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Interindividual differences in hepatic metabolism, which are mainly
due to genetic polymorphism in its gene, have a large influence on
individual drug efficacy and adverse reaction. Hepatocyte-like cells
(HLCs) differentiated from human induced pluripotent stem (iPS)
cells have the potential to predict interindividual differences in drug
metabolism capacity and drug response. However, it remains
uncertain whether human iPSC-derived HLCs can reproduce the
interindividual difference in hepatic metabolism and drug response.
We found that cytochrome P450 (CYP) metabolism capacity and
drug responsiveness of the primary human hepatocytes (PHH)-iPS-
HLCs were highly correlated with those of PHHs, suggesting that
the PHH-iPS-HLCs retained donor-specific CYP metabolism capacity
and drug responsiveness. We also demonstrated that the interindi-
vidual differences, which are due to the diversity of individual SNPs
in the CYP gene, could also be reproduced in PHH-iPS-HLCs. We
succeeded in establishing, to our knowledge, the first PHH-iPS-HLC
panel that reflects the interindividual differences of hepatic drug-
metabolizing capacity and drug responsiveness.

human iPS cells | hepatocyte | CYP2D6 | personalized drug therapy | SNP

rug-induced liver injury (DILI) is a leading cause of the
withdrawal of drugs from the market. Human induced
pluripotent stem cell (iPSC)-derived hepatocyte-like cells
(HLCs) are expected to be useful for the prediction of DILI in
the early phase of drug development. Many groups, including our
own, have reported that the human iPS-HLCs have the ability to
metabolize drugs, and thus these cells could be used to detect the
cytotoxicity of drugs that are known to cause DILI (1, 2).
However, to accurately predict DILIL, it will be necessary to es-
tablish a panel of human iPS-HLCs that better represents the
genetic variation of the human population because there are
large interindividual differences in the drug metabolism capacity
and drug responsiveness of hepatocytes (3). However, it remains
unclear whether the drug metabolism capacity and drug re-
sponsiveness of human iPS-HLCs could reflect those of donor
parental primary human hepatocytes (PHHs). To address this
issue, we generated the HLCs differentiated from human iPSCs
which had been established from PHHs (PHH-iPS-HLCs). Then,
we compared the drug metabolism capacity and drug respon-
siveness of PHH-iPS-HLCs with those of their parental PHHs,
which are genetically identical to the PHH-iPS-HLCs.
Interindividual differences of cytochrome P450 (CYP) me-
tabolism capacity are closely related to genetic polymorphisms,
especially single nucleotide polymorphisms (SNPs), in CYP
genes (4). Among the various CYPs expressed in the liver,
CYP2D6 is responsible for the metabolism of approximately

16772-16777 | PNAS | November 25,2014 | vol. 111 | no. 47

a quarter of commercially used drugs and has the largest phe-
notypic variability, largely due to SNPs (5). It is known that
certain alleles result in the poor metabolizer phenotype due to
a decrease of CYP2D6 metabolism. Therefore, the appropriate
dosage for drugs that are metabolized by CYP2D6, such as ta-
moxifen, varies widely among individuals (6). Indeed, in the
1980s, polymorphism in CYP2D6 appears to have contributed to
the withdrawal of CYP2D6-metabolized drugs such as perhexi-
line from the market in many countries (7). If we could establish
a panel of HLCs that better represents the diversity of genetic
polymorphisms in the human population, it might be possible to
determine the appropriate dosage of a drug for a particular in-
dividual. However, it is not known whether the drug metabolism
capacity and drug responsiveness of HLCs reflect the genetic
diversity, including SNPs, in CYP genes. Therefore, in this study
we generated HL.Cs from several PHHs that have various SNPs
on CYP2D6 and then compared the CYP2D6 metabolism ca-
pacity and responses to CYP2D6-metabolized drugs between the
PHH-iPS-HLCs and parental PHHs.
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To this end, PHHs were reprogrammed into human iPSCs and
then differentiated into the HLCs. To examine whether the
HLCs could reproduce the characteristics of donor PHHs, we
first compared the CYP metabolism capacity and response to
a hepatotoxic drug between PHHs and genetically identical
PHH-iPS-HLCs (12 donors were used in this study). Next,
analyses of hepatic functions, including comparisons of the gene
expression of liver-specific genes and CYPs, were performed to
examine whether the hepatic characteristics of PHHs were
reproduced in the HL.Cs. To the best of our knowledge, this is
the first study to compare the functions between iPSC-derived
cells from various donors and their parental cells with identical
genetic backgrounds. Finally, we examined whether the PHH-
iPS-HLCs exhibited a capacity for drug metabolism and drug
responsiveness that reflect the genetic diversity such as SNPs on
CYP genes.

Results

Reprogramming of PHHs to Human iPSCs. To examine whether the
HLCs could reproduce interindividual differences in liver func-
tions, we first tried to generate human iPSCs from the PHHs of
12 donors. PHHs were transduced with a Yamanaka 4 factor-
expressing SeV (SeVdp-iPS) vector (SI Appendix, Fig. S14) in
the presence of SB431542, PD0325901, and a rock inhibitor,
which could promote the somatic reprogramming (8). The re-
programming procedure is shown in SI Appendix, Fig. S1B. The
human iPSCs generated from PHHs (PHH-iPSCs) were posi-
tive for alkaline phosphatase (S Appendix, Fig. S1B, Right),
NANOG, OCT4, SSEA4, SOX2, Tral-81, and KLF4 (Fig. 14).
The gene expression levels of the pluripotent markers (OCT3/4,
SOX2, and NANOG) in the PHH-iPSCs were approximately
equal to those in human embryonic stem cells (ESCs) (S Ap-
pendix, Fig. S1C, Left). The gene expression levels of the hepatic
markers [albumin (ALB), CYP3A4, and aAT] in the PHH-iPSCs
were significantly lower than those in the parental PHHs (57
Appendix, Fig. S1C, Right). We also confirmed that the PHH-
iPSCs have the ability to differentiate into the three embryonic
germ layers in vitro by embryoid body formation and in vivo by
teratoma formation (S/ Appendix, Fig. S2 A and B, respectively).
To verify that the PHH-iPSCs originated from PHHs, short
tandem repeat analysis was performed in the PHH-iPSCs and
parental PHHs (ST Appendix, Fig. S2C). The results showed that
the PHH-iPSCs were indeed originated from PHHs. Taken to-
gether, these results indicated that the generation of human
iPSCs from PHHs was successfully performed. It is known that
a transient epigenetic memory of the original cells is retained in
early-passage iPSCs, but not in late-passage iPSCs (9). To ex-
amine whether the hepatic differentiation capacity of PHH-
iPSCs depends on their passage number, PHH-iPSCs having
various passage numbers were differentiated into the hepatic
lineage (Fig. 1B). The tyrosine aminotransferase (TAT) expres-
sion levels and albumin (ALB) secretion levels in early passage
PHH-iPS-HLCs (fewer than 10 passages) were higher than those
of late passage PHH-iPS-HLCs (more than 14 passages). These
results suggest that the hepatic differentiation tendency is
maintained in early passage PHH-iPSCs, but not in late passage
PHH-iPSCs. In addition, the hepatic functions of late passage
PHH-iPS-HLCs were similar to those in the HLCs derived from
late passage non—PHH-derived iPS cells (such as dermal cells, blood
cells, and Human Umbilical Vein Endothelial Cells (HUVEC)-
derived iPS cells) (SI Appendix, Fig. S3). Therefore, PHH-iPSCs,
which were passaged more than 20 times, were used in our study
to avoid any potential effect of transient epigenetic memory
retained in parental PHHs on hepatic functions.

