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SUMMARY

In the early fetal liver, hematopoietic progenitors expand and mature together with hepatoblasts, the liver progenitors of hepatocytes and
cholangiocytes. Previous analyses of human fetal livers indicated that both progenitors support each other’s lineage maturation and curi-
ously share some cell surface markers including CD34 and CD133. Using the human embryonic stem cell (hESC) system, we demonstrate
that virtually all hESC-derived hepatoblast-like cells (Hep cells) transition through a progenitor stage expressing CD34 and CD133 as well
as GATA2, an additional hematopoietic marker that has not previously been associated with human hepatoblast development. Dynamic
expression patterns for CD34, CD133, and GATA2 in hepatoblasts were validated in human fetal livers collected from the first and second
trimesters of gestation. Knockdown experiments demonstrate that each gene also functions to regulate hepatic fate mostly in a cell-

autonomous fashion, revealing unprecedented roles of fetal hematopoietic progenitor markers in human liver progenitors.

INTRODUCTION

The liver bud in the mouse embryo is formed from the fore-
gut endoderm at around embryonic day 9.5 (E9.5) by the
migration into the septum transversum of the fetal liver
progenitors, hepatoblasts expressing the hepatic markers
a-fetoprotein (AFP), and albumin (ALB). Hepatoblasts pro-
liferate considerably to form the fetal liver mass and finally
differentiate in midgestation into either hepatocytes or
cholangiocytes based on their proximity to portal veins
(Gordillo et al., 2015). In mammals, the fetal liver is also
the major site of hematopoiesis (Golub and Cumano,
2013). Murine liver hematopoiesis is initiated at E10 with
the colonization of the fetal liver by hematopoietic progen-
itors migrating from the yolk sac and the region of the aorta-
gonad-mesonephros. The fetal liver hematopoietic activity
decreases around E15 and disappears shortly after birth.
Surprisingly, few studies on human fetal livers have re-
ported that the hematopoietic progenitor markers CD34,
CD117, CD90, CD133, and CD44 are also expressed on a
subset of human hepatoblasts and/or precursors of hepato-
blasts depending on the embryonic stage examined (Table
S1). Most of the EpCAM+ hepatoblasts express CD133 and
CD44 in the second trimester of gestation (Schmelzer
et al., 2007). Co-expressions of CD117 and AFP or CD117
and ALB in hepatoblasts are detected at around 14 weeks
and represent about 2% and 1% of total cells, respectively
(Navaetal., 2005). A subset of CD117+ cells that co-express
CD34 can turn on the hepatic markers ALB and CK19
when further cultured in vitro suggesting the presence of
CD177+CD34+ precursors of hepatoblasts (Nava et al.,
2005; Nowak et al., 2005). Similarly, human fetal liver mul-
tipotent progenitor cells have been identified from fetal
livers from first and second trimesters (Lazaro et al., 2003);
they express CD34 and CD44 and differentiate into ALB+

glycogen+ hepatoblasts, CK7+GGT+CK19+ biliary cells,
and mesenchymal cells (Dan et al., 2006). These studies
indicate that some hematopoietic progenitor markers are
surprisingly also expressed on developing hepatoblasts
and/or precursors of hepatoblasts in human fetal livers.
Our previous work has established an efficient protocol to
generate functional hepatoblast-like cells (referred to as he-
patic cells or Hep cells) from human embryonic stem cell
(hESC) differentiation cultures that express endoderm and
hepatic markers including FOXA2, HNF4a, AFP, ALB,
CK18, and EpCAM (Goldman et al., 2013). Here, we charac-
terize expression Kinetics of hematopoietic progenitor
markers in Hep cells as they specify from the endoderm.
We demonstrate dynamic expression patterns for the
hematopoietic progenitor markers CD34, CD133, and
GATAZ2 in developing Hep cells, and confirm these findings
in vivo with analyses of human fetal livers collected in the
first and second trimesters of gestation. Knockdown of
CD34, CD133, and GATA2 revealed their impact on hepatic
specification of Hep cells mostly in a cell-autonomous
fashion. This study highlights the powerful utility of the
hESC differentiation system to recapitulate early human he-
patic specification and has uncovered the functional impact
on hepatic specification and maturation of hematopoietic
progenitor markers expressed in human hepatoblasts.

