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Previouslywe showed that the∼2%of fetal liver cells reactivewith
an anti-CD3ε monoclonal antibody support ex vivo expansion of
both fetal liver and bone marrow hematopoietic stem cells (HSCs);
these cells express two proteins important for HSC ex vivo expan-
sion, IGF2, and angiopoietin-like 3. Here we show that these cells
do not express any CD3 protein and are not T cells; rather, we
purified these HSC-supportive stromal cells based on the surface
phenotype of SCF+DLK+. Competitive repopulating experiments
show that SCF+DLK+ cells support themaintenance ofHSCs in ex vivo
culture. These are the principal fetal liver cells that express not only
angiopoietin-like 3 and IGF2, but also SCF and thrombopoietin, two
other growth factors important for HSC expansion. They are also the
principal fetal liver cells that express CXCL12, a factor required for
HSC homing, and also α-fetoprotein (AFP), indicating that they are
fetal hepatic stem or progenitor cells. Immunocytochemistry shows
that>93%of theSCF+ cells expressDLKandAngptl3, andaportionof
SCF+ cells also expresses CXCL12. Thus SCF+DLK+ cells are a highly
homogenous population that express a complete set of factors for
HSC expansion and are likely the primary stromal cells that support
HSC expansion in the fetal liver.

bone marrow transplantation | growth factors | hematopoiesis | stem cell
niche

In adult animals, hematopoietic stem cells (HSCs) are normally
quiescent. Following mitosis, on average at least one of the

daughter cells becomes an HSC, and thus the number of HSCs
remains constant over the animal’s lifetime. In contrast, in the fetal
liver HSCs undergo a dramatic expansion between day 12 and 16.
HSCs normally reside in specialized microenvironments—HSC
niches—created by surrounding stromal cells (1–3). In the bone
marrow there are thought to be at least two spatially and likely
functionally distinct bonemarrowHSC niches (2). Osteoblasts are
the main supportive cell type in the endosteal HSC niche; osteo-
blasts produce many factors that are important in maintenance of
hematopoiesis and the endosteal HSC niche is thought to contain
mostly quiescentHSCs (3). The involvement of osteoblasts inHSC
regulation was suggested by findings that animals with con-
stitutively active parathyroid hormone receptor (PTHr) or PTH-
related protein receptor (PPR), and therefore increased numbers
of osteoblasts, have increased numbers of HSCs (4). In the bone
marrow and spleen, many HSCs are associated with the sinusoidal
endothelium (5). The stromal cells in that niche have not been
identified, but it is hypothesized that HSCs in this niche constantly
self-renew to maintain HSC numbers and at the same time con-
tribute to normal hematopoiesis through asymmetrical divisions.
In the fetal liver, HSCs undergo a dramatic expansion between

days 12 and 16. Several years ago we used a monoclonal antibody
supposedly specific for the T-cell protein CD3e to purify from
embryonic day 15.5 (E15.5) fetal livers a population of cells that
supports expansion of HSC numbers in a culture medium that
containsadded stemcell factor (SCF),Flt3, and IL-6 (6).DNAarray
experiments showed that, among other proteins, insulin-like growth
factor 2 (IGF2) and angiopoietin-like proteins 2 and 3 (Angptl2 and
Angptl3) are specifically expressed in these CD3+ cells but not in
several cells that donot supportHSCexpansion (6, 7). Based on this

finding, we developed a simple, serum-free culture system that
contains low levels of SCF, TPO, fibroblast growth factor–1
(FGF-1), IGF2, and either Angptl2 or Angptl3, which resulted in a
30-fold expansion of murine HSCs ex vivo (7). A similar “cocktail”
resulted in a >20-fold increase in human cord blood HSC numbers
after culture (8).
Here we show that these cells do not express any CD3ε protein

and are not T cells; rather, we show that they are of hepatic lineage.
They are the principal cell type in the fetal liver that expresses not
only angiopoietin-like 3 and IGF2 but also SCF and thrombo-
poietin, two other growth factors important for HSC expansion.
They are also the principal cells that express CXCL12, a factor
required for HSC homing, and α-fetoprotein (AFP), a marker
protein for fetal hepatic stem and progenitor cells.