HLCs Were Differentiated from PHH-iPSCs Independent of Their

Differentiation Tendency. To compare the hepatic characteristics
among the PHH-iPS-HLCs that were generated from PHHSs of

Takayama et al.

OCT4/ DAPI

Fig. 1. Establishment and characterization of human iPSCs generated from
PHHs. (A) The PHH-iPSCs were subjected to immunostaining with anti-
NANOG (red), OCT4 (red), SSEA4 (green), SOX2 (red), TRA1-81 (green), and
KLF4 (red) antibodies. Nuclei were counterstained with DAPI (blue) (Upper).
(B) The TAT expression and ALB secretion levels in the PHH-iPS-HLCs (P7-P40)
were examined. On the y axis, the gene expression level of TAT in PHHs was
taken as 1.0.

the 12 donors, all of the PHH-iPSCs were differentiated into the
HICs as described in Fig. 24. However, the differences in he-
patic function among PHH-iPS-HLCs could not be properly
compared because there were large inter-PHH-iPSC line dif-
ferences in the hepatic differentiation efficiency based on ALB
or asialoglycoprotein receptor 1 (ASGR1) expression analysis
(Fig. 2B). In addition, there were also large inter-PHH-iPS-HLC
line differences in ALB or urea secretion capacities (Fig. 2C).
These results suggest that it is impossible to compare the hepatic
characteristics among PHH-iPS-HLCs without compensating for
the differences in the hepatic differentiation efficiency. Recently,
we developed a method to maintain and proliferate the hep-
atoblast-like cells (HBCs) generated from human ESCs/iPSCs by
using human laminin 111 (LN111) (10). To examine whether the
hepatic differentiation efficiency could be made uniform by
generating the HLCs following purification and proliferation
of the HBCs, the PHH-iPS-HBCs were cultured on LN111 as

PNAS | November 25,2014 | vol. 111 | no.47 | 16773
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Fig. 2. Highly efficient hepatocyte differentiation
from PHH-iPSCs independent of their differentia-
tion tendency. (A) PHH-iPSCs were differentiated
into the HLCs via the HBCs. (B) On day 25 of dif-
ferentiation, the efficiency of hepatocyte differen-
tiation was measured by estimating the percentage
of ASGR1- or ALB-positive cells using FACS analysis.
(C) The amount of ALB or urea secretion was ex-
amined in PHH-iPS-HLCs. (D) The percentage of AFP-
positive cells in PHH-iPS-HBCs was examined by us-

ing FACS analysis (Left). The PHH-iPS-HBCs were
subjected to immunostaining with anti-AFP (green)
antibodies. Nuclei were counterstained with DAPI
(blue) (Right). (E) The percentage of EpCAM- and
CD133-positive cells in PHH-iPS-HBCs was examined
by using FACS analysis (Left). (F) PHH-iPSCs were
differentiated into the hepatic lineage, and then
PHH-iPS-HBCs were purified and maintained for
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previously described (10), and then differentiated into the HLCs.
Almost all of the cells were positive for the hepatoblast marker
[alpha-fetoprotein (AFP)] (Fig. 2D). In addition, the PHH-iPS-
HBCs were positive for two other hepatoblast markers, EpCAM
and CD133 (Fig. 2F). To examine the hepatic differentiation
efficiency of the PHH-iPS-HBCs maintained on LN111-coated
dishes for three passages (Fig. 2F), the HBCs were differentiated
into the HLCs, and then the percentage of ALB- and ASGR1-
positive cells was measured by FACS analysis (Fig. 2G). All 12
PHH-iPS-HBCs could efficiently differentiate into the HLCs,
yielding more than 75% or 85% ASGR1- or ALB-positive cells,
respectively. In addition, there was little difference between the
PHH-iPSC lines in ALB or urea secretion capacities (Fig. 2H).
Although there were large differences in the hepatic differenti-
ation capacity among the PHH1/6/10 (Fig. 2B), PHH1/6/10-iPS-
HBCs could efficiently differentiate into the HLCs that homo-
geneously expressed oAT (Fig. 2I). After the hepatic differ-
entiation of the PHH-iPS-HBCs, the morphology of the HL.Cs
was similar to that of the PHHs: polygonal with distinct round
binuclei (Fig. 27). These results indicated that the hepatic
differentiation efficiency of the 12 PHH-iPSC lines could be
rendered uniform by inducing hepatic maturation after the
establishment of self-renewing HBCs. Therefore, we expected

16774 | www.pnas.org/cgi/doi/10.1073/pnas. 1413481111

three passages on human LN111. Thereafter, ex-
panded PHH-iPS-HBCs were differentiated into the
HLCs. (G) The efficiency of hepatic differentiation
from PHH-iPS-HBCs was measured by estimating the
percentage of ASGR1- or ALB-positive cells using
FACS analysis. (H) The amount of ALB or urea se-
cretion in PHH-iPS-HLCs was examined. Data repre-
sent the mean + SD from three independent
differentiations. (/) The PHH1-, 6-, or 10-iPS-HBCs
and -HLCs were subjected to immunostaining with
anti-aAT (green) antibodies. Nuclei were counter-
stained with DAPI (blue). (J) A phase-contrast mi-
crograph of PHH-iPS-HLCs.

that differences in the hepatic characteristics among the HLCs
generated from the 12 individual donor PHH-iPS-HBCs could
be properly compared. In addition, the hepatic differentiation
efficiency could be rendered uniform not only in the PHH-iPSC
lines but also in non-PHH-iPSC lines and human ESCs by per-
forming hepatic maturation after the establishment of self-
renewing HBCs (57 Appendix, Fig. S4). In Figs. 3 and 4, the
HLCs were differentiated after the HBC proliferation step to
normalize the hepatic differentiation efficiency.

PHH-iPS-HLCs Retained Donor-Specific Drug Metabolism Capacity and
Drug Responsiveness. To examine whether the hepatic functions
of individual PHH-iPS-HLCs reflect those of individual PHHs,
the CYP metabolism capacity and drug responsiveness of PHH-
iPS-HLCs were compared with those of PHHs. PHHs are often
used as a positive control to assess the hepatic functions of the
HLCs, although in all of the previous reports, the donor of PHHs
has been different from that of human iPSCs. Because it is
generally considered that CYP activity differs widely among
individuals, the hepatic functions of the HLCs should be com-
pared with those of genetically identical PHHSs to accurately
evaluate the hepatic functions of the HLCs. The CYP1A2, -2C9,
and -3A4 activity levels in the PHH-iPS-HLCs were ~60% of