RESULTS AND DISCUSSION

Co-expression of Hematopoietic Progenitor Markers
CD34, CD133, and GATA2 in Developing hESC-
Derived Hep Cells

Endoderm-derived Hep cells were generated from hESC
differentiation cultures as previously described (Goldman
et al.,, 2013). Activin A-induced endoderm cells were
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Figure 1. Expression of Cell Surface Hematopoietic Progenitor Markers in Hep Cells

(A) Timeline of generation of day 5 hESC-derived endoderm (End cells) and their progeny Hep and HepPg cells.

(B) Relative transcript levels in purified day 5 End cells and KDR—CD31— Hep cells purified at days 9, 12, and 17. All numbers reflect the
mean + SD for n independent differentiations (n = 3). Transcript levels from day 17 Hep cells were set to 1.

(C) Flow cytometry analysis of day 5 End cells and KDR—CD31— Hep cells from days 7 to 17 (n = 12 for CD31 and KDR and n = 3 for CD34,

(D133, and CD44).

(D) Graph summarizing the flow cytometry data shown in (C) and Figure S1B.
*p <0.05, **p <0.01, and ***p < 0.001. ND, not detectable (cycle number above 40). See also Figure S1.

purified at day 5 of differentiation within the cell popula-
tion positive for CXCR4 and cKIT and negative for the
mesendoderm marker PDGFRa and the mesoderm marker
KDR/VEGFR2/FIk-1. Purified endoderm cells were then
cultured in hepatic medium that favors hepatic specifica-
tion. We previously demonstrated that Hep cells develop
concomitantly with an endoderm-derived hepatic progen-
itor population (referred to as HepPg cells) that surprisingly
expresses KDR (Goldman et al., 2013). Hep and HepPg cells
have a distinct cell-surface-marker profile with Hep cells be-
ing KDR-CD31- and HepPg cells being KDR+CD31—
(Goldman etal., 2013) (Figure 1A). Both populations derive
from day 5 KDR—CD31—- endoderm cells (Figure 1A). At day

7 of differentiation, the KDR—CD31- cell population is het-
erogeneous and composed of Hep cells and some remaining
unspecified endoderm cells. By day 9, new KDR+CD31—
HepPg cells developed from the unspecified endoderm
cells, and the ratio between KDR—CD31— Hep cells and
KDR+CD31— HepPg cells reaches about 50% and remains
in this range until day 17 (Goldman et al., 2013). Both
Hep and HepPg cells express endoderm (FOXA2, GATA4),
epithelial (CK18), and early hepatic commitment
(HNF40) markers, while specific hepatic genes (AFP, ALB,
P450 enzymes, a.1-antitrypsin) are only present in Hep cells
(Goldman et al., 2013). Day 13-16 Hep cells are mature
enough to functionally support hepatitis C virus replication
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(Goldman etal., 2013). Moreover, HepPg cells have the abil-
ity to differentiate into functional Hep cells when grown in
aggregates (Goldman et al., 2013). Based on our previous
and present extensive characterization of Hep cells, we
defined two main stages of hepatic differentiation: initia-
tion of hepatic specification from days 5 to 9, and further
specification and beginning of maturation from days 9 to
17 (Figure 1A). Initiation of hepatic specification is illus-
trated by the detection of AFP and ALB transcripts in
KDR-CD31- Hep cells purified at day 9 (Figure 1B). Expres-
sions of al-antitrypsin (AAT), CYP3a7 and CYP3a4 are de-
tected at day 12 and increase with time supporting further
Hep cell specification and maturation beyond day 9 (Fig-
ure S1A). Hep cell maturation is also indicated with a signif-
icantincrease of ALBlevels from days 9 to 12 and decreasing
levels of AFP from days 12 to 17 (Figure 1B), although day 17
Hep cells remain immature when compared with crude
adult human liver samples (Figure S1A).

