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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
(TRADY), which possesses an £I gene expression cassette driven by the human telomerase reverse
transcriptase promoter, has shown promising results in human clinical trials; however, the ET 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'-
Supplementary Access the most recent supplemental material at: untranslated region of the EI gene expressfon cassette. B

Material hitp://clincancerres.aacrjournals.org/content/suppl/2011/05/05/1078-0432.CCR-10-2008.D Results: Among the TRAD variants (herein called TRAD) constructed, TRADs containing the sequences
C1.htmt 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, w0 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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Ads which can kill tumor cells by tumor cell-specific
replication (1, 2). Several clinical trials using oncolytic
Ads have been caried 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 E1B-55K gene,
which are dispensable for the replication of Ads in tumor
cells. The other type of oncolytic Ads possess an E1 gene
expression cassette driven by tumor-specific promoters.
Various types of tumor-specific promoters are used in
ancolytic Ads, including the o-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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Ad (TRAD; also known as Telomelysin), which has an E7
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 1
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.

‘lo 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 £1
gene expression cassette in TRADs. TRADs containing the
target sequences for miR-143, -145, or -199a exhibited not
onlyefficient 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 E7 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.

Materiais and Methods

Cells

A549 (a human non-small cell lung cancer cell line),
HepG2 (a hurnan hepatocellular carcinoma cell line), and
293 cells (a wansformed 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 WI3§ 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)
wete cultured in RPM11640 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 (P'1SC),
normal human small airway epithelial cells (SALEC), 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
witra ligation method described previously (21-23). hTERT
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promoter-driving 1 gene-expressing shuttle plasmids hav-
ing multiple tandem copies of sequences perfectly com-
plementary to miRNAs in the 3-UIR of the EI gene
expression cassette were constructed as described below.
A KpnljAfllll fragment of pHMCMYVS (22) was ligated with
oligonucleotides miR-1431-51 and miR-1431-AS1, which
contain miR-143 complementary sequences, resulting in
pHMCMV5-143T-1, The sequences of the oligonucleotides
are shown in Supplementary Table §1. Next, a Pacl/AfIIIT
fragment of pHMCMV5-143T-1 was ligated with oligonu-
cleotides miR-143T-52 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 [-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 WIERT promoter, creating pSh-AlB-143T.
For the construction of vector plasmids for TRADs, I-
Ceul/PI-Scel-digested pSh-AIB-1431 was ligated with the
1-Ceul/PI-Scel-digested  pAdHM3  (21), resulting in
pAdHM3-AIB-143T. To generate TRADs, pAdHM3-AlB-
143T was digested with PacT 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-ATB 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
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 UG served as an endogenous control to
normalize the miRNA expression data.

levels in human

Infection with TRADs

Cells were seeded into 24-well plates at 5 % 10" cells/
well. On the following day, cells were infected with TRADs
at a multiplicity of infection (MO1) 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, induding 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 cystal violet staining
and Alamar blue assay at the indicated time points. Lo
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 £14
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 11 First-Strand Synthesis
System (lnvitrogen). 1A 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.

Resulis

Replication of the conventional TRAD in normal
human cells

First, to examine replication of the conventional 'RAD in
normal human cells, W138 cells, which are human embryo-
nic lung fibroblasts, were infected with the conventional

‘TRAD atan MOI of 2 or 10 {Fig. 1). The conventional TRAD

did not highly feplicate in WI38 cells at an MOI of 2;
however, an almost 500-fold increase in the Ad genome
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Figure 1. Replication of the conventional TRAD in WI38 cells. WI38 celis
were infected with the conventional TRAD at an MOI 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 data on
day 0. The data are shown as the means + SD {n = 3).
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was found 3 days after infection at an MOT of 10. These data
indicate that the conventional TRAD replicates in normal
human cells at a high MOT, even though tumor-specific
hTERT promoters are used for the E7 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 (R1-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 comresponding 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
H129 and H1299 cells were higher than those in the
normal cells, although HepG2 cells expressed lower levels
oflet-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 NHLE,
NHep, and HepG2 cells (data not shown).

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

Next, to develop TRADs carrying a miRNA-regulated E7
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 ET gene
expression cassette (Fig. 3A), Tn TRADs, the ETA gene was
connected with the ETB 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, $1), although it remains controversial
whether miRNA-mediated posttranscriptional regulation
can occur in an TRES-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.

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

‘T'o 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-1431,
-145T, and -199al at 3 days after infection, although cell
lysis by TRAD-let7aT was largely inhibited (Fig. 3B).
Purthermore, 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 MO1 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''RADs in
the tumor cells by determining the viral genome copy
numbers. TRAD-1431, -1451; and -199a7 efficiently repli-
cated in the tumor ¢ells, and the viral genome copy num-
bers of TRAD-1431, -1451, and -199a¥ in the tumor cells
were more than 500-fold higher than those in the normal
cells (data not shown). In addition, TRAD-1431, -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 E1IA 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-let7al" 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 £1 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
-1994T 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- o 300-fold reduction
in the genome copy numbers of TRAD-1431, -145T, and
-199aT was also observed in NHLF and PrSC. 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 SALC
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-19%a 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-miR1" than after infection with the conventional
TRAD (Fig. 4B). These results suggest that the suppression
of TRAD replication by insertion of the miRNA comple-
mentary 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 3. Replication and oncolytic activity of TRADs containing the
miRNA complementary sequences in the tumor celis. A, a schematic
diagram of a TRAD ining the miRNA-~regulated E7 gene it
system. ITR: inverted terminal repeat. B, crystal violet analysis of the
cytopathic effects of TRADs in the tumor cells. The celis were infected with
the TRADs at an MO of 2 for 2 hours, Three days after infection. the cealis
were stained with crystal violet. The results are reprasentative of at least 2
i i G, ti study of the tumor celi lysis
activity of TRADs by Alamar blue assay. The cells were infected with the
TRADs at an MOl 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

ized by the data of th i TRAD group. E, the E1A mRNA
fevels in H1299 cells 24 hour after infection with the TRADs. The cells were
infected with the TRADSs at an MO! 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 (0 = 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-miRI 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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Figure 4. Reduced replication of
TRADs in nomal 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 virat genome
copy numbers were determined
by real-time PCR. B, time-course
study of the nomnal human celt
viabilities after infection with
TRADs by Alamar blue assay. The
cells were infected with the TRADs
at an MOI of 10 for 2 hours, At the
indicated time paints, the.viability
of the cells was analyzed by
Alamar blue assay. The data were
nommalized by the data of the
mock-infected group. C,
restoration of TRAD replication in
hurman nommal cells by 2'-0-
methylated antisense
oligonuclectides. The cells were
transfected with 50 nmol/L of 2'-
O-methylated antisense
oligonucieotides for miR-143 or
~199a. Twenty-four hours after
transfection, the cells were
infected with the TRADs at an MO!
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 celis. The cells were
infected with the TRADs at an MOI
of 10 for 1.5 hours. Twenty-four
hours afterinfection, the E1 mRNA
levels were determined by real-
time RT-PCR. The data was
nommalized by the data of the
conventional TRAD group. All the
data are shown as the means =
8D {n — 3-4). %, P < 0.05;

*, P < 0.008.
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E1A expression by TRAD-miRT in normal cells

To determine whether incorporation of the miRNA
complementary sequences into the ET gene éxpression
cassette decreases-the E7 mRNA levels in normal human
cells, real-time RT-PCR analysis for the E1A mRNA levels
wascarried out. The ETA 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-miRY, indicating
that miRNA-mediated reduction in the EI 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 TRADs 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 E7 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 PrSC (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

than miR-122a in NHep.. By contrast, insertion of both
miR-122a and miR-199a target sequences into the EI
gene expression cassetteefficiently 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 madel 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. S3). The LIA mRNA levels were
reduced for TRAD-122al and -122a/199al in NHep
(Fig. 5D). In addition, TRAD-122a/199aT efficienty
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 wmor cells, without altering the tumor
cell lysis activity. Currently, there is no appropriate animal
modet 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 ET 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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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 teplication 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. Lo prevent the
replicadon 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 ETA mRNA Jevels 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 efficientatsuppressing 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/1994aT exhibited more than 10-fold
reduction in the replication in all the normal cells except
for SALC, although insertion of target sequences for miR-
122a or miR-199a alone failed to suppress the replication of
‘I'RADs in either of the normal cells. Furthermore, TRAD-
122217199al 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-122a17199al 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
RNAY) 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 TRADs.

