yrinth morphogenesis and exchange func-
tion has been unknown. We discovered
that the midgestation mouse placenta

SynT-I harbors Epcam™ multipotent labyrinth
e, trophoblast progenitors (LaTP) that differ-
SynT-lI La entiate into all labyrinth trophoblast sub-
types, SynT-l, SynT-ll, and sTGC, in vitro
and in vivo. We discovered that c-Met
sTGC signaling is required for sustained prolifer-

ation of LaTP during midgestation and
for terminal differentiation and polarization
of SynT, which is a prerequisite for a
functional placental exchange interface
and healthy fetal development (Figure 7).

Clonal  analysis using  multicolor

Epcam was assessed in Gem?1 KO placentas at E10.5, before
embryonic death. As reported previously (Anson-Cartwright
et al., 2000), the labyrinth layer was much thinner, and no branch-
ing morphogenesis was observed (Figure 6C). Notably, Gem1 KO
placentas harbored Epcamhi cells; however, the frequency of
PH3* mitotic Epcam™ cells was drastically reduced (Figure 6D),
while no increase in apoptosis was revealed by TUNEL assay
(Figure 6E). Moreover, no CD71* differentiating SynT were found
in Gem1 KO placentas (Figure 6F). These data suggested that
complete lack of Gem1 expression compromises both the
proliferation and differentiation of Epcamhi LaTP in vivo.

Because the placental phenotype in Gem1 KO embryos was
much more severe than that in c-Met KO embryos, we investi-
gated the kinetics of Gem7 expression in c-Met-deficient
placentas. At E9.5, there was no difference in the expression
of Gem1 between c-Met deficient and WT placentas, whereas
by E12.5, Gem1 expression in the mutant trophoblasts was
nearly undetectable with IF and gRT-PCR (Figures 6G and 6H).
These data suggested that c-Met is not essential for inducing
Gem1 expression, but rather for maintaining its expression in
LaTP and SynT through midgestation. Altogether, these findings
identify Gem1 as a key downstream effector of c-Met signaling,
and suggest that its continued expression in LaTP and/or SynT
in the midgestation placenta is required for the establishment
of a functional placental exchange interface.

Rainbow reporter mouse (Rinkevich et al.,
2011) revealed that marking individual cells in the placenta results
in the generation of multicellular clusters that contain Epcamhi
LaTP, SynT-l, SynT-Il, and sTGC. Although 15.8% of the labeled
trophoblast clusters identified at E12.5 (labeled at around E9.5)
were multipotent, 34.5% of all labeled the clusters contained
only undifferentiated Epcam™ LaTP, indicating that they had not
started to differentiate at this stage, while the remaining labeled
clones were composed of Epcam™ LaTP and SynT or sTGC
only. Future studies using marking at different time points will
reveal whether the differentiation potential of LaTP changes during
development. Thus, studies should focus on creating a Cre line
that confers LaTP-specific labeling to lineage trace the progeny
of LaTP throughout development.

Our data show that both LaTP and SynT express c-Met, while
mesenchymal cells derived from the allantois secrete Hgf
(Uehara et al., 1995), suggesting paracrine signaling. Abrogation
of c-Met signaling disrupted the proliferation of Epcam™ cells
both in vivo and in vitro. Nevertheless, our data suggest that
Hgf/c-Met signaling is necessary, but not sufficient to support
LaTP proliferation and/or SynT differentiation without other
niche factors; culture of Epcam™ cells in TS cell conditions or
on Matrigel with Hgf failed to support SynT differentiation and
maintain Gem1 expression. However, culture of Epcamhi cells
on OP9 mesenchymal stroma, which secretes Hgf and ex-
presses Vcam1 (Malhotra and Kincade, 2009) that is essential
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for maintaining Gem1 expression in placental explant cultures
(Stecca et al., 2002), facilitated the maintenance/induction of
SynT genes and formation of multinucleated syncytia. Cultured
Epcam™ LaTP also induced genes specific for labyrinth sTGC,
which have been implicated as key hematopoietic niche cells
(Chhabra et al., 2012). These data imply that the Epcam™ cell
culture may be used to study the trophoblast subtypes that
establish the exchange interface and the hematopoietic niche
in the placental labyrinth. Future work will be needed to define
distinct niche components to direct the differentiation of LaTP
to specific labyrinth trophoblast subtypes and to investigate
whether LaTP can be sustained in an undifferentiated state in
culture.

Although previous studies had associated defective c-Met
signaling with disrupted labyrinth development, the underlying
mechanisms were unknown. Our data revealed a critical role
for c-Met in the maintenance of Gecm1 expression in midgesta-
tion placenta whereas the initial induction of Gem1 occurs inde-
pendently of c-Met. This finding helps explain the less drastic
placental defect in c-Met KO embryos than in Gem7 KO em-
bryos, because a complete lack of Gem? disrupted labyrinth
morphogenesis and SynT differentiation entirely, causing embry-
onic death by E10.5 (Anson-Cartwright et al., 2000). Analysis of
Gem1 KO placentas suggested that Epcam™ LaTP can be spec-
ified in the absence of Gem1, but their proliferation and differen-
tiation is disturbed. In contrast, loss of c-Met did not abolish the
expression of Gem1 or cause macroscopic defects in c-Met KO
labyrinth until E12.5, when LaTP were extinguished and Gem1
expression dropped to undetectable levels. Altogether, these
data suggest that the specification of LaTP is induced by a
c-Met- and Gem1-independent mechanism; however, c-Met is
required for SynT terminal differentiation and establishment of
the placental exchange interface, which may at least in part be
linked to the requirement of c-Met signaling to maintain Gem1
expression.

Previous studies have shown that Gem1 is highly expressed
in postmitotic cells in the labyrinth and that overexpression of
Gem1 induces cell cycle arrest (Hughes et al., 2004). Our data
also confirmed high expression of Gem1 in differentiated
SynT-Il. In addition, the ability to distinguish undifferentiated
LaTP in the labyrinth by Epcam™ staining identified a small pop-
ulation of proliferative LaTP that also express Gem1. Because TS
cells do not express Geml, it is plausible that expression of
Gem1 is important for LaTP commitment to the SynT lineage.
To verify if Gem1 governs the differentiation of LaTP to SynT,
and/or is directly involved in maintaining LaTP proliferation,
further studies deleting Gem1 in a cell-type-specific and tempo-
ral manner will be required.

As with mouse placenta, little is known about the stem/pro-
genitor cell hierarchy in the human placenta. Despite similarities
in molecular regulation, the mouse and human placentas are
macroscopically distinct (Georgiades et al., 2002). Thus, the
direct relevance of the findings of mouse LaTP to human
placental progenitor biology needs to be explored separately.
Recent studies documented that the chorionic membrane of
the first trimester human placenta can serve as a source of
trophoblast progenitor cell lines that highly express GCM1 and
upregulate SYNCYTIN after differentiation in vitro (Genbacev
etal., 2011), raising the hypothesis that they originate from a pre-
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cursor that has a parallel function in establishing the placental
exchange interface as the mouse LaTP.

