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Purpose: Oncolytic adenoviruses (Ad) have been actively pursued as potential agents for cancer
treatment. Among the various types of oncolytic Ads, the telomerase-specific replication-competent Ad
(TRAD), which possesses an El gene expression cassette driven by the human telomerase reverse
transcriptase promoter, has shown promising results in human clinical trials; however, the E1 gene is
also slightly expressed in normal cells, leading to replication of TRAD and cellular toxicity in normal
cells.

Experimental Design: To overcome this problem, we utilized a microRNA (miRNA)-regulated gene
expression system. Four copies of complementary sequences for miR-143, -145,.-199a, or let-7a, which
have been reported to be exclusively downregulated in tumor cells, were incorporated into the 3/-
untranslated region of the E1 gene expression cassette.

Results: Among the TRAD variants (herein called TRADs) constructed, TRADs containing the sequences
complementary to miR-143, -145, or -199a showed efficient oncolytic activity comparable to the parental
TRAD in the tumor cells. On the other hand, replication of the TRADs containing the miRNA comple-
mentary sequences was at most 1,000-fold suppressed in the normal cells, including primary normal cells.
In addition, to suppress the replication of the TRADs in hepatocytes as well as other normal cells, we
constructed a TRAD containing 2 distinct complementary sequences for miR-199a and liver-specific miR-
122a (TRAD-122a/199aT). TRAD-122a/199aT exhibited more than 10-fold reduction in viral replication in
all the normal cells examined, including primary hepatocytes.

Conclusions: This study showed that oncolytic Ads containing the sequences complementary to normal
cell-specific miRNAs showed significantly improved safety profiles without altering tumor cell lysis activity.
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Introduction

Oncolytic adenoviruses {Ad) are genetically engineered
Ads which can kill tumor cells by tumor cell-specific
replication (1, 2). Several clinical trials using oncolytic
Ads have been carried out, and promising results have
been reported (3-5). Various types of oncolytic Ads have
been developed, and can be mainly classified into 2 groups.
One type of oncolytic Ads show tumor-selective replication
via deletion of certain genes, such as the EI1B-55K gene,
which are dispensable for the replication of Ads in tumor
cells. The other type of oncolytic Ads possess an EI gene
expression cassette driven by tumor-specific promoters.
Various types of tumor-specific promoters are used in
oncolytic Ads, including the a-fetoprotein promoter (6),
prostate-specific antigen promoter (7), osteocalcin promo-
ters (8), and cyclooxygenase-2 promoter (9).

Among these oncolytic Ads possessing tumor-specific
promoters, the telomerase-specific replication-competent
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Translational Relevance

Oncolytic adenoviruses (Ad) are promising antican-
cer agents and have been used in human clinical trials.
However, though a lesser extent than in tumor cells,
some oncolytic Ads also replicate in normal human
cells, resulting in unexpected toxicity. In this study, we
incdluded a microRNA (miRNA)-regulated posttran-
scriptional detargeting system into a telomerase-specific
replication-competent Ad (TRAD), which has been used
in clinical trials. Complementary sequences for miR-
143, -145, and -199a, which have been shown to be
exclusively downregulated in tumor cells, were inserted
into the E1 gene expression cassette. The TRAD contain-
ing these miRNA complementary sequences exhibited
significantly reduced replication in normal cells (up to
1,000-fold reductions), including human primary cells,
and comparable tumor cell lysis activity to the conven-
tional TRAD. These results indicate that an miRNA-
regulated posttranscriptional detargeting system offers
a potential strategy to reduce the replication of TRAD in
normal cells without altering tumor cell lysis activity,
and makes it possible to increase the injected doses,
leading to enhanced antitumor effects.

Ad (TRAD; also known as Telomelysin), which has an E1
gene expression cassette driven by the human telomerase
reverse transcriptase (hTERT) promoter, is one of the most
promising oncolytic Ads (10, 11). A variety of tumor cells
express telomerase and most normal cells do not, leading
to tumor-selective efficient replication of TRAD. A phase |
clinical trial using TRAD has already been carried out, and
antitumor effects were shown in several patients (3). Com-
bined therapy using anticancer agents and TRAD also has
been shown to provide enhanced antitumor effects com-
pared with either treatment alone (12). Another advantage
of TRAD is that TRAD exerts antitumor effects on distant,
uninjected tumors following intratumoral administration.
TRAD efficiently replicates in the injected tumors and is
disseminated from the injected tumors into the systemic
circulation, resulting in infection of distant tumors with
TRAD (11, 13). This property of TRAD has made it possible
to visualize lymph mode metastasis by inclusion of the
green fluorescence protein (GFP)-expression cassette into
TRAD (14). However, these properties have led to the
concern that TRAD also infects normal cells throughout
the body after their dissemination from the injected
tumors. Some oncolytic Ads, including TRAD, replicate
to some extent in normal human cells although tumor-
specific promoters are used probably because low levels of
E1A expression can sufficiently support the replication of
Ads (15). Previous studies have shown a more than 100-
fold increase in Ad genome copy numbers in human
primary fibroblasts 3 days after infection with TRAD (10,
11). Replication of TRAD in normal human cells might
lead to unexpected cellular toxicity, therefore, in addition
to a tumor-specific promoter, a system which can prevent

the replication of TRAD in normal human cells should be
incorporated into TRAD.

To achieve this goal, we utilized a microRNA (miRNA)-
regulated gene expression system. MiRNAs are small non-
coding RNAs of approximately 22-nt in length, and are
endogenously expressed. MiRNAs bind to imperfectly com-
plementary sequences in the 3/-untranslated region (UTR)
of the target mRNA leading to the suppression of gene
expression via posttranscriptional regulation. More than
800 miRNAs have been identified and have been shown to
be expressed in tissue- and cell-type-specific patterns.
Furthermore, recent studies have shown that several miR-
NAs, including miR-143, -145, and let-7, are specifically
downregulated in tumor cells, compared with normal cells
(16~20). Thus we hypothesized that incorporation of the
complementary sequences for miRNAs selectively down-
regulated in tumor cells into the EI expression cassette
would prevent the replication of TRADs in normal human
cells without altering the antitumor effects. '

In the present study, miR-143, -145, -199a, and let-7a
were selected as the miRNAs exclusively downregulated in
tumor cells. Four copies of sequences perfectly complemen-
tary to these miRNAs were inserted into the 3'-UTR of the E1
gene expression cassette in TRADs. TRADs containing the
target sequences for miR-143, -145, or -199a exhibited not
only efficient oncolytic activities comparable to the parental
TRAD, but also significantly reduced levels of replication
(up to 1,000-fold reductions) in normal cells, including
human primary cells. Furthermore, insertion of sequences
complementary to liver-specific miR-122a into the E1 gene
expression cassette, in addition to the miR-199a target
sequences, resulted in a decrease in virus replication in
primary hepatocytes as well as other primary cells.

Mater

Cells k

A549 (a human non-small cell lung cancer cell line),
HepG2 (a human hepatocellular carcinoma cell line), and
293 cells (a transformed embryonic kidney cell line) were
cultured in Dulbecco’s modified Eagle’s Medium containing
10% fetal bovine serum (FBS) and antibiotics. HT29 (a
human colorectal cancer cell line) and WI38 cells (a normal
human lung diploid fibroblast) were cultured in Minimum
Essential Medium containing 10% FBS and antibiotics.
H1299 cells (a human non-small cell lung cancer cell line)
were cultured in RPMI1640 containing 10% FBS and anti-
biotics. These cell lines were obtained from the cell banks,
including the Japanese Collection of Research Bioresources
(JCRB) cell bank. The normal human lung fibroblasts
(NHLF), normal human prostate stromal cells (PrSC),
normal human small airway epithelial cells (SAEC), and
normal human hepatocytes (Nhep; Lonza) were cultured in
the medium recommended by the manufacturer.