Results
Because SCF and TPO are essential for HSC self-renewal (9), we
were interested indeterminingwhich, if any, fetal liver cells produced
these growth factors. Inpreliminary studiesweused real-timePCRto
examine the expression ofmany growth factors in different fetal liver
cell populations characterized by specific lineage markers. Figure S1
shows that, when compared with several other nonHSC-supportive
cell populations, fetal liver cells reactive with the CD3ε monoclonal
antibody are enriched not only for the expression of the mRNAs
encoding Angptl3 and IGF2, as shown previously, but also for SCF
andTPO.Thefifthgrowth factorused inour“cocktail,”FGF-1, isnot
expressed by these FL CD3+ cells. However, FGF-1 is not essential
for ex vivo HSC expansion, as FL CD3+ cells expanded HSCs in a
culture medium without FGF-1, and a combination of SCF, TPO,
and IGF2 without FGF-1 also expanded HSCs (6). Thus, fetal liver
CD3+ cells express four growth factors—SCF, TPO, Angptl3, and
IGF2—that together support extensive HSC expansion.
Because of the low apparent level of CD3 expressed on these

fetal liver cells (Fig. S1) and because using RT-PCR we were
unable to detect the expression of CD3ε, the protein targeted by
the monoclonal anti-CD3 antibodies that we were using, in these
CD3+ cells, we concluded the CD3+ surface phenotype of these
cells is likely an artifact even though the antibody is selecting a
discrete population of∼1–2%of fetal liver cells. Thuswe sought to
use other methods to purify these presumed stromal cells. SCF is
fabricated as a transmembrane plasma membrane protein that
normally binds to its receptor, c-Kit, on the surface of adjacent
cells (2, 10–12). As all HSCs in fetal liver express c-Kit (13), and as
the fetal liver–supportive “CD3+” cells are enriched for the
expression of SCF mRNA (Fig. S1), we presumed that HSC
stromal cells would express SCF on their surface. To test whether
these cells can be purified by their surface SCF expression, we
stained total fetal liver E15.5 cells with a biotin-conjugated SCF
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antibody followed by APC-conjugated streptavidin; control cells
were stained with APC-streptavidin only. FACS analysis showed
that the biotin-SCF antibody clearly stained a population of ∼2%
of fetal liver cells compared with the streptavidin control sample
(Fig. 1 and Fig. S2A, Panel 2 and 3).
Next we sorted SCF+ cells and SCF– cells and analyzed their

mRNAexpressionby real-timePCR.Asanticipated,SCF+cellswere
enriched >20-fold for mRNAs encoding SCF compared with SCF–

cells (Fig. S2B), which affirms that the antibody correctly and spe-
cifically recognizes membrane-bound SCF on the surface of SCF+

fetal liver cells. Moreover, themRNAs for other keyHSC expansion
factors, namely, IGF2, Angptl3, and TPO, were also enriched to a
similar extent in these fetal liver SCF+ cells (Fig. S2B). This result
indicates the potential stromal cells previously identified as “CD3+”
can be more efficiently purified by their SCF+ surface phenotype.
DLK is another membrane-bound cytokine that we previously

identified as being enriched in the fetal liver CD3+-supportive cells
(6). DLK was also shown to promote the maintenance and self-
renewal of HSCs (14, 15), and DLKmRNA is also enriched in fetal
liver SCF+cells (Fig. S2B). FACSanalysiswith anFITC-conjugated
DLK antibody showed that >5% E15.5 fetal liver cells are DLK+,
which is similar to that reported for E14 rat fetal liver cells (16).
Approximately 2% (varies between 1% and 2% in different sam-
ples) of E15.5 fetal liver cells are both SCF+ and DLK+ (Fig. 1A);
importantly, the vast majority of SCF+ cells are also DLK+.
Thus, we purified SCF+DLK+, SCF–DLK+, and SCF–DLK–

cells by flow cytometry and analyzed the levels of mRNAs that

encode several relevant cytokines (Fig. 1B). As expected, SCF
mRNA is highly enriched in SCF+DLK+ cells, and SCF+DLK+