Differentiated SynT form a “placental barrier” that tightly reg-
ulates the passage of substances between the maternal and fetal
circulations (Kokkinos et al., 2010). We showed that while c-Met-
deficient LaTP can form all labyrinth trophoblast subtypes, c-Met
is necessary for terminal differentiation into polarized SynT.
Trophoblast cell lines have provided a useful tool to study cell
polarity in vitro (Sivasubramaniyam et al., 2013); however, little
is known about the direct functional consequences of disrupted
SynT cell polarity in vivo. In addition to the low expression of key
cell polarity molecules and the inability to achieve polarized
localization of SynT surface proteins in c-Met KO placentas,
the surface localization of transferrin receptor (CD71), required
for transplacental iron transfer, on SynT-| was impaired. Future
studies are needed to define the mechanisms as to how the
disturbed placental exchange c-Met-deficient embryos causes
fetal liver hypocellularity, IUGR, and death of the fetus. Thus,
c-Met-deficient placentas not only offer a unique in vivo model
to investigate how the apical-basolateral polarity and bidirec-
tional transport in SynT is established, but may also help uncover
the etiology of pregnancy complications related to placental
transport function.

Reduced expression of Hgf has been observed in human pla-
centas from preeclampsia and IUGR pregnancies (Furugori
et al., 1997; Somerset et al., 1998), and in vitro studies demon-
strated that Hgf activates invasion of human trophoblasts
(Kauma et al., 1999; Nasu et al., 2000), providing evidence for
MET signaling in placental development and disease in human.
Moreover, similar to many human placenta-related disorders
such as spontaneous abortion, premature delivery, IUGR, and
preeclampsia that are accompanied by placental inflammation
(Young et al., 2010), c-Met deficiency in trophoblasts induced
inflammation and macrophage infiltration in the placenta (unpub-
lished data). Although the mechanisms that trigger inflammation
in c-Met-deficient trophoblasts are still unknown, this may be
related to downregulation of cell-cell junction molecules and/or
defective cell polarity in SynT that compromise fetal-maternal
barrier function. Moreover, c-Met is constitutively activated in
human choriocarcinoma, and Hgf stimulates the proliferation of
choriocarcinoma cells (Saito et al., 1995; Takayanagi et al.,
2000). c-Met also regulates the proliferation and migration of
various other cancer cells and stem cells (Boccaccio and Como-
glio, 2006). Thus, defining how Hgf/c-Met signaling governs the
proliferation of stem/progenitor cells such as LaTP and the
establishment of cell polarity in their differentiated progeny
may have implications to understanding the pathophysiology
of other common diseases.

EXPERIMENTAL PROCEDURES

Animals

All procedures with animals were conducted according to the guidelines of
the UCLA Animal Research Committee. For LaTP culture, E10.5 pregnant
mice (ICR, Taconic) were used. For the in vivo clonality experiments,
Rosa26-Rainbow reporter or Rosa26-YFP reporter mice were mated with
Rosa26-Cre-ER™ mice. Pregnant females were injected with 0.5 mg 4-OH
tamoxifen at E9.5, and tissues were collected at E12.5. c-Met™™ mice
were provided by Dr. Snorri S. Thorgeirsson (NIH, Bethesda, MD, USA; Huh
et al., 2004). To generate trophoblast-specific c-Met KO embryos, lentiviral
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vector-expressing Cre-Gip was microinjected under the ZP of the blastocyst
and embryos were transplanted into pseudopregnant females, as shown
earlier (Chhabra et al., 2012). For details, see the Supplemental Experimental
Procedures. Sections of Gem1 KO placentas were provided by Dr. James C.
Cross (University of Calgary, Calgary, Canada).

LaTP and TS Cell Culture

E10.5 placenta was digested with 1 mg/ml collagenase and 1 mg/ml dispase.
Epcam™ cells were enriched using anti-Epcam antibody and anti-rat 1gG
magnetic beads. Epcam™ cells were cocultured with mitomycin C-treated
OP9 stroma cell with TS medium (RPMI 1640; Invitrogen) containing 20% fetal
calf serum (HyClone), 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml strep-
tomycin, 1 mM sodium pyruvate, and 100 pM B-mercaptoethanol) with or
without c-Met inhibitor, PHAG65752 (4 pM, Sigma-Aldrich) for 7 days. TS cells
were maintained as described (Tanaka et al., 1998). TS cell differentiation was
induced by removing mouse embryonic fibroblast-conditioned medium, Fgf4,
and heparin for 7 and 10 days.

Immunofluorescence and In Situ Hybridization

Histology, BrdU incorporation assay, electron microscopy, gRT-PCR, and
immunoflucrescence were performed as described (Chhabra et al.,, 2012).
For details of the antibodies, see the Supplemental Experimental Procedures.
For demonstration of vascular branching, thick placental sections (3 mm) were
prepared by vibratome and three-dimensicnal images were constructed using
confocal microscopy. In situ hybridization was performed using digoxigenin
(DIG)-labeled RNA antisense or sense probes for Gem1 and the alkaline phos-
phatase reaction (Simmons et al., 2008).

Gene Expression Analysis

For microarray analysis of c-Met-deficient trophoblasts, a single cell suspen-
sion of E12.5 placentas was stained with PE-conjugated anti-CD9 antibody
and CD9" trophoblasts were enriched using anti-PE antibody-magnetic
microbeads. Affymetrix MOE430_2.0 microarrays were performed on two
independent WT and two c-Met g-KO CD9" frophoblasts. Details about
microarray analysis and primer sequences (Table S3) are available in the
Supplemental Experimental Procedures.

Statistical Analysis
For statistical analysis, Student’s unpaired two-tailed t test was used for all
comparisons.

ACCESSION NUMBERS

The Gene Expression Omnibus accession number for the microarray data
reported in the paper is GSE38342.
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Supplemental Figures
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Figure S1. Labyrinth trophoblasts express CD9 and Epcam. Related to Figure 1.

(A) Immunofluorescence and schematic representation of mouse placental structure.
Sections from E12.5 placenta were stained with antibodies for CD9 or Epcam (green),
and Cytokeratin (red, trophoblasts). DAPI (blue) indicates nuclei. The fully developed
placenta is composed of three major layers: a decidual layer (De), which includes
decidual cells of the uterus; a junctional zone (JZ) which attaches the fetal placenta to
the decidua and contains trophoblast giant cells (TGC) and spongiotrophoblasts (Sp);
and a labyrinth layer (La), composed of fetal endothelial cells and labyrinth trophoblasts
(SynT-l and -ll, and sinusoidal trophoblast giant cells (sTGC)) that establish the
substance exchange interface between fetal and maternal circulations. CP, chorionic
plate.

