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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 DILI, 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 (PHHSs). 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
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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 HLCs 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 HLCs. 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 (S Appendiv, Fig. S$14) in
the presence of SB431542, PD0325901, and a rock inhibitor,
which could promote the somatic reprogramming (8). The re-
programming procedure is shown in S/ Appendix, Fig. S1B8. The
human iPSCs generated from PHHs (PHH-iPSCs) were posi-
tive for alkaline phosphatase ($7 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) (57 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 (S/
Appendix, Fig. S1C, Riglt). 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{_4ppendix, 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 PHHSs (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) (ST 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 PHHs of
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Fig. 1. Establishment and characterization of human iPSCs generated from
PHHs. (4) 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
HLCs 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
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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-
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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. 2E). To examine the hepatic differentiation
efficiency of the PHH-iPS-HBCs maintained on ILN111-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% ASGRI- 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 oaAT (Fig. 21). 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. 2J). 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
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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 (S Appendix, Fig. 54). 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 Metaholism 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 HL.Cs should be com-
pared with those of genetically identical PHHs to accurately
evaluate the hepatic functions of the HL.Cs. The CYP1A2, -2C9,
and -3A4 activity levels in the PHH-iPS-HLCs were ~60% of
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those in the PHHSs (Fig. 3 A-C and S7 Appendix, Fig. S5). 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. 3 4, 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-HL.Cs. 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 (57 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

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-HL.Cs were similar to those in PHHs (Fig. 3D
and ST Appendix, Fig. S7 D and E, respectively). Next, the hep-
atotoxic drug responsiveness of PHH-iPS-HLCs was compared
with that of PHHs. Benzbromarone, which is known to cause
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(Lower) cells based on FACS analysis. Double-positive cells
(green+/orange+) represent energized cells, whereas single-
positive cells (green+/orange-) represent apoptotic and ne-
crotic cells. Data represent the mean + SD from three in-
dependent experiments (Lower Graph). Student t test
indicated that the percentages in the “control” were sig-
nificantly higher than those in the “benzbromarone”
group (P < 0.01). The “PHH5/6/9" represents the average
value of cell viability (E) or mitochondrial membrane po-
tential (F) in PHH5, PHH6, and PHH9. The “PHH1/2/12" rep-
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
PHH5/6/9 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 PHHS5/6/9-iPS-HLCs to benzbromarone was higher than
that of PHH1/2/12 and PHHI1/2/12-iPS-HLCs, respectively.
These results were attributed to the higher CYP2C9 activity
levels in PHH5/6/9 and PHHS5/6/9-iPS-HLCs compared with
those in PHH1/2/12 and PHH1/2/12-iPS-HL.Cs. 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 PHHS5/6/9 and PHH5/6/9-
iPS-HLCs 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-HLCs 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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Fig. 4. The interindividual differences in CYP2D6 metab-
olism capacity and drug responsiveness induced by SNPs in
CYP2D6 are reproduced in the PHH-iPS-HLCs. (A) SNPs
(CYP2D6*3, *4, *5, *6, *7, *8, *16, and *21) in the CYP2D6
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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 (ST Appendix, Table S3 and Fig. 44).
Consistent with this finding, the PHH8/11-iPS-HLCs also have
CYP2D6*4, whereas the others have a wild type or hetero allele.
As expected, the CYP2D6 activity levels in the PHH8/11 (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
CYP2ZD6 (Fig. 4C). To examine whether the pharmacological
activity of tamoxifen could be predicted by using PHHs and
HLCs that have either the null type CYP2D6%4 allele or wild-
type CYP2D6 allele, the breast cancer cell line MCF7 was
cocultured with PHHs 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

16776 | www.pnas.org/cgi/doi/10.1073/pnas.1413481111

-180-

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 (87 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.
41y (14). The cell viability of PHHs-NUL and HLCs-NUL was
significantly lower than that of PHHs-WT and HLCs-WT (Fig.
4]). 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 (S7 Appendix, Fig. S8 L-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 (87
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-HLCs. 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 HL.Cs. 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-
HLCs (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 HL.Cs 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, PHH9, 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% (vol/vol) paraformaldehyde (PFA) for 20 min, and then in-
cubated with the primary antibody (described in 5/ Appendix, Table $1),
followed by the secondary antibody (described in S/ Appendix, Table $2). 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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Interferon-a Acts on the S/G,/M Phases to Induce Apoptosis
in the G, Phase of an IFNAR2-expressing Hepatocellular
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Background: The mode of action of interferon-« has been unknown.

Results: Its point of action in the cell cycle was analyzed by single cell tracking using time lapse confocal imaging.
Conclusion: Interferon-« activates p63 in S/G,/M and induces apoptosis and cell cycle arrest in the subsequent G,.
Significance: Tracking cell cycle progression is crucial for understanding the mechanisms of interferon-a.

Interferon-« (IFN-«) is used clinically to treat hepatocellular
carcinoma (HCC), although the detailed therapeutic mecha-
nisms remain elusive. In particular, IFN-« has long been impli-
cated in control of the cell cycle, but its actual point of action has
notbeen clarified. Here, using time lapse imaging analyses of the
human HCC cell line HuH7 carrying a fluorescence ubiquitina-
tion-based cell cycle indicator (Fucci), we found that IFN-«
induced cell cycle arrest in the Go/G, phases, leading to apopto-
sis through an IFN-« type-2 receptor (IFNAR2)-dependent sig-
naling pathway. Detailed analyses by time lapse imaging and
biochemical assays demonstrated that the IFN-a/IFNAR2 axis
sensitizes cells to apoptosis in the S/G,/M phases in preparation
for cell death in the G,/G, phases. In summary, this study is the
first to demonstrate the detailed mechanism of IFN-« as an anti-
cancer drug, using Fucci-based time lapse imaging, which will be
informative for treating HCC with IFN-« in clinical practice.

Hepatocellular carcinoma (HCC)? is one of the most com-
mon malignant diseases worldwide. HCC is commonly pre-
ceded by chronic inflammation such as that caused by hepatitis
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C virus (1). Interferons are secreted from hepatocytes as an
immunological response to hepatitis C virus infection (2).
Interferons not only trigger innate and adaptive immune

responses but also regulate proliferation, differentiation, and .

apoptosis of different cell types, and they have therefore been
used for clinical treatment of leukemia and other cancers (3).