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 camying let-7a target
sequences efficienty replicated in A549 cells (38). How-
ever, our data showed that cancer cell lines other than
Hep(2 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-7c, 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 £1A mRNA levels were reduced
by approximately 30% to 50% for TRAD-143T, -1451, and
-199al, 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 LIA 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 MOJ 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 (MO1 10) of oncolytic Ad would infect organs
distal from the injection points in clinical trials; however,
normal cells around the injection poiiits 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 B4 proteins, affects the cellular
functions via various mechanisms (39-41). This study
indicates that inclusion of an miRNA-regulated E1 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 £ gene
expression is controiled 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. Fuithermore, incorporation of
both miR-199a and miR-122a target sequences significanty
suppressed the replication in all human primary cells exam-
ined, including hepatocytes. TRAD-miRT has enhanced both
the safety profiles and comparable tumor cell Iysis activity to
the parental TRAD, suggesting that TRAD-miRT offers great
potential for the treatment of tumors.
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Introduction

There are two distinct endoderm lincages in early embryogen-
esis, the extraembryonic endoderm (ExEn) and the definitive
endoderm (DE). The first of these lineages, the ExEn plays crucial
roles in mammalian development, although it does not contribute
to the formation of body cells. In early embryogenesis, a part of the
inner cell mass of the blastocyst differentiates into the primitive
endoderm (PrE). The PrE differentiates into the ExEn that
composes the parictal endederm, which contributes to the primary
yolk sac, and the visceral endoderm, which overlies the epiblast
[1,2]. In contrast, the second of the endoderm lineages, the DE
arises from the primitive streak (PS), which is called the
mesendoderm [3]. The DE has the ability to differentiate into
the hepatic and pancreatic tissue 4].

The establishment of human embryonic stem cells (ESCs) [5}
and human induced pluripotent stem cells (iPSCs) {6,7] has
opened up new opportunities for basic research and regenerative
medicine. To exploit the potential of human ESCs and iPSCs, it is

PLoS ONE | www.plosone.org

necessary to understand the mechanisms of their differentiation.
Although growth factor-mediated ExEn or DE differentiation is
widely performed, it leads to a heterogeneous population
[8,9,10,11]. Several studies have utlized not only growth factors
but also modulation of transcription factors to control downstream
signaling cascades [10,12,13]. Sox17, an Sry-related HMG box
transcription factor, is required for development of both the ExEn
and DE. In mice, during ExEn and DE development, Sox17
expression is first observed in the PrE and in the anterior PS,
respectively [14]. Previous study showed that stable Sox17
overexpression promotes ExEn differentiation from mouse ESCs
[12]. On the other hand, another previous study has demonstrated
that DE progenitors can be established fom human ESCs by
stable expression of SOXI17 [10]. The mechanism of these
discrepancies which occurs in SOX17 transduction still remains
unknown. Also, the role of SOX17 in human ExEn differentiation
still remains unknown. Therefore, it is quite difficult to promote
directive differentiation into either ExEn or DE cells by SOX17
transduction.

July 2011 | Volume 6 | issue 7 | e21780
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Figure 1. Efficient ExEn differentiation from human ESC- and iPSC-derived PrE cells by SOX17 transduction. (A,,D) Undlfferenuated
human ESCs (H9) and BMP4-induced human ESC-derived cells, which were cultured with the medium’ containing BMP4 (20 ng/rnl) for0,1,2,3,and 4
days, were transduced with 3,000 VP/cell of Ad-SOX17 for 1.5 h. Ad-SOX17-transduced cells were cultured with 20 ng/mi of BMP4, and then the gene
expression levels of (A} the ExEn markers{(AFP, GATA4, LAMB1, and SOX7), (B) the trophectoderm markers (CDX2, GATA2, hCGa, and hCGB), (C) the
pluripotent marker (NANOG), and (D) the DE marker (GSC) were examined by real-time RT-PCR on day 5 of differentiation. The horizontal axis
represents the day on which the cells were transduced with Ad-SOX17. The expression levels of undifferentiated human ESCs on day 6 were defined
1.0. (E) On day 1, human ESC-derived PrE cells, which were cultured with the medium containing BMP4 for 1.day, were transduced with Ad-LacZ or
Ad-SOX17 and cultured until day 5. The ExEn cells were subjected to immunostaining with anti-AFP or anti-SOX7 antibodies, and then analyzed by
flow cytometry. (F) After Ad-LacZ or Ad-SOX17 transduction, the efficacies of ExEn differentiation from the human ES cell line (H9) and the three
human iPS cell lines (201B7, Dotcom, and Tic) were compared on day 5 of differentiation. All data are represented as the means=5SD (n=3).

doi:10.1371/journal.pone.0021780.g001

In this study, we utilized SOX17 as a stage-specific regulator of
ExEn and DE differentiation from human ESCs and iPSCs. The
human ESC- and iPSC-derived cells were transduced with
SOX17-expressing adenovirus vector (Ad-SOX17), and the
resulting phenotypes were assessed for their ability to differentiate
into ExEn and DE cells i vitro. In addition, we examined whether
SOX17-transduced cells have the ability to differentiate into the
hepatic lineage. The results showed that stage-specific overexpres-
sion of the SOXI7 transcription factor promotes directive
differentiation into either ExEn or DE cells.

Results

The induction of human ESC-derived PrE cells and
human ESC-derived mesendoderm cells

To determine the appropriate stage for SOX17 transduction,
ExEn or DE cells were differentiated from human ESCs by a

conventional method using BMP4 (20 ng/ml) or Activin:A-

(100 ng/ml), respectively (Figures 81 and S2). Experiments for
bidirectional differentiation using BMP4 and Activin A indicated
that PrE cells were obtained on day 1 (Figure S1) and mesendoderm

B PLoS ONE | www.plosone.org

cells were obtained on day 3 (Figure S2). We expected that
stage-specific SOX17 transduction into PrE cells or mesendoderm
cells could promote ExEn or DE differentiation, because the time
period of intiation of SOX17 expression was correlated with the
time pcnod of formation of PrE cells (dz.y 1y (Flgure S1C) and
mesendoderm cells (day 3) (Figure S2C), respectively.

PrE stage-specific SOX17 overexpression promotes
directive ExEn differentiation from human ESCs

To examine the effect of forced and transient expression of
SOX17 on the differentiation of human ESC- and iPSG-derived
cells, we used a fiber-modified adenovirus (Ad) vector containing
the EF-1o promoter and asstretch of lysine residues (KKKKKKK,
K7) peptides in the C-terminal region of the fiber knob. The K7
peptide targets heparan sulfates on the cellular surface, and the
fiber-modified Ad vector containing the K7 peptides has been

“shown to be efficient fer transducuon into many kinds of cells

[15,16].