Construction of TRADs
All TRADs were prepared by means of an improved in
vitro ligation method described previously (21-23). hTERT
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promoter-driving E1 gene-expressing shuttle plasmids hav-
ing multiple tandem copies of sequences perfectly com-
plementary to miRNAs in the 3'-UTR of the El gene
expression cassette were constructed as described below.
A Kpnl/Afllll fragment of pHMCMV5 (22) was ligated with
oligonucleotides miR-143T-S1 and miR-143T-AS1, which
contain miR-143 complementary sequences, resulting in
pHMCMV5-143T-1. The sequences of the oligonucleotides
are shown in Supplementary Table S1. Next, a Pacl/AfIIII
fragment of pHMCMV5-143T-1 was ligated with oligonu-
cleotides miR-143T-S2 and miR-143T-AS2. The resulting
plasmid, pHMCMV5-143T, was digested with I-Ceul after
digestion with Nhel followed by Klenow treatment, and
then ligated with the I-Ceul/Pmel fragment of pSh-hAIB
(10), in which the EIA and EIB genes linked with an
internal ribosomal entry site (IRES) are located down-
stream of the hTERT promoter, creating pSh-AIB-143T.
For the construction of vector plasmids for TRADs, I-
Ceul/PI-Scel-digested pSh-AIB-143T was ligated with the
I-Ceul/PI-Scel-digested pAdHM3  (21), resulting in
pAdHM3-AIB-143T. To generate TRADs, pAdHM3-AIB-
143T was digested with Pacl and was transfected into
293 cells using Superfect transfection reagent (Qiagen).
All TRADs were propagated in 293 cells, purified by 2
rounds of cesium chloride gradient ultracentrifugation,
dialyzed, and stored at —80°C. TRADs containing other
miRNA complementary sequences were similarly con-
structed using the corresponding oligonucleotides (Sup-
plementary Table S1). The parental TRAD was similarly
prepared using pSh-AIB and pAdHM3. The virus particles
(VP) and biological titers were determined by a spectro-
photometrical method (24) and by using an Adeno-X rapid
titer kit (Clontech), respectively. The ratio of particle-to-
biological titer was between 6 and 9 for each TRAD used in
this study.

Determination of miRNA expression levels in human
normal and tumor cells

Total RNA, including miRNAs, was isolated from cells
using Isogen (Nippon Gene). After quantification of the
RNA concentration, miRNA levels were determined using a
TagMan MiRNA reverse transcription kit, TagMan miRNA
assay kit, and ABI Prism 7000 system (Applied Biosystems).
Amplification of U6 served as an endogenous control to
normalize the miRNA expression data.

Infection with TRADs k

Cells were seeded into 24-well plates at 5 x 10* cells/
well. On the following day, cells were infected with TRADs
at a multiplicity of infection (MOI) of 0.4 or 2 {for cancer
cell lines), or of 10 (for normal cells), for 2 hours. Follow-
ing incubation for 3 (for cancer cell lines) or 5 days (for
normal cells), total DNA, including viral genomic DNA,
was isolated from the cells using a DNeasy Blood & Tissue
Kit (Qiagen). After isolation, the Ad genomic DNA contents
were quantified using an ABI Prism 7000 system (Applied
Biosystems) as previously described (25). The Ad genome
copy numbers were normalized by the copy numbers of

glyceroaldehyde-3-phosphate-dehydrogenase (GAPDH).

‘Cell viability was also examined by crystal violet staining

and Alamar blue assay at the indicated time points. To
examine the miRNA-specific suppression of TRAD replica-
tion in normal human cells, 50 nmol/L of 2/-O-methylated
antisense oligonucleotide complementary to miR-143 or
miR-199a (Gene Design Inc.) was transfected into normal
cells using Lipofectamine 2000 (Invitrogen). Twenty-four
hours after transfection, the cells were infected with TRADs
and replication of TRADs was evaluated as described above.

Real-time reverse transcriptase PCR analysis for E1A
gene expression

Cells were seeded as described above and were infected
with TRADs at an MOI of 2 (for cancer cells) or 10 (for
normal cells) for 1.5 hours. After a 24 hour-incubation,
total RNA was isolated, and reverse transcription reaction
was carried out using a SuperScript II First-Strand Synthesis
System (Invitrogen). E1A mRNA levels were determined
with the E1A-specific primers and probe using an ABI prism
7000 system (26). The E1A mRNA levels were normalized
by the GAPDH mRNA levels.

Statistical analysis
Statistical significance (P < 0.05) was determined using
Student's ¢ test. Data are presented as means =+ SD.

Replication of the conventional TRAD in normal
human cells

First, to examine replication of the conventional TRAD in
normal human cells, Wi38 cells, which are human embryo-
nic lung fibroblasts, were infected with the conventional
TRAD at an MOI of 2 or 10 (Fig. 1). The conventional TRAD
did not highly replicate in WI38 cells at an MOI of 2;
however, an almost 500-fold increase in the Ad genome
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+ Replication of the conventional TRAD in WI38 cells. WI38 cells
were infected with the conventional TRAD at an MO of 2 or 10 for 2 hours.
At the indicated time points, the copy numbers of the Ad genome and
GAPDH gene were determined by real-time PCR. The ratio of the copy
number of the Ad genome to that of GAPDH was normalized by the dataon
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was found 3 days after infection at an MOI of 10. These data
indicate that the conventional TRAD replicates in normal
human cells at a high MOI, even though tumor-specific
hTERT promoters are used for the EI gene expression.

MiRNA expression levels in human tumor and normal
cells )

To examine the expression levels of miR-143, -145,
-199a, and let-7a in the human normal and tumor cells,
reverse transcriptase PCR (RT-PCR) analysis was carried
out. Several studies have shown that these miRNAs are
downregulated in various types of tumor cells isolated from
cancer patients, compared with the corresponding normal
tissues (16-18, 27). The expression levels of miR-143, -145,
and -199a in the tumor cells were approximately 2- to 100-
fold lower than those in the normal cells, although SAECs
expression levels of miR-143, -145, and -199a were com-
parable or lower than those in the tumor cells (Fig. 2). In
particular, a large reduction was found for miR-199a
expression in all tumor cells, compared with the normal
cells. On the other hand, the expression levels of let-7a in
HT29 and H1299 cells were higher than those in the
normal cells, although HepG2 cells expressed lower levels
of let-7a than the normal cells. The absolute amounts of let-
7a were more than 10-fold higher than those of the other
miRNAs in all tumor and normal cells, except for NHLF,
NHep, and HepG2 cells (data not shown).

Development of TRADs carrying an miRNA-regulated
E1 gene expression system

Next, to develop TRADSs carrying a miRNA-regulated E1
gene expression cassette (TRAD-miRT), we incorporated 4

copies of the perfectly complementary sequences for miR-
143, -145, -199a, or let-7a into the 3'-UTR of the E1 gene
expression cassette (Fig. 3A). In TRADs, the E1A gene was
connected with the E1B gene via IRES. We found that the
expression of both the first and second gene in the IRES-
containing expression cassette was suppressed in an
miRNA-dependent manner by insertion of the miR-122a
complementary sequences into the region downstream of
the second gene in miR-122a-expressing Huh-7 cells, notin
HepG2 cells, which express a low level of miR-122a (Sup-
plementary Fig. S1), although it remains controversial
whether miRNA-mediated posttranscriptional regulation
can occur in an JRES-containing expression cassette (28~
30). All TRADs were efficiently grown in normal 293 cells,
and the ratios of infectious titers to physical titers were
comparable among all the TRADs, including the parental
TRAD.

Tumor cell lysis activity and replication of TRAD-miRT
in tumor cells

To examine whether or not the inclusion of the sequences
complementary to the miRNAs downregulated in tumor
cells would inhibit the tumor cell lysis activity of TRADs, the
viability of tumor cells was evaluated after infection with the
TRADs. Almost all tumor cells were lysed by TRAD-143T,
-145T, and -199aT at 3 days after infection, although cell
lysis by TRAD-let7aT was largely inhibited (Fig. 3B).
Furthermore, time-course studies of cell viability showed
that TRAD-143T, -145T, and -199aT exhibited cytopathic
efficacies comparable to that of the parental TRAD in the
tumor cells at an MOI of 0.4 (Fig. 3C). Similar results were
obtained at an MOI of 2 {data not shown).
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‘We next examined the replication ability of the TRADs in
the tumor cells by determining the viral genome copy
numbers. TRAD-143T, -145T, and -199aT efficiently repli-
cated in the tumor cells, and the viral genome copy num-
bers of TRAD-143T, -145T, and -199aT in the tumor cells
were more than 500-fold higher than those in the normal
cells (data not shown). In addition, TRAD-143T, -145T,
and -199aT exhibited viral genome copy numbers similar
to that of the conventional TRAD in all tumor cells
(Fig. 3D). All TRADs except for TRAD-let7aT also expressed
similar levels of E1A mRNA (Fig. 3E). In contrast, insertion
of let-7a complementary sequences largely inhibited the
replication in all tumor cells. The E1A mRNA level was also
reduced by 42% in H1299 cells infected with TRAD-let7aT.
Inefficient replication of TRAD-let7aT in the tumor cells
corresponded to the low cytopathic effects described above.
These results indicate that TRADs containing the comple-
mentary sequences for miR-143, -145, or -199a exhibit
efficient EI gene expression in the tumor cells and tumor
cell lysis activity comparable to those of the conventional
TRAD.