and SCF–DLK+ cells have similar elevated levels of DLK mRNA
relative to SCF–DLK– cells. Importantly, mRNAs encoding IGF2,
Angptl3 and TPO are highly enriched in SCF+DLK+ cells relative
to SCF–DLK+ and SCF–DLK– cells. Comparing SCF+DLK+ with
SCF–DLK– cells, the enrichments of these mRNAs average >50-
fold. Furthermore, these SCF+DLK+ cells are highly enriched for
the expression of CXCL12, a chemoattractant for HSCs (17).
CXCL12 is secreted by stromal cells in bone marrow and regulates
trafficking ofHSCs (18). SCF+DLK1+ cells are alsohighly enriched
for expression of IGFBP1. IGFBP1 shares significant similarity
(34.3% identity) with another IGF binding protein family member,
IGFBP2, which we previously showed is able to support ex vivoHSC
expansion (19). Since IGFBP2 is very poorly expressed in fetal liver,
it is possible that IGFBP1plays a role in stimulating theexpansionof
fetal liver HSCs. Thus SCF+DLK1+ cells are the principal cells in
fetal liver that synthesize seven cytokines that support HSC main-
tenance, expansion, and trafficking.
Figure 2B shows that sorted SCF+DLK1+ cells are able to

support HSC maintenance using an ex vivo coculture method
similar to that in our earlier study of fetal liver CD3+ cells (6). A
total of 25 sorted CD150+CD48–CD41– HSCs from E15.5 fetal
liver were cocultured with or without 2,000 sorted E15.5 fetal liver
SCF+DLK1+ cells for 4 days in a serum-containing medium with
added SCF, IL6, and FLT3. The content of each well was trans-
planted into lethally irradiated mice competitively with freshly
isolated bone marrow cells from CD45.1 mice. Figure 2B shows
that HSCs cultured alone almost completely lost HSC activity
(average 0.8% repopulation, n = 8), whereas HSCs cocultured
with SCF+DLK1+ cells (Fig. 2C) maintained HSC repopulating
activity (average 16% repopulation, n=9) at a level similar to that
of uncultured HSCs (average 20% repopulation, n= 9) (Fig. 2A).
Donor-derived CD45.2+ cells in the peripheral blood showed
multilineage reconstitution, as determined by FACS analysis using
antibodies specific for B220 (B cells), CD3 (T cells), CD11b
(monocytes), and Gr-1 (granulocytes) (Fig. S3), thus indicating
that they derived from repopulating HSCs.

Fig. 1. Potential stromal cells for HSC expansion in E15.5 fetal liver can be
purified by SCF+DLK+ surface phenotype. (A) FACS analysis of total fetal liver
cells stained with biotin-SCF and DLK antibodies. Approximately 1.8% fetal
liver cells are SCF+, most of which are also DLK+. Approximately 3.9% of fetal
liver cells are DLK+SCF–. (B) Relative expression of mRNAs encoding HSC
expansion factors IGF2, Angptl3, TPO, IGFBP1, and CXCL12 and hepatocyte
markers AFP and ALB. SCF+DLK+, SCF–DLK+, and SCF–DLK– cells were sorted
by flow cytometry. The mRNA level of each gene was determined by qPCR
and normalized against ribosomal RNA. The relative expression of each gene
in each population was calculated, setting the level of each mRNA in
SCF–DLK– cells as 1 (SCF+ cells were gated more stringently in this analysis
than in Fig. S2A). Numbers are average of several individual repeats (n = 3);
error bars indicate maximal and minimal values scored.

Fig. 2. Coculture of purified fetal liver HSCs with fetal liver E15.5 SCF+DLK+

cells. A total of 25 sorted E15.5 fetal liver HSCs (CD45.2) were cultured in a
serum-containing medium supplemented with SCF, IL6, and FLT3 for 4 days
either without (B) or with (C) 2,000 sorted E15.5 SCF+DLK+ cells. A total of 25
sorted HSCs were also mixed with 2,000 sorted fetal liver E15.5 SCF+DLK+ cells
and were transplanted directly into CD45.1 mice as a control (A). Each filled
triangle in thefigure represents the percentage repopulation of one recipient
mouse, which is calculated as percentage of CD45.2+ cells divided by total
number of CD45.1+ plus CD45.2+ cells in the peripheral blood. Average per-
centage of reconstitution for each experiment is also indicated (n = 7–9).
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We also cultured and transplanted 2,000 SCF+DLK1+ cells and
observed no repopulating activity, excluding the possibility of con-
taminating HSCs from the sorted SCF+DLK1+ cells. This result
clearly demonstrated the ability of SCF+DLK1+ cells to maintain
HSCs in culture, a result similar that obtained with the CD3+ cells.
This further establishes that theCD3+andSCF+DLK1+ cells have,
as expected, similar supportive activities.
DLK in fetal liver is expressed by hepatic stem and progenitor