Because the time penod of initiation of SOX17 expression was
correlated with the time period of formation of PrE cells (day 1)
(Figure S1), we expected that stage-specific SOX17 transduction
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into PrE cells would promote ExEn differentiation. Therefore, we
examined the stage-specific role of SOX17 in ExEn differentia-
tion. Ad-SOX17 transduction was performed in human ESCs
treated with BMP4 for 0, 1, 2, 3, or 4 days, and the Ad-SOX17-
transduced cells were cultured with medium containing BMP4
until day 5 (Figures 1A~1D). We confirmed the expression of
exogenous SOX17 in the human ESC-derived mesendoderm cells
transduced with Ad-SOX17 (Figure $3). Since BMP4 is known for
its capability to induce both ExEn and trophectoderm [8,9], we
analyzed not only the expression levels of ExEn markers but also
those of trophectoderm markers by real-time RT-PCR after 5 days
of differentiation (Figures 1A and 1B). The transduction of Ad-
SOX17 on day 1 led to the highest expression levels of ExEn
markers, alpha-fetoprotein (AFP), GATA4, laminin Bl (LAMB1),
and SOX7 [17,18,19]. In contrast, the expression levels of the
trophectoderm markers CDX2, GATA2, hCGo (human chorionic
gonadotropin), and hCGP [20] were down-regulated in Ad-
SOX17-transduced cells as compared with non-transduced cells
(Figure 1B). The expression levels of the pluripotent marker
NANOG and DE marker GSC were not increased by SOX17
transduction (Figures 1C and 1D). We confirmed that there were
no differences between non-transduced cells and Ad-LacZ-
transduced cells in gene expression levels of all the markers
investigated in Figures 1A~1D (data not shown). Therefore, we
concluded that ExEn cells were efficiently induced from Ad-
SOX17-transduced PrE cells.

The effects of SOX17 transduction on the ExEn differentiation
from human ESC-derived PrE. cells were also assessed by
quantifying’ AFP- or SOX7-positive ExEn cells. The percentage
of AFP-"or SOX7-positive cells was significantly increased in Ad-
SOX17-transduced cells (69.7% and 63.3%, respectively)
(Figure 1E). Similar results were -observed in the human iPS cell
lines (201B7, Dotcom, and Tic) (Figure 1F). These findings
indicated that stage-specific SOX17 overexpression in human
ESC-derived PrE cells enhances ExEn differentiation.

Mesendoderm stage-specific SOX17 overexpressmn
promotes directive DE differentiation from human ESC
To examine the effects of transierit SOX 17 overexptessi

DE differentiation from human ESCs, we ‘optimized the tim g
of the Ad-SOX17 transduction.. Ad-SOX17. transduction was "
performed in human ESCs treated with Activin A (100, ng/ml) -

for 0, 1, 2, 3, or 4 days, and'the Ad-SOX17-transduced cells.
were cultured with mediuim containing Activin A (100, ng/ml)
until day 5 (Figures 2A-2C). Using a fiber-modified

both undifferentiated human ESCs and Activin A-
human ESC-derived cells were efficiently transduced (Figure
S4). The transduction of SOX17 on day 3 led to the highest
expression levels of the DE markers FOXA2 [21], GSC {22],
GATA4 [17], and HEX [23] (Figure 2A). In contrast to the DE
markers, the expression levels of the pluripotent marker
NANOG [24] were down~regulated in Ad-SOX17-transduced
cells as compared with non-transduced cells (Flgurc 2B). The
expression levels of the ExEn marker SOX7 [14] were up-
regulated, when Ad-SOXI17 transduction was performed into
human ESCs treated with Activin A (100 ng/ml) for 0, 1, or 2
days (Figure 2C). On the other hand, the expression levels.of the
ExEn marker SOX7 were significantly down-regulated, when
Ad-SOX17 transduction was performed into human ESCs
weated with Activin A (100 ng/ mi) for 3 or 4 days, indicating
that SOX17 overexpression prior to mesendoderm formation
(day 0, 1, and 2) promoted not only DE differentiation but also
ExEn differentiation. Similar results were obtained with the
human iPS cell line (Tic) (Figure S5). Although the expression
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levels of the mesoderm marker FLK1 [25] did not exhibit any
change when Ad-SOX17 transduction was performed into
human ESCs treated with Activin A (100 ng/ml) for 0, 1, or 2
days (Figure 2D), their expression levels were significantly down-
regulated when Ad-SOX17 transduction was performed into
human ESCs treated with Activin A (100 ng/ml) for 3 or 4 days.
These results suggest that SOX17 overexpression promotes
directive differentiation from mesendoderm cells into the DE
cells, but not into mesoderm cells, We also confirmed that Ad-
vector mediated gene expression in the human ESC-derived
mesendoderm cells (day 3) continued until day 6 and
disappeared on day 10 (Figure $6). SOX17 transduction in
the human ESC-derived cells on day 3 and 4 had no effect on
cell viability, while that in the cells on day 0, 1, and 2 resulted in
severely impaired cell viability (Figure S7), probably because
SOX17 transduction directed the cells on day 0, 1, and 2 to
differentiate into ExEn cells but the medium containing Activin
A (100 ng/ml) was inappropriate for ExEn cells. We confirmed
that there were no differences between non-transduced cells and
Ad-LacZ-transduced cells in gene expression levels of all the
markers investigated in Figures 2A-2D (data not shown). These
results indicated that stage-specific SOX17 overexpression in
human ESC-derived mesendoderm cells is essential for promot-
ing efficient DE differentiation.

It has been previously reported that human ESC-derived
mesendoderm cells and DE cells became CXCR4-positive
(>80%) by culturing human ESCs with Activin A (100 ng/ml)
{26). However, Activin A is not sufficient for homogenous
differentiation of c-Kit/CXCR4-double-positive DE cells [10,11]
or HEX-positive ariterior DE cells [23]. Seguin et al. and
Morrison et al, reported that the differentiation efficiency of c-
Kit/ CXCR4-double-positive DE cells was approximately 30% in
the absence of stable Sox17 expression and that of HEX-positive
anterior DE cells was only about 10% {10,23]. Therefore, we

..next examined whether Ad-SOX17 transduction improves the

differentiation  efficiency of c:Kit/CXCR4-double-positive DE

.- cells and HEX-positive anterior' DE cells:-Human ESC-derived
: mesendoderm cells were transduced with Ad-SOX17, and the

‘CXCRUC-Klt-doublc ositive cells was analyzed by
ow. cytometer. The ‘percentage of CXCR4/c-Kit-
ve cells was. significantly increased in Ad-SOX17-
Lransduced cells (67.7%), while that in Ad-LacZ-transduced cells
was only 22% (Figure 2E). The percentage of HEX-positive cells
“was also, signifi ca.ndy increased in. Ad-SOX17-transduced cells

(53, 7%) while that in Ad- LacZ-n'ansduccd cells was approxi-
- mately 11% (Figur¢ 2F), Si

ar results were also observed in the
otcom, and Tic) (Figure 2G).

-three hurtian iPS cell liries: (20

" These findinigs: mdu:ated that stage-specific SOX17 overexpres-

sion in human ESC-derived mesendoderm cells promotes
efficient differentiation of DE cells.