Reduced replication of TRAD-miRT in normal cells

To examine whether replication of TRADs in normal cells
is suppressed by incorporation of the sequences comple-
mentary to the miRNAs downregulated in tumor cells,
normal human cells were infected with the TRADs. The
virus genome copy numbers of TRAD-143T, -145T, and
-199aT were 5- to 1,000-fold reduced, compared with the
conventional TRAD at 5 days following infection in WI38
cells (Fig. 4A). An approximately 3- to 300-fold reduction
in the genome copy numbers of TRAD-143T, -145T, and
-199aT was also observed in NHLF and P1SC. The replica-
tion of TRADs was also suppressed in SAEC by the insertion
of the miRNA complementary sequences, although the
expression levels of miR-143, -145, and -199a in SAEC
were much lower than those in the other normal cells
(Fig. 2). The suppressive effects of insertion of the miRNA
target sequences were different among the cells; however,
overall, the insertion of miR-199a complementary
sequences mediated similar or higher suppressive effects
on the replication of TRADs in all the normal cells exam-
ined, compared with insertion of the sequences comple-
mentary to miR-143 and -145. Replication of TRAD-199aT
was inhibited by more than 10-fold in all the normal cells
except for SAEC. We also examined the viabilities of the
normal cells after infection with the TRADs. No apparent
differences in cell viabilities were found among the TRADs
by crystal violet staining (data not shown); however, Ala-
mar blue assay showed that the average values of the
normal cell viabilities were higher after infection with
TRAD-miRT than after infection with the conventional
TRAD (Fig. 4B). These results suggest that the suppression
of TRAD replication by insertion of the miRNA comple-
mientary sequences results in the improvement of the TRAD
safety profile in normal cells.

Next, to evaluate whether the reduction in replication of
TRAD-miRT was miRNA-dependent, miRNAs were inhib-
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Figure 5 Replication and oncolytic activity of TRADs containing the
miRNA complementary sequences in the tumor cells. A, a schematic
diagram of a TRAD containing the miRNA-regulated £7 gene expression
system. ITR: inverted terminal repeat. B, crystal violet analysis of the
cytopathic effects of TRADs in the tumor cells. The cells were infected with
the TRADs at an MOI of 2 for 2 hours. Three days after infection, the cells
were stained with crystal violet. The results are representative of at least 2
independent experiments. C, time-course study of the tumor cell lysis
activity of TRADs by Alamar blue assay. The cells were infected with the
TRADs at an MOI of 0.4 for 2 hours. At the indicated time points, the
viability of the cells was analyzed by Alamar blue assay. The data were
normalized by the data of the mock-infected group. D, the viral genome
copy numbers of TRADs in the tumor cells. The cells were infected with the
TRADs at an MOI of 2 for 2 hours. Three days after infection, the viral
genome copy numbers were quantified by real-time PCR. The data was
normalized by the data of the conventional TRAD group. E, the E1TA mRNA
levels in H1299 cells 24 hour after infection with the TRADs. The cells were
infected with the TRADs at an MOI of 2 for 1.5 hours. Twenty-four hours
after infection, the E1A mRNA levels were determined by real-time RT-
PCR. The data was normalized by the data of the conventional TRAD
group. All the data are shown as the means + SD (n = 3-6). *, P < 0.05;
**, P < 0.005. .

ited by a 2’-O-methylated antisense oligonucleotide. NHLF
and PrSC cells were transfected with the 2'-O-methylated
antisense oligonucleotide against miR-143 or -199a, and
then the cells were infected with the TRADs, 24 hour after
transfection. In the cells transfected with the 2-O-methy-
lated antisense oligonucleotide against miR-143 or -199a,
the reduction in the replication of TRAD-miRT was sig-
nificantly restored, but the scramble 2’-O-methylated oli-
gonucleotide did not significantly affect the replication of
TRAD-miRT (Fig. 4C). These results indicate that the reduc-
tion in the replication of TRAD-miRT in the normal cells
was miRNA-dependent.
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e 4. Reduced replication of
TRADs in normal human cells by
insertion of the miRNA
complementary sequences. A, the
viral genome copy numbers of
TRADs in normal cells. The cells
were infected with the TRADs at
an MOl of 10 for 2 hours. Five days
after infection, the viral genome
copy numbers were determined
by real-time PCR. B, time-course
study of the normal human cell
viabilities after infection with
TRADs by Alamar blue assay. The
cells were infected with the TRADs
at an MO! of 10 for 2 hours. At the
indicated time points, the viability
of the cells was analyzed by
Alamar blue assay. The data were
normalized by the data of the
mock-infected group. C,
restoration of TRAD replication in
human normal cells by 2/'-O-
methylated antisense
oligonucieotides. The cells were
transfected with 50 nmol/L of 2'-
O-methylated antisense
oligonucleotides for miR-143 or
-199a. Twenty-four hours after
transfection, the cells were
infected with the TRADs at an MOl
of 10, and the viral genome copy
numbers were determined 5 days
after infection with the TRADs. D,
the E1A mRNA levels in normal
human cells. The cells were
infected with the TRADs at an MOI
of 10 for 1.5 hours. Twenty-four
hours after infection, the E1 mRNA
levels were determined by real-
time RT-PCR. The data was
normalized by the data of the
conventional TRAD group. All the
data are shown as the means
SD (n = 3-4). ", P < 0.05;

**, P < 0.005.
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E1A expression by TRAD-miRT in normal cells
To determine whether incorporation of the miRNA

. complementary sequences into the EI gene expression

cassette decreases the E1 mRNA levels in normal human
cells, real-time RT-PCR analysis for the E1A mRNA levels
wascarried out. The E1A mRNA levels were reduced by
more than 30% for TRAD-143T, -145T, and -199aT,
compared with the parent TRAD, in NHLF (Fig. 4D).
The reduction in the E1A mRNA levels corresponded to
the suppression in replication of TRAD-miRT, indicating
that miRNA-mediated reduction in the E1 gene expres-
sion resulted in a reduced replication of TRAD-miRT.

Development of TRADs containing the
complementary sequences for liver-specific miRNA
To prevent the replication of TRAD:s in liver hepatocytes
as well as other normal cells, we incorporated not only
miR-199a complementary sequences but also sequences
complementary to liver-specific miR-122a into the E1 gene
expression cassette, resulting in TRAD-122a/199aT
(Fig. 5A). It is well known that Ads have high hepatic
tropism, leading to efficient liver accumulation even after
local administration. MiR-122a was expressed approxi-
mately 100- and 20-fold more abundantly in NHep and
Huh-7 cells, respectively, than in the other normal human
cells and tumor cells (Fig. 5B); conversely, the other normal
cells expressed more than 10-fold lower levels of miR-122a
than miR-143, -145, and -199a (data not shown). Incor-
poration of miR-122a complementary sequences alone
significantly reduced the virus genome copy number of
TRAD-122aT in NHLF and NHep; however, no statistically
significant decrease in the genome copy number of TRAD-
122aT was found in P1SC (Fig. 5C). On the other hand,
insertion of miR-199a target sequences alone was less
efficient than insertion of miR-122a target sequences in
NHep, probably due to the lower expression of miR-199a

e 4. (Continued)

than miR-122a in NHep. By contrast, insertion of both
miR-122a and miR-199a target sequences into the EI
gene expression cassette efficiently reduced the replica-
tion of TRAD-122a/199aT by 10- to 50-fold in all normal
cells examined. Significantly reduced replication of
TRAD-122a and TRAD-122a/199aT was also found in
Huh-7 cells, which are a hepatoma cell line highly
expressing miR-122a and are often used as a model of
hepatocytes (Supplementary Fig. S2). The incorporation
of the miR-145 complementary sequences was also effec-
tive for suppressing the TRAD replication in NHep
(Supplementary Fig. $3). The E1A mRNA levels were
reduced for TRAD-122aT and -122a/199aT in NHep
(Fig. 5D). In addition, TRAD-122a/199aT efficiently
‘replicated in the tumor cells, resulting in efficient tumor
cell lysis (Fig. 5E and F). These results indicate that
replication of the TRADs in various types of normal
human cells, including liver hepatocytes, is significantly
reduced by insertion of the multiple target sequences to
both miR-122a and -199a, without influencing the
tumor cell lysis activity.