Given the growing evidence that fetal hepatoblasts from
human liver specimens express hematopoietic progenitor
markers (Table S1), we investigated whether the hESC-
derived hepatoblast-like Hep cells generated in vitro reca-
pitulate a hematopoietic signature as they initiate hepatic
specification (days 5-9) and further specify and begin
maturation (days 9-17). We examined expression of the he-
matopoietic progenitor markers CD34, CD133, and CD44
as well as CD45, known to be present on the vast majority
of differentiated hematopoietic cells. Day S purified
CXCR4+cKIT+KDR—PDGFRa— endoderm cells were nega-
tive for all markers (Figures 1C, 1D, and S1B). However,
expressions of CD34, CD133, and CD44 were rapidly de-
tected in emerging Hep cells as they committed to a hepatic
fate to finally peak at day 9 for CD34 and CD133, and at day
12 for CD44 (Figures 1C and 1D). It is noteworthy that
almost all Hep cells at day 9 co-expressed both CD34 and
CD133. These numbers progressively decreased for CD34
and CD44 as Hep cells began to mature at day 17, while
high percentages of CD133+ cells were maintained (Figures
1C and 1D). Given that CXCR4 and cKIT are expressed on
hematopoietic progenitor cells (Table S1), we investigated
their expression in Hep cells. Expressions of CXCR4 and
cKIT were rapidly downregulated by day 7 (Figure S1C),
which was consistent with the absence of CXCR4 and
cKIT expression in most hepatoblasts from human fetal
livers. cKIT expression is indeed restricted to a small subset
of CD34+ hepatoblast precursors that are capable of differ-
entiating into ALB+CK19+ hepatoblasts (Nava et al., 2005;
Nowak et al., 2005). As expected, CD45, a marker for differ-
entiated hematopoietic cells, was absent on Hep cells (Fig-
ure S1C), as also observed in hepatoblasts from human
specimens. The hematopoietic progenitor molecular pro-
file on emerging Hep cells was confirmed by quantitative
real-time PCR (qPCR) (Figure 2A). Gene expression levels
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were compared with those from day 5 endoderm cells
and from pooled second-trimester (15-22 weeks) human
fetal livers that are largely composed of blood cells, and
thus served as positive controls for hematopoietic marker
expression (Goldman et al., 2013; Schmelzer et al., 2007).
Transcript levels for CD34 and CD133 peaked at day 9
when Hep cells initiate specification, and paralleled protein
levels defined by co-immunostaining on cytospun purified
Hep cells (Figure 2B) and by flow cytometry analyses (Fig-
ure 1C). It is noteworthy that both CD34 and CD133
were co-expressed in Hep cells purified at days 9 and 12
(Figure 2B).

Given that two of the GATA factors, GATA4 and GATAG®6,
are critical for hepatic fate decision (Gordillo et al., 2015),
we tested whether the hematopoietic GATA2 transcription
factor was also detected in hepatoblasts. Gata2 is indeed
essential for proper mouse fetal hematopoiesis develop-
ment (Tsai et al., 1994). Gata2-deficient embryos are viable
at E9.5, yet 67% of the mutant embryos are dead at E10.5
from severe anemia, and none survive beyond E11.5. How-
ever, the direct function of Gata2 in the development of
hepatoblasts has not been characterized in these studies,
most likely due to the early embryonic lethality. To our sur-
prise, GATA2 expression in Hep cells was tightly associated
with hepatic commitment. While undetectable in endo-
derm, GATA2 levels in purified Hep cells dramatically
increased at day 9 and subsequently decreased by day 12,
and were finally undetectable at day 17 (Figure 2C). The
transient expression of GATA2 was confirmed at the pro-
tein level by immunostaining of cytospun Hep cells (Fig-
ure 2D). Given that the vast majority of purified Hep cells
expressed CD34 and CD133 at day 9 (Figures 1C and 2B),
it is reasonable to conclude that developing Hep cells at
day 9 co-express the three hematopoietic progenitor
markers CD34, CD133, and GATA2.