cells that are progenitors of both hepatocytes and biliary epithelial
cells; a DLK antibody has been used to highly enrich these cells
(16, 20). The majority of rat E14.5 fetal liver DLK+ cells also stain
positive for AFP, a specific maker for hepatic stem and progenitor
cells (16). Our data show that SCF+DLK1+ cells are highly
enriched for mRNAs encoding both AFP and albumin (ALB),
another specific maker for both hepatic stem/progenitors and
mature hepatocytes; SCF–DLK+cells express significant but lower
levels of ALB and AFP mRNAs (Fig. 1B). Thus, the SCF+DLK+

putative stromal cells likely are a subset of fetal hepatic stem or
progenitor cells that express AFP and ALB at a high level.
Figure 3 shows that the totalmRNA levels of theHSCexpansion

factors SCF, TPO, and Angptl3 increased gradually from E13.5–
16.5 in fetal liver. Expression of TPO and Angptl3 mRNA in liver
remained high after birth andwas even higher in adult liver (Fig. 2).
In adults, TPO indeed is produced mainly by hepatocytes and
supposedly reaches bone marrow hematopoietic cells via the cir-
culation (21). The data in Fig. 2 suggest that, in adults, hepatocytes
are also the source of Angptl3. Interestingly, expression of the two
HSC expansion factors, SCF and DLK, which normally signal in a
paracrine fashion while tethered to the plasmamembrane, decline
in liver soon after birth, as does expression of the imprinted IGF2
gene. Presumably, in adults, when bone marrow HSCs need to be
expanded, some as-yet-unidentified cell type produces SCF and
DLK to support expansion of adjacent HSCs, whereas secreted
HSC expansion factors such as TPO and Angptl3 are produced by
liver or other types of cells.
To determine whether fetal liver SCF+DLK+ cells are homoge-

nous and whether they are indeed hepatic cells, we analyzed
unfractionated fetal liver cells by dual immunocytochemistry for
SCF together with DLK, ALB, Angptl3, or CXCL12. Approx-
imately 2% of total fetal liver cells stain positive for SCF (FITC
channel; green in Fig. 4). We then examined each of ∼100 SCF+

cells to determine whether they are also positive for DLK, ALB,
Angptl3, or CXCL12 (Rhodamine RedX channel). Figure 4 shows
representative images of the dual staining. Table 1 shows the result
of analysis of∼100 SCF+ cells for their ability to express the second

marker protein. The data inFig. 4A–C andTable 1 show that>93%
of the SCF+ cells in E15.5 fetal liver are also positive for ALB,
Angptl3, and DLK expression. This indicates the SCF+DLK+ cells
are homogenous for ALB and Angptl3 expression. In contrast,
only ∼34% of the SCF+ cells stain for CXCL12 and thus likely
express this cytokine.We found that∼80%(27/34) of theCXCL12+

cells are also positive for SCF expression, indicating that the
CXCL12+ cells aremostly a subpopulation of SCF+ fetal liver cells.
These results establish that these supportive cells for HSC expan-
sion are indeedamostly homogenous population of hepatic lineage.
Consistent with this conclusion, costaining of SCF and CD45 anti-
bodies shows that SCF+ and CD45+ cells are mutually exclusive of
each other, proving that SCF+ cells are not of a hematopoietic
lineage (Fig. S4 and Table 1).
In these experiments, we used a biotin-conjugated SCF antibody