Discussion

The aim of this study was to prevent the replication of
TRADs in normal human cells by incorporation of
sequences complementary to miRNAs that are selectively
downregulated in tumor cells, without altering the tumor
cell lysis activity. Currently, there is no appropriate animal
model which fully supports the in vivo replication of Ads
and evaluation of the in vivo toxicity caused by oncolytic
Ads, and thus it is important to be cautious in regard to
oncolytic Ad-induced toxicity. To prevent the EI gene
expression and replication of oncolytic Ads in normal cells
as much as possible, an miRNA-mediated posttranscrip-
tional detargeting system was included in TRADs, in
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levels in NHep. E, crystal violet analysis for the cytopathic effects of TRAD-122a/199aT. The results are representative of 2 independent experiments. F, the
viral genome copy numbers of TRAD-122a/199aT in tumor cells. The tumor and normal cells were infected with the TRADs at an MOI of 2 (tumor cells)
or 10 (normal celis) for 2 hours. The cells were stained with crystal violet 3 days after infection. The viral genome copy numbers were determined 3 {tumor cells)
or 5 days (normal cells) after infection. For determination of the E1A mRNA levels, total RNA was isolated from NHep 24 hour after infection with the
TRADs at an MO} of 10, and the E1A mRNA levels were determined by real-time RT-PCR. The data was normalized by the data of the conventional TRAD

group. All the data are shown as the means + SD (n = 3-6). N.S.: not significantly different. *, P < 0.05; **, P < 0.005.

addition to the transcriptional targeting system via tumor-
specific promoters.

As described above, TRAD replicates in the injected
tumors and is disseminated from the injected tumors into
the systemic circulation, leading to infection of distant,
uninjected tumors (11, 13, 14). This property of TRAD had
led to a concern that TRAD could infect normal cells over

the whole body, including the hepatocytes, after dissemi-
nation from the injected tumors. It is crucial that such
unexpected infection of normal cells by TRAD is prevented.
Previous studies have shown that insertion of sequences
complementary to liver-specific miR-122a reduced the
replication of oncolytic Ads in Huh-7 cells, which are a
model cell for hepatocytes (31-33). It is especially crucial
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to prevent the replication of TRAD in the liver, because Ad
vectors have strong hepatotropism. However, TRAD also
might infect normal cells other than hepatocytes, indicat-
ing that replication of oncolytic Ads in normal cells other
than hepatocytes should also be suppressed. To prevent the
replication of TRADs in other normal cells, we incorpo-
rated the sequences complementary to miR-143, -145,
-199a, or let-7a, which are downregulated in the tumors
and widely expressed in normal cells. The expression levels
of these miRNAs in the tumor cells were lower than those in
the normal cells in this study, and insertion of sequences
complementary to miR-143, -145, or -199a significantly
reduced the E1A mRNA levels and the replication of TRADs
in the normal cells. )

Overall, among the miRNA complementary sequences,
the miR-199a complementary sequences appeared to be the
most efficient at suppressing the replication of TRADs across
all the normal cells except for hepatocytes; however, inser-
tion of miR-199a target sequences alone failed to signifi-
cantly reduce the replication of TRADs in the hepatocytes.
To simultaneously prevent the replication of TRADs in
various types of normal cells, including hepatocytes, we
incorporated sequences complementary to miR-122a,
which is abundantly expressed in hepatocytes, in addition
to miR-199a target sequences. Brown and colleagues
reported that a desired transgene expression pattern was
achieved, depending on the miRNA expression profile, by
incorporation of target sequences for 2 distinct miRNAs
(34). TRAD-122aT/199aT exhibited more than 10-fold
reduction in the replication in all the normal cells except
for SAEC, although insertion of target sequences for miR-
122a or miR-199a alone failed to suppress the replication of
TRADs in either of the normal cells. Furthermore, TRAD-
122aT/199aT and the parental TRAD mediated similar
cytopathic efficacies in the tumor cells. These results indi-
cate that replication of TRADs in not only hepatocytes but
also other normal cells is simultaneously reduced by inser-
tion of both miR-122a complementary sequences and
sequences complementary to miRNAs highly expressed in
normal cells, without altering the tumor cell lysis activity.

TRADs containing miR-122a complementary sequences
are also considered to be promising for the treatment of
liver cancer because miR-122a is significantly downregu-
lated in liver cancer cells (35-37) leading to efficient
replication and lytic activity of TRADs containing miR-
122a complementary sequences in liver cancer cells. This
study has shown that TRAD-122aT/199aT caused efficient
cell lysis in a hepatocellular carcinoma cell line, HepG2
cells, while the replication of TRADs containing the miR-
122a complementary sequences in normal hepatocytes,
which highly express miR-122a, was significantly inhibited.

The expression levels of miRNAs are a crucial factor to
suppress the gene expression by miRNAs. Brown and
colleagues showed that miRNAs should be expressed at a
concentration above the threshold (>100 copies/pg small
RNA) to induce miRNA-regulated suppression of transgene
expression (34). We were not able to precisely show the
expression levels of miRNAs as the ratio of copies/pg small

RNA in this study; however, comparing the miRNA levels in
this study with those reported by Brown and colleagues
(34), we consider that the expression levels of miR-143,
-145, and -199a in the normal cells were higher than 100
copies/pg small RNA, leading to efficient suppression of the
replication of TRAD:s.

Several studies have shown that let-7, including let-7a, is
significantly downregulated in tumor cells (16, 19, 20).
Edge and colleagues reported that insertion of let-7a com-
plementary sequences into the matrix protein expression
cassette of the vesicular somatitis virus (VSV) suppressed
the replication of VSV in human primary fibroblast MG38
cells; on the other hand, VSV carrying let-7a target
sequences efficiently replicated in A549 cells (38). How-
ever, our data showed that cancer cell lines other than
HepG2 cells expressed similar.or higher levels of let-7a than
the normal cells. In addition, the expression levels of let-7a
were more than 10-fold higher than those of the other
miRNAs in the tumor cells. Abundant let-7a expression
leads to a reduction in the replication of TRAD-let7aT in
tumor cells. Furthermore, the members of the let-7 family,
including let-7b and let-7¢, have the same seed sequence,
suggesting that let-7 family members other than let-7a
would also contribute to the significant suppression of
replication of TRAD-let7aT. These results suggest that not
only expression profiles of miRNAs but also absolute
amounts of miRNA expression in the cells are of great
importance for miRNA-regulated gene expression.

Our data showed that the E1A mRNA levels were reduced
by approximately 30% to 50% for TRAD-143T, -145T, and
-199aT, compared with the conventional TRAD 24 hour
after infection with the normal cells. These reduction levels
in the E1A mRNA were much smaller than those in the Ad
genome copy numbers at 5 days after infection; however,
these reductions in the E1IA mRNA levels would lead to
large differences in the Ad genome copy numbers after
several virus replication cycles. More than 5-fold reductions
in the E1A mRNA were found for TRAD-143T, -145T, and
-199aT, compared with the parental TRAD, 5 days after
infection with the normal cells (data not shown).

A phase 1 clinical trial of the parental TRAD was con-
ducted, and serious adverse events were not observed (3).
In this study, efficient replication of the conventional
TRAD in WI38 cells was found at an MOI of 10; however,
the conventional TRAD did not exhibit a high level of
replication at an MOI of 2. It might be unlikely that such a
high titer (MOI 10) of oncolytic Ad would infect organs
distal from the injection points in clinical trials; however,
normal cells around the injection points might be infected
with a high titer of oncolytic Ad. In addition, even though
no apparent replication of TRADs is observed in normal
cells after infection of TRADs, the expression of Ad pro-
teins, including E1A and E4 proteins, affects the cellular
functions via various mechanisms (39-41). This study
indicates that inclusion of an miRNA-regulated EI gene
expression system in oncolytic Ads enhances the safety of
oncolytic Ads and makes it possible to increase the injec-
tion doses, leading to superior therapeutic effects.
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In summary, we developed TRADs in which the E1 gene
expression is controlled by miRNAs more highly expressed in
normal cells than tumor cells. The TRADs containing the
sequences complementary to miR-143, -145, or-199a exhib-
ited reduced replication in the normal cells without altering
the tumor cell lysis activity. Furthermore, incorporation of
both miR-199a and miR-122a target sequences significantly
suppressed the replication in all human primary cells exam-
ined, including hepatocytes. TRAD-miRT has enhanced both
the safety profiles and comparable tumor cell lysis activity to
the parental TRAD, suggesting that TRAD-miRT offers great
potential for the treatment of tumors.
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Human embryonic stem celfs' (ESCs) and induced pluri-