Human interferons are classified into three major subtypes
(types I-111). Among them, interferon-a (IFN-«) binds specifi-
cally to the heteromeric type I interferon receptor complex
comprising interferon-« receptor-1 and -2 (IFNAR1 and
IFNAR?2), which utilize JAK tyrosine kinase and STAT tran-
scription factors to activate interferon response genes (4).
Phosphorylated STAT1 and STAT2 form a multimeric com-
plex with IFN-regulatory factor 9 (IRF9), known as IFN-stimu-
lated gene factor 3 (ISGF3), which then translocates to the
nucleus and binds to IFN-stimulated response elements to ini-
tiate gene transcription (5, 6). It was previously reported that
combinatorial treatment with IFN-« and 5-fluorouracil (5-FU),
an anticancer agent, against advanced HCC results in an effi-
cient clinical outcome (20.0% of patients showed a complete
response, and 13.3% showed a partial response) (7). The thera-
peutic effects could be seen only in HCCs expressing high levels
of IFNAR2, indicating the importance of the IFN-o/IFNAR2
axis (7, 8).

Aside from the accumulated evidence of its clinical utility,
the actual therapeutic mechanisms remain obscure, although
some previous reports have indicated the significance of cell
cycle regulation in the anticancer action of the IFN-a/IFNAR2
axis. IFN-a was shown to induce G, arrest (9) and increase
susceptibility to cytotoxic anticancer drugs (10), such as 5-FU,
mainly targeting the S phase. However, these effects were eval-
uated based only on flow cytometry and remain controversial
(11-13). Observation of apoptosis induction by IFN-« in living
cells and monitoring of cell death at distinct cell cycle stages
over time are essential to clarify the mechanisms of the cellular
responses induced by IFN-a.
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The fluorescence ubiquitination-based cell cycle indicator
(Fucci) is a fluorescent probe that detects the various stages of
the cell cycle in living cells (14). In this system, geminin, a
nuclear protein enriched in the S/G,/M phases, and Cdtl,
which is enriched in the G,/G, phase, are marked by green and
red fluorescent proteins, respectively.

In this study, we exploited these advanced imaging technol-
ogies to analyze the therapeutic mechanism of IFN-« against
IFN-a-susceptible HCCs, particularly in association with the
cell cycle.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—The human HCC cell line HuH7
was obtained from the Japan Cancer Research Resources Bank
(Tokyo, Japan). These cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum, 100 units/ml penicillin, and 100 mg/ml streptomycin at
37 °C in a humidified incubator with 5% CO, in air. Cells were
treated with either purified human IFN-« (kindly provided by
Otsuka Pharmaceutical Co., Tokyo, Japan) at final concentra-
tions of 10 10,000 IU/ml or 5-FU (Wako Pure Chemical Indus-
tries, Osaka, Japan) at final concentrations of 10, 100, or 1000
uM. To synchronize the cell cycle of HuH7 cells, the cells were
treated with aphidicolin (Calbiochem) at a final concentration
of 1.6 ug/ml for 24 h.

TABLE 1
List of primer sequences used for RT-PCR analysis in this study

Primer

GAPDH forward primer
GAPDH reverse primer
IFNAR1 forward primer
IFNARI reverse primer

Sequence

5'-GTCGGAGTCAACGGATTTGGT -3’
5'-GCCATGGGTGGAATCATATTGG-3’
5'-ATTTACACCATTTCGCAAAGCTC-3'
5'-TCCAAAGCCCACATAACACTATC-3'

IFNAR2 forward primer 5'-GAAGGTGGTTAAGAACTGTGC-3'
IFNAR? reverse primer 5'-CCCGCTGAATCCTTCTAGGACGG-3’
TAp63 forward primer 5'-GTCCCAGAGCACACAGACAA-3'

5'-GAGGAGCCGTTCTGAATCTG-3’
5'-CTGGAAAACAATGCCCAGAC-3’
5'-GGGTGATGGAGAGAGAGCAT-3'
5'-GACACCACTGGAGGGTGACT-3'
5'~CAGGTCCACATGGTCTTCCT-3'

TAp63 reverse primer
ANp63 forward primer
ANp63 reverse primer
p21 forward primer
p21 reverse primer

PUMA forward primer 5'-GCCAGATTTGTGAGACAAGAGG-3'
PUMA reverse primer 5'-CAGGCACCTAATTGGGCTC-3'
TABLE 2
List of antibodies used for immunoblotting analysis in this study

The Point of Action of Interferon-« in the Cell Cycle

Generation of IFNAR2-expressing Fucci-introduced Cell Lines—
Full-length ¢DNA of the human interferon-a/8 receptor
B-chain precursor (IFNAR2), obtained from Kazusa DNA
Research Institute (Chiba, Japan), was inserted in front of the
intraribosomal entry site (IRES) of the retroviral vector, pMX-
IRES-Puro, using EcoR1I sites to obtain pMX-IFNAR2. Replica-
tion-defective retroviruses were generated by transient trans-
fection of pMX-IFNAR2 or pMX-IRES-Puro (control) into
PLAT-A cells using FuGene 6 reagent (Promega, Tokyo, Japan)
(15). HuH7 cells were transduced with the resulting retrovi-
ruses as described previously (16) and positively selected and
expanded in the presence of 2 pg/ml puromycin. mAG-hGeminin
mKO2-hCdtl (kindly provided by Dr. Miyawaki, RIKEN-BS],
Japan) was cloned into the lentiviral vector CSII-EF-MCS
(kindly provided by Dr. Miyoshi, RIKEN-BRC, Japan) and
transfected into HEK293T cells with packaging plasmids (17).
Lentiviral supernatant was used to transduce HuH7 cells. To
select double-transduced cells, double-positive (Fucci green
(mAG) and Fucci red (mKO2)) HuH7 cells were subsequently
purified using a FACSAria cell sorter (BD Biosciences), as
described below.

Quantitative Real-time RT-PCR and Immunoblot Analyses—
Quantitative real-time RT-PCR (qRT-PCR), preparation of cell
lysates, and immunoblot analyses were performed according to
a previous report (18). All oligonucleotides used for qRT-PCR
analyses were designed to amplify cDNA across exon-intron
junctions, as described in Table 1. All data were normalized
against internal GAPDH controls. Relative expression levels of
IFNARI1 and IFNAR2 of WT controls were set as 1, and mRNA
levels of mock and IFNAR2-expressing HuH7 samples were
accordingly plotted as a -fold change. A full-length human p63
cDNA sequence, obtained from the Kazusa DNA Research
Institute (Chiba, Japan), was transfected into HuH7 cells using
FuGENE6 (Promega, Tokyo, Japan), according to the manu-
facturer’s protocol. Cell lysates ware collected 1 day after trans-
fection to perform qRT-PCR analyses.