followed by FITC-streptavidin to detect the anti-SCF antibody.
Before incubation with the biotin-conjugated SCF antibody, the
sections were treated with an avidin-biotin endogenous biotin
removal kit to block background staining from endogenous biotin.
Interestingly, if we did not block endogenous biotin staining and
treated the sections with FITC-streptavidin (with or without prior
anti SCF antibody), ∼4% of the fetal liver cells stained positively.
Almost every one of these positive cells was also stained by the ALB
antibody (Fig. S5A andC, FITC channel). After treatment with the
biotin removal kit, only sections incubated with the anti-SCF anti-
body had cells clearly stainingwith FITC-streptavidin (Fig. S5B and
D,FITC channel), attesting to the specificity of the SCF staining. As
hepatocytes are known for having high levels of endogenous biotin,
the stainingof theALB+cells byFITC-streptavidin in the absenceof
removal of endogenous biotin attests to the identity of these cells as
hepatic stem or progenitor cells.

Fig. 3. Expression of HSC expansion factors during liver development. Total
RNAs were extracted from fetal liver E13.5–16.5 cells, neonatal liver (D3),
and adult liver. The mRNA level of each gene was normalized to 18S RNA
and the expression level of each gene at E13.5 was set as 1 (n = 3).

Fig. 4. SCF+ cells in E15.5 fetal liver are also positive for ALB, Angptl3, and
DLK expression but are heterogeneous for CXCL12 expression. (A) Double
immunocytochemistry for SCF (green) and ALB (red) expression in total fetal
liver cells. DAPI was used to stain nuclei (blue). SCF+ cells are also positive for
ALB expression. (B) Double staining for SCF and Angptl3. Three SCF+ cells are
shown, all of which are positive for Angptl3 expression. (C) Double staining
for SCF and DLK. (Left) Cluster of SCF+ cells that are also DLK+. DLK is also
expressed by other cells, as indicated (Right) by a group of DLK+ cells that are
SCF–. (D) Only a fraction of SCF+ cells are also CXCL12+. Shown are three SCF+

cells, two of which are CXCL12+ and one is CXCL12– (white arrow).
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In Fig. 5, we used a different way to purify fetal hepatic stem and
progenitor cells and confirmed that the HSC-supportive stromal
cells are indeed of hepatic lineage. We analyzed fetal liver cells
harvested from a Tg(AFP-GFP) mouse line, in which the GFP
gene is under the control of the promoter for the AFP gene (22).
Approximately 5% of total liver cells express this transgene, a
number roughly equal to the fraction of fetal liver cells that stain
with an antibody to albumin. Of these GFP+ cells, approximately

one-third, or 1.6% of total fetal liver cells, express SCF on their
surface (Fig. 5B). The vast majority of the SCF+ cells expressed
GFP, confirming our result (Table 1) that virtually all SCF+ cells
also express AFP and thus are hepatic cells.
We next purified the GFP+ and GFP– populations by FACS.

Similar to the data in Fig. 1 on SCF+DLK+ cells, GFP+ cells are
enriched >15-fold for mRNAs encoding all seven HSC expansion
factors (SCF, Angptl3, TPO, IGF2, DLK1, IGFBP1, and
CXCL12), as well as for albumin and, as expected, AFP (Fig. 5B).
Thus, the fetal liver HSC stromal cells are indeed hepatic stem or
progenitor cells, and can equivalently be purified by either the
SCF+DLK+ or the SCF+ Tg(AFP-GFP)+ phenotype.

Discussion
Embryonic day 15.5 fetal liver cells that are positive for the surface
markers SCF and DLK comprise a subset of 1–2% of fetal hepatic
stem or progenitor cells that are the principal fetal liver cells that
express, in addition to SCF andDLK, four other growth factors that
support HSC expansion, homing, or maintenance: TPO, Angptl3,
IGF2, and CXCL12. Among these, SCF is the only essential HSC
growth factor (9). They also are the principal fetal liver cells that
express IGFBP1, a secreted protein closely related to the known
HSC expansion factor IGFBP2.We believe that these SCF+DLK+

cells are the same cells that we purified several years ago from
embryonic day 15.5 (E15.5) fetal livers using amonoclonal antibody
supposedly specific for the T-cell protein CD3ε. These cells secrete
growth factors that are sufficient to expand HSCs ex vivo: a serum-
free culture medium containing just SCF, TPO, Angptl3 and IGF-2
can support >20-fold expansion ex vivo of both fetal liver and adult
bone marrow HSCs (7), as assayed by long-term competitive bone
marrow transplantation experiments.
Moreover, by competitive repopulating assay, we showed that

