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Abstract

In the mouse embryo and differentiating embryonic stem cells, the hematopoietic, endothelial and
cardiomyocyte lineages are derived from Flk1+ mesodermal progenitors. Here we report that
surface expression of Podocalyxin (Podxl), a member of the CD34 family of sialomucins, can be
used to subdivide the FIk1+ cells in differentiating embryoid bodies at day 4.75 into populations
that develop into distinct mesodermal lineages. Definitive hematopoietic potential was restricted
to the FIk1+PodxI+ population, while the FIk1-negative Podxl+ population displayed only
primitive erythroid potential. The Flk1+PodxI-negative population contained endothelial cells and
cardiomyocyte potential. PodxI expression distinguishes FIk1+ mesoderm populations in mouse
embryos at days 7.5, 8.5 and 9.5 and is a marker of progenitor stage primitive erythroblasts. These
findings identify PodxI as a useful tool for separating distinct mesodermal lineages.
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Introduction

During gastrulation, ectodermal cells of the epiblast ingress through the primitive streak to
generate the mesoderm [1-4]. Mesodermal cells exiting the posterior and middle primitive
streak, including extraembryonic, hematopoietic, vascular, and cardiac mesoderm, express
the vascular endothelial growth factor (VEGF) receptor Flk1 (also known as Kdr or Vegfr2),
suggesting that these committed mesodermal lineages are derived from FIk1+ progenitors
[5-7]. Due to the restricted accessibility and small size of gastrulation stage mammalian
embryos, the mechanisms that control the diversification of FIk1+ progenitors to distinct
mesodermal lineages are not well understood. The in vitro differentiation of embryonic stem
(ES) cells is a useful surrogate for the developing embryo, owing to their relatively faithful
recapitulation of early embryonic developmental processes, the ability to grow them in large
numbers, and the ease of their genetic manipulation [8, 9]. Using a Brachyury-GFP
transgenic reporter mouse line to follow nascent mesoderm [10], two sequential waves of
FIk1 expression were observed in differentiating embryoid bodies (EBs) that contained
distinct mesodermal progentors. The early (day 3.25) population had enhanced potential to
develop into hematopoietic, endothelial and vascular smooth muscle cells while the later
(day 4.25) population had cardiovascular potential [6, 11]. Other markers have also been
used to characterize FIk1+ mesodermal progenitors in differentiating EBs. ES-derived cells
expressing both platelet-derived growth factor receptor a (PDGFR-a) and FIk1 represent an
earlier (“primitive”) mesodermal lineage from which a FIk1+PDGFRa-negative lineage with
hematopoietic and endothelial potential is derived [12-14]. Differentiating EB cells
expressing both FIk1 and Endoglin (Eng), a receptor for the TGFf superfamily, are more
highly enriched for hemangioblast activity than those expressing FIk1 alone [15]. In the
work reported here, we asked whether the distinct potentials of the FIk1+ mesodermal
population are reflected by other distinct surface protein profiles.

Conditional (doxycycline, DOX) induction of the homeobox transcription factor gene MixI1
in i-MixI1 ES cells accelerated the mesodermal developmental program and increased
numbers of hemangioblastic and hematopoietic progenitors [16]. MixI1 activates the
mesendoderm marker gene Gsc by direct binding to its promoter [17], thereby controlling
the commitment of differentiating ES cells to mesodermal lineages. In a microarray analysis
of genes expressed during the differentiation of induced versus uninduced i-Mixl EBs, we
found that Podocalyxin (Podxl or Pclpl) was the most strongly upregulated gene. Podxl is a
transmembrane glycoprotein that is closely related to CD34 and Endoglycan (reviewed in
ref. [18]). Initially identified on adult kidney, where it regulates podocyte development [19],
it was also found on cells of the early mouse embryo [20] and, later, on hemangioblasts,
hematopoietic stem and progenitor cells, endothelial cells, and circulating embryonic
erythroblasts [20-24].

Having detected the upregulation of Podxl in induced i-Mixl EBs, in which mesoderm
formation was accelerated and expanded [16], we systematically examined the expression of
Podx1 during ES cell differentiation and asked whether it can be used as a marker for
separating mesodermal progenitors. We found that PodxI protein is expressed prior to and
then overlapping with Flk1 expression on differentiating EB cells and in the mouse embryo.
Furthermore, PodxI expression can be used to subdivide FIk1+ mesoderm into two
populations (FIk1+Podxl-negative and FIk1+PodxI+) with partially overlapping but distinct
developmental potentials. While the Flk1+PodxI+ population was enriched for
hematopoietic potential, the FIk1+PodxI-negative population contained predominantly
endothelial and cardiac potentials. The PodxI+Flk1-negative population displayed
unexpectedly high primitive erythroid potential. Moreover, Podxl is expressed much earlier
on primitive erythroid cells than previously believed, marking not only circulating
erythroblasts at embryonic day (E)10-12 but also their progenitors at E7.5-8.5. These
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results indicate that expression of Podxl is a useful marker for separating FIk1+ mesoderm
cells with distinct developmental potentials.