(B) FACS analysis of cells enriched by anti-Epcam antibody documents effective
isolation of Epcam™ cells without significant contamination of differentiated Epcam®
cells.
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Figure S2. Epcam™ LaTP cells are clonally linked to terminally differentiated SynT.
Related to Figure 2.

(A) Schematic for in vivo clonality experiment. Rosa26 (R26) YFP reporter mice were
mated with R26 CreER™ mice. At E9.5 Cre-mediated gene deletion was induced by
injection with 40H-tamoxifen and embryos were dissected at E12.5.

(B) Frequency of Cre-mediated gene-recombination in different cell types in the placenta
documenting rare marking of trophoblasts. (C) Frequency of Epcam™ clusters containing
YFP-labeled cells. )

(D) Average number of YFP" cells in a labeled Epcam™ cell cluster. )
(E) Differentiation potential of YFP labeled cells in individual clusters. Multi, Epcamhf
LaTP with SynT-I, SynT-Il and sTGC; bi, Epcam™ with SynT-I and SynT-II; uni, Epcam™
with sTGC, SynT-l or SynT-Il.

(F) Documentation of multi-lineage differentiation in a cluster of YFP® labeled
trophoblasts. (i) Epcam™ Cytokeratin® (LaTP), (i) SynT-I (Epcam” Cytokeratin*) and
SynT-Il (Epcam®" Cytokeratin®) and sTGC (jii) (Epcam™ Cytokeratin®), *, SynT layer.

(G) Documentation of terminally differentiated SynT cells (Epcam®” Mct4") in the same
YFP* marked clusters as Epcam™ LaTP. Epcam (red), YFP (green), DAPI (blue), Mct4
(purple). Scale bar 100 jm.

All error bars indicate SEM (Standard error of mean).
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Figure S3. c-Met regulates both placental and embryonic development. Related to
Figure 3.

(A, B, C and D) Kinetic analysis documenting growth retardation of c-Met deficient
embryos, fetal livers and placentas after E12.5. Scale bar 1 mm.

(E) IF for trophoblast specific marker (Cytokeratin) and ECM marker that marks blood
vessels (Laminin) documenting poorly developed branching structure in ¢c-Met g-and t-
KO placenta.

(F) c-Met t-KO fetal livers show smaller size and low cellularity.

(G) Selected GO (gene ontology) categories representing genes down- or up-regulated
in placental CD9" cells in the absence of c-Met signaling.

All error bars indicate SEM (Standard error of mean).
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Figure S4. c-Met directly regulates trophoblast proliferation. Related to Figure 4.

(A) Microarray analysis of CD9" trophoblasts from Wt vs. c-Met g-KO placenta. The heat
map presents expression of various genes that related to GO category “cell cycle phase”
that are suppressed in CD9" trophoblasts of c-Met g-KO placenta.

(B) BrdU incorporation assay. Sections from E12.5 Wt, c-Met g-KO and t-KO placentas
were stained for Cytokeratin (green), BrdU (red), and DAPI (blue). Although BrdU*
Cytokeratin™ trophoblasts (arrows) were observed in Wit placenta, only Cytokeratin® cells
(arrowheads) showed mitotic activity in c-Met g- and t-KO placenta. Scale bar 100 ym.
(C) Sections from Wt and c-Met g-KO placentas were stained for TUNEL (red),
Cytokeratin (green) and DAPI (blue). Arrows indicate TUNEL and Cytokeratin double-
positive cells. No significant difference was observed in apoptosis between Wt and c-Met
g-KO trophoblasts. Scale bar 100 pm.

All error bars indicate SEM (Standard error of mean).
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Figure S5. Loss of c-Met compromises cell polarity specifically in the placenta.
Related to Figure 5.

(A) IF for Mct4 (green), CD9 (red) and DAPI (blue) in Wt and c-Met g-KO placentas at
E12.5. Presence of both Mct4 CD9" cells and Mct4® CD9* cells indicates that both
SynT-l and Il are present in Wt and c-Met g-KO placentas. Notably, in Wt placenta, Mct4
is specifically expressed on the fetal side in SynT-Il and CD9 is expressed on both apical
side of SynT-I and fetal side of SynT-Il. However diffused localization of both CD9 and
Mct4 was observed in c-Met g-KO placenta. Arrows indicate fetal side of SynT-Il and
arrowheads indicate apical membrane of SynT-I. f, fetal side. m, maternal side. Scale
bar 25 pym.

(B) IF for Epcam (green), CD9 (red), and DAPI (blue) on Wt and c-Met g-KO yolk sac.
No abnormal localization of Epcam or CD9 and was observed in c-Met g-KO yolk sac.
Arrows indicate basolateral localization of Epcam and arrowheads indicate apical
staining of CD9; a, apical; b, basal. Scale bar 25 um.
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Figure S6. Gcm1 is expressed in LaTP and SynT in the placenta. Related to Figure
6.

(A) QRT-PCR documenting the enriched expression of Gem? in both Epcam™ LaTP and
Epcam® SynT in E 10.5 placenta. Error bars indicate SEM (Standard error of mean)

(B) IHC with anti-Epcam antibody and in situ hybridization (ISH) with Gem1 antisense
probe indicates high expression of Gem? in Epcam™ LaTP (arrows) in E10.5 placenta.
Scale bar 100 pm.

(C) ISH analysis showing high expression of Gem7 in SynT-Il layer (arrow in the inset)
adjacent to maternal blood spaces in E14.5 placenta. Scale bar 100 pum.

(D) Sections from Wt and c-Met g-KO placentas at E12.5 were stained for Epcam,
Gem1, PH3, and DAPI. Arrows indicate Epcam™ and PH3" cells that also express Gem1.
Scale bar 100 pm.
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Supplemental Table Legends

Table S1. Genes induced by c-Met signaling in placental trophoblasts.
1,294 genes down-regulated in c-Met g-KO CD9" placental cells with p value

<0.05 and fold change cutoff 22.0. Related to Figure 3.

Table S2. Genes suppressed by c-Met signaling in placental trophoblasts.

1,221 genes up-regulated in c-Met g-KO CD9" placental cells with p value <0.05

and fold change cutoff 22.0. Related to Figure 3.

92



Supplemental Extended Experimental Procedures

Generation of germline c-Met KO and trophoblast specific c-Met KO
embryos

The c-Met germline KO (g-KO) mice were generated by breeding c-Mef"™ mice
with VavCre transgenic mouse (kindly provided by Dr Thomas Graf, Center for
Genomic Regulation, Barcelona, Spain), which occasionally results in Cre
mediated gene deletion in germ cells. Subsequent breeding was carried out with

germline deleted heterozygous animals.