potent stem cells (iPSCs) have the potential to-differenti-
ate into all cell lineages, including hepatocytes, in vitro.
Induced hepatocytes have a wide range of potential
application in biomedical research, drug discovery, and
the treatment of liver disease. However, the existing pro-
tocols for hepatic differentiation of PSCs are not very effi-
cient. In this study, we developed an efficient method to
induce hepatoblasts, which are progenitors of hepato-
cytes, from human ESCs and iPSCs by overexpression of
the HEX gene, which is a homeotic gene and also essential
for hepatic differentiation, using a HEX-expressing adeno-
virus (Ad) vector under serum/feeder cell-free chemically
defined conditions. Ad-HEX-transduced cells expressed
a-fetoprotein (AFP) at day 9 and then expressed albumin
(ALB) at day 12. Furthermore, the Ad-HEX-transduced cells
derived from human iPSCs also produced several cyto-
chrome P450 (CYP) isozymes, and these P450 isozymes
were capable of converting the substrates to metabolites
and responding to the chemical stimulation. Our differ-
entiation protocol using Ad vector-mediated transient
HEX transduction under chemically defined conditions
efficiently generates hepatoblasts from human ESCs and
iPSCs. Thus, our methods would be useful for not only
drug screening but also therapeutic applications.
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Human embryomc stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) are able to replicate indefinitely and differ-
entiate into most cell types of the body,'* and thereby have the
potential to provide an unlimited source of cells for a variety of

apphcatlons *Hepatocytes are useful cells for biomedical research,

regenerative medicine, and drug discovery. They are particularly
applicable to drug screenings, such as for the determination of
metabolic and toxicological properties of drug compounds in
in vitro models, because the liver is the main detoxification organ
in the body.® For these applications, it is necessary to prepare a
large number of functional hepatocytes from human ESCs and
iPSCs. Many of the existing methods for cell differentiation of
human ESCs and iPSCs into hepatocytes employ undefined,
serum-containing medium and feeder cells.’” Preparation of
human ESC- and iPSC-derived hepatocytes for therapeutic appli-
cations and drug toxicity testing in humans should be done in
nonxenogenic culture systems to avoid potential contamination
with pathogens. Furthermore, the efficiency of the differentiation
of the human ESCs and iPSCs into hepatocytes is not particularly
high using these methods.>"

In vertebrate development, the liver is derived from the prim-
itive gut tube, which is formed by a flat sheet of cells called the
definitive endoderm.* Shortly afterwards, the definitive endo-
derm s separated into endoderm derivatives containing the liver
bud, the cells of which are referred to as hepatoblasts. The hepa-
toblasts have the potential to proliferate and differentiate into
both hepatocytes and cholangiocytes. In the process of hepatic
differentiation, the maturation is characterized by the expression
of liver- and stage-specific genes. For example, o-fetoprotein
(AFP) is an early hepatic marker, which is expressed in hepa-
toblasts in the liver bud until birth, and its expression is dra-
matically reduced after birth.'® In contrast, albumin (ALB),
which is the most abundant protein synthesized by hepatocytes,
is initially expressed at lower levels in early fetal hepatocytes,
but its expression level is increased as the hepatocytes mature,
reaching a maximum in adult hepatocytes.”” Furthermore, iso-
forms of cytochrome P450 (CYP) proteins also exhibit differ-
ential expression levels according to the developmental stages
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Figure 1 A sirategy of differentiation of human embryonic stern cells (E5Cs) and induced pluripotent stem cells (IP5Cs) to hepatnblasts and

hepatocyivs (@) Schematic representation illustrating the procedure for differentiation of human ESCs (khEST) and iPSCs (Tic) to hepatocytes. (b-i)
Phase contrast microscopy showing sequential morphological changes (day 0-12) from (b-e) human ESCs (khES1) and (#i) iPSCs (Tic) to hepato-
blasts via the definitive endoderm. Bar = 50 um. bFGF, basic fibroblast growth factor; BMP4, bone morphogenetic protein 4; DEX, dexamethasone;
FGF4, fibroblast growth factor 4; HGF, hepatocyte growth factor; OSM, Oncostatin M; HCM, hepatocytes culture medium; *, hESF-GRO medium that
was supplemented with 10 ug/ml human recombinant insulin, 5 pg/ml human apotransferrin, 10 umol/l 2-mercaptoethanol, 10 umol/l ethanolamine,
10pmol/l sodium selenite, 0.5 mg/ml fatty acid free BSA; **, hESF-DIF medium that was supplemented with 10ug/mi insulin, 5 ug/mil apotransferrin,
10pmol/l 2-mercaptoethanol, 10 umol/l ethanolamine, 10 pmol/l sodium selenite, 0.5 mg/ml BSA.

of the liver. Although most CYPs (including CYP3A4, CYP7AL,
and CYP2D6) are only slightly expressed or not detected in the
fetal liver tissue, the expression levels are dramatically increased
after birth.'

For the development of hepatoblasts, numerous transcrip-
tion factors are required, such as hematopoietically expressed
homeobox (HEX), GATA-binding protein 6, prospero homeo-
box 1, and hepatocyte nuclear factor 4A.">"* Among them, HEX
is suggested to function at the earliest stage of hepatic linage.”
HEX is first expressed in the definitive endoderm and becomes
restricted to the future hepatoblasts. Targeted deletion of the
HEX gene in the mouse results in embryonic lethality and a dra-
matic loss of the fetal liver parenchyma.'®?"? The hepatic genes,
including ALB, prospero homeobox1, and hepatocyte nuclear
factor 4A, are transiently expressed in the definitive endoderm
of HEX-null embryos, and further morphogenesis of the hepato-
blasts does not occur.? In general, then, HEX is essential for the
definitive endoderm to adopt a hepatic cell fate.

Adenovirus (Ad) vectors are one of the most efficient gene
delivery vehicles and have been widely used in both experimen-
tal studies and clinical trials.* Ad vectors are attractive vehicles
for gene transfer because they are easily constructed, can be pre-
pared in high titers, and provide high transduction efficiency in
both dividing and nondividing cells. We have developed efficient
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methods for Ad vector-mediated transient transduction into
mouse ESCs and iPSCs.?? We have also showed that the differen-
tiations of mouse ESCs and iPSCs into adipocytes and osteoblasts
were dramatically promoted by Ad vector-mediated peroxisome
proliferator activated receptor y and runt related transcription
factor 2 transduction, respectively.?%

In this study, we hypothesized that transient HEX transduc-
tion could efficiently induce hepatoblasts from human ESCs and
iPSCs. A previous study demonstrated that HEX regulates the dif-
ferentiation of hemangioblasts and endothelial cells from mouse
ESCs,” whereas the role of HEX in the differentiation of hepato-
blasts from human ESCs and iPSCs remains unknown. We found
that differentiation of hepatoblasts from the human ESC- and
iPSC-derived definitive endoderms, but not from undifferenti-
ated human ESCs and iPSCs, could be facilitated by Ad vector-
mediated transient transduction of a HEX gene. Furthermore, the
Ad-HEX-transduced cells that were derived from human iPSCs
were able to differentiate into functional hepatocytes in vitro. All
the processes for cellular differentiation were performed under
serum/feeder cell- free chemically defined conditions. Our cul-
ture systems and differentiation method based on Ad vector-
mediated transient transduction under chemically defined
conditions would provide a platform for drug screening as well
as safe therapies.
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cent staining in a—d. Data are presented as the mean of immunopositive
cells counted in eight independent fields. (g,h) Real-time RT-PCR analy-
sis of the level of definitive endoderm (FOXA2 and SOX17), pluripotent
(NANOG), and extra-embryonic endoderm (SOX7) gene expression at day
5 and 6. At day 5, the cells were passaged. Therefore, the data at day 5
and 6 show the levels of gene expression before (at day 5) or after the pas-
sage (at day 6). Data are presented as the mean + SD from triplicate exper-
iments. The graphs represent the relative gene expression level when the
level of undifferentiated cells at day 0 was taken as 1. Bar = 50um. ESC,
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RESULTS