Importantly, expressions for CD34, CD133, and GATA2
were quite restricted to Hep cells in hepatic cultures, as
very few HepPg cells that arise concomitantly with Hep
cells expressed these three markers. Indeed, only 14% of
HepPg cells expressed CD34 (at very low levels) at day 7,
and these percentages dropped below 1% by day 12 (Fig-
ure S1D). In line with low protein expression, transcript
levels of CD34 at day 9 were 119.4-fold greater in Hep cells
compared with those in HepPg cells (Figures S2A and S2B).
GATA2 expression was restricted to Hep cells as GATA2
transcripts were undetectable in HepPg cells (Figure S2B).
Although CD133 transcript levels at day 9 were 4.6-fold
greater in Hep cells compared with those in HepPg cells
(Figure S2), on average from days 7 to 12, 30% of HepPg
cells express low levels of CD133 proteins.

Consistent with a hematopoietic progenitor signature of
Hep cells, additional fetal hematopoietic markers including
RUNX1, SCA1, THY1, CD109, CD150, and CD41 (Cumano



>

CD34 CD133
g 1000 R HEK 100 *HE
‘B T v -
a2 ok
ol 10 = 10
S
g —
)
o 0.1 1 -
>
2 ND -
° ND =
o '0.001 - 0.1
n o o 9~ n o o 9~
BT O = = @ B B = = L
T o © T c s o © T =
R - R -
T T E T T E
I I
GATA2
c 41 T
o — 1
|
5 10
X
)
]
2| 5 T,
© — 1
o .,
i 0 ND ND =
[To R« S VI NS
T v = = @
T o © T ¢
R -
T T E
I

CD34 DAPI

CD133 DAPI

O
o)
©

di12

GATA2 DAPI

Figure 2. Kinetic of Expression of the Hematopoietic Markers CD34, CD133, and GATA2 in Hep Cells

(A) Relative transcript levels of CD34 and CD133 in purified day 5 End cells and Hep cells purified at days 9, 12, and 17. Transcript levels
from human fetal liver sample were set to 1 (n = 3). All numbers reflect the mean + SD for n independent differentiations.

(B) Co-immunostaining in cytospun Hep cells purified at days 9, 12, and 17.

(C) Relative transcript levels in purified day 5 End cells and Hep cells purified at days 9, 12, and 17. Transcript levels from human fetal liver

sample were set to 1 (n = 3).

(D) Immunostaining in cytospun Hep cells purified at days 9, 12, and 17.
*p < 0.05, ***p < 0.001. ND, not detectable. Scale bars, 40 um. See also Figure S2.

and Godin, 2007) were also detected upon specification of
day 9 Hep cells (Figure S2). However, none of these genes
had an exclusive expression in Hep cells compared with
that in day 5 endoderm cells or day 9 HepPg cells. RUNX1
expression was greater in both day 5 endoderm and day 9
Hep cells than in HepPg cells. SCA1, THY1, CDI109,
CD150, and CD41 were highly expressed in both Hep
and HepPg cells, while they were undetectable in endo-
derm cells. Although these markers were present on Hep
cells during hepatic specification, they were also expressed
in either HepPg or endoderm cells, suggesting that these
markers most likely do not participate in the hepatic cell
fate decision of Hep cells.

These expression profiles reveal that co-expression of a
restricted set of the hematopoietic progenitor markers
CD133, CD34, and GATAZ2 in Hep cells is correlated with
hepatic fate decision.