SCF+DLK+ cells supported ex vivo maintenance of HSCs when
cultured in a medium containing SCF, IL-6, and FLT3 (Fig. 2),
similar to what we found with the CD3+ cells. Clearly these stro-
mal cells produce factors that support coculturedHSCs, as allHSC
activity was lost in the absence of these cells. However, with the
current coculture method that we use, we cannot be certain that
the SCF+DLK+ cells do support net HSC expansion rather than
maintenance of their numbers, although this seems very likely.
One likely problem is that many of these SCF+DLK+ cells died
during culture, perhaps not surprising because cells of hepatic
origin are notoriously difficult to culture. Moreover, the cells that
remained alive in culture might have decreased expression of key
HSC expansion factors. For example, DLK expression in hepatic
stem/progenitor cells is significantly down-regulated in culture
(16, 23). To demonstrate possible ex vivo expansion of HSCs by
fetal liver SCF+DLK+ cells, we need to develop culture conditions
that improve the survival of these cells yet still allow the main-
tenance and expansion of HSCs.
Because SCF+DLK+ cells support HSCs in culture and because

they express a complete set of HSC growth factors such as SCF,
TPO, IGF2, andAngptl3,whichare sufficient tohighly stimulate the
expansion of HSCs ex vivo, we conclude that SCF+DLK+ cells are
most likely the major fetal liver cells that support the extensive
expansion ofHSCs that occurs during late embryonic development.
Although we have not yet determined whether these SCF+DLK+

stromal cells physically interactwithHSCs, the fact that they express
membrane-bound forms of DLK and SCF on their surface suggests
that they are able to interact with HSCs via binding to the SCF
receptor c-kit and the still-unknown receptor forDLKonHSCs.We
do note that both the FACS analysis with SCF andDLK antibodies
and our immuno-cytochemistry study indicate that a small per-
centage of SCF+ cells are DLK negative (Fig. 1A) and/or ALB
negative (7%; Table 1). We do not know the identity of these pre-
sumably nonhepatic cells, andwe cannot exclude the possibility that
some of these cells might also be part ofHSC niche in fetal liver. As
an example, three different type of cells, namely, osteoblasts (4, 24),

Table 1. Quantification of coexpression of SCF with other
hematopoietic growth factors in mouse E15.5 liver

No. of SCF+

cells positive
for other marker

No. of SCF+

cells negative
for other marker

Percentage of
double-positive cells

ALB 160 10 94%
Angptl3 87 7 93%
DLK 92 6 94%
CD45 1 121 1%
CXCL12 30 57 34%

Total dissociated fetal liver cells were double stained for SCF and other
markers, as shown in Fig. 4. SCF+ cells were identified visually and examined
for the expression of the other immunostained protein, including ALB,
Angptl3, DLK, and CXCL12. Column 2 shows numbers of SCF+ cells that are
also positive for the other marker; column 3 shows the numbers of SCF+ cells
that are negative for the other marker. More than 94% of SCF+ cells are also
ALB+, Angptl3+, and DLK+ (column 4), whereas only ∼34% of SCF+ cells are
also CXC12+.

Fig. 5. AFP+ fetal hepatobasts are enriched in stromal cells that express
seven growth factors that support HSC maintenance, expansion, or homing.
(A) FACS analysis of E15.5 fetal liver cells from Tg(AFP-GFP) mice stained by
an SCF antibody as in Fig. 1; AFP+ cells are detected by GFP expression. (B)
Relative expression of mRNAs encoding HSC expansion factors IGF2,
Angptl3, TPO, IGFBP1, and CXCL12 and hepatocyte markers AFP and ALB in
GFP+ and GFP– cells sorted by flow cytometry. The mRNA level of each gene
was determined by qPCR and normalized against ribosomal RNA. The rela-
tive expression of each gene in each population was calculated setting the
level of each mRNA in GFP– cells as in Fig. 1 (n = 3).
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endothelial cells (5), and CXCL12hi reticular cells (18), have been
identified as part ofHSCniches in adult bonemarrow, and our data
do not exclude the possibility that, in fetal liver, SCF+DLK+ cells
cooperate with other types of cells to stimulate HSC expansion.
Our study provides strong evidence that the SCF+DLK+ stro-