To generate trophoblast specific c-Met KO (t-KO) mice, lentiviral Cre was used to
delete conditionally targeted c-Met floxed alleles in the trophoblasts. FU-CreGF P-
W (lentiviral vector expressing Cre-Gfp under the UbiC promoter) vector was
kindly provided by Dr. Guoping Fan (UCLA, Los Angeles, CA, USA). c-Mef"™ or
c-Mef'™ female mice were superovulated by treatment with pregnant mare’s
serum gonadotropin followed by human chorionic gonadotropin 48 h later, and
then mated with c-Met™" male mice. Blastocysts were collected from uterus at 3.5
day after copulation. Embryos were maintained in M2 media (Sigma-Aldrich)
during microinjection process. Lentiviral vector (titer 1-5 x 10%/ml) was injected
using a Fematotips Il glass needle and FematoJet microinjector (Eppendorf) with
an injection pressure Pi=120 and constant flow pressure Pc=20. After lentiviral

vector injection, embryos were transplanted into the uterus of 2.5-day
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pseudopregnant recipients. After 10 days of transplantation, embryos (E12.5)

were dissected and analyzed.

Immunofluorescence Staining

IF was performed as previously reported (Rhodes et al., 2008). Briefly, for IHC
and IF, tissues were fixed in 4% para-formaldehyde at 4°C overnight, and frozen
in O.C.T. Compound (Sakura Finetek). For Bromodeoxyuridine (BrdU)
incorporation assay, BrdU (Sigma-Aldrich, 100 pl of 10 mg/ml) was injected
intraperitoneally into pregnant females. The females were sacrificed 1 hr after
injection, and placentas were fixed and processed for IF (see below). For
detection of Cytokeratin or Epcam, antigen retrieval was performed with
Proteinase K treatment. For detection of incorporated BrdU, section was treated
with 1 mg/ml DNase (Sigma-Aldrich) for 20 min. For amplification signal,
Tyramide Signal Amplification kit (Invitrogen) was used for detection of Cre-Gfp
and BrdU antigen. Following antibodies were used: FITC-conjugated anti-BrdU,
Anti-CD31 (PECAM), FITC-conjugated and PE-conjugated anti-CD9, FITC-
conjugated anti-CD71, and anti-Epcam antibody (CD326), (all from BD
Pharmingen); Anti-phospho-histone H3 and anti-Mct4 antibody (Millipore);
Biotinylated anti-FITC, Cy3-conjugated anti-Rat IgG , and biotinylated anti-rabbit
IgG antibody (Jackson ImmunoResearch); Anti-Prkcz and anti-Gem1 antibody
(Santa Cruz Biotechnology); anti-Uvomorulin/ E-cadherin antibody (Sigma-
Aldrich), anti-Cytokeratin antibody (Dako). For detection of YFP, Alexa Fluor 488

conjugated anti-GFP antibody (Invitrogen) was used. TUNEL assay was
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performed using in situ cell death detection kit (Roche). End-labeled DNA with
fluorescein-dUTP was detected by anti-FITC antibody. To stain cultured LaTP
and their progeny, Epcam™ cells were first cultured on cover glass and then fixed
with 4% PFA for 5 min. All stainings were performed as indicated for |F sections.
For detection of BrdU, fixed cells were treated with 2N HCI for 5min before
staining with anti-BrdU antbody. For detection of cell-cell boundaries, anti-
uvomolulin/E-cadherin antibody (Sigma) was used. Contrast and levels of images

were adjusted for display with Adobe Photoshop.

Microarray analysis

To isolate trophoblasts for microarray analysis, single cell suspension of E12.5
placentas was stained with PE-conjugated anti-CD9 antibody, followed by
coating with anti-PE antibody-microbeads (Miltenyi Biotec) and separation of
CD9 positive cells with MACS LS column (Miltenyi Biotec) according to the
manufacture’s instructions. RNA from CD9* cells was purified by RNeasy mini kit
(Qiagen). For comparison of gene expression in Wt and c-Met germline KO (g-
KO) CD9" trophoblasts, Affymetrix MOE430_2.0 microarrays (Affymetrix) were
performed on CD9" cells from two Wt and two c-Met g-KO placentas. Raw data
are available at GEO with accession numbers GSE38342. Differential expression
assessment was performed using the LIMMA package (Smyth, 2004). Probes
with a p value less than 0.05 and absolute fold change threshold of two were

called as differentially expressed. Functional annotation (gene ontology terms

95



and pathway terms enrichment analysis) was performed using the online
software DAVID (http://david.abcc.ncifcrf.gov/) on the list of differentially
expressed genes for both up-regulated and down-regulated genes. The
normalized expression values derived using RMA method (Irizarry et al., 2003)

were converted to z-scores for drawing heatmaps.

Quantitative RT-PCR (QRT-PCR)

CD9" cells from placenta were isolated and total RNA was extracted (see above).
cDNA synthesis was carried out according to the manufacturer's protocol of
Quantitect Reverse transcription kit (QIAGEN), and QRT-PCR was performed
using a LightCycler 480 (Roche) with LightCycler 480 SYBR Green | Master

(Roche). Primer sequences are shown in Table S3.
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Table S3. List of primers used for QRT-PCR. Related to Figures 1-6.