Materials and Methods

Mouse ES cell lines and transgenic mice

E14 ES cells were differentiated through the formation of embryoid bodies (EBs) essentially
as described [25], with minor modifications. The ES cells were plated at 20,000 cells/ml in
Iscove’s Madified Dulbecco’s Medium (IMDM) containing 15% fetal bovine serum (FBS;
CellGro), 2 mM glutamine (Gibco), 50 mg/ml ascorbic acid (Sigma), 5% protein-free
hybridoma medium Il (PFHM-I1; Gibco) and 4.5 x 10~* M monothioglycerol (MTG;
Sigma). The differentiation of EBs was carried out for up to 8d and the EBs were harvested
at different time points for flow cytometric analysis or for FACS sorting. To test
developmental potential, sorted cells were reaggregated for 20 hr in differentiation medium
[10] in 24-well low-cluster plates (Costar) or re-cultured for 2-3d on collagen type 1V-coated
6-well plates[26] in differentiation medium containing VEGF (5 ng/ml; R&D Systems) and/
or the hematopoietic cytokines erythropoietin (EPO; 2 units/ml; Amgen), Interleukin 3
(IL-3; 100 ng/ml; R&D Systems) and stem cell factor (SCF; 100 ng/ml; R&D Systems).

For embryo studies, the e-globin-H2B-EGFP transgenic mouse line, which expresses a
histone H2B-GFP fusion protein under the control of the human e-globin promoter and 3’-
UTR and a mLCR enhancer [27-29], was used.

Microarray analysis of differentiating i-Mix| ES cells

Gene expression changes were profiled in differentiating i-MixI1 ES cells cultured in the
presence or absence of DOX (0.1 pg/ml, added 24 hr post differentiation [16], 3 replicates
per treatment/time point). Total RNA was isolated from EBs harvested at d2, 3 and 4 (DOX
added 1d after plating of ES cells). RNA (1 pg) was subjected to one round of linear
amplification (RiboAmp System) to yield 10 pg of RNA. RNA was indirectly labeled using
amino allyl-dUTP [30], then conjugated with Cy3 or Cy5. Labeled RNAs were used to
screen a 15K mouse developmental cDNA microarray [31]. Pairwise analysis of
hybridization results for EBs cultured with or without DOX was performed for samples
harvested on each day. Spotfire® software was used for data management and filtering.
Gene expression ratios were normalized after filtering the data to remove low-intensity and
poor quality spots. Data obtained for replicate samples were in excellent statistical
agreement (low adjusted p-value). RNA labeling, microarray hybridization, and initial
filtering of data were performed. The data files generated by the array analyses have been
submitted to Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE40703) at accession code GSE40703.

Flow cytometry

EBs were dispersed to single cells using non-enyzmatic Cell Dissociation Buffer (Gibco).
Cells were re-suspended in phosphate buffered saline (PBS) containing 10% fetal bovine
serum (FBS) and incubated with antibody (Table S1) on ice for 15 min. Cells were then
washed once with PBS containing 10% FBS and incubated with allophycocyanin (APC)-
conjugated streptavidin (eBioscience) on ice for 15 min. After washing with PBS containing
10% FBS, cells were then resuspended in PBS containing 3% FBS and 3 mM 4/,6-
diamidino-2-phenylindole (DAPI) and sorted using a FACSAria Il or FACS Influx
instrument (BD). For analysis of additional surface markers, dissociated EB cells or re-
cultured cells were incubated on ice for 15 min with anti-FIk1 and -Podx| and antibodies
against CD144 (VE-cadherin), CD117 (c-Kit), CD31 (Pecaml), and CD41 (Table S1). The
cells were washed once with PBS containing 10% FBS and incubated on ice for 15 min with
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APC-conjugated (eBioscience), FITC-conjugated (BioLegend) or PE/Cy7-conjugated (BD
Pharmingen) streptavidin. The cells were then washed with PBS containing 10% FBS and
resuspended in PBS containing 3% FBS and 3 mM DAPI for flow cytometric analysis using
a BD LSRII system. The data were analyzed using FlowJo software (v8.8.6; TreeStar).