To analyze activation of STATI, -2, and -3, we performed
immunoblot analyses using the primary antibodies described in
Table 2. Mock control and IFNAR2-expressing cells were cul-
tured in medium containing 10% FBS for 2 days and then in

Antibody

Source

Mouse anti-human IFNAR1 (H-11)

Rabbit anti-human IFNAR2

Rabbit anti-human STAT1 (CST 9172)

Rabbit anti-human phospho-STAT1 (CST 9171)

Rabbit anti-human STAT2 (CST 4441)

Rabbit anti-human phospho-STAT2 (CST 4549)

Rabbit anti-human STAT3 (CST 4904)

Rabbit anti-human phospho-STAT3 (CST 9145)

Mouse IgG-HRP conjugated anti-human actin

Mouse anti-human p53 (DO-1)

Mouse anti-human p63 (4A4)

Mouse anti-human p21 (187)

Rabbit anti-human caspase-3 (CST 9662)

Rabbit anti-human active caspase-3 (CST 9661)

Rabbit anti-human caspase-7 antibody (CST 9492)
Rabbit anti-human active caspase-7 antibody (CST 9492)
Rabbit anti-human p38 (Poly 6224)

Rabbit anti-human phospho-p38 (CST 4631)
HRP-labeled polyclonal secondary anti-rabbit (NA934V)
HRP-labeled anti-mouse-specific antibodies (NA931V)

Santa Cruz Biotechnology
Otsuka Pharmaceutical
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
GenScript USA Inc.

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
BioLegend

Cell Signaling Technology
GE Healthcare

GE Healthcare
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FBS-free medium for 2 h. They were then incubated in medium
with IFN-« (100 IU/ml) for 0 - 80 min, and the cells were lysed
with mammalian lysis buffer (Promega, Tokyo, Japan). Cell
lysates (10 g of protein/lane) were loaded on 4-20% Mini-
PROTEAN® TGX™ gels (Bio-Rad), separated by electropho-
resis, and blotted onto a nitrocellulose membrane. The mem-
brane was blocked in PVDF Blocking Reagent for Can Get
Signal® (Toyobo, Osaka, Japan) for 1 h at room temperature
and incubated with the specific antibodies in Can Get Signal®
Immunoreaction Enhancer Solution 1™ (Toyobo, Osaka,
Japan) overnight at 4 °C. After washing in 1 X TBS-T, the mem-
branes were incubated with HRP-labeled polyclonal secondary
anti-rabbit (NA934V; GE Healthcare) or anti-mouse-specific
antibodies (NA931V; GE Healthcare). Chemiluminescence was
detected with an ECL Prime Kit (PerkinElmer Life Sciences)
using an LAS4000 imaging system (GE Healthcare).

To analyze IFN-a/IFNAR2 signaling in G,/G, or S/G,/M
phases, IFNAR2-expressing Fucci-labeled HuH7 cells were
treated with or without IFN-« (1,000 IU/ml) and sorted by
FACS 24 h after treatment. Immunoblotting was performed as
described above. The primary antibodies are listed in Table 2.

To deplete p63 expression, we performed RNAi with
MISSION siRNA (Hs_TP63_6771 for TP63-specific and
MISSION siRNA Universal Negative Control 1 for control;
Sigma). RNA duplexes were transfected into IFNAR2-express-
ing HuH7 cells with RNAi MAX (Invitrogen) according to the
manufacturer’s instructions. After 24 h of transfection, cells
were treated with 1,000 IU/ml IFN for 0, 24, or 48 h. qRT-PCR
and immunoblot analyses were performed as described above
(18).

Time Lapse Imaging—Cells (1.5 X 10*/cm?) were grown
overnight at 37 °C before imaging on a glass bottom dish in
phenol red-free Dulbecco’s modified Eagle’s medium contain-
ing 10% FBS. Time lapse imaging was performed every 30 or 60
min with a confocal Al microscope system (Nikon, Tokyo,
Japan) equipped with a humidified imaging chamber (Nikon) at
37 °C, 5% CO, in air. Time lapse images were analyzed using
Nikon NIS-Elements software (Nikon).

Cells were defined as apoptotic if they showed morphological
changes, such as cell shrinkage and fragmentation into mem-
brane-bound apoptotic bodies. The fluorescent signal detected
in apoptotic cells was used to identify the cell cycle phases at
which apoptosis occurred (red, G,/Gy; green, S/G,/M). To ana-
lyze the relationship between the cell cycle and apoptosis, each
individual cell was tracked, and cell cycle changes and cell fate
were monitored for 72 h. The frequency of cell death was cal-
culated by dividing the initial total cell number in the visual
field at ¢ = 0 by the number of apoptotic cells for each cell cycle
phase at the time of cell death (¢ = 0 until £ = 72 h).

Flow Cytometry—To analyze the DNA content of Fucci-
transfected HuH?7 cells, we stained the cells with Hoechst 33342
(final concentration, 3.6 ug/ml; Invitrogen). After incubation
for 30 min, cells were harvested and analyzed using a
FACSCanto II flow cytometer (BD Biosciences). Both mKO?2 and
mAG were excited by a 488-nm laser, and Hoechst 33342 dye
was excited by a 325-nm laser. Fluorescence signals were col-
lected at 530 nm (530/28 BP) for mAG, at 575 nm (575/26 BP)
for mKO2, and at 400 nm (380 LP) for Hoechst 33342 dye (14).
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FIGURE 1. Exogenous expression of IFNAR2 in HuH7 cells confers suscep-
tibility to IFN-« treatment. A, relative levels of IFNAR2 mRNA detected by
gPCR in WT-, empty vector (mock)-, and IFNAR2-transfected HuH7 cells. Each
bar represents the mean * S.E. (error bars) of three individual experiments
(n = 3 for each). ***, p < 0.005. B, Western blot detection of IFNAR2 protein
from total cellular lysates of non-transfected (WT), empty vector transfected
(mock), and IFNAR2-transfected HuH7 cells. C, relative amount of IFNAR1
mRNA detected by gqPCR in WT and expressing empty vector (mock) or
IFNAR2 HuH?7 cells. Each bar represents the mean = S.E. (error bars) of three
individual experiments (n = 3 for each). D, Western blot detection of IFNAR1
protein from total cellular lysates of WT-, mock-, and IFNAR2-transfected
HuH7 cells. E, Western blot detection of STAT1, -2, and -3 proteins and their
phosphorylated forms from whole cell lysates of mock- or IFNAR2-transfected
HuH?7 cells. The lysates were collected at each time point after treatment with
100 IU/m}IFN-q. F, viability of HuH7 cells was examined by an MTT assay after
treatment with different doses of IFN-a for 72 h. Cell viability is presented as
the ratio of IFN-a-treated cells relative to untreated control cells. Statistical
significance was determined between mock- and IFNAR2-expressing HuH7
cells at each IFN-a concentration, and the IC,, was determined for IFN-a-
treated cells as follows: WT, 1,998.7 + 200.5 IU/ml; mock, 2,389.1 + 321.8
1U/ml; IFNAR2, 90.1 + 36.1 1U/ml. Each bar represents the mean = S.E. (error
bars) of three individual experiments (n = 3 for each). *, p < 0.05;**,p < 0.01;
®% p < 0,005.