ene
r?ame forward primer sequence reverse primer sequence
Ccna2 TGATAGATGCTGACCCGTACCTT CTCTGGTGGGTTGAGAAGAGAAA
Ccnet TTGAATTGGGGCAATAGAGAAGA AGTCCTGTGCCAAGTAGAACGTC
Ccne2 GTGCATTCTAGCCATCGACTCTT AGGCACCATCCAGTCTACACATT
Cdc45 CCTGAAGCAAGTCAAGCAGAAAT AGTCTGTACACGCATGTCCTTCA
Cdh1 AGAGAACTCATTTACAGTGGCATTC GTTTCTCTCCTTTTCTCTCCTCTGT
Cebpa GCAGTGTGCACGTCTATGCT AAGTCTTAGCCGGAGGAAGC
Chek1 CGCTTACTGAACAAGATGTGTGG TTTATGAAGCAAAGCCAGAGGAG
Crb3 CCTTTCACAAATAGCACAACTCAAC AGAAACAGTCCCACTGCTATAAGG
Ctsq TGGAAAGAGTGGATGGGAAG CAAGTGCACGTTTCCAGAGA
DIx3 AGTCACTGACCTGGGCTATTACA CCTATAGGATCCCCCGTAGGTAT
Gapdh GGAGAAACCTGCCAAGTATGATG AAGAGTGGGAGTTGCTGTTGAAG
Gem1 GCCTTACGAAGAGAAAGTATCTGTG AGAACAGAAGTTTAGGAGCATCTCA
Gjb2 AAACTTCTAGACTCCCAATCCTGTT TATTGTTACAAAATGGCTTTCCAAT
Gjb3 CTCCCACTTTGAATTCACTAAGCTA AGTTCTTTTTGCTGTTGCTATGTCT
Hand1 GTTCCCATTCGTTGCTGAAT CTGCGAGTGGTCACACTGAT
Limk1 CATGTCTTCACTCCGCTTCA GTGGGGAGCACAGAATTGAT
Limk2 GTGGGCTCAGTCAAAAGCTC CCACAAGGGTGCAAAGAAAT
Mctd TTGCCCCTTTGTCTACAACC CAGCATTCCACAATGGTCAC
Mct4 GGATGGTCGTGCTTCATTTT AATGGATCCAATCCAACCAA
Nodal ACTTTGCTTTGGGAAGCTGA ACCTGGAACTTGACCCTCCT
Nr6a1 CTGTTTCCGTCCCAGATGAT TGTTGCAAATGCTCCTCTTG
Ovol2 AACTCCAGAGCTTCACGACG CTGGGTGAAGGCCTTGTTAC
Prkcz GAACACTGAAGACTACCTTTTCCAA TGGGATCCTTATTTAAAAATCCTTT
Pri3b1 CCACACTGCTGCAATCCTTA CTGACCATGCAGACCAGAAA
Pri3d1 GGGAGAATGTGTCCTCCAAA ATCTGCGGCCAAGATAAATG
Syna TACCCTGTCTGTGGACACCA ACCAGAGGAGTTGAGGCAGA
Synb ATCCCCATAAGGACCGTTTC AGGCAGAGAGGTTGCCTACA
Tead3 CGAACGCTTTCTTCCTTGTC TACTTCTCGGGCAGATGCTT
Tpbpa AAGTTAGGCAACGAGCGAAA AGTGCAGGATCCCACTTGTC
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Purpose of review

The lifelong stream of all blood cells originates from the pool of hematopoietic stem cells
{HSCs) generated during embryogenesis. Given that the placenta has been recently
unveiled as a major hematopoietic organ that supports HSC development, the purpose
of this review is to present current advances in defining the origin and regulation of
placental HSCs.

Recent findings

The mouse placenta has been shown to have the potential to generate multipotential
myelo-lymphoid hematopoietic stem/progenitor cells de novo. The cellular origin of
HSCs generated in the placenta and other sites has been tracked to the hemogenic
endothelium by using novel genetic and imaging-based cell-tracing approaches.
Transplantable, myelo-lymphoid hematopoietic stem/progenitor cells have also been
recovered from the human placenta throughout gestation.

Summary

The discovery of the placenta as a major organ that generates HSCs and maintains them
in an undifferentiated state provides a valuable model to further elucidate regulatory
mechanisms governing HSC emergence and expansion during mouse and human
development. Concurrent efforts to optimize protocols for placental banking and HSC
harvesting may increase the therapeutic utility of the human placenta as a source of
transplantable HSCs.
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blood flow, hematopoietic stem cell, hemogenic endothelium, lineage tracing, placenta
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Introduction

Lifelong production of all blood cell types is sustained by
the multipotent hematopoietic stem cells (HSCs). HSCs
are formed only during a narrow time window in embryo-
nic development, after which their pool is maintained by
self-renewing cell divisions. However, HSCs are not the
first hematopoietic cells to appear during development,
as early embryonic survival depends on the immediate
production of mature blood cells. The challenge of
rapidly generating the differentiated blood cells while
concomitantly protecting developing HSCs from prema-
ture differentiation is met by segregating embryonic
hematopoiesis into multiple waves that occur in different
anatomical compartments.

The first, transient populations of blood progenitors
giving rise to the primitive erythroblasts and definitive
myelo-erythroid cells — required to ensure fetal oxygen
delivery, tissue remodeling and defense — are produced
in the blood islands of the extra-embryonic yolk sac [1,2].
As the conceptus develops, other vascular tissues are
recruited for HSC production. Once generated, HSCs
are sequestered into the fetal liver for their expansion and
maturation before establishing lifelong residence in the

bone marrow [3]. The aorta—gonad—mesonephros
(AGM) region and the umbilical and vitelline arteries
have been regarded as the sites of HSC emergence [4,5].
However, as the fetal liver cannot generate HSCs i sizu
and the number of HSCs found in the liver far exceeds
the quantity formed in the AGM, the question was raised
whether the yolk sac could also contribute to the pool of
fetal liver HSCs, or whether another yet unidentified
organ could participate in this process. Recent studies
have revealed that the placenta is a major hematopoietic
organ contributing to both generation and expansion
of multipotential hematopoietic stem/progenitor cells.
Here, we review how hematopoietic activity in the
placenta was discovered in mice and humans, and discuss
the recent findings on the cellular origin and regulation of
placental HSCs.

Discovery of hematopoietic stem cells in the
mouse placenta

Evidence of hematopoietic activity in the placenta was
introduced by early reports documenting that the mouse
placenta contains clonogenic hematopoietic precursors
capable of rescuing anemia or triggering graft-versus-host
disease after transplantation [6—8]. Although the placenta
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was overlooked as a potential hematopoietic organ for
decades, newfound interest in its role in blood formation
has awakened in light of recent findings confirming that
the placenta possesses intrinsic hematopoietic properties.

‘The hypothesis that the placenta could bear de novo
hematopoietic activity stemmed from chick-to-quail
grafting experiments, which revealed the presence of
multipotent hematopoietic cells in the avian allantois
[9]. The allantois is a mesodermal appendage that func-
tions in oxygen and nutrient exchange in avian embryos,
analogous to the mammalian placenta. As the mammalian
allantois gives rise to the umbilical cord and placental
vasculature, it was hypothesized that these tissues could
be engaged in hematopoiesis. A screen for hematopoietic
activity across extraembryonic and intraembryonic sites
in mid-gestation embryos revealed multipotent progeni-
tors in the placenta at the 20 somite-pair stage (approxi-
mately E9.0), thatis, after similar progenitors were detect-
able in the yolk sac and the caudal half of the embryo but
before the fetal liver [10]. Subsequent studies confirmed
that the placenta harbors bona fide HSCs that are able to
generate all blood cell types upon serial transplantation
into lethally irradiated adult mice [11,12]. Transplantation
assays detected the first HSCs in the placenta at E10.5—
11.0, concurrently with the AGM. Placental HSC activity
increased rapidly by E12.5-13.5. At this time, the placenta
harbored 15-fold more HSCs than the AGM or the yolk sac,
whose repopulating units remained low. The number of
HSCs in the liver increased concomitantly with the
placenta [11], rising through late gestation even while
the placental HSC pool declined. As the placenta is
directly upstream of the liver in fetal circulation, these
findings pointed to the placenta as a major contributor of
HSCs seeding the liver.