Quantitative real-time RT-PCR (QRT-PCR)

Total RNA was isolated from ES cells, EBs and sorted cells using the Qiagen RNeasy mini
kit (Qiagen) as per manufacturer’s instructions. cDNA was synthesized using Superscript 111
first-strand synthesis system (Invitrogen) or iScript cDNA sysnthesis kit (Bio-Rad) as per
the manufacturer’s instructions, with 1 mg of total RNA template in a 20 ml reaction. The
TagMan protocol and primers and probes were described previously [16]. Primer sequences
for the SYBR Green method are shown in Table S2. For SYBR Green QRT-PCR, the 20-ml
reaction contained 1 ml of cDNA, 5 mM each primer and 10 ml of SYBR Green PCR
master mix (Applied Biosystems) or iQ SYBR Green Supermix (Bio-Rad). The reactions
were run in a 7900HT fast real-time PCR instrument (Applied Biosystems) using the
following program: 95°C, 2 min.; 40 cycles of: 95°C, 15 sec.; 55°C, 15 sec.; 72°C, 30 sec.;
95°C, 15 sec.; and 60°C, 15 sec. The Gapdh gene served as an internal control and the
relative expression level of each gene was calculated from the Ct value of the gene
normalized to that of Gapdh, as described [29]. The arbitrary value in the formula was set at
100,000.

Hematopoietic progenitor assays

For the primitive erythroid colony-forming cell (EryP-CFC) assay, sorted cells were
combined with a methylcellulose mixture for EryP colonies [32, 33] at 20,000 cells/ml and
incubated at 37°C, and EryP colonies were scored after 4d. For multi-lineage hematopoietic
progenitor colony assays, sorted cells were combined with a methylcellulose mixture
(10,000 or 25,000 cells/ml) for multi-lineage hematopoietic colonies, modified from ref.
[25] by an increase in ascorbic acid and omission of transferrin [1% methylcellulose (w/v),
15% plasma-derived serum, 10% PFHMII, 2 mM glutamine, VEGF (10 ng/ml), bFGF (10
ng/ml), hSCF (100 ng/ml), hIL-3 (20 ng/ml), EPO (4 units/ml), TPO (20 ng/ml), hiL-11 (50
ng/ml), hIGF-1 (25 ng/ml), GM-CSF (1 ng/ml) and IMDM] and incubated at 37°C.
Cytokines were purchased from R&D Systems; PFMII was from GIBCO®/Invitrogen.
Hematopoietic colonies were scored at d5-10, depending on the lineage.

Assays for cardiac potential

Sorted cells (10° cells/ml) were reaggregated in StemPro-34 serum-free medium
(Invitrogen) supplemented with 2 mM glutamine, transferrin (200 mg/ml), 0.5 mM ascorbic
acid and 4.5 x 107 M MTG in ultra-low-attachment 24-well plates (Costar) for 24 hr,
essentially as described [34]. Individual aggregates were re-cultured in StemPro-34
containing VEGF (5 ng/ml), bFGF (30 ng/ml) and 2 mM glutamine in 96-well plates for 4d
and the fraction of beating (contracting) colonies was scored.

Immunofluorescence analyses

Sorted cells were re-cultured on collagen type IV-coated 8-chamber slides (Millipore) at
30,000 cells per chamber in differentiation medium in the presence or absence of VEGF (5
ng/ml) for 2-3d. Immunofluorescence analysis was performed as described [35].

Dil-Ac-LDL uptake

The sorted cells were re-cultured on collagen type 1V-coated 8-chamber slides at 30,000
cells per chamber in differentiation medium containing VEGF (5 ng/ml) for 3d. The cells
were then incubated with acetylated low density lipoprotein labeled with 1,1’-
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dioctadecyl-3,3,3’,3’-tetramethylindo-carbocyanine perchlorate (Dil-Ac-LDL; Biomedical
Technologies) for 4 hr followed by fixation and mounting as per manufacturer’s
instructions.

Immunofluorescence analyses

Cells were fixed by incubation in 3% (v/v) formaldehyde in PBS followed by incubation
with blocking buffer containing 5% horse serum in PBS. The cells were then incubated at
4°C overnight with rat anti-mouse CD31 (Southern Biotech). The cells were then washed
with 0.5% (v/v) Triton X-100 in PBS and incubated at room temperature for 1 hr with
AlexaFluor 568 goat anti-rat 1IgG (H+L) (Invitrogen, A-11077) at a dilution of 1:1000. After
washing with 0.5% (v/v) Triton X-100 in PBS, the cells were mounted with
VECTASHIELD HardSet mounting medium with DAPI (Vector Laboratories) and viewed
using an Axioplan 2 fluorescence microscope (Carl Zeiss).

Angiogenesis/Tube Formation Assay

Results

120,000 cells were resuspended in medium (90% DMEM, 10% FBS, 50 ng/mL VEGF and
2.5 ng/mL bFGF) at a concentration of 600,000 cells/mL and cultured on a 48-well plate
pre-coated with Matrigel (BD) for one hour at room temperature. Tube formation was
visually assessed every 1 hr for up to 6 hr. Phase-contrast images were acquired using a
Canon EOS Rebel T2i camera mounted on a Ziess AxioVert25 using a Plan-NEOFLUAR
5X/NAO0.15 objective.