Preparative FACS sorting was performed using a FACSAria
(BD Biosciences) cell sorter equipped with a 488-nm laser using
530/30BP or 585/42BP filters, respectively. The data were ana-
lyzed using Flow]Jo software (Tree Star, Inc., Ashland, OR).
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FIGURE 2. Visualization of the cell cycle using the Fucci system. A, representative images of cell cycle changes in IFNAR2-expressing Fucci-introduced HuH7
cells visualized by confocal time lapse imaging. Red fluorescence (mKO2-hCdt1) and green fluorescence (mMAG-hGem) indicate G,/G, and S/G,/M phases of the
cell cycle, respectively. B, FACS analyses of mock- or IFNAR2-expressing Fucci-introduced HuH7 cells, identifying at least two distinct populations: mKO2-
positive and mAG-negative (red circled) versus mKO2-negative and mAG-positive (green circled). The DNA content of each population was analyzed by staining
with Hoechst 33342 dye (histograms). The red and green lines (in the right panels) represent histograms of the cells circled in red and green (in the left panels).
These data confirmed that red circled cells (i.e. mKO2-positive G,/G,, cells) and green circled cells (i.e. mAG-positive $/G,/M cells) have 2N-DNA and 4N-DNA
contents, respectively. Numbers indicate the frequencies (%) of living cells.
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FIGURE 3. Confocal time lapse imaging of apoptosis induction by 5-FU or IFN-« in IFNAR2-expressing Fucci-introduced HuH?7 cells. A, representative
images from confocal time lapse imaging of Fucci-introduced IFNAR2-expressing HuH7 cells treated with 5-FU (1,000 pm) for 72 h. Red fluorescence (mKO2-
hCdt1) and green fluorescence (mAG-hGeminin) represent the G,/G, phases and S/G,/M phases of the cell cycle, respectively. Arrowheads, apoptotic cells.
Scale bar, 10 um. B, quantification of 5-FU-induced apoptosis at various phases of the cell cycle monitored by confocal time lapse imaging. Each bar represents
the mean = S.E. (error bars) of three individual experiments (n = 3). C, representative confocal time lapse images of Fucci-introduced IFNAR2-expressing HuH7
cells treated with IFN-« (1,000 1U/ml) for 72 h. Arrowheads indicate apoptotic cells. Scale bar, 10 um. D, quantification of IFN-a-induced apoptosis at various
phases of the cell cycle monitored by confocal time lapse imaging. Each bar represents the mean + S.E. (error bars) of three individual experiments (n = 3).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide
(MTT) Assay—The MTT assay was performed with the Cell Pro-
liferation Kit 1 (Roche Applied Science) according to the manu-
facturer’s protocol. In short, cells (1 X 10° cells/96-well dish) were

relative to untreated controls. The concentration of IFN-a required to
reduce the cell viability to 70% that of control cells (IC,,) was calcu-
lated from the spline curve generated using GraphPad Prism® soft-
ware (GraphPad Software, Inc., La Jolla, CA).

grown overnight at 37 °C in a 96-well dish. Following treatment
with or without IFN-« (30, 100, 300, 1,000, 3,000, and 10,000
[U/ml) for 72 h at 37 °C, cells were labeled with MTT-labeling
reagent (MTT final concentration, 0.5 mg/ml; Roche Applied Sci-
ence) for 4 h at 37 °C and subsequently solubilized with Solubili-
zation Solution (Roche Applied Science) for 16 h at 37 °C. The
absorbance was measured in a microplate reader (PowerScanHT;
DS Pharma Biomedical, Osaka, Japan) at a wavelength of 550 nm
with a 650-nm reference. The assays were carried out in 12 repli-
cates at each IFN-a concentration in three individual experiments,
and the results were plotted as a percentage of the absorbance
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Statistical Analyses—Differences between the control and
treated groups were assessed by an unpaired Student’s £ test or
Mann-Whitney U test and considered to be significant at p <
0.05 (*, p < 0.05; **, p < 0.01; ***, p < 0.005). Values are given as
means * S.E. Statistical analysis was performed using
GraphPad Prism® software (version 5.0; GraphPad Software).