Transplantation of cells from the placenta, purified by
fluorescence-activated cell sorting, confirmed that its
HSCs at E12.5 displayed the classical surface phenotype
of actively cycling fetal HSCs, expressing CD34 and c-Kit
[11]. Interestingly, another study presented E12.0
placental cells that were able to engraft in Rdg~2_/_y6'_/
~ recipients and lacked the expression of CD150 and
CD48 surface antigens [13]. This finding implies that
although these CD1507CD48™ HSCs are capable of mul-
tilineage engraftment, they may be phenotypically more
immature than the CD1507CD48~ HSCs found in the
fetal liver later in development. Phenotypic maturation
also occurs with respect to vascular endothelial cadherin
(VEQ), which is expressed on endothelium and nascent
HSCs [14], but this cell-surface protein is rapidly down-
regulated upon HSC colonization of the fetal liver and is
absent from bone marrow HSCs [15,16]. These results
suggest that in addition to changes in anatomic localization
of HSCs, the dynamic process of HSC development also
involves transitions in cell surface phenotype.

Hematopoietic activity in the human placenta
Because hematopoiesis is highly conserved in vertebrates,
the discovery of HSCs in the mouse placenta attracted
interest in the hematopoietic potential of the human
placenta. Recent studies have provided evidence that
the human placenta harbors hematopoietic activity
throughout gestation [17°,18°,19]. It is important to note
that two different systems are used to denote the age of
a human conceptus: the developmental age [18°] calcu-
lated as the number of weeks from conception, and the
clinical gestational age [17°,19], which is 2 weeks more
than the developmental age. One group reported that
CD347CD45"°" placental cells could generate myeloid
cells with some erythroid derivatives in methylcellulose
assays, as well asnatural killerand B cells inliquid cultures.
Although the total number of CD34TTCD45"™ cells
increases with placental mass as gestational age advances,
the frequency of these cells peaks at 5-8 weeks and
declines sharply at 9 weeks of gestation (i.e. 3—6 weeks
and 7 weeks of developmental age, respectively) [17°,19].
"This was reminiscent of the kinetics of HSCs in the mouse
placenta [11]. Residence of long-term reconstituting
HSCs in human placentas was demonstrated in another
study by performing transplantation assays of sorted
CD34" cells into irradiated nonobese diabetic-severe
combined immunodeficiency or Rag ¥C~'~ mice [18°].
Multilineage reconstitution was observed from 9 weeks
after conception until full-term delivery, whereas engraft-
mentof human cells could be detected by PCR as early as 6
developmental weeks (11 and 8 weeks of gestational age,
respectively). Although more work needs to be done to
define the origin of HSCs in the human placenta, these
studies have uncovered the human placenta as arobustand
more accessible hematopoietic organ that can be used to
investigate HSC ontogeny and regulation during human
development.

Furthermore, the placenta may provide an additional
source of HSCs for transplantation. Since the pioneering
clinical studies that established the umbilical cord blood
as a source of transplantable HSCs two decades ago, there
have been continuous efforts to enhance the methods for
the collection, cryopreservation and recovery of viable
cells [20,21]. It is possible that in combination with the
HSCs harvested from the cord blood, HSCs obtained
from the placenta proper may provide sufficient HSCs to
transplant adult patients.

Origin of hematopoietic stem cells in the
placenta

Although functional assays suggested that the placenta
provides a supportive niche for HSCs, these assays alone
could not determine definitively whether placental HSCs
emerge i sifu or migrate from other hematopoietic sites.
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Because fetal blood circulation is directed from the dersal
aorta through the placenta to the fetal liver, most HSCs
generated in the AGM traverse the placenta along their
journey towards the liver and may pause in placental
niches for expansicn, thereby contributing te the total
placental HSC count.

In order te evaluate the capacity of the placenta te
generate HSCs 4k novo, it is important te understand
its ontogeny and structure [22,23]. The placenta is
composed of two main tissues, the trophoblast and the
mesederm. The trophoblast lineage (trophectoderm)
segregates from the embryenic lineage (inner cell mass)
before implantation at the blastocyst stage (E3.5 in mice).
Trophoblasts comprise the most abundant cell type in the
placenta and line the maternal blood spaces, whereas the
mesederm-derived allanteis generates the feto-placental
vasculature. The allanteis grows from the posterier primi-
tive streak into the execeelomic cavity and fuses with the
cherion, inducing the extensive branching of the fetal
vasculature inte the trophoblast layer. This chericallan-
toic patterning results in the formatien of the labyrinthine
region in the murne placenta and the cherienic villi
in the human placenta, which are homelogous sites of
fetal-maternal exchange (See Fig. 1).

Figure 1 The pl isah
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To investigate whether the placental mesodermal tissues
possess endogencus hematopoietic potential, meuse allan-
tois and cherion were isolated prior to the establishment of
circulation and subjected te explant or stroma co-culture
assays. T'wo independent studies reperted the capacity of
these mesodermal tissues te generate myeleid and defini-
tive erythreid cells in culture, providing evidence that
placental tissues deveid of any circulating cells indeed
had intrinsic hematepoicetic potential [24,25]. Further evi-
dence that the placenta is an autenomous site of erigin of
multipotential hematopoietic stem/progenitor cells was
provided by studies using NaxZ ™'~ mouse embryos, which
do not have blood flow owing to the lack of heartbeat [26].
Even in the absence of circulating contributors, cells
expressing CD41 (a marker of nascent hematopoietic cells)
were found to emerge from the lumen of large fetal bleod
vessels in the placenta at E10.0. Most importantly,
placental tissues possessed the ability te generate both
myelo-erythroid as well as B and T lymphoid cells, doc-
umenting the broad differentiation potential that is charac-
teristic of HSCs. The results were comparable to the
observed multilineage hematopoietic potential in the cau-
dal half of the embrye proper (which centains the devel-
oping AGM) as well asin the yolk sac. Because the Nex? =/~
embryos become developmentally retarded and die before

ic stem cells

p ic organ that supp

and prolif ion of

Mouse

{a) The mouse placenta consists of two distinct vascular regions that function as putative niches for HSC development. The chorionic plate harbors
large fetal blood vessels that are contiguous with the umbilical cord vessels and connect with the fetus. These blood vessels are potential sites of HSC
generation {i}. The labyrinth region contains an extensive network of small fetal blood vessels that are surrounded by trophoblasts lining the maternal
blood spaces. The labyrinth is the site of fetal -materal exchange, and may serve as a niche for HSC expansion {i}. {b} The human placenta also
contains two vascularized regions, the chorionic plate and the villi. The villi are physiologically analogous with the labyrinth of the mouse placenta and
contain hematopoietic stem/progenitor cells in the vascular and perivascular|ocations. It is hypothesized that the large vessels of the chorionic plate in
the human placenta also have de nove hematopoietic potential. Although the macroscopic organization of the placenta and other extra-embryonic
tissues differ between humans and mice, itis likely that similar cellular and molecular mechanisms coordinate placental hematopoiesis in both species.
CP, chorionic plate; DA, dorsal aorta; Dec, decidua; EC, endothelial cell; FL, fetal liver; HSC, hematopoietic stem cell; Lab, labyrinth; MB, maternal
blood space; Pe, pericyte; St, stroma; Tb, trophoblast; Vi, villi; YS, yolk sac.
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E10.5, it was not possible to assess the engraftment and
self-renewal potential of these cells by transplantation into
adult recipients. Nevertheless, these studies provide
strong evidence that the placenta parallels the AGM
and the yolk sac in its intrinsic capacity to generate multi-
potential hematopoietic stem/progenitor cells @& novo.