Ad-SOX17-transduced cells tend to differentiate into the
hepatic lineage

To investigate whether Ad-SOX17-transduced cells have the
ability to differentate into hepatoblasts and hepatocyte-like cells,
Ad-SOX17-transduced cells were differentiated according to our
previously described method [13]. Our previous report demon-
strated that transient HEX transduction efficiently generates
hepatoblasts from human ESC- and iPSC-derived DE cells. The
hepatic differentiation protocol used in this study is illustrated in
Figure 3A. After the hepatic differentiation, the morphology of
human ESCs transduced with Ad-SOX17 followed by Ad-HEX
was gradually changed into a hepatocyte morphology: polygonal
in shape with distinct round nuclei by day 18 (Figure 3B). We also
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Figure 2. Efficient DE differentiation from human ESC- and iPSC-derived mesendoderm cells by SOX17 transduction. (A-D)
Undifferentiated human ESCs (H9) and Activin A-induced human ESC-derived cells, which were cultured with the medium containing Activin A
{100 ng/ml} for 0, 1, 2,3, and 4 days, were transduced with 3,000 VP/cell of Ad-SOX17 for 1.5 h. Ad-SOX17-transduced cells were cultured with
100 ng/ml of Activin A, and the gene expression levels of (A) the DE markers (FOXA2, GSC, and GATA4) and anterior DE marker (HEX), (B) the
pluripotent marker (NANOG), (C) the ExEn marker (SOX7), and (D) the mesoderm marker (FLK1) were examined by real-time RT-PCR on day 5 of
differentiation. The horizontal axis represents the day on which the cells were transduced with Ad-SOX17. The expression levels of human ESCs on
day 0 were defined 1.0.:(E, F) After human ESCs were cultured with 100 ng/mi of Activin A for 3 days, human ESC-derived mesendoderm cells were
transduced with Ad-LacZ or Ad-SOX17 and cultured until day 5. Ad-LacZ- or Ad-SOX17-transduced DE cells were subjected to immunostaining with
anti-c-Kit, anti-CXCR4 (E) and anti-HEX antibodies (F):and then analyzed by flow cytometry. (G} After Ad-LacZ or Ad-SOX17 transduction, the DE
differentiation efficacies of the human ES cell line (H9) and three human iPS cell lines (20187, Dotcom, and Tic) were compared at day 5 of
differentiation. All data are d as the £5D (n=3).

doi:10.1371/journal.pone.0021780.g002

examined hepatic gene and protein expression levels on dayl8 of Discussion

differentiation. For this purpose, we used a human ES cell line

(H9) and three human iPS cell lines (201B7, Dotcom, Tic). On day The directed differentiation from human ESCs and iPSCs is a
18 of differentiation, the gene and protein expression analysis useful model system for studying mammalian development as well as
showed up-regulation of the hepatic markers albumin (ALB) [27], a powerful tool for regenerative medicine [29]. In the present study,
cytochrome P450 2D6 (CYP2D6), CYP3A4, and CYP7AIL [28] we elucidated the bidirectional role of SOX17 on either ExEn or DE
mRNA and ALB, CYP2D6, CYP3A4, CYP7AI, and cytokeratin differentiation from human ESCs and iPSCs. We initially confirmed
(CK)18 proteins in both Ad-SOX17- and Ad-HEX-transduced  that initiadon of SOX17 expression was consistent with the time
cells transduced cells as compared with both Ad-LacZ- and Ad-  period of PrE or mesendoderm cells formation (Figures 81 and $2).
HEX-transduced cells (Figures 4¢A and 4B). These results indicated ~ We speculated that stage-specific ransient SOX17 transduction in
that Ad-SOX17-transduced cells were more committed to the PrE or mesendoderm could enhance ExEn or DE differentiation
hepatic lineage than non-transduced cells. from human ESCs and iPSCs, respectively.
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Figure 3. Hepatic Differentiation of Human ESC- and iPSC-Derived DE Cells Transduced with Ad-HEX. (A) The procedure for
differentiation of human ESCs and iPSCs into hepatoblasts and hepatocyte-like cells.is presented schematically. Both hESF-GRO and hESF-DIF medium
were supplemented with 5 factors and 0.5 mg/ml fatty acid-free BSA, as described in the Materials and Methods section. (B) Sequential
morphological changes {day 0-18) of human ESCs (H9) differentiated into hepatocyte-like cells via the DE cells and the hepatoblasts are shown. The

scale bar represents 50 pm.
doi:10.1371/journal.pone.0021780.g003

SOX17 transduction at the pluripotent stage promoted random
differentiation giving heterogeneous populations containing both
ExEn and DE cells were obtained (Figures 2A~2C). Qu et al.
reported that SOX17 promotes random differentiation of mouse
ESCs into PrE cells and DE cells #n vitro [30], which is in consistent
with the present study. Previously, Niakan et al. and Seguin et al.
respectively demonstrated that ESCs could promote either ExEn
or DE differentiation by stable' SOX17 expression, respectively
[10,12]. Although these discrepancies might be attributable to
differences in the species used in the experiments {i.e., human
versus mice), SOX17 might have distinct functions according to
the appropriate differentiation stage. To elucidate these discrep-
ancies, we examined the stage-specific roles of SOX17 in ‘the
present study, and found that human ESCs and iPSCs could
differentiate into either ExEn or DE cells when SOX17 was
overexpressed at the PrE or mesendoderm stage, respectively, but
not when it was overexpressed at the pluripotent stage (Figures 1
and 2). This is because endogenous SOX17 is strongly expressed
in the PrE and primitive streak tissues but only slightly expressed
in the inner cell mass, our system might adequately reflect the
early embryogenesis [14,31].

In ExEn differentiation from human ESCs, stage-specific
SOX17 overexpression in human ESC-derived PrE cells promot-
ed efficient ExEn differentiation and repressed trophectoderm
differentiation (Figures 1A and 1B), although SOX17 transduction
at the pluripotent stage did not induce the efficient differentiation

@ PLOS ONE | www.plosone.org

of ExEn cells. In our protocol, the stage-specific overexpression of
SOX17 could elevate the efficacy of AFP-positive or SOX7-
positive ExEn differentiation from human ESCs and iPSCs. The
reason for the efficient ExEn differentiation by SOX17 transduc-
tion might be due to the fact that SOX17 lies downstream from
GATAG and directly regulates the expression of GATA4 and
GATA6 [12]. Although it was previously been reported that
Sox17 plays a substantial role in late-stage differentiation of ExEn
cells 7z vitro [32], those reports utilized embryoid body formation,
in which other types of cells, including endoderm, mesoderm, and
ectoderm cells, might have influences on cellular differentiation.
The present study showed the role of SOX17 in a homogeneous
differentiation system by utilizing a mono-layer culture system.
In DE differentiation from human ESCs, we found that DE cells
were efficiently differentiated from the human ESC-derived
mesendoderm cells by stage-specific SOX17 overexpression
(Figure 2). Therefore, we concluded that SOX17 plays a
significant role in the differentiation of mesendoderm celis to DE
cells. Although SOX17 overexpression before the formation of
mesendoderm cells did not affect mesoderm differentiation,
SOX17 transduction at the mesendoderm stage selectively
promoted DE differentiation and repressed mesoderm differenti-
ation (Figures 2A and 2D). These results show that SOX17 plays a
crucial role in decision of DE differentiation from mesendoderm
cells, as previous studies suggested [33,34]. Interestingly, SOX17
transduction at the pluripotent stage promoted mot only DE
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Figure 4. Characterization of hepatocyte-like cells from human ESC- and IPSC-derived DE cells. (A) The Ad-LacZ-transduced cells and Ad-
SOX17-transduced cells were transduced with 3,000 VP/cell of Ad-HEX for 1.5 h on day 6. On day 18 of differentiation, the levels of expression of the
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immunohistochemistry on day 18 of differentiation. Nuclei were counterstained with DAPI (blue). The scale bar represents 50 ym.

doi:10.1371/journal.pone.0021780.g004

differentiation but also ExEn differentiation even in the presence
of Activin A (Figures 2A and 2C), demonstrating that transduction
at an inappropriate stage of differentiation prevents directed
differentiation. These results suggest that stage-specific SOX17
transduction mimicking the gene expression pattern in embryo-
genesis could selectively promote DE differentiation.