RESULTS

IFN-« Reduces the Viability of IFNAR2-expressing HCC
Cells—To study the role of IFN-« in the induction of apoptosis
of HCC cells, we transduced IFNAR?2 into the human HCC cell
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FIGURE 4. Cell cycle analysis following 5-FU or IFN-« treatment using FACS. A and C, representative dot plots from FACS analysis of mock- or IFNAR2-
expressing Fucci-introduced HuH7 cells, 48 h after treatment with 10 um 5-FU or 1,000 IU/ml IFN-«. The G,/G, and S/G,/M populations were analyzed as
described in the legend to Fig. 2. Band D, statistical analysis of four independent experiments 48 h after application of 5-FU (0, 10, 100, and 1,000 um) or IFN-«
(0, 10, 100, and 1,000 IU/ml). Bar graphs indicate the percentage of living cells in Gy/G, and S/G,/M. Each bar represents the mean * S.E. (error bars) of four
independent experiments (n = 4). *** p < 0.005.
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FIGURE 5. Cell cycle synchronization revealed that IFN-a/IFNAR2 signaling acts on S/G,/M but induces apoptosis at the G,/G, phasesin HuH7 cells. A, scheme
of the protocol used to synchronize HuH7 cells to either early S phases (top) or to G/G, phases (bottom) by aphidicolin (1.6 ug/ml). B, confirmation of cell cycle
synchronization upon aphidicolin treatment. IFNAR2-expressing Fucci-introduced HuH7 cells were analyzed by FACS. Cell cultures treated with aphidicolin for 24 h
showed enrichmentin the Fucci green population, whereas they were rather enriched in Fucci red when cultured foran additional 12 h in cells without aphidicolin. Bar
graphs show the average values from five independent experiments. Cells were also analyzed by staining with Hoechst 33342 dye, representing the expected DNA
content in each population. C, representative time lapse tracking images of early S-synchronized IFNAR2-expressing HuH7 cells treated with IFN-« (1,000 1U/mil) for
72 h. Arrowheads, apoptotic cells. Scale bar, 10 um. D, frequency of cell death according to cell cycle phase. Relative numbers of cells that died in the first S/G,/M (left)
and in the following G, (middle) and S/G,/M (right) phases are shown in the columns. Each bar represents the mean = S.E. (error bars) of five individual experiments (n =
5). **, p < 0.005. E, representative time lapse tracking images of G,/G,-synchronized IFNAR2-expressing HuH7 cells treated with IFN-« (1,000 IU/ml) for 72 h.
Arrowheads, apoptotic cells. Scale bar, 10 um. F, frequency of cell death in each cell cycle status. Relative numbers of cells that died in the first G,/G, (left) and in the
following S/G,/M (middle) and G, (right) phases are shown in the columns. Each bar represents the mean = S.E. (error bars) of five individual experiments (n = 5), ***,
p < 0.005. G, the time points of cell death induced by IFN-a after synchronized to early S phase or G,/G,; phase. Each dot shows the average of time points of cell death
that were observed in time lapse tracking images of early S-synchronized or G/G,-synchronized IFNAR2-expressing HuH7 celis treated with IFNA-a (1,000 1U/ml). Each
bar represents the mean * S.E. (error bars) of five individual experiments (n = 5). ***, p < 0.005.
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line HuH7 with a constitutive retroviral expression vector for
IFNAR2 (pMXs-IFNAR2) because the endogenous expression
level of IFNAR2 in HuH?7 cells is quite low (19). To confirm
expression in HuH7 cells, we performed qPCR and immuno-
blot analyses. We obtained a HuH?7 cell line expressing a higher
level of IFNAR?2, 30-fold higher in mRNA (Fig. 14) and 9-fold
higher in protein (Fig. 1B) than the mock control. Expression of
IFNARI was also moderately increased in both the mock con-
trol and IFNAR2-expressing HuH?7 cells (Fig. 1, C and D), pos-
sibly due to intrinsic cell responses against viral infection (20).
To determine activation of the JAK/STAT signaling pathway
upon IFN-a treatment of these cells, we performed immuno-
blot analyses to detect phosphorylation of STATs (STATIL, -2,
and -3) (Fig. 1E). All STATs were phosphorylated in both the
mock control and IFNAR2-expressing HuH7 cells, although
the phosphorylation level was increased in IFNAR2-expressing
HuH7 cells, indicating the function of exogenously expressed
IFNAR2.

To confirm the responsiveness of these HuH7 cells to [FN-«
treatment, we performed MTT assays (Fig. 1F). As expected,
upon treatment with increasing concentrations of IFN-«, the
viability of IFNAR2-expressing cells was significantly lower
than that of WT and mock controls (Fig. 1F), indicating specific
growth inhibition, such as apoptosis or cell cycle arrest induc-
tion through an IFN-«/IFNAR2 interaction. This result con-
firms that IFN-a negatively regulates cell viability in an
IFNAR2-dependent manner and validates these IFNAR2-ex-
pressing HuH7 cells as a useful model with which to investigate
the cellular responses of HCC to IFN-« therapy in vitro.

IFN-a Specifically Induces Apoptosis by an IENAR2 Signaling
Pathway at the G,/G, Phases of the Cell Cycle—To examine the
association between IFN-a« action and cell cycle status, we
introduced Fucci into the IFNAR2-expressing HuH7 cells and
control (mock) HuH7 cells, both of which we have established
(Fig. 1). Fucci-introduced IFNAR2-expressing HuH7 cells and
mock controls allowed for tracking of individual cells over time
and cell cycle changes during cell division by time lapse imaging
using confocal microscopy (Fig. 2A4). Furthermore, the DNA
content (detected by a nuclear acid dye, Hoechst 33342) of
Fucci-labeled HuH?7 cells in the G,/G, and S/G,/M phases var-
ies according to the fluorescently indicated stages of the cell
cycle in flow cytometric analyses (Fig. 2B), indicating the proper
functioning of the Fucci system.

Concerning putative differential roles for IFN-o and 5-FU in
effective clinical combination therapies for HCC, we performed
invitro time lapse imaging of Fucci-labeled IFNAR2-expressing
HuH?7 cells treated with IFN-« or 5-FU. Cells were defined as
apoptotic if they showed morphological changes indicative of
cell shrinkage and fragmentation into membrane-bound apo-
ptotic bodies (21). First, we demonstrated that treatment with
5-FU, a nucleic acid analog that prevents cell division, led to
accumulation of green (S/G,/M) cells over time (Fig. 34 and
supplemental Video 1) in a dose-dependent manner (Fig. 4, A
and B). In addition, the cell death events (Fig. 3A, arrowheads)
occurred preferentially in the green S/G,/M phases in both the
control and IFNAR2-expressing HuH?7 cells with comparable
efficiency (Fig. 3B). These results are consistent with the con-
ventional idea that nucleic acid analogs, such as 5-FU, block the
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FIGURE 6. FACS analysis after IFN-« treatment on cell cycle-synchronized
cells. A, time-dependent changes in cell cycle status of early S-synchronized
cells. Cells were analyzed by FACS at the indicated time points with or without
IFN-o treatment (1,000 IU/ml). Shown are a representative chart at 24 h (left)
and the relative cell counts of the Gy/G, population (right). Each bar repre-
sents the mean = S.E. (error bars) of three individual experiments (n = 3). **¥,
p < 0.005. B, time-dependent change in cell cycle status of Go/G,-synchro-
nized cells with or without IFN-« treatment (1,000 IU/ml). A representative
chart at 24 h (feft) and the relative cell counts of the G,/G, population {right).
Each bar represents the mean * S.E. (error bars) of three individual experi-
ments (n = 3). *** p < 0.005.

cell cycle at the S phase and exert cytotoxicity (22), and it was
expected that this cytotoxic effect induced by 5-FU was not
dependent on the expression of IFNAR2.