Expression of Podocalyxin distinguishes populations of FIk1+ mesoderm during EB
differentiation

To examine the transcriptional changes that occur in response to increases in MixI1, we
screened a 15K mouse developmental cDNA microarray [31] using RNAs isolated from
uninduced versus DOX-induced i-Mixl1 EBs [16] at different times (d2, 3 or 4) after
initiation of differentiation (DOX was added on d1, as described [16]). A cluster analysis
revealed dynamic changes in gene expression in the DOX-treated EBs (Fig. S1). Significant
changes in gene expression were observed for numerous developmentally regulated genes,
including transcription factors, regulators of signaling pathways, growth factors, and cell
adhesion molecules. As early as day 2, transcription of genes involved in mesoderm
formation, hematopoiesis and the development of blood vessels and the heart was activated
(Table S3 and Fig. S1) and the most strongly upregulated gene (~12-fold) was Podxl. FIk1 is
the earliest known surface marker for nascent mesoderm [5]. We hypothesized that the
Flk1+ population in d3-4 EBs (peak mesoderm induction) is heterogeneous and multipotent.
Therefore, it should be possible to subdivide the Flk1+ cells into different subpopulations
with more restricted potential, using additional markers.

We examined the expression pattern of PodxI| on undifferentiated and differentiating mouse
ES cells using flow cytometry (Fig. 1A). Podxl is not expressed on undifferentiated mouse
ESC but is upregulated during their differentiation, preceding the expression of FIk1 protein
and RNA (Figs. 1A, S2 and S3), and divides the FIk1+ population into two distinct FIk1+
subpopulations (Fig. 1, boxed). By d4.75, four distinct populations (FIk1-SP, FIk1-single
positive; PodxI-SP, PodxI-single positive; DP, Flk1 and Podx| double positive; DN, double
negative) were identified. We, therefore, focused on this time point for subsequent studies.

Given the early emergence of PodxI-SP cells in differentiating EBs, we asked whether they
could give rise to FIk1+ cells and thus represent a novel population of mesodermal
progenitors. The various populations were isolated from EBs at d3.5, 4.0 and 4.75 using
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fluorescence-activated cell sorting (FACS), allowed to reaggregate for 20 hr [10], and then
analyzed for surface expression of FIk1 and Podxl. The purity of the sorted populations was
confirmed by flow cytometry immediately after sorting (Figure S4). A representative
experiment (out of 3) is shown in Fig. 1B. The largest numbers of new Flk1+ cells arose
from reaggregated DN cells (up to ~40%). Only about half as many new Flk1+ cells formed
from reaggregated FIk1-SP cells (~22%), while the DP and PodxI-SP populations gave rise
to still fewer (~15% and ~12%, respectively).

In contrast, new Podxl+ cells arose largely from reaggregated FIk1-SP (up to ~71%),
followed by DN (~42%) and DP (26%) cells (Fig. 1B). Reaggregated PodxI-SP cells gave
rise almost exclusively to Flk1+ cells and were also the smallest population at d4.75 (Fig.
1A). Reaggregated PodxI-SP did not give rise to any new DP cells. Only DN and FIk1-SP
cells generated all four subpopulations after reaggregation. Together, these findings suggest
different developmental potentials for the four subpopulations from d4.75 EBs.

Mesodermal character of the sorted cell populations

To evaluate the mesodermal character of the cell populations sorted from d4.75 EBs, QRT-
PCR analyses were performed. None of these populations expressed the pluripotency
markers Sox2 and Nanog (Fig. 2A). The highest levels of expression of Brachyury (T), a
marker of the primitive streak and nascent mesoderm, were detected in the DN, FIk1-SP and
PodxI-SP populations, with very low level expression in the DP population (Fig. 2B). In
contrast, within the FIk1-SP population, markers of primitive streak, mesoderm and
mesendoderm (T, Mixl1 and Gsc, Fig. 2B) were expressed at significant levels. The FIk1-SP
population also transcribed markers of lateral plate (Twist), paraxial (Pdgfra and Tbx6), and
pre-cardiac (Gatad) but not axial (Foxa2) mesoderm (Fig. 2C). Together, these results
suggest that the FIk1-SP population contains early FIk1+Pdgfra+ mesoderm progenitors and/
or their derivative paraxial, pre-cardiac and vascular mesodermal cells [14]. The DP
population showed an expression profile most like lateral plate mesoderm (Twist, Fig. 2C).
These results suggest that the FIk1-SP and DP populations separated by expression of PodxI
represent distinct mesodermal populations.