CD133, CD34, and GATA2 Instruct Hepatic Cell
Differentiation of Hep Cells Mostly in a
Cell-Autonomous Manner

As CD34, CD133, and GATA2 mark quite specifically the
vast majority of developing Hep cells, we hypothesized

that they are critical in instructing hepatic specification
of Hep cells. Knockdowns of CD34, CD133, and GATA2
were performed individually by adding the corresponding
pool of small interfering RNAs (siRNAs) every other day
on endoderm cells from days 6 to 14 when transcript (Fig-
ures 3A and 3B) and protein (Figure S3A) levels of hepatic
genes were examined. Knockdown of HNF4oa was per-
formed as a positive control for regulating hepatic fate (Par-
vizetal., 2003). The four knockdowns were very efficient as
CD34, CD133, GATA2, and HNF4« transcripts (Figure 3B)
and proteins (Figure S3A) were undetectable in the pres-
ence of specific siRNAs. We validated the strong specificity
of GATA2 siRNAs against GATA2 over GATA4 expression
(Figure 3B). Use of specific siRNAs did not alter cell survival
or proliferation that could have interfered with hepatic
specification and maturation evaluation, as assessed with
determination of percentages of live 7AAD— cells and pro-
liferative Ki67+ cells, respectively (Figures S3B and S3C). As
expected, none of the knockdowns against CD34, CD133,
GATA2, and HNF4o altered expression of the endoderm
marker FOXA2, whose expression is relatively maintained
during liver specification (Figure 3B). In contrast, ablation
of HNF4a decreased AAT, CYP3a4, and CYP3a7 transcript
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Figure 3. Function of the Hematopoietic Markers CD34, CD133, and GATA2 in Hep Cell Hepatic Specification and Maturation

(A) Protocol of siRNA transfection.

(B) Relative transcript levels in hepatic cultures composed of Hep and HepPg cells collected at day 14 following four treatments of siRNAs.
Transcript levels from scrambled siRNA-treated samples were set to 1 (n = 3). All numbers reflect the mean + SD for n independent
differentiations. ND, not detectable (cycle number above 40). Significant statistic differences between the scrambled siRNA condition and
specific siRNA conditions are indicated. *p < 0.05, **p < 0.01, and ***p < 0.001. See also Figure S3.

levels, yet did not affect AFP and ALB levels (Figures 3B and
S3A). These results were consistent with previous studies
revealing that deletion of HNF4a during mouse liver devel-
opment alters morphological and functional differentia-
tion of hepatocytes without affecting hepatic specification
(Parviz et al., 2003). A more recent study using hESC he-
patic differentiation has, however, indicated that contin-
uous ablation of HNF4a from the pluripotent ESC stage
resulted in the absence of expression of AFP and ALB
(DeLaForest et al., 2011). The discrepancy of the regulation
of AFP and ALB expression by HNF4a may be due to the
time difference of HNF4a knockdown, which occurred
from the endoderm stage in our study and from the ESC
stage in the previous study. Nevertheless, HNF4a knock-
down clearly affected hepatic cell fate and thus validated
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the knockdown strategy for the investigation of hepatic
gene regulation by CD34, CD133, and GATA2.

Ablation of CD34, CD133, or GATA2 resulted in complete
abrogation of ALB transcript levels (Figure 3B) and absence
of proteins (Figure S3A). AFP transcript (Figure 3B) and pro-
tein (Figure S3A) levels were abrogated in the presence of
siRNAs against CD133 strictly, while they remained the
same when CD34, GATA2, or HNF4« levels were ablated.
Interestingly, abrogation of CD34, CD133, or GATA2 did
not affect HNF4a protein expression (Figure S3A) suggest-
ing that Hep cells have not been directed to a different
fate, but rather they remained in an early hepatic stage.
Since AFP expression occurs earlier than ALB in pluripotent
stem cell differentiation cultures, asillustrated in Figure S3A
(virtually all Hep cells express AFP, while only a small