Takayama et al.
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those in the PHHs (Fig. 3 A-C and SI Appendix, Fig. 85). In-
terestingly, the CYP1A2, -2C9, and -3A4 activity levels in the
PHH-iPS-HLCs were highly correlated with those in the PHHs
(the R-squared values were more than 0.77) (Fig. 34, B, and C,
respectively). These results suggest that it would be possible to
predict the individual CYP activity levels through analysis of the
CYP activity levels of the PHH-iPS-HLCs. Because the average
and variance of CYP3A4 activity levels in PHH-iPS-HLCs, non—
PHH-iPS-HLCs, and human ES-HLCs were similar to each
other (SI Appendix, Fig. S6), the drug metabolism capacity of
PHH-iPS-HLCs might be similar to that of nonliver tissue-
derived iPS-HLCs and human ES-HLCs. Therefore, it might be
possible to predict the diversity of drug metabolism capacity
among donors by using nonliver tissue-derived iPS-HLCs and
human ES-HLCs as well as PHH-iPS-HLCs. On the other hand,
the CYP induction capacities of PHH-iPS-HLCs were weakly
correlated with those of PHHs (SI Appendix, Fig. 87 A-C).
To further investigate the characteristics of the HLCs, DNA
microarray analyses were performed in genetically identical un-
differentiated iPSCs, PHH-iPS-HLCs, and PHHs. The gene ex-
pression patterns of liver-specific genes, CYPs, and transporters
in the PHH-iPS-HLCs were similar to those in PHHs (Fig. 3D
and SI Appendix, Fig. S7 D and E, respectively). Next, the hep-
atotoxic drug responsiveness of PHH-iPS-HLCs was compared
with that of PHHSs. Benzbromarone, which is known to cause
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& benzbromarone

resents the average value of cell viability or mitochondrial
membrane potential in PHH1, PHH2, and PHH12. PHH5,
PHH6, and PHH9 were the top three with respect to CYP2C9
activity levels, whereas PHH1, PHH2, and PHH12 had the
lowest CYP2C9 activity levels.

hepatotoxicity by CYP2C9 metabolism (11), was treated to
PHHS5/6/9 and PHHS5/6/9-iPS-HLCs, which have high CYP2C9
activity, or PHH1/2/12 and PHH1/2/12-iPS-HLCs which have low
CYP2C9 activity (Fig. 3E). The susceptibility of the PHHS5/6/9
and PHHS/6/9-iPS-HLCs to benzbromarone was higher than
that of PHHI1/2/12 and PHH1/2/12-iPS-HLCs, respectively.
These results were attributed to the higher CYP2C9 activity
levels in PHHS5/6/9 and PHHS5/6/9-iPS-HLCs compared with
those in PHH1/2/12 and PHH1/2/12-iPS-HLCs. Because it is also
known that benzbromarone causes mitochondrial toxicity (12), an
assay of mitochondrial membrane potential was performed in
benzbromarone-treated PHHs and PHH-iPS-HLCs (Fig. 3F).
The mitochondrial toxicity observed in PHHS/6/9 and PHHS5/6/9-
iPS-HILCs was more severe than that in PHH1/2/12 and PHH1/2/
12-iPS-HLCs, respectively. Taken together, these results suggest
that the hepatic functions of the individual PHH-iPS-HI.Cs were
highly correlated with those of individual PHHs.

Interindividual Differences in CYP2D6-Mediated Metabolism and Drug
Toxicity, Which Are Caused by SNPs in CYP2D6, Are Reproduced in the
PHH-iPS-HLCs. Because certain SNPs are known to have a large
impact on CYP activity, the genetic variability of CYP plays an
important role in interindividual differences in drug response.
CYP2D6 shows the large phenotypic variability due to genetic
polymorphism (13). We next examined whether the PHHs used
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in this study have the CYP2D6 poor metabolizer genotypes
(CYP2D6 *3, *4, *5, *6, *7, *8, *16, and *21) (5). PHHS and -11
have CYP2D6%4 (null allele), whereas the others have a wild
type (WT) or hetero allele (SI Appendix, Table S3 and Fig. 44).
Consistent with this finding, the PHHS8/11-iPS-HLCs also have
CYP2D6%4, whereas the others have a wild type or hetero allele.
As expected, the CYP2D6 activity levels in the PHHS8/11 (PHH-
NUL) and PHHS8/11-iPS-HLC (HLC-NUL) were significantly
lower than those in the PHH-WT and HLC-WT, respectively
(Fig. 4B). The pharmacological activity of tamoxifen, which is the
most widely used agent for patients with breast cancer, is de-
pendent on its conversion to its metabolite, endoxifen, by the
CYP2D6 (Fig. 4C). To examine whether the pharmacological
activity of tamoxifen could be predicted by using PHHs and
HILCs that have either the null type CYP2D6*4 allele or wild-
type CYP2D6 allele, the breast cancer cell line MCF7 was
cocultured with PHHSs or HLCs, and then the cells were treated
with tamoxifen (Fig. 4D). The cell viability of MCF7 cells
cocultured with PHHs-NUL or HLCs-NUL was significantly
higher than that of MCF7 cells cocultured with PHHs-WT
or HLCs-WT. The decrease in cell viability of MCF7 cells
cocultured with PHHs-WT or HLCs-WT was rescued by treat-
ment with a CYP2D6 inhibitor, quinidine (Fig. 4E). We also
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letter are significantly different from each other (P < 0.05).

confirmed that the cell viability of MCF7 cells cocultured with
PHHs-NUL or HLCs-NUL was decreased by CYP2D6 over-
expression in the PHHs-NUL or HLCs-NUL (Fig. 4F). Note that
the expression (Fig. 4G) and activity (Fig. 4H) levels of CYP2D6
in CYP2D6-expressing adenovirus vector (Ad-CYP2D6)-trans-
duced PHHs-NUL or HLCs-NUL were comparable to those of
PHHs-WT or HLCs-WT. These results indicated that the PHHs-
WT and HLCs-WT could more efficiently metabolize tamoxifen
than the PHHs-NUL and HLCs-NUL, respectively, and thereby
induced higher toxicity in MCF7 cells. Similar results were
obtained with the other breast cancer cell line, T-47D (S Ap-
pendix, Fig. S8 A-D). Next, we examined whether the CYP2D6-
mediated drug-induced hepatotoxicity could be predicted by
using PHHs and HLCs having either a null type CYP2D6%4 al-
lele or wild-type CYP2D6 allele. PHHs and HLCs were treated
with desipramine, which is known to cause hepatotoxicity (Fig.
4I) (14). The cell viability of PHHs-NUL and HLCs-NUL was
significantly lower than that of PHHs-WT and HLCs-WT (Fig.
4J). The cell viability of the PHHs-WT or HLCs-WT was de-
creased by treatment with a CYP2D6 inhibitor, quinidine (Fig.
4K). We also confirmed that the decrease in the cell viability of
the PHHs-NUL or HLCs-NUL was rescued by CYP2D6 over-
expression in the PHHs-NUL or HLCs-NUL (Fig. 4L). Similar
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results were obtained with the other hepatotoxic drug, per-
hexiline (8! Appendix, Fig. S8 E-H). These results indicated
that the PHHs-WT and HLCs-WT could more efficiently me-
tabolize imipramine and thereby reduce toxicity compared with
the PHHs-NUL and HLCs-NUL. Taken together, our findings
showed that the interindividual differences in CYP metabolism
capacity and drug responsiveness, which are prescribed by an
SNP in genes encoding CYPs, were also reproduced in the PHH-
iPS-HLCs.

Discussion

The purpose of this study was to examine whether the individual
HLCs could reproduce the hepatic function of individual PHHs.
A Yamanaka 4 factor-expressing SeV vector was used in this
study to generate integration-free human iPSCs from PHHs. It is
known that SeV vectors can express exogenous genes without
chromosomal insertion, because these vectors replicate their
genomes exclusively in the cytoplasm (15). To examine the dif-
ferent cellular phenotypes associated with SNPs in human iPSC
derivatives, the use of integration-free human iPSCs is essential.