In contrast, [FN-« treatment resulted in an accumulation of
red (Go/G,) IFNAR2-expressing HuH7 cells, and the results
were not obvious in mock controls (Figs. 3Cand 4 (Cand D) and
supplemental Video 2). Moreover, a high frequency of cell
death inred (G,/G,) cells was also observed by time lapse imag-
ing, albeit in only IFNAR2-expressing HuH7 cells (Fig. 3, C
(arrowheads) and D). It should be noted that IFN-« treatment
did not increase the rate of death of green (S/G,/M) cells but
resulted in an increased proportion of red (G,/G,) apoptotic
cellsat 100 or 1,000 IU/ml IFN-¢, suggesting that IFN-« causes
G,o/G, arrest.

These observations identified unique roles for IFN-o and
5-FU in inducing cell death at specific stages of the cell cycle. In
addition, our data emphasize the importance of the IFN-«/
IFNAR? signaling pathway in regulating the efficiency of apo-
ptosis induction at the G,/G,; phases of the cell cycle.

Cell Cycle Synchronization Revealed That IFN-a/IFNAR2
Signaling Acts on S/G,/M but Induces Apoptosis at the G,/G,
Phases in HuH7 Cells—To more precisely monitor the time
course of the cell cycle-dependent IFN-« effect on IFNAR2-
expressing HuH?7 cells, we synchronized the cell cycle of HuH?
cells during G,/G; to the early S boundary using aphidicolin, a
reversible inhibitor of DNA polymerases (23). We were able to
synchronize Fucci-transfected IFNAR2-expressing HuH7 cells
to the early S phases (green) by the addition of aphidicolin for
24 h or to the G,/G, phases (red) by removal of aphidicolin for
12 h (Fig. 5A). The relative populations of the cell cycle phases
of the synchronized cells were evaluated by FACS, which indi-
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FIGURE 7. Biochemical analyses of IFN-a/IFNAR2-induced signaling cascades in HuH7 cells. A, schematic illustration of IFN-a-induced proapoptotic
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(n = 3).% p < 0.05; %, p < 0.01; **,p < 0.005.

cated that 77.7 and 86.3% of cells were enriched to early S
(green) or Gy/G, (red) by these methods, respectively (Fig. 5B).

Using this synchronization technique, we examined the
effect of IFN-« exposure on the cell cycle of HuH7 cells. Most of
the early S-synchronized cells (~57.1%) underwent apoptosis
when they entered the next G,/G, phase (Fig. 5, C (arrowheads)
and D, and supplemental Video 3), suggesting that IFN-a-in-
duced cell death occurs during mainly the G,/G; phase. In con-
trast, a majority of the G,/G,-synchronized cells (~29.4%) died
in the re-entered G,/G, phase after going through the next
S/G,/M phases (Fig. 5, E (arrowheads) and F, and supplemental
Video 4). Concordantly, tracking of respective cell fates showed
that cell deaths occurred faster in S phase-synchronized cells
(40.6 = 2.1 h) than in G,/G,-synchronized cells (52.4 *= 1.2 h)
(Fig. 5G). We also checked the cell cycle status using FACS and
found that IFN-a-induced accumulation of cells in the G,/G,
phase, which can be assumed to be a preapoptotic population,
was detected earlier in the early S-synchronized cells (~24 h)
(Fig. 6A), compared with the case with the Gy/G;-synchronized
cells (~72 h) (Fig. 6B). These results indicate that the S/G,/M
phase is critical for receiving the “cell cycle arrest and death”
signals from IFN-¢, although the cells died mainly during the
following G,/G; phase.
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Biochemical Analyses of IFN-a/IFNAR2- induced Signaling
Cascades in HuH?7 Cells—Finally, we assessed the molecular
mechanisms underlying cell cycle-dependent IFN-« action.
The interaction of IFN-« and IFNAR?2 has been reported to
activate the JAK/STAT signaling cascade, which is considered
to be involved in G, arrest, leading to apoptosis (5) (Fig. 7A4). To
confirm the activation of this pathway, we performed immuno-
blotting for signaling components of the proapoptotic JAK/
STAT pathways on IFNAR2-expressing Fucci-labeled HuH7
cells, which were used in the confocal time lapse imaging. Cells
were treated or not treated with IFN-« for 24 h and separately
collected for identification of Gy/G, or S/G,/M populations by
cell sorting.

Expression of p53, which has been reported to play a central
role in cell cycle arrest and apoptotic induction (6), was unal-
tered in HuH?7 cells treated by IFN-¢, irrespective of the cell
cycle status (Fig. 7, B (lane 1) and C). This was probably because
p53 in HuH?7 cells carries a point mutation (Y220C) that ren-
ders it non-susceptible to [FN-« (24). Instead, we monitored
the expression of p63, a molecule homologous to p53 (25, 26)
and thus considered to play roles comparable with those of p53.
We detected marked elevation of p63, especially during the
S/G,/M phases (Fig. 7, B (lane 2) and C), suggesting that IFN-
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a-induced apoptotic signals were activated preferentially in the
S/G,/M phase. In the case of p63, there are two distinct pro-
moters that result in two different types of proteins with oppos-
ing functions (i.e. p53-like proteins containing the transactiva-
tion (TA) domain (TAp63) and inhibitory proteins lacking the
TA domain) (ANp63) (27). In our HuH7 cells, only TAp63 was
confirmed to be expressed both at the mRNA (Fig. 7D) and
protein levels (data not shown). In contrast, the increase in p21,
which has been shown to be responsible for G, arrest (28), and
the activation of caspase-3 and -7 could be preferentially
detected in the G,/G; phase (Fig. 7, B (lanes 3—6) and C), both
of which have been shown to be inducible by p63 (29). These
results were in agreement with the time lapse imaging results
and suggest that IFN-« initiates its action during the S/G,/M
phase and that cell cycle arrest and apoptosis occur in the sub-
sequent G,/G; phase. We detected significant up-regulation of
STAT1/2 expression and phosphorylation upon stimulation
with IFN-« in both the G,/G, and S/G,/M phases (Fig. 8, lanes
1-4). In contrast, STAT3 was phosphorylated upon stimula-
tion with IFN-« in both the G,/G, and S/G,/M phases, and
total expression of STAT3 was not affected by IFN-« treatment.
IFN-a-activated JAKs are also known to regulate the activation
of Vav or other guanine nucleotide exchange factors, resulting
in the regulation of p38 mitogen-activated protein kinase
(MAPK) (5). Both the expression and phosphorylation of p38
were not changed by these treatments (Fig. 8, lanes 7 and 8),
suggesting that these pathways may not be dependent on the
cell cycle. To examine whether p63 can induce cell cycle arrest
and apoptosis in HuH7 cells, we examined the mRNA expres-
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FIGURE 8. Biochemical analyses of JAK/STAT and MAPK signaling. The
expression of several signaling molecules activated by IFN-q, including
STAT1, phospho-STAT1 (pSTATT), STAT2, phospho-STAT2 (pSTAT2), STAT3,
phospho-STAT3 (pSTAT3), p38, phospho-p38 (pp38), and of B-actin (control)
was analyzed by immunoblotting after culturing in the absence or presence
of IFN-a (1,000 1U/ml) for 24 h. IFNAR2-expressing Fucci-introduced HuH7
cells were sorted by FACS for the Go/G, (mKO single positive) or S/G,/M (mAG
single positive) samples.
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sion of p21 and p53 up-regulated modulator of apoptosis
(PUMA) in p63 (TAp63)-transfected HuH7 cells. Upon over-
expression of TAp63, both p21 and PUMA were significantly
up-regulated ~4.0- and 3.7-fold, respectively (Fig. 9), indicating
the potency of TAp63 for inducing proapoptotic signaling in
HuH?7 cells.