Podxl marks the first population with primitive erythropoietic potential in EBs

Primitive erythroid cells (EryP) are the first hematopoietic lineage to arise in the gastrulating
embryo [36] or in differentiating ES cells [25]. To determine which of the sorted cell
populations from d4.75 EBs contain EryP potential, we performed clonogenic progenitor
assays in methylcellulose and scored EryP colonies (representing EryP-colony forming cells
or EryP-CFC). Most of the EryP potential (75%) was detected in the PodxI-SP population,
with the remaining 25% in the DP population (Fig. 3A). Embryonic (BH1 and £Y) and adult
1 globins were expressed at significant levels in PodxI-SP cells and at much lower levels in
DP cells (Fig. 3B). Essentially no expression of globin genes was detected in the DN or
FIk1-SP population. Together with the EryP-CFC data, these findings indicate that the
earliest cell population with primitive erythropoietic potential is marked by PodxI
expression.

The Flk1+Podxl+ (DP) population is enriched for definitive hematopoietic potential

To evaluate the definitive hematopoietic potential of the four populations, we performed
multilineage hematopoietic progenitor assays. Only the DP population generated significant
numbers of definitive hematopoietic colonies (EryD, macrophage, megakaryocyte, mixed
erythroid/macrophage or erythroid/megakaryocyte; Fig. 4A). Hematopoietic transcription
factor genes (Lmo2, Cdx4, Etsl, Runxl, Gatal, Tal1l, HoxB4 and Flil) were also expressed
largely in the DP population (Fig. 4B). The DP population at d4.75 expressed both c-Kit and
CDA41 (Fig. 4C), two surface markers of definitive hematopoietic progenitors [37, 38].
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However, these markers were not co-expressed (Fig. 4C and data not shown). These data are
consistent with results published by others which show significant expression of c-Kit but
low levels of CD41 in day 4.75 EBs [37]. CD41 was expressed on the surface of a majority
(58%) of DP cells that were sorted and re-cultured for 3d on collagen type IV [26, 39] but on
few, if any, cells from the other three recultured populations (Fig. 4D). Taken together, these
results suggest that the DP population contains definitive hematopoietic potential.

The FIk1-SP and DP populations contain endothelial potential

The expression of the endothelial transcription factor genes Etv2/ER71, Tal1, Lmo2, Flil
and Etsl [40] in the FIk1-SP and DP populations at d4.75 (Fig. 4B) led us to evaluate their
endothelial potential. Expression of the endothelial markers FIk1 and CD31 on sorted cells
after re-culture on collagen IV in the presence of VEGF was measured using flow
cytometry. Both the FIk1-SP and DP populations, but not the PodxI-SP or DN populations,
expressed FIk1 and CD31 (Fig. 5A) and displayed uptake of Dil-Ac-LDL (Fig. 5C). CD31
expression was further confirmed by immunofluorescence (Fig. 5B). Finally, the FIk1-SP
and DP cells formed capillary-like structures on matrigel (Fig. 5D).

Cardiac mesoderm potential is restricted to the FIk1-SP population

The high levels of expression of Gata4 (Fig. 2C), a marker of pre-cardiac mesoderm [41], in
FIk1-SP cells prompted us to ask whether this population possesses cardiac potential. We
examined cardiac markers Gata4, Hand1, Hand2, and Nkx2.5 in sorted d4.75 populations.
Gatad, Hand1 and Hand2 were all expressed in both FIk1-SP and DP populations at higher
levels than in DN and PodxI-SP cells (Fig. 6A). Nkx2.5 expression was not detectable at
d4.75 in our analysis; others have reported that it is activated ~d6 of EB differentiation [42,
43]. To examine the potential of the sorted populations to form beating colonies, cells sorted
from d4.75 EBs were allowed to reaggregate for 24 hr and were then cultured for 4d in the
presence of VEGF and bFGF [34]. Beating colonies were found only in the cultured FIk1-SP
aggregates (Fig. 6B). Expression of the cardiac marker troponin T (¢TnT) was analyzed
using immunofluorescence and was detected only in cells from beating colonies from Flk1-
SP cells (Fig. 6C). Collectively, these data suggest that the expression of FIk1 alone is
indicative of the segregation of mesodermal cells to the myocardial lineage.

Podxl expression distinguishes Flk1+ mesoderm populations in mouse embryos

To determine whether Podxl expression distinguishes FIk1+ mesoderm populations in vivo,
mouse embryos were harvested at E7.5, E8.5 and E9.5, dispersed to single cells, and
analyzed for surface expression of Flk1 and Podxl using flow cytometry. As observed for
differentiating EBs (Fig. 1), developing mouse embryos contain FIk1-SP, PodxI-SP and DP
populations (Fig. 7A) at each stage analyzed (E7.5 and E8.5, prior to the onset of
circulation, when EryP are restricted to the yolk sac, which contains progenitor activity; and
E9.5, when EryP are found in the bloodstream but progenitor activity has disappeared [29,
36]).