Not only the anatomical source but also the cellular origin
of HSCs has been a controversial topic. It has been
postulated that the HSCs derive from a bipotent
hemato-endothelial precursor (the hemangioblast) or a
specialized endothelial cell (the hemogenic endothelium).
One opposing theory has suggested that HSCs are speci-
fied within the tissue encapsulating the vascular endo-
thelium and migrate through the vessel wall to be released
into the bloodstream [27]. Recent studies using imaging
techniques and conditionally targeted mouse models for
lineage tracing suggest a unifying pathway whereby the
hemangioblast first gives rise to hemogenic endothelium,
which in turn generates hematopoietic stem/progenitor
cells. One study used time-lapse imaging of embryonic
stem cell in-vitro differentiation to document the devel-
opment of hematopoietic progenitors from blast colonies,
the in-vitro equivalents of the hemangioblasts [28°]. The
cellular morphology and immunophenotype suggested
that hemangioblasts first undergo S¢/-dependent establish-
ment of hemogenic endothelial intermediates before giv-
ing rise to committed blood cells. Another study confirmed
the transition of individual embryonic stem cell-derived
hemangioblasts to hematopoietic cells via an endothelial
intermediate using an imaging-based fate tracing approach
that allowed monitoring of single cells and their progeny
[29°]. The role of the hemogenic endothelium as a source
of HSCs was verified # vvo using a conditional deletion
of Runxl (a transcriptional factor essential for HSC
formation) from cells expressing VEC [30°°]. At E9.5,
VECG is expressed in the vasculature throughout the con-
ceptus, including the developing placental labyrinth.
Although excision of Runxi from VEC™T cells impaired
hematopoietic stem/progenitor cells development, its
excision from VAV hematopoietic cells no longer caused
this defect. This indicated that Ruzx! is essential for
hematopoietic stem/progenitor cell development during
a short developmental window (the time between the
onset of VEC and Vav expression), providing evidence
of the hemogenic endothelium as the HSC precursor.
Likewise, when the vasculature and the perivascular
mesenchyme were labeled with the inducible VEC Cre
line and the myocardin Cre line, respectively, it was shown
that HSCs in the AGM, placenta and yolk sac were traced
to the VEC™ endothelial fraction [31]. Although these
studies strongly suggest that a crucial commitment step
to HSC fate occurs during the hemogenic endothelial
stage, they do not exclude the possibility that the hemo-
genic endothelium could develop from a mesenchymal
precursor that does not express myocardin.

Hematopoietic microenvironment in the
placenta

In addition to the progress made in understanding the
cellular origin of HSCs, current reports provide novel
insights into signals regulating HSC development in the
microenvironment. Recent studies demonstrate that
blood flow and shear stress are critical for efficient
HSC formation in the placenta. Nex/ i embryos, which
lack a heartbeat, show reduced numbers of nascent
CD41" hematopoietic cells in the placental vasculature
[26]. Although the lack of circulating hematopoietic stem/
progenitor cells could result in decreased hematopoietic
progenitors, prominent clusters of round cells expressing
the endothelial marker CD31, and occasionally the hema-
topoietic marker CD41, were observed in the lumens of
the large vessels in the Nav/ ™/~ placenta. It was hypoth-
esized that these endothelial cell clusters represent
hemogenic intermediates, which are unable to emerge
in the absence of blood flow and thus accumulate in the
placental vessels. The relationship between blood flow
and shear stress was shown mechanistically in the zebra-
fish system. In S8i2 (silent heart) mutant zebrafish
embryos, which also lack a heartbeat, the absence of
blood flow impaired arterial identity and HSC formation
in the AGM owing to defective nitric oxide signaling
[32°°]. A similar phenotype was found in wild-type
embryos where blood vessel tone was altered with small
molecules. The induction of shear forces has also been
shown to enhance Runxl expression and hematopoietic
potential in cells derived from mouse embryonic stem
cells and embryos [33°]. These results implicate hemo-
dynamic forces as a conserved modulator of HSC devel-
opment.

Although the molecular cues that regulate hematopoiesis
in the placenta remain largely undefined, many cell types
likely contribute to this supportive microenvironment.
In mice, Runx1™ hematopoietic stem/progenitor cells
undergoing mitosis localized to small vessels in the
labyrinthine region, suggesting that local signals support
hematopoietic stem/progenitor cell proliferation [26] (see
Fig. 1). In human tissues, CD34" hematopoietic stem/
progenitor cells were found in the stroma and vasculature
of the chorionic villi, the region analogous to the murine
labyrinth [17°,18%26]. The ability of trophoblasts to
secrete mitogens and angiogenic factors, in addition to
their proximity to placental blood vessels, makes them
intriguing candidates for niche cells [34]. Trophoblast-
derived signals may affect HSCs by direct contact, or
indirectly by establishing a vascular/perivascular niche,
where HSCs reside. Perivascular cells and/or mesenchy-
mal stem cells (MSCs) in other hematopoietic organs
have been associated with HSC supportive activity [35].
Cells with pericyte characteristics capable of expanding
colony forming unit-granulocyte monocyte (CFU-GM)
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and CFU-Mix progenitors during coculture were ident-
ified as putative niche cells in the human placenta [18°].
One study detected cells containing MSC properties with
perivascular cells in the villi of second and third trimester
human placentas [36]. Beyond identifying the cellular
composition of the placental microenvironment, it is also
important to understand the physiological changes that
occur in the placenta during development. For example,
changes in local oxygen levels are also likely to impact
HSC fate during embryogenesis. It is known that hypoxia
during early gestation promotes not only vasculogenesis
and establishment of arterial endothelium [37], but also
trophoblast proliferation [38]. These data highlight the
dynamic and multifaceted composition of the placental
hematopoietic microenvironment, and provide new ave-
nues to explore the complex regulation of HSC emer-
gence and expansion.