percentage of Hep cells is positive for ALB at day 14 in
scrambled conditions), these data indicate an earlier func-
tion of CD133 on hepatic commitment compared with
the role of CD34 and GATA2. The functionality of CD34
on hepatic commitment is reminiscent of the delay in
erythroid and myeloid differentiation ability reported in
mouse CD34-null embryonic stem-cell-derived hematopoi-
etic progenitors (Cheng et al., 1996). GATA2 expression has
been mainly reported in the hematopoietic system, and has
been involved in the proliferation and maintenance of he-
matopoietic stem cells and multipotential progenitors (Hsu
et al., 2015). Yet, GATA2 has been found expressed in hu-
man hepatocellular carcinoma cell lines, and decreased
expression of GATA2 promotes proliferation, migration,
and invasion of the cell lines in vitro, and correlates with
poor differentiation and poor prognosis of hepatocellular
carcinoma in patients (Li et al., 2014). Likewise, consistent
with our data demonstrating the impact of GATA2 in
promoting human Hep cell fate, a recent screen of 137 tran-
scription factors has identified GATA2 as a driver for hepatic
differentiation of mouse ESCs (Yamamizu et al., 2013).
Given that day 14 cultures are composed of a mixed cul-
ture of Hep and HepPg cells, it was essential to dissect
whether CD34, CD133, and GATA2 act in a cell-autono-
mous manner on Hep cell fate. The restriction of GATA2
expression in Hep cells validated the cell-autonomous
mechanism of GATA2 (Figure S2B). Similarly, the small per-
centage of HepPg cells expressing CD34 (and moreover at
low levels, Figure S1D) supported the hypothesis that
CD34 regulates Hep cell fate mostly in a cell-autonomous
fashion. Another argument supporting the direct effect of
CD34 and GATA2 on Hep cell fate is that ablation of
GATA2 or CD34 affects ALB that is specifically expressed
in Hep cells but absent in HepPg cells. In day 14 hepatic cul-
tures, ALB protein staining was indeed only present in a
subpopulation of cells (Figure S3A) that are Hep cells as
ALB transcripts were strictly detected in Hep cells from
days 9 to 17 and undetectable in HepPg cells (Figure S2B).
However, the presence of a significant number of
CD133+ HepPg cells (up to 30%) in hepatic cultures sug-
gested that CD133 acts not only directly on Hep cells but
also indirectly through HepPg cell activation. AFP immu-
nostaining at day 14 (Figure S3A) indicated that AFP is
not only present in Hep cells as expected, but also in HepPg
cells that began specification. Initiation of hepatic specifi-
cation in HepPg cells at day 14 was confirmed by qPCR an-
alyses revealing that AFP transcript levels were detected in
HepPg cells between days 12 and 17 (Figure S2B). This was
not surprising as we previously demonstrated that a more
complex 3D culture, that is mimicked when cells reach
confluence with time, induces maturation of HepPg cells
into AFP-positive cells (Goldman et al., 2013). In fact, com-
plete abrogation of AFP expression in HepPg cells in the

presence of siRNAs against CD133 is consistent with both
direct and indirect effect of activation of CD133 on at least
HepPg hepatic cell fate as only 30% of HepPg cells express
CD133.

Knockdown assays reveal that CD133, CD34, and GATA2
expressed on specifying Hep cells instruct hepatic cell
differentiation in a strictly cell-autonomous fashion for
CD34 and GATA2, and in a partly cell-autonomous fashion
for CD133.

Validation of Expression of Hematopoietic Markers in
Hepatoblasts in Human and Mouse Fetal Livers