A previous report had demonstrated that Podxl is expressed on embryonic peripheral blood
cells at E10 and on Ter119+ CD71+ cells from E12 yolk sac [20]. To determine more
directly whether this protein is expressed on EryP, we used a transgenic mouse line in which
a histone H2B-GFP reporter is expressed in the nuclei of primitive erythroid cells (EryP)
under the control of a human e-globin promoter and a mLCR enhancer [27-29]. GFP+
(EryP) cells were stained with antibodies against Podxl and Flk1 and analyzed using flow
cytometry. As expected [29], FIk1 was expressed on the surface of a subset of EryP/GFP+
cells at E7.5 but was absent from most EryP at E8.5 and E9.5 (Fig. 7B). In contrast, the
expression of Podxl on GFP+ EryP increased sharply from E7.5 to E8.5, when nearly all
EryP were Podxl+ (Fig. 7B). Conversely, a significant proportion (27-60%) of PodxI+ cells
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in the embryo were EryP (Fig. 7B). Expression of the hematopoietic marker CD41
correlated well with GFP fluorescence at each stage of development (Fig. 7C). CD41
expression increased from E7.5 to E8.5 (with increased numbers of EryP progenitors [29])
and then began to fall by E9.5, a time when EryP are circulating in the blood and progenitor
activity is absent [36, 44].

Discussion

Our knowledge of hematopoietic development and the hierarchical relationships among
multipotent progenitors has benefitted enormously from the use of cell surface markers to
prospectively identify, isolate and characterize populations of cells at different stages of
commitment (e.g. see refs. [45, 46]). The ability to subdivide mesodermal progenitors on the
basis of surface protein expression, in an analogous approach, would advance our
understanding of the lineage specification of mesoderm. Here, we report that ES cell-derived
mesoderm identified by surface FIk1 expression can be separated, according to Podxl
expression, into distinct populations with distinguishable potentials.

The PodxI-SP subpopulation sorted from EBs at d4.75 (a time when four subpopulations
were clearly identified) gave rise only to primitive erythroid cells, and this potential was
significantly higher than that of the other three sorted populations. These findings were
unexpected, as lineage tracing studies previously established that both primitive and
definitive hematopoietic cells are derived from Flk1+ mesoderm [7] and FIk1 marks a subset
of E7.5 (progenitor stage) EryP (ref. [29] and this work).

The expression of Podx| was detected earlier than that of FIK1 in differentiating ES cells,
raising the possibility that at least some FIk1+ mesoderm cells are derived from an earlier
PodxI+ cell population. Consistent with this idea, reaggregated PodxI-SP cells sorted from
EBs at various times gave rise almost exclusively to FIk1-SP cells. Therefore, FIk1
expression may segregate Podxl-expressing mesoderm into subsets before PodxI expression
segregates Flk1-expressing mesoderm. In contrast, reaggregated FlIk1-SP and DP cells
produced Flk1-SP, DP and PodxI-SP cells. These observations suggest that the PodxI-SP
population contains early mesoderm cells comparable to those that form the extraembryonic
mesoderm and primitive erythroid progenitors of the yolk sac. These data, therefore, suggest
that Podxl is potentially an earlier marker of the commitment of the FIk1+ mesodermal cells
to the primitive erythroid fate.

In mouse embryos, Podx| was expressed on more than 50% of GFP+ transgenic EryP at
E7.5 (around the time progenitor activity is first detected using colony assays [29]) and on
essentially all EryP at E8.5 and E9.5. Moreover, a large proportion of all PodxI+ cells in the
embryo are EryP (~27%, 60% and ~50% at E7.5, E8.5 and E9.5, respectively). Therefore,
expression of Podxl marks not only circulating EryP but also their progenitors and provides
a new tool to identify the first hematopoietic cells of the embryo. PodxI has anti-adhesive
properties [47] and may play a role in the mobilization of erythroid progenitors from bone
marrow [48]. It is tempting to speculate that this anti-adhesion also contributes to the release
of primitive erythroblasts from the yolk sac as circulation initiates in the embryo.

In contrast with the PodxI-SP subpopulation, DP cells contained essentially all of the
definitive hematopoietic potential. The DP population also expressed the lateral plate
mesoderm marker Twist and all hematopoietic genes tested at the highest levels. It contained
a minor fraction of primitive and endothelial potential. The primitive and definitive
hematopoietic lineages have previously been distinguished based on temporal patterns of
Flk1+ cell emergence in EBs [49]. Here, we have separated these lineages at the same
temporal stage of EB differentiation, based on cell surface markers.
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FIk1-SP cells gave rise to small numbers of definitive hematopoietic cells and to endothelial
cells and cardiomyocytes, while the DP population gave rise to primitive and definitive
hematopoietic and endothelial cell lineages. The expression of endothelial and
hematopoietic markers by FIk1-SP and DP cells was consistent with their respective
developmental potentials. The FIk1-SP cells expressed high levels of genes required for
endothelial development but very low levels of hematopoietic genes, were capable of Ac-
LDL uptake, and generated CD31+ cells. These observations suggest that this population
contains greater endothelial than hematopoietic potential. The FIk1-SP population also
expressed high levels of the cardiac maker Gata4 and gave rise to contracting cTnT+
cardiomyocytes. They are likely similar to the Brachyury-GFP/FIk1+ cardiac progenitors
reported previously [6, 11].