Dxfferentlation of human ESC- and iPSC-derived
definitive endoderms

Our three-step differentiation protocol is illustrated in Figure la.
After treatment with 50 ng/ml of Activin A (high-dose) and basic
fibroblast growth factor (bFGF) for 5 days on a laminin-coated
plate, morphologically, the human ESCs and iPSCs were gradu-
ally transformed from typical, defined, tight human ESC, and iPSC
colonies (day 0) into less dense, flatter cells containing prominent
nuclei (day 5), even though the majority of the cells had a mor-
phology resembling that of undiflerentiated cells (Figure 1b,c.f,g).
FACS analysis showed that ~46% of human iPSC-derived dif-
ferentiated cells expressed CXCR4 (expressed in the definitive
endoderm but not the primitive endoderm) (Supplementary
Figure Sla). Human ESC- and iPSC-derived differentiated cells
were immunostained with the definitive endoderm marker,
FOXA2 (Figure 2a,c). However, the majority of the cells expressed
the pluripotent marker NANOG, indicating that undifferentiated
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cells remain in the induced cultures at day 5. After the cells were
passaged with trypsin-EDTA and seeded on a laminin-coated plate
a second time, the resultant cells were found to be more homoge-
neous and flatter at day 6 (Figure 1d,h). Semiquantitative analy-
sis by counting immunopositive cells revealed that the number
of FOXA2-positive cells was increased and, in turn, the number
of NANOG-positive cells was decreased at day 6 after passaging
(Figure 2e,f). Real-time reverse transcriptase (RT)-PCR analysis
showed that the definitive endoderm markers FOXA2 and SOX17
mRNA were upregulated, whereas the pluripotent marker NANOG
mRNA was downregulated at day 6 (Figure 2g;h). These results were
con51stent with the immunofluorescence results (Figure 2a-d). The
expressmn  levels of the mesoderm marker FLKI mRNA and ecto-
derm marker PAX6 mRNA were downregulated or unchanged at
day 6 (Supplementary Figure S1b-e). Importantly, the expression
of SOX7 mRNA (expressed in the extra-embryonic endoderm but
not the definitive endoderm) was downregulated (Figure 2g,h).
These results indicate that the definitive endoderm is induced or
selected from human ESCs and iPSCs after passaging. We obtained
the same results using another human iPSC line (Supplementary
Figure S2a-d).

HEX induces hepatoblasts from the human
ESC- and iPSC-derived definitive endoderms

‘To investigate whether forced expression of transcription factors

could promote hepatic differentiation, the human ESC- and iPSC-
derived definitive endoderms were transduced with Ad vectors.
We used a fiber-modified Ad vector containing the elongation

factor-1o, promoter and a stretch of lysine residue (K7) peptides

in the C-terminal region of the fiber knob to examine the trans-
duction efficiency in the human ESC- and iPSC-derived definitive
endoderms. The elongation factor-lot promoter was found to be
highly active in human ESCs.?® The K7 peptide targets heparan sul-
fates on the cellular surface, and the fiber-modified Ad vector con-
taining K7 peptides was shown to be efficient for transduction into
many kinds of cells.*** The human ESC- and iPSC-derived defini-
tive endoderms were transduced with a LacZ-expressing Ad vector
(Ad-LacZ) at 3,000 vector particle/cell. X-Gal staining showed that
the Ad-LacZ-transduced human ESC- and iPSC-derived definitive
endoderms successfully expressed LacZ (Figure 3). Nearly 100% of
the cells transduced with Ad-LacZ were strongly X-gal positive. The
transduction efficiency in the human ESC- and iPSC-derived defin-
itive endoderms transduced with the conventional Ad vector con-
taining the wild-type capsid at 3,000 vector particle/cell was ~80%
and X-gal staining was much weaker than that in the cells trans-
duced with fiber-modified Ad vectors (Supplementary Figure S6).

Next, the human ESC- and iPSC-derived definitive endo-
derms were transduced with a HEX-expressing fiber-modified Ad
vector (Ad-HEX). Although HEX is known to be a transcription
factor that is essential for liver development, it remains unclear
what the effect of transient HEX overexpression is on differentia-
tion from human ESCs and iPSCs or their derivatives in vitro. We
confirmed the overexpression of HEX in the human ESC- and
iPSC-derived definitive endoderms transduced with Ad-HEX
(Supplementary Figure S3a-f). Gene expression analysis
revealed the upregulation of AFP mRNA, which was expressed by
hepatoblasts or early hepatocytes, in Ad-HEX-transduced cells as
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Materials and Methods section. Similar results were obtained in two inde-
pendent experiments. Scale = 50pm. Ad, adenovirus; EF-10, elongation
factor-1a; ESC, embryonic stem cells; iPSC, induced pluripotent stem
cells; LacZ, Ad-LacZ-transduced cells; None, nontransduced cells.

compared with nontransduced cells or Ad-LacZ-transduced cells
(Figure 4a,c). Expression of ALB mRNA, which is the most abun-
dant protein in liver, was also observed in Ad-HEX-transduced
cells (Figure 4b,d).

During liver development, both hepatocytes and cholangio-
cytes were differentiated from the hepatoblasts. We examined the
protein expression of AFF, ALB, and the cholangiocyte marker
cytokeratin 7 (CK7) in Ad-HEX-transduced cells by immunostain-
ing (Figure 4e-p). The AFP-positive populations were detected
in Ad-HEX-transduced cells (Figure 4g,m). ALB-positive cells
were also detected, although the detection efficiency was very
low (Figure 4j,p). CK7-positive cells were observed among the
Ad-HEX-transduced cells, and all CK7-positive cells were found
near the AFP- and ALB-positive cells, suggesting that hepatoblasts
are generated by the transient overexpression of a HEX gene.
Semiquantitative RT-PCR analysis showed that the expression lev-
els of the liver-enriched transcription factors hepatocyte nuclear
factor 1A, hepatocyte nuclear factor 1B, hepatocyte nuclear fac-
tor 4A, and hepatocyte nuclear factor 6 mRNA were upregulated
in Ad-HEX-transduced cells (Supplementary Figure S4a,b). The
expressions of CCAAT/enhancer binding protein o and prospero
homeobox 1 mRNA, two transcription factors known to play a
pivotal role in the establishment of the hepatoblasts, were also
induced in Ad-HEX-transduced cells (Supplementary Figure
S4a, b). Taken together, these findings indicate that HEX enhances
the specification of hepatoblasts from the human ESC- and iPSC-
derived definitive endoderms. Similar results were obtained with
another human jPSC line (Supplementary Figure S2e-g).

Time course of differentiation of the definitive
endoderm to hepatoblasts

Next, we examined the time course of AFP and CK7 expression
during differentiation of human iPSCs to hepatoblasts in Ad-HEX-
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human ESC (khES1)- and iPSC (Tic) derived definitive endoderms (day
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day 6 as described in Figure 1a. The data at day 6 was obtained before
the transduction with Ad-HEX. The graphs represent the relative gene
expression levels when the level in the fetal liver was taken as 100. (e-p)
Immunocytochemistry of AFP, ALB, and CK7 expression in nontransduced
cells (e,h,k, and n), Ad-LacZ-transduced cells (f,i,l, and 0), and Ad-HEX-
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Ad-LacZ-transduced cells; None, nontransduced cells.

transduced cells and nontransduced cells. At day 7 (the day after
transduction), the expression of AFP was not detectable in Ad-HEX-
transduced or nontransduced cells (Supplementary Figure S5a,d).
At day 8-9, morphological changes to hepatocyte-like cells were
observed in Ad-HEX-transduced cells (Supplementary Figure
S5h,i). We also observed homogeneous AFP-positive cells at day 9
(SupplementaryFigureS5e). Atday 10, CK7-positive cells appeared,
indicating that hepatoblasts started to differentiate into hepatocytes
and cholangiocytes at day 9-10 (Supplementary Figure S5f). At
day 12, ALB-positive cells appeared, indicating that hepatocytes
were diflerentiated from Ad-HEX-transduced cells (Figure 4p).
These results showed that HEX induces the hepatoblasts from the
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{ddifferentiation of AdsH

definitive endoderm, and the Ad-HEX-transduced cells could dif-
ferentiate into both hepatocytes and cholangiocytes. -