To examine whether the apoptosis induced by IFN-« was
dependent on p63, we performed knockdown experiments of
p63. Expression of p63 was confirmed to be reduced in p63-
knockdown cells (Fig. 104), and p63-knockdown cells showed
less activation of caspase-3 and -7 (Fig. 10B). This result clearly
suggests that p63 was critically involved in apoptosis induced
by the IFN-o/IFNAR?2 signaling pathway.

DISCUSSION

IFN-a has been used in the clinic to treat HCC, indicative of
its therapeutic potential. However, its actual modes of action
are less clear, precluding further development of this line of
novel therapies (30). Flow cytometric analysis is commonly
used for studying the cell cycle, although we did not observe cell
death events with this conventional methodology. This study is
the first to use confocal time lapse cell cycle imaging analyses
with Fucci to visualize the specific relationship between cell
cycle and cell death. The results demonstrated that IFN-«
exerts its action on IFNAR2-expressing tumor cells by first sen-
sitizing cells in the S/G,/M phases prior to inducing apoptosis
in the G; phase. Combination therapy with IFN-« and 5-FU,
commonly used clinically (30), can now be identified as an ideal
regimen, because 5-FU is known to increase the S/G,/M popu-
lation (see Fig. 4), which makes the tumor cells more suscepti-
ble to IFN-c. The present evidence provides clinicians with the
rationale for use of this combination therapy and enables them
to further improve the regimen based on its mode of action.

However, this study raises new questions. Among them is
how the action of IFN-a is dependent on the cell cycle. Bio-
chemical analyses indicated that “cell cycle-independent” acti-
vation of STAT1/2 signaling with up-regulation of p63, a pro-
apoptotic signaling molecule, was observed predominantly in
the S/G,/M phase. A promoter region of p63 reportedly con-
tains putative binding motifs for E2F1, an E2F family transcrip-
tion factor responsible for cell cycle regulation (31), although
E2F1 may not bind to this motif by itself (32). Nevertheless, we
can hypothesize that E2F1 or other cell cycle-dependent factors
induce p63 expression if accompanied by STAT1 and -2 activa-
tion stimulated by IFN-a. On the other hand, it is also possible
that the event of mitosis may be required for the induction of
cell death by IFN-c. Further investigation is necessary to eluci-
date the whole picture of this intricate apoptotic signaling reg-
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FIGURE 9. Induction of proapoptotic factors, p21 and PUMA, by p63 in HuH7 cells. Relative mRNA expression levels of TAp63, p21, and PUMA were
detected by qPCR in wild-type HuH7 cells (WT) and in mock- or p63-overexpressing HuH7 cells (p630E). Each bar represents the mean = S.E. (error bars) of five

individual experiments (n = 5 for each). *, p < 0.05; **, p < 0.01.
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FIGURE 10. Knockdown assay of p63 on IFNAR2-expressing HuH7 cells. A,
relative mRNA expression levels of TAp63 and PUMA in IFNAR2-expressing
HuH7 cells after each time point of IFN-« (1,000 1U/ml) in p63 siRNA knock-
down (p63 KD) and MISSION siRNA Universal Negative Control (mock). Each
bar represents the mean = S.E. (error bars) of triplicates. B, expression of apo-
ptosis-related molecules in IFNAR2-expressing HuH7 cells measured by
immunoblotting. p63-knockdown (p63 KD) or control cells {mock) were
treated with [FN- (1,000 [U/ml) for the indicated period of time. Protein levels
of p63, caspase-3 (C3), active caspase-3, caspase-7 (C7), active caspase-7, and
B-actin were measured by immunoblotting. ¥, p < 0.05; **, p < 0.01; ***,p <
0.005.

ulation associated with the cell cycle and controlled by thera-
peutic use of IFN-c.
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Abstract: The adaptive immune system, including typel helper T cells (Thl cells),
cytotoxic T lymphocytes (CTLs), and dendritic cells (DCs), plays an important role in the
control of hepatitis B virus (HBV). On the other hand, regulatory T cells (Tregs) and
myeloid derived suppressor cells (MDSCs) suppress the immune reaction in HBV and
hepatocellular carcinoma (HCC). Excessive activation of immune suppressive cells could
contribute to the persistent infection of HBV and the progression of HCC. The frequency
and/or function of Tregs could affect the natural course in chronic hepatitis B patients and
the treatment response. In addition to the suppressive function of MDSCs, MDSCs could
affect the induction and function of Tregs. Therefore, we should understand in detail the
mechanism by which Tregs and MDSCs are induced to control HBV persistent infection
and HBV-related HCC. Immune suppressive cells, including Tregs and MDSCs, contribute
to the difficulty in inducing an effective immune response for HBV persistent infection
and HBV-related HCC. In this review, we focus on the Tregs and MDSCs that could be
potential targets for immune therapy of chronic hepatitis B and HBV-related HCC.