As noted in the Introduction, populations of cells expressing both FIk1 and Eng are enriched
for hemangioblast activity compared with FIk1+ populations alone [15]. After submission of
this work, it was reported that expression of Eng marks the first hematopoietic progenitors in
the early embryo [50] and the hematopoietic and endothelial lineages can be distinguished
on the basis of the levels of Eng expression at later developmental stages [51]. Interestingly,
inducible overexpression of Eng may influence a switch that determines hematopoietic
versus endothelial and cardiac potential [52]. It will be of interest to examine Eng expression
on the various cell populations we have analyzed here. CD40 and Icam2 are expressed
sequentially during the earliest stages of blood specification both in vitro and in vivo [53].
Their temporal relationship to Podxl and Eng remain to be determined.

Conclusions

PodxI expression provides a new tool for separating distinct mesodermal cell populations in
differentiating EBs without the need for a transgenic reporter ES cell line and should,
therefore, be translatable to human pluripotent cell systems. More precise segregation of
early mesodermal cell populations with unique developmental potentials will become
possible as Podxl and other markers are employed in combination and will ultimately
facilitate the isolation of lineage-specific progenitors from differentiating pluripotent cells
for use in regenerative medicine.
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Figure 1. Expression of Podx! segregates populations of FIk1+ mesoderm during EB

differentiation

E14 ES cells were induced to differentiate as EBs and harvested at the days indicated. For
sorting, EBs were dispersed to single cells and stained with anti-FIk1 and anti-PodxI|
antibodies. (A) Flow cytometric analysis showing subdivision of FIk1+ differentiating ES
cells based on expression of Podxl. Boxes highlight the clear separation of FIk1-SP and DP
populations at d4.75. (B) Representative flow cytometric analysis of sorted populations after
re-aggregation and culture. Differentiating EBs were harvested at the indicated times,
dissociated and subjected to antibody staining and FACS. Sorted populations (DN, FIk1-SP,
PodxI1-SP and DP) were reaggregated and cultured for 20hr and then analyzed using flow
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cytometry. The new cell populations formed during re-culture are boxed. The d3.5 DP

population was too small to analyze and is, therefore, not represented in this figure. This
experiment was repeated three times, with comparable results.
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Figure 2. Mesodermal character of the sorted cell populations

EBs were dissociated, stained with antibodies against FIk1 and Podxl, and FACS-sorted to
isolate each of the four populations (DN, FIk1-SP, PodxI-SP and DP). Total RNA was
isolated and analyzed for expression of the marker genes indicated using QRT-PCR. The
expression of each gene was normalized to that of Gapdh. ESC, undifferentiated ES cells;
unsorted, unsorted d4.75 EBs. (A) The sorted cell populations did not express pluripotency
markers Sox2 and Nanog. (B) Differential expression of the nascent mesodermal marker T
and mesendodermal markers MixI1 and Gsc. (C) Differential expression of mesodermal
markers Flk1, Twist (lateral plate mesoderm), Thx6 and Pdgfra (paraxial mesoderm), Foxa2
(axial mesoderm), and Gata4 (pre-cardiac mesoderm). All QRT-PCR assays were
performed at least three times; a representative result is shown for each marker.
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Figure 3. The PodxI-SP population contains primitive erythropoietic potential

(A) EryP-CFC assay was performed to assess the primitive erythropoietic potential of the
d4.75 EB populations. Sorted cells (20,000) were plated in methylcellulose supplied with
EPO and EryP colonies were scored after 4d. Primitive erythroid potential was present
predominantly in the PodxI-SP population. The data from 3 independent experiments were
analyzed using an unpaired two-tailed Student’s t-test (*** p < 0.001). (B) QRT-PCR
analysis of embryonic (3hl and €Y) and adult (31 or Bmaj) B-like globin gene expression in
the d4.75 EB populations. The expression of each gene was normalized to that of Gapdh.
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Figure 4. The DP population contains definitive hematopoietic potential
(A) Multilineage progenitor assay to assess hematopoietic potentials of sorted d4.75 EB cell
populations. Cells (10,000) were plated in methylcellulose supplied with cytokines. EryD
colonies were scored on d5 and other colonies on d10. Data from 3 independent experiments
were analyzed using an unpaired two-tailed Student’s t-test. The DP population generated
significantly larger numbers of definitive hematopoietic colonies than did any of the other
populations (* p < 0.0001; ** p < 0.05). EryD, definitive erythroid; Mega, megakaryocyte;
Mac, macrophage; E/Mac, mixed erythroid/macrophage; and E/Mega, mixed erythroid/