Another important finding about DE differentiation is that the
protocol in the present study was sufficient for nearly homoge-
neous DE and anterior DE differentiation by mesendoderm stage-
specific SOX17 overexpression; the differentiation efficacies of c-
Kit/CXCR4-double-positive DE cells and HEX-positive anterior
DE cells were approximately 70% and 54%, respectively
(Figures 2E and 2F). The conventional differentiation protocols
without gene transfer were not sufficient for homogenous DE and
anterior DE differentiation; the differentiation efficacies of DE and
anterior DE were approximately 30% and 10%, respectively
[10,11,23]. One of the reasons for the efficient DE differentiation
by SOX17 transduction might be the activation of the FOXA2
gene which could regulate many endoderm-associated genes [35].
Moreover, SOX17-transduced cells were more committed to the
hepatic lineage (Figure 4). This might be because the number of
HEX-positive anterior DE cell populations was increased by

@ PLoS ONE | www.plosone.org

SOX17 transduction. Recent studies have shown that the
conditional expression of Sox17 in the pancreas at E12.5, when
it is not normally expressed, is sufficient to promote biliary
differentiation at the expense of endocrine cells [36]. Therefore,
we reconfirmed that our protocol in which SOX17 was transiently
transduced at the appropriate stage of differentiation was useful for
DE and hepatic differentiation from human ESCs and iPSCs.

Using human iPSCs as well as human ESCs, we confirmed that
stage-specific overexpression of SOX17 could promote directive
differentiation of either ExEn or DE cells (Figures 1F, 2G, and
4A). Interestingly, a difference of DE and hepatic differentiation
efficacy among human iPS cell lines was observed (Figures IF and
2G). Therefore, it would be necessary to select a human iPS cell
line that is suitable for hepatic differentiation in the case of medical
applications, such as liver transplantation.

To control cellular differentiation mimicking embryogenesis, we
employed Ad vectors, which are one of the most efficient transient
gene delivery vehicles and have been widely used in both
experimental studies and clinical trials [37]. Recently, we have
also demonstrated that ectopic HEX expression by Ad vectors in
human ESC-derived DE cells markedly enhances the hepatic
differentiation [13]. Thus, Ad vector-mediated transient gene

July 2011 | Volume 6 | issue 7 | e21780

transfer should be a powerful tool for regulating cellular
differentiation.

In summary, the findings presented here demonstrate a stage-
specific role of SOX17 in the ExEn and DE differentiation from
human ESCs and iPSCs (Figure $8). Although previous reports
showed that SOX17 overexpression in ESCs leads to differenti-
ation of either ExEn or DE cells, we established a novel method to
promote directive differentiation by SOX17 transduction. Because
we utilized a stage-specific overexpression system, our findings
provide further evidence that the lineage commitment in this
method seems to reflects what is observed in embryonic
development. In the present study, both human ESCs and iPSCs
(3 lines) were used and all cell lines showed efficient ExEn or DE
differentiation, indicating that our novel protocol is 2 powerful tool
for efficient and cell line-independent endoderm differentiation.
Moreover, the establishing methods for efficient hepatic differen-
tiation by sequential SOX17 and HEX transduction would be
useful for #n vitro applications such as screening of pharmacological
compounds as well as for regenerative therapy.

Materials and Methods

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 [38] and cultured as we previously reported.
hESF9 consists of hESF-GRO medium (Cell Science & Technol-
ogy Institute) supplemented with 5 factors (10 pg/ml human
recombinant insulin, 5 pg/ml human apotransferrin, 10 uM 2-
mercaptoethanol, 10 uM ethanolamine, and 10 pM sodium
selenite), oleic acid conjugated with fatty acid free bovine albumin,
10 ng/ml FGF2, and 100 ng/ml heparin (all from Sigma).

To induce, ExEn cells, human ESCs and iPSCs were: cultured
for 5 days on a gelatincoated plate in mouse embryonic
conditioned-medium suppl d with 20 ng/ml BMP4 (R&D
system) and 1% FCS (GIBCO-BRL).

The differentiation protocol for induction of DE cells,
hepatoblasts, and hepatocyte-like cells was based on our previous
report with some modifications [13]. Briefly, in DE differentiation,
human ESCs and iPSCs were cultured for 5 days on a Matrigel
(BD)-coated plate in hESF-DIF medium (Cell Science &
Technology Institute) supplemented with the above-described 5
factors, 0.5 mg/ml BSA, and 100 ng/ml Activin A (R&D
Systems). For induction of hepatoblasts, the DE cells were
transduced with 3,000 VP/cell of Ad-HEX for 1.5 h and cultured
in hESF-DIF (Cell Science & Technology Institute) medium
supplemented with the above-described 5 factors, 0.5 mg/ml BSA,
10 ng/ml bone morphology protein 4 (BMP4) (R&D Systems),
and 10 ng/ml FGF4 (R&D systems). In hepatic differentiation, the
cells were cultured in hepatocyte culture medium (HCM)
supplemented with SingleQuots (Lonza), 10 ng/ml hepatocyte
growth factor (HGF) (R&D Systems), 10 ng/ml Oncostatin M
(OsM) (R&D Systems), and 107’ M dexamethasone (DEX)
(Sigma).

Human ESC and iPSC Culture

A human ES cell line, H9 (WiCell Research Institute), was
maintained on a feeder layer of mitomycin C-treated mouse
embryonic fibroblasts (Millipore) with Repro Stem (Repro CELL),
supplemented with 5 ng/ml fibroblast growth factor 2 (FGF2)
(Sigma). Human ESCs were dissociated with 0.1 mg/ml dispase
(Roche Diagnostics) into small clumps, and subcultured every 4 or
5 days. Two human iPS cell lines generated from the human
embryonic lung fibroblast cell line MCR5 were provided from the
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JCRB Cell Bank (Tic, JCRB Number: JCRB1331; and Dotcom,
JCRB Number: JCRB1327) [39,40]. These human iPS cell lines
were maintained on a feeder layer of mitomycin C-treated mouse
embryonic fibroblasts with iPSellon (Cardio), supplemented with
10 ng /ml FGF2. Another human iPS cell line, 201B7, generated
from human dermal fibroblasts (HHDF) was kindly provided by Dr.
S. Yamanaka (Kyoto University) [6]. The human iPS cell line
201B7 was maintained on a feeder layer of mitomycin C-treated
mouse embryonic fibroblasts with Repro Stem (Repro CELL),
supplemented with 5 ng/ml FGF2 (Sigma). Human iPSCs were
dissociated with 0.1 mg/ml dispase (Roche Diagnostics) into small
clumps, and subcultured every 5 or 6 days.

Adenovirus (Ad) Vectors

Ad vectors were constructed by an improved n witro ligation
method [41,42]. The human SOXI17 gene (accession number
NM_022454) was amplified by PCR using primers designed to
incorporate the 5" BamHI and 3’ Xbal restriction enzyme sites:
Fwd' 5’-gcagggatccagegecatgageageeegg-3' and Rev 5'-cttctaga-
gatcagggacctgtcacacgtc-3'. The human SOX17 gene was inserted
into pcDNA3 (Invitrogen), resulting in pcDNA-SOX17, and then
the human SOX17 gene was inserted into pHMEF5 {15}, which
contains the human EF-lo promoter, resulting in pHMEF-
SOX17. The pHMEF-SOX17 was digested with I-Ceul/PI-Scel
and ligated into I-Ceul/PI-Scel-digested pAdHM41-K7 [16],
resulting in pAd-SOX17. The human elongation factor-1a. (EF-
1a) promoter-driven LacZ- or HEX-expressing Ad vectors, Ad-
LacZ or Ad-HEX, were constructed previously. [13,43]. Ad-
SOX17, Ad-HEX, and Ad-LacZ, which contain a stretch of lysine
residue (K7) peptides in the C-terminal region of the fiber knob for
more efficient transduction of human ESCs, iPSCs, and DE cells,
were generated and purified as described previously [13,15,43].
The vector particle (VP) titer was determined by using a
spectrophotometric method [44].