Keywords: regulatory T cells (Tregs); myeloid derived suppressor cells (MDSCs); hepatitis
B virus (HBV); hepatocellular carcinoma (HCC)
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1. Introduction

Hepatitis B virus (HBV) is a noncytopathic DNA virus that causes chronic hepatitis and
hepatocellular carcinoma (HCC) as well as acute hepatitis [1]. HBV infects more than 400 million
people worldwide. HBV has six different genotypes [2,3]. The progression of liver fibrosis and HCC
could vary among various HBV genotypes [3.4].

It has been reported that the innate immune system, including intra-hepatocyte reactions [5,6],
natural killer cells (NK cells), natural killer T cells (NK-T cells), and monocytes, could contribute to
the immunopathogenesis of HBV infection [7-12]. However, the adaptive immune system, including
type 1 helper T cells (Thl cells), cytotoxic T lymphocytes (CTLs), and dendritic cells (DCs), plays
an important role in the control of HBV [13-18]. On the other hand, CD4"CD25"FOXP3" regulatory
T cells (Tregs) and myeloid derived suppressor cells (MDSCs) suppress the immune reactions to HBV and
HCC [19-24]. The excessive activation of immune suppressive cells could contribute to the persistent
infection of HBV and the progression of HCC. Tregs constitutively express CD25 in the physiological
state [25]. In humans, this population, as defined by CD4"CD25"FOXP3" T cells, constitutes 5% to
10% of peripheral CD4" T lymphocytes and has a broad repertoire that recognizes various self and
non-self antigens [26-28]. Various kinds of immune suppressing mechanisms-induced by Tregs have been
reported [28]. The important mechanisms are cell-to-cell contact and secretion of immune-suppressive
cytokines including transforming growth factor-f (TGF-p) and IL10 [19,23,28]. An emerging cell
population of interest, MDSCs, could contribute to immune suppression. MDSCs are a heterogeneous
population of immature myeloid cells, originally shown to accumulate at the sites of tumors. MDSCs
have been well described in various severe human diseases such as cancer, autoimmune diseases, and
bacterial infections [19,29,30]. In mouse, populations of MDSCs have been divided into two groups:
polymorphonuclear MDSCs (PMN-MDSC), described as CD11b"Gr-1M"Ly6Ly6Clo™int cells, and
mononuclear MDSCs (Mo-MDSC), described as CD11b"Gr-1"Ly6G Ly6C™e cells [31,32]. On the
other hand, in human, the phenotypic markers of MDSCs are less clear. MDSCs have been described
as CD33"CD11b"HLA-DR" in a human cancer model [32] (Table 1). It has been reported that
MDSCs could contribute to persistent infection of HBV and HCC [19,20,30,33-38] (Table 1).
In addition to HBV and HCC, MDSCs could contribute to persistent infection of HCV [39,40]. HCV
core-treated CD33" cells exhibit a CD14"CD11b"°" HLA-DR°% phenotype with up-regulated
reactive oxygen species (ROS) production [39]. Moreover, the frequency of MDSCs increases and
correlates with HCV-RNA loads in chronic hepatitis C (CH-C) patients [40]. MDSCs could suppress
the T cell response by way of numerous mechanisms including the expression of inhibitory cell surface
molecules, the production of immune suppressive cytokines, the metabolism of arginine through
activation of arginase-1, production of nitric oxide, and the up-regulation of reactive oxygen species.
Moreover, an interaction between MDSCs and Tregs has been reported [20,31,32,41—43]. MDSCs and
Tregs could contribute to not only HCC but also various kinds of cancers [43-63] (Table 2). Many
groups reported the frequency of MDSCs, and Tregs could be useful prognostic biomarkers. Moreover,
some reports indicated the possibility of modifying the function of MDSCs and Tregs to improve
the immune reaction to cancers by using CTLA-4 antibody, PD-L1 antibody, anti-miR214,
c-kit antibody and sunitinib, etc. (Table 2).
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Table 1. Association between MDSCs and HBV or HCC.

3309

Diseases or Models

Species  MDSCs Phenotype . Functions and Findings References
of Diseases
Lin-HLA-DR- MDSCs might be involved in HBeAg
Human N HBV . Lu et al. [30]
CD11b"CD33 immune tolerance
HBV gammadelta T Cells drive
Mouse CD11b"Grl1* MDSCs—-mediated CD8+ Kong et al. [33]
(mouse model) .
T Cell exhaustion
HBV In HBV TM, the frequencies of liver
Mouse CD11b"Gr1”* MDSCs were about twice those of Chen ef al. [34]
(mouse model) L
normal mice liver
CD34"CD14"HLA-  HBV vaccination in  High frequency of MDSCs contribute
Human _ . . . Anthony et al. [35]
DRCD11b HIV patients to week 16 HBV vaccine response
MDSCs induces CD4+CD25-+Foxp3+
; ~ T Cells Frequency of CD14+ ;
Human  CDI14*HLA-DR % HCC . Hoechest et al. [19]
HILA-DR-/low cells Is Increased in
PBMC and tumor of HCC patients
) MDSCs inhibit NK cells in HCC
Human CDI14"HLA-DR v HCC ) , Hoechest et al. [36]
patients via the NKp30 receptor
Elevated numbers of MDSC in HCC
CD14 HLA- _ . S _
Human B N HCC patients Over-production of inhibitory ~ Kalathil et al. [20]
DR™CD11b*CD33" .
cytokines such as I1.10 and TGF-B
An accumulation of MDSC is found
Mouse Gr'CD11b* HCC mouse model ) . . . Kapanadze et al. [37]
in various mice models with HCC
. Tumors produce IL-6 and VEGF and .
Mouse Gr'CD11b™ HCC mouse model . . . Shmidl et al. [38]
induced iMC (CD11b1Gr-1int)
Table 2. Association of Tregs and MDSCs and other cancers except for HCC.
Immune Suppressive Cells Treatments, Future
Cancer References
Tregs MDSCs Treatments or Other Uses
Large B cell _—
o prognostic biomarker Ahearne et al. [44]
lymphoma
Non-Hodgkin Lo L
o prognostic biomarker Pinheiro et al. [45]
Lymphoma
Myeloma 0 CTLA-4 antibody Braga ef al. [46]
High-dose I1.2 followed
o o . Monk et al. [47]
by Sorafenib
o Adjuvant GM-CSF Daud et al. [48]
o o prognostic marker Brimnes et al. [49]
Ovarian Cancer 0 prognostic biomarker Brtnicky et al. [50]
Mouse model (liver . . .
. 0 Anti-PD-L1 antibody Ilkovitch ef al. [51]
metastasis model)
Down-regulation of
Esophageal Cancer o Chen et al. [52]

B7-H1 expression
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