We found that the CYP activity levels of the PHH-iPS-HLCs
reflected those of parent PHHs, as shown in Fig. 3 A-C. There
were few interindividual differences in the ratio of CYP ex-
pression levels in the PHH-iPS-HLCs to those in PHHs (S7
Appendix, Fig. S5). Together, these results suggest that it is
possible to predict the individual CYP activity levels through
analysis of the CYP activity levels of the PHH-iPS-HL.Cs. In the
future, it will be necessary to confirm these results in skin or
blood cell-derived iPSCs as well as PHH-iPSCs, although donor-
matched PHHs and blood cells (or skin cells) are difficult to
obtain. In addition, the comparison of hepatic functions between
genetically identical PHHs and PHH-iPS-HLCs (Fig. 3 A-C)
would enable us to accurately ascertain whether the HLCs ex-
hibit sufficient hepatic function to be a suitable substitute for
PHHs in the early phase of pharmaceutical development. Be-
cause the drug responsiveness of the individual HLCs reflected
that of individual PHHs (Fig. 3 E and F), it might be possible to
perform personalized drug therapy following drug screening
using a patient’s HLCs. However, the R-squared values of the
individual CYP activities differed from each other (Fig. 3 A-C),
suggesting that the activity levels of some CYPs are largely
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influenced not only by genetic information but also by environ-
mental factors, such as dietary or smoking habits.

The interindividual differences of CYP2D6 metabolism ca-
pacity and drug responsiveness that were prescribed by SNP in
genes encoding CYP2D6 were reproduced in the PHH-iPS-
HLC:s (Fig. 4). It was impossible to perform drug screening in the
human hepatocytes derived from a donor with rare SNPs be-
cause these hepatocytes could not be obtained. However, be-
cause human iPSCs can be generated from such donors with rare
SNPs, the CYP metabolism capacity and drug responsiveness of
these donors might be possible to predict. Further, it would also
be possible to identify the novel SNP responsible for an un-
expected hepatotoxicity by using the HLCs in which whole ge-
nome sequences are known. We thus believe that the HLCs will
be a powerful tool not only for accurate and efficient drug de-
velopment but also for personalized drug therapy.

Experimental Procedures

DNA Microarray. Total RNA was prepared from the PHH9-iPSCs, PHH9-iPS-
HLCs, PHHSY, and human hepatocellular carcinoma cell lines by using an
RNeasy Mini kit. A pool of three independent samples was used in this study.
cRNA amplifying, labeling, hybridizing, and analyzing were performed at
Miltenyi Biotec. The Gene Expression Omnibus (GEO) accession no. for the
microarray analysis is GSE61287.

Flow Cytometry. Single-cell suspensions of human iPSC-derived cells were
fixed with 2% (volivol) paraformaldehyde (PFA) for 20 min, and then in-
cubated with the primary antibody (described in SI Appendix, Table S1),
followed by the secondary antibody (described in S/ Appendix, Table S2). In
case of the intracellular staining, the Permeabilization Buffer (eBioscience)
was used to create holes in the membrane thereby allowing the antibodies
to enter the cell effectively. Flow cytometry analysis was performed using
a FACS LSR Fortessa flow cytometer (BD Biosciences).
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L ,Abstract

,“:Human embryomc stem cells (hESCs) could provnde a major wmdow mto human developmental blology, because thefi‘
- differentiation methods from hESCs mimic human embryogenesus We prev:ously reported that the overexpress;on of
- hematopmetlcally expressed homeobox (HHEX) in the hESC-derived defi nitive endoderm (DE) cells markedly promotes :
_hepatic speaﬂcatuon However, 1t remains unclear how. HHEX functlons in this process. To reveal the molecular mechanisms
~ of hepatic specification by HHEX, we tried to ldentsfy the genes dlrectly targeted by HHEX. We found that HHEX knockdown |
_ considerably. enhanced the expreSSlon level of eomesodermin (EOMES). In addition, HHEX bound to the HHEX response
~_element located in the first intron of EOMES. Loss-of- functlon assays of EOMES showed that the gene expression levels of
hepatoblas’c markers were s;gnlﬁcantly upregulated suggesting that FOMES has a negative role in’ hepatic speaf cation
~ from the DE cells. Furthermore, EOMES exerts its effects downstream of HHEX in hepatic specific cation from the DE cells In
- conclusnon the present results suggest that HHEX promotes hepatlc speaf‘ catlon by repressmg EOMES expressmn o
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Introduction

The molecular mechanisms of liver development have been
clarified by using model organisms such as chicks, Xenopus,
zebrafish, and mice [1-2]. Although these models have many
advantages, the molecular mechanisms of human liver develop-
ment might be different from those of model organisms. The use of
differentiation models from human embryonic stem cells (hESCs)
for studying human devclopment might resolve these problems,
because these differentiation methods mimic human embryogen-
esis [3]. Previous reports have demonstrated that the definitive
endoderm (DE) cells could be efficiently generated from hESCs in
the presence of Activin A [4], and that the hESC-derived DE cells
have the potential to differentiate into various DE-derived
lineages, such as hepatocytes, pancreatic beta-cells, and small
intestinal enterocytes[5—7]. In hepatic differentiation, Agarwal
et al. reported that the typical gene expression profiles observed in
the differentiation model from hESCs are similar to those observed
in fetal liver development [8]. In addition, we previously reported
that CCAAT/enhancer binding protein-mediated regulation of
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TGF beta receptor 2 expression determines the hepatoblast fate
decision by using a differentiation model from hESCs [9]. The use
of differentiation models from hESCs, rather than the usual model
organisms, would provide great opportunitics to expand our
understanding of the molecular mechanisms.

A transcription factor, hematopotetically expressed homeobox (HHEX),
is initially expressed in DE, and then its expression is restricted to
the future hepatoblasts, which could segregate into both hepato-
cytes and cholangiocytes [10]. In the AHEX-null embryo, some
hepatic gene expression levels are reduced and further hepatic
development is prevented [11-12]. These studies indicate that the
transcription factor HHEX plays an essential role in hepatic
specification from DE. Recently, we reported that overexpression
of HHEX by using adenovirus (Ad) vectors in the hESC-derived
DE cells markedly promotes the hepatic specification [13].
Moreover, Kubo et al. demonstrated that HHEX promotes this
process by synergistically working with bone morphogenetic
protein 4 (BMP4), and they expected that HHEX might function
with HNFI homeobox A (HNF1e) [14], which is known to be its co-
activator [15]. However, the functions of HHEX in this process
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are not well understood, and the target genes of HHEX have not
been investigated in detail. Therefore, we attempted to identify the
target genes of HHEX in the hepatic specification by using a
differentiation model from hESCs.

In the present study, to elucidate the functions of HHEX in
hepatic specification from DE, we attempted to identify the target
genes of HHEX by using the hepatic differentiation model from
hESCs. To this end, the candidate target gene of HHEX were
verified by performing ChIP-qPCR and luciferase reporter assays,
and then loss-of-function assays were performed to clarify the
functions of the candidate target gene in the hepatic specification.
These results confirmed that eomesodermin (EOMES), which is
known to regulate DE differentiation, is one of the crucial target
genes of HHEX in human hepatic specification from the DE. Our
report thus shows for the first time that HHEX promotes hepatic
specification through the repression of EOMES expression.