Flow Cytometry

Single-cell suspensions of human ESCs, iPSCs, and their
derivatives were fixed with methanol at 4°G for 20 min, then
incubated with the primary antibody, followed by the secondary
antibody. Flow cytometry analysis was performed using a FACS
LSR Fortessa flow cytometer (Becton Dickinson).

RNA Isolation and Reverse Transcription-Polymerase
Chain Reaction (RT-PCR)

Total RNA was isolated from human ESCs, iPSCs, and their
derivatives using ISOGENE (Nippon Gene) according to the
manufacture’s instructions. Primary human hepatocytes were
purchased from CellzDirect. ¢cDNA was synthesized using
500 ng of total RNA with a Superscript VILO ¢DNA synthesis
kit (Invitrogen). Real-time RT-PCR was performed with Tagman
gene expression assays (Applied Biosystems) or SYBR Premix Ex
Taq (TaKaRa) using an ABI PRISM 7000 Sequence Detector
(Applied Biosystems). Relative quantification was performed
against a standard curve and the values were normalized against
the input determined for the housekeeping gene, glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). The primer sequences used
in this study are described in Table S1.

Immunohistochemistry

The cells were fixed with methanol or 4% PFA. After blocking
with PBS containing 2% BSA and 0.2% Triton X-100 (Sigma), the
cells were incubated with primary antibody at 4°C for 16 h,
followed by incubation with a secondary antibody that was labeled
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with Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen) at room
temperature for 1 h. All the antibodies are listed in Table S2.

Crystal Violet Staining

The human ESC-derived cells that had adhered to the wells
were stained with 200 pl of 0.3% crystal violet solution at room
temperature for 15 min. Excess crystal violet was then removed
and the wells were washed three times. Fixed crystal violet was
solubilized in 200 pl of 100% ethanol at room temperature for
15 min. Cell viability was estimated by measuring the absorbance
at 595 nm of each well using a microtiter plate reader (Sunrise,
Tecan).

LacZ Assay

The human ESC- and iPSC-derived cells were transduced with
Ad-LacZ at 3,000 VP/cell for 1.5 h. After culturing for the
indicated number of days, 5-bromo-4-chloro-3-indolyl f-D-
galactopyranoside (X-Gal) staining was performed as described
previously [15].

Supporting Information

Table S1 List of Tagman probes and primers used in
this study.

(DOC)

Table 82 List of antibodies used in this study.

(DOC)

Figure 81 PrE cells formation from human ESCs on day
1 of differentiation. (A) The procedure for differentiation of
human ESCs and iPSCs to ExEn cells by treatment with BMP4
(20 ng/ml) is presented schematically. (B) Human ESCs (H9) were
morphologically changed during ExEn differentiation; when
human ESCs were culturéd with the medium containing BMP4
(20 ng/ml) for 5 days, thc cclls  began

(blue). The scale bar represems 50 Hme
(PDF)

Figure 52 M
ESCs on day 3 of differentiation. {A) The procedure for
differentiation of human ESCs and iPSCs to DE cells by treatment
with Activin A (100 ng/ml) is presented schematically. hESF-GRO
medium was supplemented with 5 factors and 0.5 mg/ml fatty acid
free BSA, as described in the Materials and Methods. (B) Human
ESCs (H9) were morphologically changed during DE differentia-
tion; when human ESCs were cultured with the medium containing
Activin A (100 ng/ml) for 5 days, the morphology of the cells began
to show visible cell-cell boundaries. The scale barrepresents 50-ym.
(C-E) The tTemporal protein expression analysis during DE
differentiation was performed by immunohistochemistry. The
anterior PS markers FOXA2 [21] (red), GSC [22] (red), and
SOX17 [14] (red) were adequately detected on day 3. The PS
marker T [45] (red) was detected until day 3. In contrast to the PS
markers, the expression of the pluripotent marker NANOG [24]
(green) declined between day 2 and day 3. Nuclei were
counterstained with DAPI (blue). The scale bar represents 50 pm.
(PDF)
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Figure 83 Overexpression of SOX17 mRNA in human
ESC (H9)-derived PS cells by Ad-SOX17 transduction.
Human ESC-derived PS cells (day 1) were transduced with
3,000VP/cell of Ad-SOX17 for 1.5 h. On day 3 of differentiation,
real-time RT-PCR analysis of the SOXI7 expression was
performed in Ad-LacZ-transduced cells and Ad-SOX17-trans-
duced cells. On the y axis, the expression levels of undifferentiated
human ESCs on day 0 waswere taken defined as 1.0. All data are
represented as the means®SD (n=3).

(PDF)

Figure S4 Efficient transduction in Activin A-induced
haman ESC (H9)-derived cells by using a fiber-modified
Ad vector ining the EF-1a pr . Undifferentiated
human ESCs and Activin A-induced human ESC-derived cells,
which were cultured with the medium containing Activin A
(100 ng/ml) for 0, 1, 2, 3, and 4 days, were transduced with 3,000
vector particles (VP)/cell of Ad-LacZ for 1.5 h. The day after
transduction, X-gal staining was performed. The scale bar
represents 100 pm. Similar results were obtained in two
independent experiments.

(PDF)

Figure 85 Optimization of the time period for Ad-
SOX17 transduction to promote DE differentiation from
human iPSCs (Tic). Undifferentiated human iPSCs and Activin
A-induced human iPSC-derived cells; which were cultured with
the medium containing Activin A (100 ng/ml) for 0, 1,2, 3, and 4
days, were transduced with 3,000 VP/cell of Ad-SOX17 for 1.5 h.
Ad-SOX17-transduced cells were cultured with Activin A
(100 ng/ml) ‘untl day 5, and then real-time RT-PCR analysis
was performed. The horizontal axis represents the day on which
the cells were transduced with Ad-SOX17. On the y axis, the
expression levels of undxﬁ'ercnuated cells on day 0 was were (aken

;Optimization of  the time:period for Ad-
SOX17 transduction into Activin A-induced human ESC
(H9)-derived cells. Undifferentiated human ESCs and Activin
A-induced hESC-derived cells, which were cultured with the
medium containing Activin A (100 ng/ml) for 0, 1, 2, 3, and 4
days, were transduced with 3,000 VP/cell of Ad-LacZ or Ad-
SOX17 for 1.5 h. Ad-SOX17-transduced cells were cultured with
Activin A (100 ng/ml) until day 5, then the cell viability was
evaluated with crystal violet staining. The horizontal axis
represents the day on which the cells were transduced with Ad-
SOX17. On the y axis, the level of non-transduced cells was taken
defined as 1.0. All:data are repn:sented as the means=SD (n=3).
(PDF)

Figure S8 Model of differentiation of human ESCs and
iPSCs into ExEn and DE cells by stage-specific SOX17
transduction. The ExEn and DE differentiation process is
divided into at least two stages. In the first stage, human ESCs
differentiate into either PrE cells by treatment with BMP4 (20 ng/
ml) or mesendoderm cells by treatment with Activin A (100 ng/
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mi). In the second stage, SOX17 promotes the further differen-
tiation of each precursor cell into ExEn and DE cells, respectively.
‘We have demonstrated that the efficient differentiation of these
two distinct endoderm lineages is accomplished by stage-specific
SOX17 transduction.

(PDF)

Acknowledgments

We thank Hiroko Matsumura and Misae Nishijima for their excellent
technical support. We thank Mr. David Bennett and Ms. Ong Tyng Tyng
for critical reading of the manuscript.

References

. Enders AC, Given RL, Schiake S (1978) Differentiation and migration of
eadoderm in the rat and mouse at implantation. Anat Rec 190: 65-77.
Gardner RL (1983) Origin and differentiation of extraembryonic tissues it the
mouse. Int Rev Exp Pathol 24: 63-133.