Conclusion

‘The limited supply of HSCs for therapeutic use remains
asone of the most pressing challenges in treating patients
with hematopoietic malignancies and inherited blood
disorders. The placenta provides another source of HSCs
that can be harvested to supplement the circulating
HSCs obtained from umbilical cord blood. The term
placenta is an attractive source for HSCs because its
procurement is noninvasive and it is routinely discarded.
Furthermore, the first trimester placenta provides an
accessible model for studying the earliest stages of
HSC development. Improved understanding of the
molecular and cellular mechanisms that govern HSC
development in the placenta at different stages may
ultimately provide effective tools to enhance protocols
for HSC harvesting, ex-vivo expansion, and generation
from pluripotent cells.
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Sex hormone drives blood stem
cell reproduction

Vincenzo Calvanese?, Lydia K Lee™ & Hanna K A Mikkola™?

Stem cells ensure the maintenance of
tissue homeostasis throughout life by
tightly regulating their self-renewal and
differentiation. In a recent study published
in Nature, Nakada et al, 2014 unveil an
unexpected endocrine mechanism that
regulates hematopoietic stem cell (HSC)
self-renewal.

See also: D Nakada et al (January 2014)

n the hematopoietic system, stem cells

are largely quiescent and divide only

rarely to protect genomic integrity of
the hematopoietic stem cell (HSC) pool;
however, this behavior can be altered to adapt
to physiological needs and changes in the
microenvironment (Wilson et al, 2008). The
stem cell niche has been largely viewed as a
support system that protects the stem cell
pool via cell-cell contact and paracrine
signals. There has been a significant progress
in defining the niche cells and molecular
cues that constitute the immediate HSC
niche in the bone marrow (Morrison &
Scadden, 2014). However, little has been
known about possible long-range signals
that govern HSC behavior.

Nakada et al (2014) discovered that the
replicative activity of the HSC pool is aug-
mented in female versus male mice, an obser-
vation that led them to study the role of sex
hormones in HSC regulation. They showed
that estradiol (E2) promotes cycling of HSC
and multipotent progenitors (MPP) and
increases their differentiation into mega-
karyocyte—erythroid progenitors (MEP). As
the number of HSC did not alter upon stimu-
lation by estradiol despite increased HSC

proliferation and red cell and platelet produc-
tion, the authors propose that estradiol
largely promotes asymmetric rather than
symmetric self-renewal in the bone marrow.
Estradiol function is mediated by nuclear
hormone receptors, estrogen receptor-o. and
-B (encoded by EsrI and Esr2, respectively),
which are transcription factors that dimerize
and bind to regulatory sequences of target
genes in response to the ligand (Heldring
et al, 2007). The authors narrowed down the
observed effect of estradiol on HSC self-
renewal to estrogen receptor-o. (ER-o) and
activation of cell cycle-related genes to
increase the proliferation of HSC. They fur-
ther showed that HSCs in male mice also
express ER-o and are capable of increasing
their cycling in response to estradiol,
identifying estradiol production as the
defining factor that underlies the sex specific-
ity of this HSC regulatory mechanism (Fig 1).
This work thus uncovers an unanticipated
role for a female sex hormone in a trait that
has not been previously considered as sexu-
ally dimorphic, such as HSC self-renewal.
These findings raise the question as to
why a female-specific mechanism to
increase HSC proliferation and blood cell
production would have evolved. From
menarche to the onset of menopause, estradiol
is cyclically secreted from the ovary. During
pregnancy, its level increases 1,000-fold as
its production is overtaken by placental
trophoblasts (Gruber et al, 2002). Connect-
ing these observations, one can hypothesize
that such estrogen-mediated mechanism
of HSC asymmetric self-renewal would
enable the maternal adaptation to the
increased blood cell demand associated with

physiological blood loss during childbirth.
On the other hand, during gestation, HSCs
in both female and male fetuses are equally
exposed to estrogens as the placental tropho-
blasts release them also into the fetal circula-
tion (Kaludjerovic & Ward, 2012). Further
studies are needed to define whether estro-
gens also play a role in the rapid cycling and
symmetric self-renewal of the fetal HSC,
which is critical for establishing the HSC
pool during development.

For decades, exogenous estrogen has
been used in the clinic due to the observed
effects on breast epithelium, uterine endome-
trium, vasculature, and bone (Gruber et al,
2002; Practice Committee of ASRM, 2008).
Furthermore, selective ER modulators have
proven useful in the treatment for specific
subsets of breast and ovarian cancers (Riggs
& Hartmann, 2003). Nakada et al (2014)
show that the estrogen-mediated HSC prolif-
erative effect can be modulated in vivo by
the administration of pharmacologic agonists
and antagonists of the pathway. Hence, this
work identifies HSC as yet another target
tissue to be considered when assessing the
therapeutic or secondary effects of estrogen
or anti-estrogen treatments.

One tempting clinical application of estro-
gens might be to stimulate ER-o signaling to
accelerate the recovery from chemotherapy
and HSC transplantation by increasing HSC
self-renewal and platelet production. On the
other hand, potential implications of the
increased cell cycle activity of HSC exposed to
higher level of estrogens could include higher
risk for mutations during cell divisions,
susceptibility to genotoxic agents, and/or
accelerated aging. Moreover, as leukemic
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Figure 1. Estradiol promotes hematopoietic stem cell {(HSC) self-renewal.

In female mice, HSC proliferation is augmented by circulating estradiol (E2), which is produced from the
ovaries during reproductive years, and at higher levels from the placenta during pregnancy. E2 binds to
the estrogen receptor-o (ER-o, green), which upon dimerization is translocated to the nucleus and
enhances the expression of target genes involved in HSC proliferation (top left panel). Interrupting this
pathway by ovariectomy (1), by the administration of an aromatase inhibitor that blocks the production
of estradiol from its precursors (2), or by genetic disruption of Esri, the gene encoding for ER-a (3), leads
to reduced basal proliferation rate of HSC in females (top right panel). In males, despite the expression of
ER-o in HSC, paucity of estradiol determines a lower basal HSC proliferation rate (bottom right panel).
However, exogenous administration of E2 or ER-a agonists can induce an increase in HSC self-renewal
also in males as well (bottom right panel).
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and drug sensitivity of otherwise quiescent
LSC, will be of clinical interest. Thus, in addi-
tion to challenging the way we think of the
extent of the HSC microenvironment and the
endocrine system as a modulator of stem cell
activity, this work opens new unexplored ave-
nues to assess the physiological, pathological,
and developmental functions of sex hormones.
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stem cells (LSC) exploit many of the same
mechanisms as HSC for sustaining self-
renewal (Heidel et al, 2011), future studies

investigating ER-o signaling as a potential
mechanism that promotes LSC self-renewal, or
as a therapeutic target to increase the cycling
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