Materials and Methods

hESCs Culture

A hESC line, H9 (WA09, WISC Bank, WiCell Research
Institute), was maintained on a feeder layer of mitomycin C-
treated mouse embryonic fibroblasts (MEF) (Millipore) with
ReproStem medium (ReproCELL) supplemented with 5 ng/ml
fibroblast growth factor 2 (FGF2) (KATAYAMA CHEMICAL
INDUSTRIES). hESCs were dissociated with 0.1 mg/ml dispase
(Roche) into small clumps and then were subcultured every 4 or 5
days. H9 was used following the Guidelines for Utilization of
Human Embryonic Stem Cells of the Ministry of Education,
Culture, Sports, Science and Technology of Japan after approval
by the institutional ethical review board at National Institute of
Biomedical Innovation.

In vitro Differentiation

The differentiation protocol for the induction of DE cells and
hepatoblasts was based on our previous report with some
modifications [13-16-21]. Briefly, hESCs were dissociated by
using dispase and suspended in MEF-conditioned ReproStem
medium supplemented with 10 ng/ml FGF2, and then plated
onto a growth factor reduced Matrigel (BD Biosciences)-coated
dish. When hESCs reached approximately 80% confluence, the
MEF-conditioned ReproStem medium was replaced with the
differentiation RPMI-1640 medium (Sigma) containing 100 ng/
ml Activin A (R&D systems) (the differentiation RPMI-1640
medium is consisted with RPMI-1640 medium (Sigma) supple-
mented with B27 supplement (Invitrogen) and 4 mM L-gluta-
mine), and then cultured for 4 days. For induction of the
hepatoblasts, the DE cells were cultured for 5 days in the
differentiation RPMI-1640 medium supplemented with 20 ng/ml
BMP4 (R&D Systems) and 20 ng/ml FGF4 (R&D Systems).

RNA Isolation and Reverse Transcription-PCR

Total RNA was isolated from hESCs and their derivatives using
ISOGENE (Nippon Gene). cDNA was synthesized using 500 ng
of total RNA with a SuperScript VILO ¢DNA Synthesis Kit
(Invitrogen). Real-time RT-PCR was performed with SYBR
Green PCR Master Mix (Applied Biosystems) using an Applied
Biosystems StemOnePlus real-time PCR systems. Relative quan-
tification was performed against a standard curve and the values
were normalized against the input determined for the housekeep-
ing gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
The primer sequences used in this study are described in Table
S1 in File S2.
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Flow Cytometry

Single-cell suspensions of the hESC derivatives were fixed with
2% paraformaldehyde (PFA) at 4°C for 20 minutes and then
incubated with the primary antibody, followed by the secondary
antibody. Flow cytometry analysis was performed using a FACS
LSR Fortessa flow cytometer (BD Biosciences). All the antibodies
are listed in Table S2 in File S2.

ChIP-gPCR

ChIP assays were performed by using a Chromatin Immuno-
precipitation Assay Kit (Millipore) according to the manufacturer’s
instructions. The hESC-derived cells (approximately 1.0 x 10°
cells) were cross-linked with 1% formaldehyde at room temper-
ature for 10 minutes. The cells were washed once with PBS
containing protease inhibitors (1 mM phenylmethylsulfonyl fluo-
ride, 1 mg/ml aprotinin and 1 mg/ml pepstatin A) and then
harvested using a cell scraper. The cross-linked cells were
centrifuged and resuspended with sodium dodecyl sulfate (SDS)
lysis buffer with the protease inhibitors described above, and then
incubated on ice for 10 minutes. The cells were sonicated to
solubilize and shear cross-linked DNA. The resulting whole cells
were centrifuged, and the supernatants were diluted in ChIP
Dilution Buffer containing the protease inhibitors described above,
then added to Protein A magnetic beads and rotated at 4°C for 30
minutes. Next, the supernatants of these cells were immunopre-
cipitated with anti-human HHEX antibody (Santa Cruz Biotech-
nology, sc-15129) or anti-goat IgG antibody at 4°C overnight with
rotation. On the following day, the resulting supernatants were
added to Protein A magnetic beads and rotated at 4°C for 60
minutes, then washed five times with Low Salt Immune Complex
Wash Buffer (one time), High Salt Immune Complex Wash Buffer
(one time), LiCl Immune Complex Wash Buffer (one time), and
TE Buffer (two times) for 5 minutes per wash with rotation. Bound
complexes were added to clution buffer (1% SDS, 0.1 M
NaHCOs) at room temperature for 15 minutes with rotation,
and then the supernatants were added to 5 M NaCl and were
eluted at 65°C for 4 hours. Immunoprecipitated DNA was purified
by treatment with 0.5 M EDTA, 1 M Tris-HCI, and 10 mg/ml
proteinase K at 45°C for 60 minutes and recovered by phenol/
chloroform alcohol extraction and ethanol precipitation. Purified
DNA was used as a template for gPCR according to the protocol
described in the RNA isolation and reverse transcription-PCR section
above. All the antibodies are listed in Table S2 in File S2. The
primer sequences used in this study are described in Table S1 in
File S2.

Plasmid Constructions

The promoter region of EOMES was cloned. To generate the
5" untranslated region (UTR) of the EOMES-firefly luciferase
reporter construct (pGL3-EOM-5UTR1000), a 1,000 bp 5" UTR
of the human EOMES was amplified by using the following
primers: 5'-AGCGGTACCTTCCTCTCTACAAACCTTTCC-
CACTGGG-3"' and 5'-TAACCATGGGCTTTGCAAAGCG-
CAGACGGCAGCTGGCTGC-3" (—1,000/—1 5" UTR of
EOMES; Kpnl and Ncol restriction sites incorporated into sense
and antisense primers, respectively, are underlined) and to
generate the long 3 UTR of the EOMES-firefly luciferase
reporter construct (pGL3-EOM-5UTR4000), a 4,000 bp 5" UTR
of the human EOMES was amplified by using the following
primers: 5'-CAGGGTACCGATAACACGTTTT-
TAGTGGGGGTG-3" and  5-TAACCATGGGCTTTG-
CAAAGCGCAGACGGCAGCTGGCTGC-3" (—4,000/—1-5"
UTR of EOMES; Kpnl and Ncol restriction sites incorporated
into sense and antisense primers, respectively, are underlined).
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analysis. All data are represented as means = SD (n=3). *p<<0.05, **p<0.01.

doi:10.1371/journal.pone.0090791.g001

Each 5" UTR of the human EOMES was cloned into the
promoter region of the pGL3-Basic vector (Promega) using Kpnl
and Ncol restriction sites. In addition, the 400 bp region around
the HHEX response clement (HRE) was amplified by using the
following primers: 5"-CCTGCTAGCGTTCTCTGG-
TACTTTTCAAAATGGTGC-3" and  5-GAAAACTAG-
TATGCGCCTGTGCAAGGGAATAGAATCAG-3'. The
400 bp region around the HRE was cloned into the enhancer
region of each of pGL3-EOM-5UTRI1000 and pGL3-EOM-
5UTR4000 using Xbal restriction site to generate pGL3-EOM-
5UTRI1000 containing the region around the HRE (p5° EOM-
Luc) and pGL3-EOM-5UTR4000 containing the region around
the HRE (pLong-5" EOM-Luc).