Grapin-Botton A, Constam D (2007) ‘Evolution of the isms and

[

©

Directive ExEn or DE Differentiation by SOX17

Author Contributions
Conceived and designed the expenmems K. Takayama MI K. Kawabata

- MFK HM. Perfc d the : K. Tal MI X. Tashiro.

Analyzed the data: K. Takayama MI K. Kawabata K. Tashiro K.
Katayama FS HM. Conrributed reagents/materials/analysis tools: K.
Kawabata K. Katayama FS TH MFK HM. Wrote the paper: K.
Takayama K. Kawabata HM.

23. Morrison GM, Oikonomopoulou I, Migucles RP, Soncji §, Livigui A, et al.
(2008) Anterior defiuitive endoderm from ESC reveals a role for FGF signuling.
Cell Stem Cell 3: 402415,

24, Misui K, Tnhxzn\vz ¥, Tioh H, Segawa K, Murakami M, et al. (2009) The

molecular control of endoderm formation. Mech Dev 124: 253-278.
4 Tom PP, Kunab-Azuma M, Kanai ¥ (2003) Early endoderm development in
lineage di ic function. Curr Opin

Genet Dev 13: 393400

Thomson JA, Ttskovitz-Eldor J, Shapiro $S, Waknitz MA, Swiergiel JJ, et al.

(1998} Embryonic stem cell lines derived from human blastocysts. Science 282:

1145~1147.

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, et al. (2007)

Induction of pluripotent stem cells from adult human fbroblasts by defined

factors. Cell 131: 861-872.

Yu J, Vodyanik MA, Smuga-Otio K, Antosiewicz-Bourget J, Frane JL, et al.

(2007) Induced pluripotent stem cell fines derived from human somatic cells.

Science 318: 1917-1920.

Xu RH, Chen X, Li DS, Li R, Addxc}.'. CC et A.\ (2002) BMT4 mmatcs human
stem cell di 20:

b4

L

bl

»

1261-1264.,

Pera MF, Andeade J, Houssami S, Reubinoff B, Trounson 4, et al. (2004)
of human embryonic stem cell fation by BMP-2 and its

antagonist noggin. J Cell Sci 117: 1269-1280,

Seguin CA, Dmpcr JS, Nagy A, Rossant J (2008) Esiablishinet of endoderm

factor in humaa stem

©

2

by §
cells. Cell Stem Cc].l 3:182-195.
. Gouon-Evans V, Boussemart L, Gadue P, Nierhoff D, Koehler CI, et al. (2006)
BMP-4 is required for hepatic specification of mouse cmbryonic stem cell-
derived definitive endoderm. Nat Biotechnol 24: 1402-1411.
Niakan KX, Ji H, Machr R, Vokes SA, Rodolfa KT, et al. (2010) Sox17
promotes d.xiﬁ:r:nu.mcn in mouse embryonic stem ccll\ by dm-.cdy regulating
ion and indirectly ing s 1. Genes

L

Dev 24: 51"-—3“6

. Inamura M, Kawabata K, Takayama K, Tashiro K, Sakurai F, et al. (2011)
Lfficient Generation of Hepatoblasts From Human ES Cells and iPS Cells by
Transient Overexpression of Homeobox Gene HEX, Mol Ther 18: 400-407.

14, Kanai-Azuma M, Kanai ¥, Gad JM, Tajima Y, Taya C, et al, (2002) Depletion
of defivitive gut endoderm in Sox17-null mutant mice. Development 129
2367-2379.

15, Kawabata K, Sakurai F, ¥ hi T, T, Mi: i H (2005)
Efficient gene transfer into mouse embryonic stem cells with adenovirus vectors.
Mol Ther 12: 547-554.

6. I\mznmz N, M.\zugucln H Umguch) l\ Watanabe Y, Hayal..nm T ("003)

15

vectors
p:pude_c in hn[h the HY ]onp and C terminus of the fiber knob. J Gene Med
5: 267-276.

. Fujikura J, Yamato E, Yonemura S, Hosoda K, Masui S, et . (2002)
Differcntiation of embryonic stem cells is induced by GATA factors. Genes Dev
16: 784-789.

18. Koutsourakis M, Langeveld A, Patient R, Beddingron R, Grosveld F (1999) The
transcription factor GATAS is essential for early extracmbryonic development.
Development 126: 723-732,

19. Morrisey EE, Tang Z, Sigrist K, Lu MM, Jiang F, etal. (1998) GATAG regulates
HNF4 and is required for differentiation of visceral endoderm in the mouse
embryo, Genes Dev 12: 3579-3580.

20, Kunath T, Strumpf D, Rossant J (2004) Early wophoblast determination and
stem cell maintenance in the mouse-—a review. Placenta 25 Suppl A: §32-38.

21, Susaki H, Hogan BL (1993) Differential expression of multiple fork head related
genes during gastrulation and axial pattern formation in the mouse embryo.
Development 118: 47-59.

922, Blum M, Gaunt §J, Cho KW, Steinbeisser H, Blumberg B, et al. (1992)
Gastrulation in the mouse: the role of the homeobox gene goosecoid. Cell 69:
1097-1106.

i~

. PLoS ONE | www.plosone.org

Nanog is required for maintenance of pluripotency in mouse
epiblast and ES cells. Cdl 113: 631-642,

25. Shaluby F, Rossant J, Yamaguchi TP, Gertsenstein M, Wu XF, et al. (1995)
Failure of blood-island formation and vasculogenesis in Fik-1-deficient mice.
Nawre 376: 62-66.

26. D’Amour KA, Agulnick AD, Elinzer S, Kelly OG, Kroon E, ct al. (2005)
Lfficient differentiation of human cmbryonic stem cells to definitive endoderm.
Nat Biotechnol 25: 15341541,

7. Shiojisi N (1984) The origin of intraheputic bile duct cells in the mouse.
J Embryol Bxp Morpho! 79: 25

28. Ingelman-Sundberg M, Oscarson M MeLellan RA (1999) Polymorphic human
cytochrome P450 enzymes: an opportunity for individualized drug treatment.
Trends Pharmacol Sci 20: 342-349.

29. Murry CE, Keller G (2008) Differentiation of cmbryomc stem cells to clinically
relevant ions: lessons from Cell 132: 661-680.

30. QuXB, Pan ], Zhing C, Huang SY (2008) Sox17 facilitates the differentiation of
‘mouse embryonic stem cells into primitive and definitive endoderm in vitro. Dev
Growth Differ 50: 585-593.

31. Sherwood R, Jitianu C, Cleaver O, Shaywitz DA, Lamenzo JO, et al. (2007)
Prospective isolation and global gene expression analysis of definitive and
visceral endoderm. Dev Biol 304: 541-555.

. Shimoda M, Kanai-Azuma M, Hara K, Miyazaki S, Kanai ¥, et al. (2007)

Sox17 plays a substantial role in lute-stage d.l.ﬂferennuunn of the extraembryonic

endoderm in vitro. J Cell Sci 120; 3859-3869.

Yasunaga M, Tada 8, Torikai-Nishikawa 8, Nakano Y, Okada M, et al. (2005)

Induction and monitoring of definitive and visceral endoderm differentiation of

mouse ES cells. Nat Biotechnol 23: 1542~1550.

Gadue P, Huber TL, Paddison PJ, Keller GM (2006) War and TGF-bew

signaling are required for the induction of an in vitro model of primitive streak

formation using embryonic stem cells. Proc Nat Acad Sci U § A 103:

16806-16811.

35. Levinson-Dushnik M, B isty N (1997) of h nuclear

factor 3 in endoderm differentiation of embryonic. stem cells. Mol Cell Biol 17:

3817-3822,

Spence JR, Lange AW, Lin SC, Kacsmer KH, Lowy AM, ct al. (2009) Sox17

regulates organ lineage of ventral foregut itor cells. Dev Cell

17: 62-74.