We sought to validate whether the dynamic expression of
hematopoietic progenitor markers defined in developing
hESC-derived Hep cells in vitro also occurs in vivo. Immu-
nostainings for CD133, CD34, and GATA2 were performed
together with ALB or HNF4a staining as a means to identify
hepatoblasts/fetal hepatocytes in early first-trimester
(FT livers, 7-7.5 weeks of gestation) and second-trimester
(ST livers, 18-22 weeks of gestation) human fetal livers
(Figures 4 and S4). All human specimens were obtained
without identifiers and therefore the proposed research
did not meet the definition of human subject research.
Virtually all HNF4o+ hepatoblasts/fetal hepatocytes were
strongly positive for CD133 in FT livers (Figure 4A, white
arrows), and remained positive in ST livers (Figure 4B,
white arrows). In FT livers, CD34 was highly expressed in
immature endothelial cells as reported previously (Bompais
etal., 2004) (Figure 4C, yellow arrows) and was also present
in the vast majority of ALB+ hepatoblasts (Figure 4C, white
arrows). However, CD34 staining was virtually absent in
ALB+ hepatoblasts/fetal hepatocytes in ST livers (Figure 4D,
white arrows), but remained present in endothelial cells
(Figure 4D, yellow arrows). A similar transient expression
pattern was noted for GATA2, with strong expression in
nearly all HNF4a+ hepatoblasts/fetal hepatocytes in FT
livers (Figure 4E, white arrows), yet with much weaker in-
tensity in ST specimens (Figure 4F, white arrows). No
specific spatial pattern of expression of the three markers
was observed.

To determine whether the three markers are co-expressed
in human hepatoblasts/fetal hepatocytes in vivo, as shown
in Hep cells in vitro, co-stainings were carefully quantified
from three different FT and ST fetal livers (Figures S4A-
$4D). Co-staining revealed that most HNF4a+ hepatoblasts
expressed GATA2 in FT livers, and that among the GATA2+
cells 92% were HNF4a+ hepatoblasts (Figures S4A and S4B,
white arrows). This suggested that the remaining 8% of
GATA2+HNF4o- cells were likely hematopoietic progenitor
cells or endothelial cells (Figure 4E, yellow arrowheads),
as GATA2 is expressed in both cell types (Lim et al.,
2012). Within the GATA2+ cells, 92% were CD133+
and 55% were CD34+ indicating that most hepatoblasts
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7 weeks old
Human fetal liver

22 weeks old
Human fetal liver

E13.5
Mouse fetal liver

Figure 4. Dynamic Expression of CD133, CD34, and GATA2 in Fetal Hepatoblasts from Human and Mouse Fetal Livers

Co-immunostaining on 7 week (A, C, and E) and 22 week (B, D, and F) old human fetal livers and E13.5 (G, H, and I) mouse fetal livers. To
facilitate the visualization of GATA2 expression in 22 week samples (F), intensity of exposure was doubled compared with the intensity
used for 7 week samples (E). White arrows indicate selected hepatoblasts positive for the marker analyzed, except for ALB and CD34 co-
staining in 22 week old livers in which ALB+ hepatoblasts are negative for CD34. Yellow arrowheads indicate non-hepatoblast cells positive

for the marker analyzed. Scale bars, 40 pum. See also Figure S4.

co-expressed GATA2 and CD133, and roughly half co-ex-
pressed CD34 in FT livers. In ST livers, GATA2 was still
detected in the vast majority of HNF4a+ hepatoblasts/fetal
hepatocytes, although at lower levels than in FT specimens
(Figures 4F and S4C, white arrows). Quantification of co-
staining in ST livers revealed that, within the GATA2+ cells,
77% were HNF4oa+ hepatoblasts/fetal hepatocytes. This
suggested that the remaining 23% of GATA2+HNF4o.— cells
were likely hematopoietic progenitors or endothelial cells
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(Figure 4F, yellow arrowheads). Within the GATA2+ cells,
94% co-expressed CD133, indicating that the majority of
hepatoblasts/fetal hepatocytes still co-expressed GATA2
(although at lower levels than in FT) and CD133 in ST livers
(Figure S4C, white arrows). Decreasing levels of CD34
and GATA2 and maintenance of high levels of CD133 in
hepatoblasts/fetal hepatocytes from the FT to the ST were
supported by qPCR analyses performed on crude human
fetal liver preparations from FT and ST and compared



with adult human liver samples (Figure S4E). CD34 levels
indeed decreased with gestation time, yet not significantly,
most likely due to interference with strong CD34 expres-
sion in endothelial cells at both time points. Although
GATA2 was also present on a subset of hematopoietic pro-
genitors and endothelial cells, transcript levels drastically
decreased with time consistent with reduced GATA2
expression in hepatoblasts/fetal hepatocytes during
gestation. As expected, CD133 levels were greatly elevated
during the whole pregnancy and dropped significantly in
adult liver.