To generate pGL3-EOM-5UTRI1000 containing the region
which has a mutated HRE reporter construct (p5° EOM-mut-
Luc), the following base substitutions were introduced into the
400 bp region around the HRE: 5'-TCCCAATTAAAATC-3' to

PLOS ONE | www.plosone.org

5'-TCCAGCTGACAATC-3'. PCR products were cloned into
the enhancer region of pGL3-EOM-5UTRI1000 using Xbal
restriction site.

Luciferase Reporter Assays

HeLa cells were transfected with each of the firefly luciferase
reporter plasmids described above (p5° EOM-Luc or p5’° EOM-
mut-Luc) or control plasmids, pGL3-Basic vector plasmids
(pControl-Luc), by using Lipofectamine 2000 (Invitrogen)-medi-
ated gene transfection according to the manufacturer’s instruc-
tions. HeLa cells were seeded at a density of 2.0 x 10° cells/well in
24-well tissue culture plates, and cultured for 24 hours before
transfection. HeLa cells were transfected with 333 ng/well of each
firefly luciferase reporter plasmids (pControl-Luc, p5’ EOM-Luc,
or p5 EOM-mut-Luc), 333 ng/well of HHEX expression
plasmids (pHMEF5-HHEX [13]) or blank expression plasmids
(PHMEF35), and 333 ng/well of internal control plasmids (pCMV-
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Renilla luciferase), and cultured for 72 hours. The luciferase
activities in the cells were measured by using Dual Luciferase
Assay System (Promega) according to the manufacturer’s instruc-
tions. Firefly luciferase activities in the cells were normalized by
the measurement of renilla luciferase activities. The luciferase
activity in the cells cotrasfected with pControl-Luc and pHMEF5
was assigned a value of 1.0.

siRNA Transfection

Knockdown of HHEX or EOMES was performed using a
specific small interfering RNA (siRNA) fourplex set targeted to
HHEX or EOMES, respectively (Darmacon SMARTpool)
(Thermo Fisher Scientific). Si-Control (Darmacon siGENOME
Non-Targeting siRNA Pool) (Thermo Fisher Scientific) was used
as a control. Lipofectamine RNAIMAX (Invitrogen)-mediated
gene transfection was used for the reverse transfection according to
the manufacturer’s instructions. The hESC-derived DE cells on
day 4 were transfected with 50 nM of siRNA for 6 hours by

reverse transfection.

Immunohistochemistry

The hESC-derived cells were fixed with methanol or 4% PFA.
After blocking with PBS containing 1% BSA (Sigma), 0.2% Triton
X-100 (Sigma), and 10% FBS, the cells were incubated with
primary antibody at 4°C overnight, followed by incubation with a
secondary antibody that was labeled with Alexa Fluor 488
(Invitrogen) at room temperature for 1 hour. All the antibodies
are listed in Table S2 in File S2.
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Western Blotting Analysis

The hESC-derived cells were homogenized with lysis buffer
(20 mM HEPES, 2 mM EDTA, 10% glycerol, 0.1% SDS, 1%
sodium deoxycholate, and 1% Triton X-100) containing a
protease inhibitor mixture (Sigma). After being frozen and thawed,
the homogenates were centrifuged at 15,000 g at 4°C for 10
minutes, and the supernatants were collected. The lysates were
subjected to SDS-PAGE on 7.5% polyacrylamide gel and were
then transferred onto polyvinylidene fluoride membranes (Milli-
pore). After the reaction was blocked with 1% skim milk in TBS
containing 0.1% Tween 20 at room temperature for 1 hour, the
membranes were incubated with anti-human HHEX, EOMES, or
B-actin antibodies at 4°C overnight, followed by reaction with
horseradish peroxidaseconjugated anti-rabbit IgG or anti-mouse
IgG antibodies at room temperature for 1 hour. The band was
visualized by ECL Plus Western blotting detection reagents (GE
Healthcare) and the signals were read using an LAS-4000 imaging
system (Fuji Film). All the antibodies are listed in Table 82 in
File S2.

Results

Obstruction of Hepatoblast Differentiation by HHEX
Knockdown Results in Upregulation of the Expression
Levels of DE Markers

It is known that HHEX plays an important role in hepatoblast
differentiation [11-12-14]. We have previously reported that
HHEX overexpression promoted hepatoblast differentiation from
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doi:10.1371/journal.pone.0090791.g003

the hESC-derived DE cells [13]. To confirm the importance of
HHEX in hepatoblast differentiation, a loss of function assay of
HHEX was performed by using siRINA-mediated HHEX
knockdown. We confirmed the knockdown of HHEX expression
in the hESC-derived DE cells that has been transfected with si-
HHEX (Fig. S1 in File S1). The gene expression levels of
hepatoblast markers in the si-HHEX-transfected cells were
significantly downregulated as compared with those in the si-
control-transfected cells (Fig. 1A). In addition, the percentage of
alpha-fetoprotein (AFP; a hepatoblast marker)-positive cells was
decreased by HHEX knockdown on day 9 (Fig. 1B). These results
suggest that hepatoblast differentiation is prevented by HHEX
knockdown, demonstrating that HHEX plays an important role in
hepatoblast differentiation from DE cells. To characterize the si-
HHEX-transfected cells on day 9, the gene expression levels of
DE, pancreatic, intestinal, and pluripotent markers were examined
(Fig. 1C). Interestingly, the gene expression levels of DE markers

PLOS ONE | www.plosone.org

were significantly upregulated by HHEX knockdown, although
those of pancreatic, intestinal, and pluripotent markers were not
changed by HHEX knockdown. Furthermore, the percentage of
DE marker (CXCR4 and EOMES)-positive cells was increased by
HHEX knockdown (Fig. 1D). In addition, the percentage of AFP-
positive cells or EOMES expression level was decreased or
increased, respectively, by HHEX knockdown not only in the
DE cells (day 4) but also in the cells starting to commit to
hepatoblast (day 5-7) (Fig. S2 in File S1). This suggested that
HHEX knockdown inhibits hepatoblast differentiation but does
not simply change the number of the DE cells. These results
suggest that the inhibition of HHEX expression during hepato-
blast differentiation results in an increase of DE cells, but not
pancreatic, intestinal, or undifferentiated cells.
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HHEX Directly Represses EOMES Expression

Because the gene expression level of EOMES was most increased
by HHEX knockdown in hepatoblast differentiation, we expected
that EOMES might be directly regulated by HHEX. The putative
HHEX-binding site (HHEX response element (HRE)) [22] was
found in the first intron of EOMES as shown in Figure 2A. To
investigate whether HHEX could directly repress EOMES
transcription, luciferase reporter assays were performed. The
reporter plasmids that contain a 5 untranslated region (UTR) of
EOMES (Fig. S3 in File S1) and the first intron of EOMES were
generated because the putative HHEX-binding site was observed
in the first intron of EOMES. The luciferase reporter assays
showed that p5’ EOM-Luc, which contains the wild-type HRE,
mediates significant repression of luciferase activity by HHEX
overexpression, whereas p5’ EOM-mut-Luc, which contains a
mutant HRE, mediates similar luciferase activity even in the
presence of HHEX (Fig. 2B). These results indicated that HHEX
represses EOMES expression through the HRE located in the first
intron of EOMES.