megakaryocyte colonies. (B) QRT-PCR analysis of the expression of genes encoding
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hematopoietic and endothelial transcription factors. Total RNA was isolated from the sorted
d4.75 EB populations (DN, FIk1-SP, PodxI-SP and DP) and analyzed using QRT-PCR. The
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expression of each gene was normalized to that of Gapdh. This experiment was performed
three times, with comparable results. ESC, undifferentiated ES cells; unsorted, unsorted
d4.75 EBs. (C) The sorted d4.75 EB populations were analyzed by flow cytometry for
expression of c-Kit and CD41. This experiment was repeated three times, with comparable
results. (D) Representative flow cytometric analysis of FIk1 and CD41 on d4.75 EB
populations after reculturing on collagen type IV for 3d. This experiment was performed 4
times, with comparable results. The CD41+ cells formed from the DP and FIk1-SP
populations are boxed.
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Figure 5. The FIk1-SP and DP populations display endothelial potential

(A) The sorted d4.75 cell populations (DN, FIk1-SP, PodxI-SP and DP) were cultured on
collagen type 1V for 3d and analyzed for expression of the endothelial marker CD31
(Pecaml) using flow cytometry. This experiment was performed 4 times, with comparable
results. (B) Representative immunostaining for Pecaml. The sorted d4.75 cell populations
(DN, FIk1-SP, PodxI-SP and DP) were recultured on collagen type IV in the presence of
VEGF (5 ng/ml) for 3d and then stained with an antibody against Pecaml (primary) and an
Alexa Fluor 568 goat anti-rat secondary antibody. Scale bar, 50 microns. (C) Representative
Dil-Ac-LDL uptake assay. The sorted d4.75 cell populations (DN, FIk1-SP, PodxI-SP and
DP) were recultured on collagen type IV in the presence of VEGF for 3d and then incubated
with Dil-Ac-LDL (10 mg/ml) for 4 hr. Scale bar, 50 microns. (D) Formation of capillary
like structures on Matrigel. The sorted d4.75 populations (DN, FIk1-SP, PodxI-SP and DP)
were cultured on Matrigel in the presence of VEGF and bFGF. Images were acquired 6 hr
post-culture. The analyses in (B) and (C) were performed 3 times, with comparable results.
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The analysis shown in (D) was repeated twice, with comparable results. C166 is a mouse
endothelial cell line used as a positive control.
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Figure 6. The FIk1-SP population contains car diac potential

Sorted d4.75 populations (DN, FIk1-SP, PodxI-SP and DP) were reaggregated for 24 hr in
StemPro-34 serum-free medium followed by reculture of the aggregates for 4d in the
presence of VEGF and bFGF. Total and contracting colonies formed by the aggregates were
scored. (A) QRT-PCR analysis of cardiac mesoderm marker expression. Total RNA was
isolated from the sorted d4.75 EB populations (DN, FIk1-SP, PodxI-SP and DP) and
analyzed using QRT-PCR. The expression of each gene was normalized to that of Gapdh.
This experiment was performed two times, with comparable results. ESC, undifferentiated
ES cells; unsorted, unsorted d4.75 EBs. (B) Results of two independent experiments are
shown as number of beating colonies/number of total colonies. (C) Immunostaining of
colonies formed from the FIk1-SP cell aggregates using rat anti-mouse cTnT (primary) and
Alexa Fluor 488 goat anti-rat (secondary) antibodies. (Scale bars, 100 microns)
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Figure 7. Podxl marksthe primitive erythroid population in mouse embryos

Transgenic e-globin::H2B-GFP embryos (E7.5, 8.5 and 9.5) were dissociated to single cells
for flow cytometric analysis. (A) Expression of Podxl and FIk1 in E7.5-E9.5 mouse
embryos. As observed for differentiating ES cells (Fig. 1), developing mouse embryos
contain Flk1-SP, PodxI-SP and DP populations at each stage. (B) FIk1 was expressed on the
surface of a significant subset of EryP/GFP+ cells at E7.5 but, at E8.5 and E9.5, was absent
from the vast majority of EryP. In contrast, the expression of Podxl on GFP+ EryP increased
dramatically from E7.5 to E8.5, when nearly all EryP were PodxI+. (C) Expression of the
hematopoietic marker CD41 correlated well with GFP fluorescence at each stage of
development, indicating that most EryP express CD41. The Podxl+CD41+ populations are
boxed. The histogram at the bottom displays changes in expression of CD41 from E7.5 to
E9.5. The experiment shown in panels A—C has been repeated twice, with comparable
results.
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