Directed hepatic differentiation from hepatoblasts

With the protocol described above, heterogeneous populations
containing CK7-positive cholangiocytes were observed at day
12 (Figure 4p). To promote the differentiation of hepatoblasts to
hepatocytes, the human iPSC-derived differentiated cells at day 9
(Supplementary Figure S5e) were dislodged with trypsin-EDTA
and plated on collagen I-coated dishes as previously reported.”
After 8-11 days in culture with medium containing FGF4, HGE,
OSM, and DEX, the Ad-HEX-transduced cells became more flat-
tened (Supplementary Figure S5m), whereas the nontransduced
cells became fibroblast-like cells (Supplementary Figure S5i).
Gene expression analysis showed the upregulation of ALB mRNA
in Ad-HEX-transduced cells under this culture condition, whereas
the expression of ALB mRNA was reduced in the nontransduced
cells at day 18 (Figure 5b). Immunostaining showed that only a
small percentage of Ad-HEX-transduced cells expressed ALB at
day 12 (Figure 4p), whereas most of the Ad-HEX-transduced cells
were ALB-positive at day 18 (Figure 5g). Most of the Ad-HEX-
transduced cells also expressed CYP3A4 at day 18 (Figure 5h).
More importantly, in the Ad-HEX-transduced cells, CYP7A1
and cytokeratin 18 were detected and these proteins are known
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to be detected in hepatocytes but not in extra-embryonic cells®"*
(Figure 5i,j). Quantitative analysis showed that ~84, 80, 88, and
92% of Ad-HEX-transduced cells expressed ALB, CYP3A4,
CYP7AL, and cytokeratin 18, respectively. These results indi-
cate that Ad-HEX-transduced cells could differentiate to hepatic
cells. However, the expression level of ALB mRNA in Ad-HEX-
transduced cells was lower than that in fetal liver tissue and in
turn, the expression of AFP mRNA was maintained (Figure 5a).
Therefore, Ad-HEX-transduced cells are committed to the hepatic
linage, but are not yet mature hepatocytes.
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Ad-HEX-transduced cells exhibit hepatic functions

To test the hepatic function in the Ad-HEX-transduced cells,
we investigated the liver metabolism, because P450 cytochrome
enzymes play a critical role in this function. We examined the
expression level of several members of this multigene family, i.e.,
CYP3A4, CYP7AI, mRNA and CYP2D6 in Ad-HEX-transduced
cells by real-time RT-PCR. The real-time RT-PCR analysis showed
that the mRNAs for CYP3A4, CYP7Al1, and CYP2D6 were
expressed in Ad-HEX-transduced cells, whereas none of these
mRNAs were expressed in the nontransduced cells (Figure 6a).
The expression levels of CYP3A4 in Ad-HEX-transduced cells
were similar to those observed in primary human hepatocytes,
which were cultured 48 hours after plating the cells, or fetal
liver tissues but lower than those in adult liver. The CYP2D6 and
CYP7A1 mRNA expressions in Ad-HEX-transduced cells were
lower than those in primary hepatocytes or adult tissues. Next,
we investigated the metabolism of the P450 3A4 substrates by
measuring the activity of P450 isozymes. The metabolites were
detected in Ad-HEX-transduced cells, and their activity was 3.4-
fold higher than that in the most commonly used human hepa-
tocyte cell line, HepG2 (Figure 6b; DMSO column). This result
was consistent with the real-time RT-PCR data (Figure 6a). We
further tested the induction of CYP3A4 upon chemical stimula-
tion, because CYP3A4 is the most prevalent P450 isozyme in the
liver and is involved in the metabolism of a significant proportion
of the currently available commercial drugs. Because CYP3A4 can
be induced with rifampicin, both Ad-HEX-transduced cells and
HepG2 cells were treated with rifampicin, followed by treatment
with CYP3A4 substrate. Ad-HEX-transduced cells produced 5.4-
fold higher levels of metabolites in response to rifampicin treat-
ment (Figure 6b; rifampicin column). This result indicates that
P450 isozymes are active in Ad-HEX-transduced cells.

DHSCUSSION
The object of this study was to develop an efficient method for
generating hepatoblasts and hepatocytes from human ESCs and
iPSCs for application to drug toxicity screening tests as well as
therapeutics such as regenerative medicine. We found that tran-
sient HEX transduction in the definitive endoderm together with
a culture under chemically defined conditions was useful for this
purpose.

It has been reported that a high concentration of Activin
A induces differentiation of human ESCs into the definitive
endoderm.?*** On the other hand, undifferentiated human ESCs
are maintained by a low concentration of Activin A.* Several
studies have shown that bFGF promotes the differentiation of
ESCs into the definitive endoderm and inhibits the differentia-
tion of ESCs into the extra-embryonic endoderm.*-* bFGF has
been reported to inhibit the BMP signaling, which can promote
the extra-embryonic lineage differentiation®® The extra-embry-
onic endoderm expresses most of the hepatocyte markers, such as
AFP* Contamination of the extra-embryonic endoderm makes it
difficult to estimate the hepatic differentiation from human ESCs
and iPSCs.'**4 In this study, we showed that both Activin A and
bFGF induce definitive endoderm populations, while they repress
the extra-embryonic endoderm differentiation (Figure 2gh).
Interestingly, after the differentiated cells that were cultured on
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laminin-coated plates with Activin A and bFGF were passaged at
day 5, FOXA2-positive cells (definitive endoderm) were enriched
in the resultant cells at day 6 (Figure 2a-f). This may have been
because FOXA2-positive cells efficiently adhered to the laminin-
coated plate and/or because trypsinized, single undifferentiated
ESCs/iPSCs cannot survive. The passaging of differentiated cells
might be attributed to the reduction in the number of not only
the extra-embryonic endoderm cells but also the undifferentiated
cells. However, the efficiency of the definitive endoderm differen-
tiation in this study was not as efficient as that reported by other
groups.®** Other cell lineages, such as the mesoderm and extra-
embryonic endoderm, might remain at day 6 (Figure 2g,h and
Supplementary Figure S1). Further improvement of the culture
conditions will thus be needed in order to enhance the definitive
endoderm differentiation. ;

Hepatoblasts and hepatocytes were differentiated from the
human ESC- and iPSC-derived definitive endoderms by transient
overexpression of the homeobox gene HEX. A fiber-modified
Ad vector containing K7 peptides mediated much higher gene
expression than conventional Ad vectors in the human ESC- and
iPSC-derived definitive endoderms (Supplementary Figure S6).
This new hepatic differentiation protocol shows that HEX induces
AFP-positive hepatoblasts at day 9 and ALB-positive hepatocytes
at day 12 from human ESCs and iPSCs, whereas the previous pro-
tocols require a few weeks or months to induce AFP- and ALB-
positive hepatocytes from PSCs.>!! Previous studies suggested that
HEX could regulate liver-enriched transcription factors such as
hepatocyte nuclear factor 4A and hepatocyte nuclear factor 6.9
Overexpression of the HEX gene under the conditions employed
in the present study could activate several transcription factors that
are required for hepatic differentiation (Supplementary Figure
S4a,b). However, the Ad-HEX-transduced cells showed a low level
of expression of ALB and some CYP450 species, as well as a high
level of AFP expression, indicating that the cells were still imma-
ture. To promote further hepatic differentiation or maturation, it
may be effective to culture the hepatic cells in a 3D environment
or on feeder cells such as cardiomyocyte- or endothelium-derived
cells.#*# In addition, the function of our hepatic cells was still lim-
ited. Further analysis of the other functions of our hepatic cells,
such as glycogen storage, uptake of indocyanine green and organic
anion low-density lipoprotein, and transplantation of Ad-HEX-
transduced cells into the liver of immunodeficient mice, is clearly
needed for the appreciation to drug screening and therapeutic
treatment modalities, '

During the preparation of this article, Kubo et al. have reported
that HEX could promote hepatoblast differentiation from mouse
ESCs.# Their report is consistent with our data, suggesting that HEX
plays a pivotal regulatory role in not only mouse but also human
hepatic differentiation. They also showed that the overexpression
of HEX at the definitive endoderm stage is critical for hepatic spec-
ification of the mouse ESCs. We also confirmed that forced expres-
sion of HEX in the undifferentiated human ESCs and iPSCs did not
elevate the expression of ALB and CK7 (Supplementary Figure
§7), indicating that HEX enhances the hepatic differentiation not
from the undifferentiated cells but from the definitive endoderm.
However, Kubo et al. used recombinant mouse ESCs (tet-HEX
ESCs), in which the tetracycline-regulated HEX expression cassette
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is integrated into the host cell genome to induce HEX in a stage-
specific manner. Their system would not be appropriate for clini-
cal use because the transgene is randomly integrated into the host
cell genome and this leads to a risk of mutagenesis.* On the other
hand, we generated human hepatoblasts by Ad vector-mediated
transient HEX transduction, method which avoids the integration
of exogenous DNA into the host chromosome.