Endogenous Temporal Gene Expression Analysis of HHEX
and EOMES in Hepatic Specification

To examine the relationship between HHEX and EOMES in
hepatic specification, the temporal gene expression patterns of
HHEX and EOMES were examined in hepatoblast differentiation
from hESCs (Fig. 3A). In DE differentiation (from day 0 to 4), the
gene expression levels of EOMES and SOXI17 were increased,
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although those of HHEX and AFP did not change (Fig. 3B). In the
hepatic specification process (from day 5 to 9), the gene expression
levels of HHEX and AFP began to be upregulated on day 5, and
continued to increase until day 9. On the other hand, the gene
expression levels of EOMES and SOX17 started to decrease on day
5, and continued to decrease until day 9. We confirmed that the
percentage of CXCR4-positive cells was 95.2%22.2% on day4. In
addition, we confirmed that few AFP-positive cells were observed
on day 5, and that the percentage of AFP-positive cells
continuously increased until day 9 (Fig. 3C). To examine whether
HHEX binds to the HRE located in the first intron of EOMES,
ChIP-qPCR analysis of hepatoblast differentiation from hESCs
was performed (Fig. 3D). HHEX bound to the HRE located in
the first intron of EOMES on day 5, when the hepatic specification
began. The amount of HHEX binding to that site continued to
increase until day 9. These results suggest that HHEX binds to
HRE located in the first intron of EOMES in hepatic specification
from the DE cells.

EOMES Knockdown Promotes Hepatic Specification in
the Presence of BMP4

To examine the function of EOMES in hepatoblast differen-
tiation, EOMES was knocked down in the DE cells in the presence
of BMP4 or FGF4. We confirmed the knockdown of EOMES
expression in the hESC-derived DE cells that has been transfected
with si-EOMES (Fig. $4 in File S1). Although the percentage of
AFP-positive cells was increased by EOMES knockdown in the
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presence of BMP4, it was not changed by EOMES knockdown in
the presence of FGF4 (Fig. 4A). In addition, EOMES knockdown
did not affect the percentage of AFP-positive cells in the presence
of both FGF4 and BMP4. This might have been because the
endogenous EOMES expression level was already sufficiently
suppressed under the existence of FGF4 (Fig. 85 in File S1). To
further investigate the function of EOMES in hepatoblast
differentiation, gene expression and immunohistochemical analy-
ses of hepatoblast markers were performed in si-EOMES-
transfected cells. The gene expression levels of hepatoblast markers
in si-EOMES-transfected cells were upregulated as compared with
those in si-control-transfected cells (Fig. 4B). Consistently, the
immunohistochemical analysis of AFP showed that EOMES
knockdown upregulated the expression levels of AFP (Fig. 4C).
In addition, EOMES knockdown increased the percentage of
AFP-positive cells not only in the DE cells (day 4) but also in the
cells starting to commit to hepatoblast (day 5-7) (Fig. S6 in File
S1). This suggested that EOMES knockdown promotes hepato-
blast differentiation but does not simply change the number of the
DE cells. These results suggest that hepatic specification from the
DE cells is promoted by EOMES knockdown depending on the
existence of BMP4.

EOMES Functions Downstream of HHEX in the Hepatic
Specification from the DE Cells

To examine whether EOMES functions downstream of HHEX
in the hepatic specification from the DE cells, both HHEX and
EOMES were knocked down in the DE cells, and then the gene
expression profiles of hepatoblast markers were analyzed. The
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gene expression levels of hepatoblast markers were upregulated in
both si-HHEX- and si-EOMES-transfected cells as compared with
those in si-HHEX-transfected cells (Fig. 5A). Furthermore, the
percentage of AFP-positive cells was also increased by double-
knockdown of HHEX and EOMES (Fig. 5B). These results
suggest that EOMES knockdown could promote the hepatic
specification from the DE cells by HHEX knockdown. In
conclusion, EOMES exerts downstream of HHEX in the hepatic
specification from the DE cells.

Discussion

The purpose of this study was to identify and characterize the
target genes of HHEX in hepatic specification from DE to
elucidate the functions of HHEX in this process. We clearly
demonstrated that the expression of EOMES is directly suppressed
by HHEX, and that EOMES is one of the crucial target genes of
HHEX in the hepatic specification from the hESC-derived DE
cells. We also showed that EOMES knockdown in the hESC-
derived DE cells could rescue the si-HHEX-mediated inhibition of
hepatic specification. Our findings indicate that promotion of the
hepatic specification by HHEX in the hESC-derived DE cells
would be mainly mediated by the repression of EOMES
expression (Fig. 5C).

To explore direct target genes of HHEX in the hepatic
specification, EOMES knockdown experiments were conducted
(Fig. 1). The luciferase reporter assays (Fig. 2B) and ChIP-qPCR
(Fig. 3C) indicated that HHEX represses EOMES expression by
binding to the first intron of EOMES containing a putative HRE.
It might be expected that HHEX recruits co-repressor proteins to
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repress EOMES expression because HHEX could negatively
regulate the expressions of target genes such as vascular endothelial
growth_factor (Vegf) and vascular endothelial growth factor receptor-1 (Vegfr-
1) by forming the co-repressor protein complexes [23-25].
Previous studies demonstrated that HHEX has three main
domains, a repression domain, a DNA-binding domain, and an
activation domain [26], and thus exerts both positive and negative
effects on the target gene expressions. Taken together, these
findings suggested that HHEX would repress EOMES expression
through the function of its repression domain.

The results in figure 4A demonstrate that EOMES knockdown
promoted hepatic specification in the presence of BMP4, but not
FGF4. Because it was previously reported that FGF4 could induce
the expression level of HHEX in the DE cells [27], FGF4
treatment in the DE cells would lead to downregulation of
EOMES expression via the regulation of HHEX expression.
Therefore, HHEX and EOMES might exert in the downstream of
FGF4 in the hepatic specification. In addition, both BMP4 and
FGF4 are necessary for hepatic specification (Fig. 4A). However,
the functions of BMP4 in hepatic specification and the synergistic
effect of BMP and FGF have not been sufficiently elucidated, and
will need to be resolved in future studies.

Simultaneous knockdown of HHEX and EOMES in the hESC-
derived DE cells led to rescue of the HHEX-mediated inhibition of
the hepatic specification (Fig. 5). These results suggested that the
majority of functions in the hepatic specification by HHEX may
be caused by the repression of EOMES expression. EOMES is
known to regulate numerous target genes related to DE
differentiation, and thus the repression of EOMES expression
might also promote other DE-derived lineage specifications, such
as pancreatic specification. HHEX is known to regulate not only
hepatic specification but also pancreatic specification [11-28].
Therefore, EOMES might also be a target gene of HHEX in
pancreatic specification as well as in hepatic specification. Because
the HHEX protein is known to interact with the HNF1a protein
and synergistically upregulate the HNFla target gene expression
[15], it would be of interest to examine the relationship between
HHEX and HNFla in the hepatic specification from the hESC-
derived DE cells. The proteomic analyses of HHEX protein in the
hepatic specification from the hESC-derived DE cells might help
to elucidate the functions of HHEX in this process.

Conclusions

In summary, we showed that the homeobox gene HHEX
promotes the hepatic-lineage specification from the hESC-derived
DE cells through the repression of EOMES expression. Previously,
we reported that transduction of SOX17, HNF4a, FOXA2 or
HNFlo into the hESC-derived cells could promote efficient
hepatic differentiation [16-18]. The direct target genes of these
genes might be identified by using the strategy described here.
Furthermore, identification of the genes targeted by functional
genes in the various lineage differentiation models from hESCs
will promote understanding of the intricate transcriptional
networks that regulate human development.