mal cells for HSCs are actually hepatic progenitor cells, not
CD3+ hematopoietic cells as previously reported. The most well-
studied hepatic progenitors in the fetal liver are hepatoblasts,
bipotential progenitors capable of differentiating into either hep-
atocytes or biliary cholangiocytes (25). We do not know whether
these SCF+DLK+ cells still possess the potential to differentiate
into both hepatocytes and cholangiocytes, or whether they are
progenitors at a later developmental stage and are restricted to
hepatic lineage only. Chagraoui et al. showed that a stromal cell line
derived fromE14 fetal liver that is capableofmaintaining long-term
HSC activity actually consisted of cells that bore markers for both
epithelial and mesenchymal cells (26). Induced hepatocytic matu-
ration of these cells by oncostatin M resulted in loss of mesenchy-
mal marker expression, decreasedAFP expression, and diminished
ability to support hematopoiesis (26). The authors presented evi-
dence that similar cells existed in the fetal liver. Although caution is
needed when dealing with transformed cell lines and more defini-
tive results are needed to determine whether such cells exist in vivo,
this work nevertheless supports our finding that fetal liver cells
bearing hepatic markers are stromal cells for HSCs.
In contrast to the developing embryo, in the adult, HSCs are

mostly quiescent. Whether cells similar to fetal liver SCF+DLK+

cells are present in the bone marrow is not known. However, using
RT-PCRanalysis of total bonemarrowmRNA,we could not detect
transcripts from theTPO,Angptl3, IGF2,DLK1, or IGFBP1 genes.
ThemRNAfor SCF is detectable but is at a level less thanone-tenth
that of fetal liver. Also, CXCL12, a chemokine used by stromal cells
to attract HSCs, is expressed in both fetal liver (Fig. 1B) and bone
marrow, althoughwedonot knowwhether SCF+bonemarrowcells
also express CXCL12. Therefore, although fetal liver and adult
bone marrow HSC niches share some similarities such as CXCL12
expression, presumably for proper homing of HSCs, growth factors
for HSC expansion are mostly absent from the bone marrow niche.
In adults TPO is also essential for HSCmaintenance (27). Our data
showed that both TPO and Angptl3 are produced by adult hep-
atocytes at levels comparable to those in fetal liver and thus these
endocrine hormones could support HSC maintenance in the bone
marrow niches, although the concentration of these factors in bone
marrow is likelymuch lower than in fetal liver, inwhich these factors
are secreted from cells nearby. Other HSC expansion factors, such
as IGF2, SCF,andDLK,areeithernot expressed inadult liver or are
expressed but at a reduced level compared with fetal liver (Fig. 2).
Clearly, adult hepatocytes, unlike their fetal counterparts, are
unlikely to form supportive HSC niches.
SCF+DLK+ cells comprise ∼1–2% of E15 fetal liver cells,

greatly outnumbering HSCs, which at this stage comprise <0.01%
of fetal liver cells. Therefore not every one of these cells can be in
contact with an HSC. We found that ∼30% of the SCF+DLK+

cells secrete the HSC chemo-attractant CXCL12 and thus could
specifically attract HSCs. These CXCL12+ SCF+DLK+ cells
might have a greater chance of establishing close cell–cell contacts
withHSCs and thus stimulating their expansion; however it is likely
that the rest of the SCF+DLK+cells, althoughnot in direct contact
with HSCs, also contribute to their expansion by secreting HSC
expansion factors. In adult bone marrow, the numbers of HSC
stromal cells is limited, as experimental approaches to alter the
number of stromal cells also alter the number ofHSCs accordingly
(4). In contrast, in fetal liver, the stromal cells are in excess. This
would allow the newly divided HSCs to quickly find other stromal
cells with which to interact. Furthermore, the larger number of
stromal cells in fetal liver likely also contributes to a higher con-
centration of HSC expansion factors, allowing HSCs to expand
efficiently in fetal liver.