Touboul et al. reported that human ESCs and iPSCs can dif-
ferentiate into functional hepatocytes under chemically defined
conditions.> In the present study, hepatoblasts were generated
in a chemically defined serum-free medium, which minimized
exposure to animal cells and proteins, and on a defined extracel-
lular matrix, such as laminin or collagen, which do not contain
undefined growth factors. To generate hepatocytes, hepatocyte
culture medium, which is serum-free but not defined, was used in
the stage III. When defined hESF-medium was used in the stage
I11, the expression levels of ALB and CYP3A4 mRNA were half the
levels seen in the cells cultured with hepatocyte culture medium in
the preliminary experiment (data not shown). Human ESCs and
iPSCs were also grown for maintaining the undifferentiated state
on a feeder layer, which contains xenoantigen such as bovine apo-
lipoprotein B-100. Bovine apolipoprotein B-100 is known to be
a dominant xenoantigen for cell-based therapies.** Human ESC-
and iPSC-derived hepatocytes should be generated and cultured
under chemically defined conditions not only to avoid potential
contamination with pathogens for the safer therapeutic applica-
tion, but also to obtain reprOducible results using the differentia-
tion protocols.3** Development of differentiation protocols using
other genes of transcription factors as well as HEX genes based on
a chemically defined medium is under way. Overall, our strategy
should provide a novel protocol for hepatic differentiation from
human ESCs and iPSCs, which could be useful for regenerative
medicine and drug screening.

MATERIALS AND METHOD

Ad vectors. Ad vectors were constructed by an improved in vitro ligation
method.*##® The human HEX complementary DNA derived from pDNR-
LIB-HEX (Invitrogen, Carlsbad, CA) was inserted into pHIMEF5,” which
contains the human elongation factor-16. promoter, resulting in pHMEF-
HEX. The pHMEF-HEX was digested with I-Ceul/PI-Scel and ligated into
I-Ceul/PI-Scel-digested pAdHIM41-K7,® resulting in pAd-HEX. Ad-HEX
and Ad-LacZ, both of which contain the elongation factor-10 promoter and
a stretch of lysine residues (K7) peptides in the C-terminal region of the
fiber knob, were generated and purified as described previously.6? The vec-
tor particle titer was determined by using a spectrophotometric method.*

Human ESCs and iPSCs culture. A human ESC line, khES1, was obtained
from Kyoto University (Kyoto, Japan).®® khES1 was used following the
Guidelines for Derivation and Utilization of Human Embryonic Stem Cells
of the Ministry of Education, Culture, Sports, Science and Technology
of Japan after approval by the review board at Kyoto University. Human
ESCs were maintained on a feeder layer of mitomycin-inactivated mouse
embryonic fibroblasts (ICR; ReproCELL Incorporated, Tokyo, Japan) with
Dulbeccos modified Eagle’s medium/F-12 (Sigma, St Louis, MO) supple-
mented with 0.1mmol/l 2-mercaptoethanol, 0.1mmol/l nonessential
amino acids, 2 mmol/l L-glutamine, 20% GIBCO knockout serum replace-
ment (Invitrogen), and 5 ng/ml bFGF (Sigma) in a humidified atmosphere
0f 3% CO, and 97% air at 37 °C. Hurnan ESCs were dissociated with 0.1 mg/
ml dispase (Roche Diagnostics, Burgess Hill, UK) into small clumps, and
subcultured every 5 or 6 days.
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Two human iPS clones derived from the embryonic human lung
fibroblast cell line MCRS5 were provided from JCRB Cell Bank (Tic, JCRB
Number: JCRB1331; and Dotcom, JCRB Number: JCRB1327)3¢ In
the present study, we mainly used the Tic cell line, but similar results
were obtained using the Dotcom cell line, and these are shown in the
supplementary figures. Human iPSCs were maintained on a feeder layer
of mitomycin-inactivated mouse embryonic fibroblasts (Hygro Resistant
Strain C57/BL6; Hygro, Millipore, MA) on a gelatin-coated flask in
human iPS medium. Human iPS medium consists of knockout Dulbecco’s
modified Eagle’s medium/F12 (Invitrogen), supplemented with 0.1 mmol/l
2-mercaptoethanol, 0.1mmol/l nonessential amino acids, 2mmol/l 1-
glutamine, 20% knockout serum replacement, and 10ng/ml bFGF in a
humidified atmosphere of 5% CO, and 95% air at 37°C. Human iPSCs
were dissociated with 0.1 mg/m] dispase (Roche) into small clumps and
subcultured every 7 or 8 days.

In vitro differentiation. Before the initiation of cellular differentiation, the
medium of human ESCs and iPSCs was exchanged for a defined serum-free
medium hESF9 and cultured in a humidified atmosphere of 10% CO, and
90% air at 37 °C.* hESF9 consists of hESF-GRO medium (Cell Science &
Technology Institute, Sendai, Japan) supplemented with five factors (10 pg/
ml human recombinant insulin, 5 yig/ml human apotransferrin, 10 pmol/l
2-mercaptoethanol, 10 umol/l ethanolamine, 10pmol/l sodium selenite),
oleic acid conjugated with fatty acid free bovine ALB, 10ng/ml bFGF, and
100 ng/ml heparin (all from Sigma). For induction of definitive endoderm,
human ESCs and iPSCs were dissociated into single cells with Accutase
(Invitrogen) and cultured for 5 days on a mouse laminin-coated tissue
12-well plate (6.0 x 10¢ cells/cm?) in hESF-GRO medium (Cell Science &
Technology Institute) supplemented with the five factors, 0.5mg/ml fatty
acid free bovine ALB (BSA) (Sigma), 10ng/ml bFGE, and 50 ng/ml Activin
A (R&D Systems, Minneapolis, MN) in a humidified atmosphere of 10%
CO, and 90% air at 37 °C. The medium was refreshed every day.

For induction of hepatoblasts, the human ESC- and iPSC-derived
definitive endoderms (day 5) were dissociated with 0.0125% trypsin-
0.01325mmol/l EDTA, and then the trypsin was inactivated with 0.1%
soybean trypsin inhibitor (Sigma). The cells were seeded at 1.2 x 10° cells/
cm? on a laminin-coated 12-well plate with hESE-DIF (Cell Science. &
Technology Institute) medium supplemented with the five factors, 0.5 mg/ml
BSA, 10ng/ml bFGE and 50 ng/ml Activin A in a humidified atmosphere
of 10% CO, and 90% air at 37 °C. The next day, the cells were transduced
with 3,000 vector particle/cell of Ad vectors (Ad-HEX and Ad-LacZ) for
1.5 hours in hESE-DIF medium supplemented with the five factors, BSA,
10ng/ml FGF4 (R&D Systems) and 10ng/ml BMP4 (R&D Systems).!® The
medium was refreshed every day.

For induction of hepatocytes, human iPSC-derived hepatoblasts in
one well (day 9) were passaged onto two wells with 0.0125% trypsin-
0.01325mmol/l EDTA and 0.1% trypsin inhibitor, on type I collagen-
coated tissue 12-well plate (15 pug/cm?) (Nitta Gelatin, Osaka, Japan). The
cells were cultured in hepatocyte culture medium supplemented with
SingleQuots (Lonza, Walkersville, MD), 10ng/ml FGF4, 10ng/ml HGF
(R&D Systems), 10 ng/m! Oncostatin M (R&D Systems), and 0.392 ng/ml
dexamethasone (Sigma)." The medium was refreshed every 2 days.

RNA isolation, RT-PCR, immunostaining, flow cytometry, lacz assay,
and assay for cytochrome P4503A4 activity. For details of these pro-
cedures, See Supplementary Materials and Methods, Supplementary
Tables S1 and S2.

STARY MATERIAL

Flgure $1. Characterization of the human ESC (khES1)- and iPSC
(Tic)-derived definitive endoderms.

Figure S$2. Efficient differentiation of another human iPSC line
(Dotcom) into hepatoblasts by overexpression of the HEX gene.
Figure $3. Overexpression of HEX in the human ESC (khES1)- and
iPSC (Tic)-derived definitive endoderms.
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Figure 54. Characterization of Ad-HEX-transduced hepatoblasts.
Figure S$5. Progression of differentiation of the definitive endoderm
to hepatoblasts.

Figure $6. X-gal staining of human iPSC (Tic)-derived definitive en-
doderms transduced with a conventional or a fiber-modified Ad vector
containing the EF-1a. promoter.

Figure $7. HEX promotes the differentiation into the hepatic lineage,
-not from undifferentiated iPSCs (Tic), but from iPSC (Tic)-derived de-
finitive endoderm.

Table $1. List of Tagman gene expression assays and primers.

Table $2. List of antibodies used.

Materials and Methods.
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