Supporting Information

File S1 Contains the following files: Figure S1. Knockdown
of HHEX in the DE cells by si-HHEX transfection. (A, B)
The hESCs (H9) were differentiated into the DE cells (day 4)
according to the protocol described in Materials and Methods section.
The DE cells were transfected with 50 nM si-control or si-HHEX
on day 4. On day 6, the HHEX expression levels in si-control- or
si-HHEX -transfected cells were examined by real-time RT-PCR
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(A) or Western blotting (B). The gene expression levels of HHEX in
the si-control-transfected cells were taken as 1.0. All data are
represented as means * SD (n=3). ** p<<0.01. Figure S2. The
percentage of AFP-positive cells or EOMES expression
level was decreased or increased, respectively, by
HHEX knockdown. (A, B) The hESCs (H9) were differentiated
into the DE cells according to the protocol described in the
Materials and Methods section. The DE cells were transfected with
50 nM si-control or si-HHEX on day 4, 5, 6, or 7, and cultured in
medium containing 20 ng/ml BMP4 and 20 ng/ml FGF4 until
day 9. On day 9, the percentage of AFP-positive cells was
measured by using FACS analysis to examine the hepatoblast
differentiation efficiency (A). Also on day 9, the gene expression
levels of EOMES in si-control- or si-HHEX-transfected cells were
examined by real-time RT-PCR (B). The gene expression levels in
the si-control-transfected cells were taken as 1.0. All data are
represented as means = SD (n=3). ¥**$<0.01. Figure S3. Both
1,000 bp and 4,000 bp 5' UTR of EOMES have promoter
activities. Luciferase reporter assays were performed to examine
whether 1,000 bp and 4,000 bp 3 UTR of EOMES have
promoter activity. Hela cells were cotransfected with both
500 ng/well of firefly luciferase reporter plasmids (pControl-Luc,
p> EOM-Luc, or pLong-5' EOM-Luc), and 500 ng/well of
internal control plasmids (pCMV-Renilla luciferase), and cultured
for 72 hours. The luciferase activities in the cells were measured by
using Dual Luciferase Assay System (Promega) according to the
manufacturer’s instructions. Firefly luciferase activities in the cells
were normalized by the measurement of renilla luciferase
activides. The RLU in the pControl-Luc-transfected cells was
assigned a value of 1.0. All data are represented as means = SD
(n=23). * p<0.05. Figure S4. Knockdown of EOMES in the
DE cells by si-EOMES transfection. (A, B) The hESCs (H9)
were differentiated into the DE cells (day 4) according to the
protocol described in Materials and Methods section. The DE cells
were transfected with 50 nM si-control or si-EOMES on day 4.
On day 6, the EOMES expression levels in si-control- or si-
EOMES-transfected cells were examined by real-time RT-PCR
(A) or Western blotting (B). The gene expression levels of EOMES
in the si-control-transfected cells were taken as 1.0. All data are
represented as means * SD (n=3). ** p<<0.01. Figure S5.
Hepatoblast differentiation was promoted by knock-
down of EOMES. The hESCs (H9) were differentiated into the
DE cells according to the protocol described in the Materials and
Methods section. The hESC-derived DE cells were transfected with
50 nM si-control or si-EOMES on day 4, 5, 6, or 7, and then
cultured in medium containing BMP4 or FGF4. The percentage
of AFP-positive cells was examined by FACS analysis on day 9. All
data are represented as means = SD (n=3). **$<<0.01. Figure
S6. The EOMES or HHEX expression level was sup-
pressed or increased, respectively, in the presence of
FGF4. The hESCs (H9) were differentiated into the DE cells
according to the protocol described in the Materials and Methods
section. The hESC-derived DE cells were cultured in medium
containing BMP4 or FGF4 until day 9. The gene expression levels
of EOMES, HHEX, or AFP in the non-treated cells (control) were
taken as 1.0. All data are represented as means = SD (z = 3). *¥*p<
0.01 (compared with control).

(PDE)

File S2 Contains the following files: Table S1. List of primers
used in this study. Table 8$2. List of antibodies used in this study.
(DOC)
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Plasma Elevation of Vascular Endothelial Growth Factor
Leads to the Reduction of Mouse Hematopoietic and
Mesenchymal Stem/Progenitor Cells in the Bone Marrow
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Hiroyuki Mizuguchi,

Vascular endothelial growth factor (VEGF) is reported to exhibit potent hematopoietic stem/progenitor cell
(HSPC) mobilization activity. However, the detailed mechanisms of HSPC mobilization by VEGF have not
been examined. In this study, we investigated the effect of VEGF on bone marrow (BM) cell and the BM
environment by intravenous injection of VEGF-expressing adenovirus vector (Ad-VEGF) into mice. A colony
assay using peripheral blood cells revealed that plasma elevation of VEGF leads to the mobilization of HSPCs
into the circulation. Granulocyte colony-stimulating factor (G-CSF) is known to mobilize HSPCs by decreasing
CXC chemokine ligand 12 (CXCL12) levels in the BM. However, we found almost no changes in the CXCL12
levels in the BM after Ad-VEGF injection, suggesting that VEGF can alter the BM microenvironment by
different mechanisms from G-CSF. Furthermore, flow cytometric analysis and colony forming unit-fibroblast
assay showed a reduction in the number of mesenchymal progenitor cells (MPCs), which have been reported to
serve as niche cells to support HSPCs, in the BM of Ad-VEGF-injected mice. Adhesion of donor cells to the
recipient BM after transplantation was also impaired in mice injected with Ad-VEGEF, suggesting a decrease in
the niche cell number. We also observed a dose-dependent chemoattractive effect of VEGF on primary BM
stromal cells in vitro. These data suggest that VEGF alters the distribution of MPCs in the BM and can also
mobilize MPCs to peripheral tissues. Taken together, our results imply that VEGF-elicited egress of HSPCs
would be mediated, in part, by changing the number of MPCs in the BM.

Introduction

EMATOPOIETIC STEM CELLS (HSCs) sustain blood pro-

duction throughout life. In a steady state, HSCs exist
within the bone marrow (BM) and remain largely quiescent
and self-renew at a low rate to avoid their exhaustion. By
contrast, HSCs can actively proliferate, differentiate into
progenitor cells, or egress from the BM into the circulation in
some situations, such as tissue damage-induced cell death
and increased plasma levels of hematopoietic cytokines, in-
cluding the granulocyte colony-stimulating factor (G-CSF).
These dynamic behaviors of HSCs are controlled by a local
specific microenvironment called niches [1-8]. The non-
hematopoietic cells, such as endosteal osteoblasts and peri-
vascular mesenchymal progenitor cells (MPCs), are reported

to function as niche cells by supplying several HSC main-
tenance factors, including the CXC chemokine ligand 12
(CXCL12). Indeed, previous studies have shown that de-
creased levels of CXCL12 in the BM caused hematopoietic
stem/progenitor cell (HSPC) mobilization, indicating the
pivotal role of CXCL12 signaling in HSPC egress [9,10].
Not only is the vascular endothelial growth factor
(VEGF) a well-known factor in angiogenesis, but it also
plays an important role in the growth and differentiation of
hematopoietic cells. Homozygous or heterozygous deletion
of VEGF in mice leads to early embryonic lethality because
of impaired vascular angiogenesis and hematopoiesis
[11,12]. By conditional deletion of VEGF in hematopoietic
cells, but not in stromal cells, Ferrara and colleagues clearly
showed that VEGF is required for survival and repopulation
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