SCF is required for the survival not only of HSCs but also of
immature hematopoietic progenitors such as burst-forming units
erythroid (BFU-Es) (28). This suggests that the SCF+ fetal hep-
atoblasts support not only HSC expansion but also survival or
expansion ofmany hematopoietic progenitors aswell as other fetal
hepatoblasts. It is possible that the same SCF+DLK+ cells support
not only HSCs but also other cell types. Alternatively, a sub-
population of the SCF+ DLK+ cells might be specialized in sup-
porting HSC expansion. It would be of interest to see whether a
subpopulation of SCF+DLK+ cells secrete other growth factors
that support development of immature hematopoietic progenitors
and thus are capable of supporting themalone. Interestingly, adult
liver is also the primary site of EPO production, suggesting that a
portion of fetal hepatoblasts might also be able to produce EPO to
support early stages of erythropoiesis (21).

Methods
Mice. Mice of the C57 BL/6 background were used for harvesting bone
marrow and fetal liver cells. Tg(AFP-GFP) mice were generous gifts from
Margaret Baron (Mount Sinai School of Medicine, New York).

Purification and Expression Analysis of Fetal Liver Stromal Cells. E15.5 fetal
liver cells were incubatedwith a biotin conjugated SCF antibody (Pepro Tech).
The cells were washed and then incubated with APC-conjugated streptavidin
(Ebioscience). For double stainingwithDLK, a FITC-conjugatedDLK1 antibody
(MBL International) was also added. The stained samples were analyzed using
a LSR II FACS analyzer (Becton Dickinson).

For FACS analysis of the stromal population, E15.5 fetal liver cells were
stained the same way as above and sorted for desired populations by a
custom Aria FACS sorter (Becton Dickinson). Total RNAs from each sorted
population were extracted and used to synthesize first strand cDNA using an
Affinity Script QPCR kit from Stratagene. Analysis of synthesized cDNA
samples was performed on a 7900HT fast real-time PCR analyzer. The PCR
primers for the genes of interest were purchased from Qiagen.

FACS Analysis of Fetal Liver HSCs. Total fetal liver E15.5 cells were first treated
with ammonium chloride to lyse erythrocytes. We then depleted Ter119+ cells
using magnetic beads (anti-Ter119 beads, BD). The remaining cells were
stained with APC-conjugated CD150 (Biolegend), FITC-conjgated CD48
(Biolegend) and FITC-conjugated CD41 antibodies (Ebioscience). CD150+

CD48–CD41– HSCs were sorted as described previously (29).

Culture of HSCs and Repopulating Analysis of HSC Activity. HSCswere cultured
as previously described with minor changes (6). HSCs were cultured in 100 μL
IMDMmedium containing 10% serum, 1% BSA, 50 μM β-mercaptoethanol in a
well of96U-well platefor4days.Theculturemediumwas supplementedwith20
ng/mLSCF (Peprotech),10ng/mLIL6 (Peprotech),and30ng/mLFLT3(Peprotech).

For competitive repopulating analysis, cultured HSCs (CD45.2) were mixed
with 4 × 105 freshly isolated total bone marrow cells and injected into mice
irradiated with a lethal dose of 1000 rad. Peripheral blood sample were
collected 4 months after transplantation and analyzed with antibodies
against CD45.1, CD45.2, B220 (B cells), CD3 (T cells), Gr-1 (granulocytes), and
CD11b (granulocytes and monocytes).

Immunocytochemistry of Total Fetal Liver Cells. Total E15.5 fetal liver cells
were spread onto lysine-coated glass slide using a cytospin. Cells were then
fixed with 4% paraformaldehyde and permeabilized by 100% methanol.
Endogenous biotin was blocked by an avidin-biotin blocking kit from Abcam
before stainingwith biotin-SCF antibody. For staining of SCF, the same biotin-
conjugated SCF antibody used for FACS analysis was used and was followed
by FITC-conjugated streptavidin. The antibodies for ALB (Abcam), Angptl3
(R&D systems), CXCL12 (Santa Cruz) and CD45 (R&D systems) staining are all
polyclonal goat antibodies. For their staining, a Rhodamine Red X (RRX)–
conjugated donkey antigoat secondary antibody was used (Jackson Immu-
noresearch). An RRX-conjugated donkey antirat secondary antibody (Jack-
son Immunoresearch) was used for DLK (MBL International) staining.
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