In vivo analyses of FT and ST human fetal livers indicate
co-expression of CD133, CD34, and GATA2 in the vast
majority of developing hepatoblasts from early fetal liver
specimens. Interestingly, it is clear that CD34 and GATA2
levels are transiently expressed in human hepatoblasts/
fetal hepatocytes from fetal specimens, and this dynamic
expression pattern was accurately recapitulated in devel-
oping hESC-derived Hep cells in vitro.

To determine whether the hematopoietic profile defined
in human hepatoblasts/fetal hepatocytes also characterizes
hepatoblasts in the mouse embryo, we examined murine
fetal livers from E9.5 to E13.5 embryos. The use of mice
in these experiments received Institutional Animal Care
and Use Committee approval. We identified subsets of
HNF4o0+ hepatoblasts co-expressing CD34, GATA2, or
CD133 that were the most abundant at E13.5 (Figures
4G-41, white arrows). Some HNF4a- cells expressing
CD133, CD34, and GATA2 were present and most likely
represented hematopoietic cells (Figures 4G—41, yellow ar-
rowheads). There was a significantly greater population of
hepatoblasts expressing CD133 than those expressing
CD34 or GATA2. Although not all murine hepatoblasts ex-
press CD34, GATA2, and CD133 as observed in FT human
specimens, these three hematopoietic markers were also
detected in a subpopulation of murine hepatoblasts sug-
gesting the conserved function of CD34, GATA2, and
CD133 in hepatic specification of the mouse fetal liver.

Conclusion

In conclusion, dissection of the phenotype of developing
hESC-derived Hep cells in this study demonstrates a sur-
prising dynamic expression of functional hematopoietic
progenitor markers during early hepatic specification of
human fetal hepatoblasts. One can wonder about the rele-
vance of the hematopoietic profile in developing Hep cells
and whether it represents a generic progenitor cell identity
rather than a specific hematopoietic signature. CD34 and
CD133 expressions are indeed also shared by other stem
and progenitor cells in various tissues including endothe-
lial progenitor cells, mesenchymal stem cells, cancer stem
cells, and embryonic stem cells. However, one can also
speculate about the existence of a progenitor cell with

bipotent hematopoietic and hepatic potential, as was
suggested previously with the identification of a hemato-
poietic progenitor with hepatic potential in the murine
fetal liver (Khurana and Mukhopadhyay, 2008), or with
the identification of a specialized portal venous endothe-
lium in FT human fetal liver with hematopoietic and
hepatoblast potential (Terrace et al., 2010).

The hPSC-Hep cell platform established in this study pro-
vides an essential tool that can be used as a surrogate sys-
tem to study very early human liver specification that is
otherwise problematic to study in FT human specimens.
Understanding the common molecular profile of devel-
oping hematopoietic progenitors and hepatoblasts reveals
an unprecedented and partly cell-autonomous role of
CD34, CD133, and GATA2 in early hepatic specification
and maturation in the developing human liver.

EXPERIMENTAL PROCEDURES

Human Hepatic Differentiation and Cell Sorting
Human ESCs (HES-2) were differentiated into the hepatic lineage
as previously described (Goldman et al., 2013). Five days after
inducing differentiation, CXCR4+cKIT+KDR—-PDGFRa— endo-
derm cells were isolated with the FACSAria cell sorter (BD Bio-
sciences) and cultured in hepatic media as previously defined
(Goldman et al., 2013).

Statistical Analysis

For qPCR, all numbers reflect means + SD for n independent exper-
iments. Calculations were performed with the paired t test. Signif-
icance were defined as *p < 0.05, **p < 0.01, and ***p < 0.001.
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