Mizuguchi H, Hayakawa T (2004) Targeted adenavirus vectors. Hum Gene

Ther 15: 10341044,

Furue MK, Na J, Jackson JP, Okamato T, Jones M, et al. (2008) Hepurin

promotes the growth of human embryonic stem cells in « defined serum-free

medium, Proc Nat Acad Sci U S A 105: 13409-13414.

39. Makmo H, Toyoda M, Mduumuto K, Saito H, Nishino K, ct al. (2009)

lete transition of human cells by chimeric

OCT4/3 (POU5FI) with physiological co-activator EWS. Exp Cell Res 315:

2727-2740.

Nagata §, Toyoda M, Yamaguchi S, Hirano K, Makino H, et al. (2009) Efficient

reprogramming of human and mouse primary extra-cmbryonic cells to

pluripotent stem cells, Genes Cells 14: 1395-1404.

Mizuguchi H, Kay MA (1998) Efficient construction of a recombinant

adenovirus vector by an improved in vitro ligation method. Hum Gene Ther

9: 2577-2583,

9. Mizuguchi H, Kay MA (1999) A simple method for constructing E1- and E1/

Td-deleted recombinant adenoviral vectors, Hum Gene Ther 10: 2013-2017.

43, Tashiro K, Kawabata K, Sakurai H, Kurachi S, Sakurai F, et al. (2008) Efficient
adenovirus vector-mediated PPAR gamma gene transfer into mouse embryoid
bodies promotes adipocyte differentiation. J Gene Med 10: 498-507.

44, Maizcl JV, Jr., Whitc DO, Scharff MD (1968) The polypeptides of adenovirus. L.
Evidence for multiple protein components in the virion and a comparison of
types 2, 7A, and 12, Virology 36: 115~125.

45. Wilkinson DG, Bhatt S, Herrmann BG (1990) Expression pattern of the mouse
T gene and its role in mesoderm formation. Natre 343: 657-659.

2
k<)

33,

&

3

-

36.

&

g

37.

38,

&

40.

3

41

s
S

July 2011 | Volume 6 | Issue 7 | €21780



Stem Cell Research (2012) 8, 300311

SHORT REPORT

Promotion of hematopoietic differentiation from
mouse induced pluripotent stem cells by transient
HoxB4 transduction

Katsuhisa Tashiro ?, Kenji Kawabata *'®, Miyuki Omori ®-°,
Tomoko Yamaguchi ®, Fuminori Sakurai ®, Kazufumi Katayama ®,
Takao Hayakawa ¢ ¢, Hiroyuki Mizuguchi - ¢-*

2 Laboratory of Stem Cell Regulation, National Institute of Biomedical Innovation, 7-6-8, Saito-Asagi, Ibaraki,

Osaka 567-0085, Japan

® Graduate School of Pharmaceutical Sciences, Osaka University, 1-6, Yamadaoka, Suita, Osaka, 565-0871, Japan

© Pharmaceutics and Medical Devices Agency, 3-3-2, Kasumigaseki, Chiyoda-Ku, Tokyo 100-0013, Japan

¢ Pharmaceutical Research and Technology Institute, Kinki University, 3-4-1, Kowakae, Higashi-Osaka, Osaka 577-8502, Japan
© The Center for Advanced Medical Engineering and Informatics, Osaka University, 1-6, Yamadaoka, Suita, Osaka, 565-0871, Japan

Received 25 April 2011; received in revised form 1 September 2011; accepted 5 September 2011
Availabte online 16 September 2011

Abstract  Ectopic expression of HoxB4 in embryonic stem (ES) cells leads to an efficient production of hematopoietic cells,
including hematopoietic stem/progenitor cells. Previous studies have utilized a constitutive HoxB4 expression system or tetracycline-
regulated HoxB4 expression system to induce hematopoietic cells from ES celts. However, these methods cannot be applied
therapeutically due to the risk of transgenes being integrated into the host genome. Here, we report the promotion of hematopoietic
differentiation from mouse ES cells and induced pluripotent stem (iPS) cells by transient HoxB4 expression using an adenovirus

(Ad) vector. Ad vector could mediate efficient HoxB4 expression in ES cell-derived embryoid bodies (ES-EBs) and iPS-EBs, and its
expression was decreased during cultivation, showing that Ad vector transduction was transient. A colony-forming assay revealed
that the number of hematopoietic progenitor cells with colony-forming potential in HoxB4-transduced cells was significantly
increased in comparison with that in non-transduced cells or-LacZ-transduced cells. HoxB4-transduced cells also showed more
efficient generation of CD41-, CD45-, or Sca-1-positive cells than control cells. These results indicate that transient, but not
constitutive, HoxB4 expression is sufficient to augment the hematopoietic differentiation of ES and iPS cells, and that our method
would be useful for clinical applications, such as cell transplantation therapy.

© 2011 Elsevier B.V. All rights reserved.
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Embryonic stem (ES) cells and induced pluripotent stem (iPS)
cells, each of which is derived from the inner cell mass of
blastocysts and somatic cells by transducing three or four
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transcription factors, respectively, can- differentiate into -

various types of cells in vitro. They are thus:considered as
a valuable model to understand the processes involved'in
the differentiation of lineage-committed cells as well as an
unlimited source of cells for therapeutic applications such
as hematopoietic stem/progenitor cell (HSPC) transptanta-
tion (Evans and Kaufman, 1981; Thomson et al., 1998; Kel-
ter, 2005; Takahashi and Yamanaka, 2006; Takahashi et al.,
2007).

Differentiation of ES and iPS cells into mature hematopoi-
etic cells, including erythrocytes, myeloid cells, and lym-
phoid cells, has been performed by embryoid body (EB)
formation or coculture with stromal cells (Nakano et al.,
1994; Chadwick et al., 2003; Schmitt et al., 2004; Vodyanik
et al., 2005). However, the development of an efficient dif-
ferentiation method for immature hematopoietic cells, in-
cluding HSPCs, from ES and iPS cells has been challenging.
Previously, Daley and his colleagues have shown that
enforced expression of HoxB4 in mouse ES cells by a retrovi-
rus vector robustly enhanced the differentiation of ES cells
into HSPCs in vitro, and these ES cell-derived HSPCs had a
long-term reconstitution potential in vivo (Kyba et al.,
2002; Wang et al., 2005). In addition, constitutive expres-
sion of HoxB4 was shown to induce the hematopoietic differ-
entiation from human ES cells (Bowles et al.; 2006). These
findings indicated that manipulation of HoxB4 expression
would be effective for production of HSPCs from ES and iPS
cells. However, it is known that long-term constitutive
HoxB4 expression in HSPCs has an inhibitory effect-on the
differentiation of certain hematopoietic lineages, such as
tymphoid cells and erythroid cells (Kyba et al., 2002; Pilat
et al., 2005), and can lead to a significant risk-of leukemo-
genesis in large animals (Zhang et al., 2008). Although a tet-
racycline-inducible HoxB4 expression’ system has been
utilized to overcome these unwanted effects, this gene ex-
pression system is complex, and cannot be directly applied
to therapeutic use. Foreign genes can be integrated into
the host chromosome in a stable. gene expression system
that includes a tetracycline-regulated system, and this
could cause an increased risk of cellular transformation (Li
et al., 2002; Hacein-Bey-Abina et al., 2003; Williams and
Baum, 2004). Therefore, to apply ES cell- and iPS cell-de-
rived HSPCs to clinical medicine, development of a simple
and transient HoxB4 transduction method in ES and iPS
cells is required.

We have utilized an adenovirus (Ad) vector as a tool for
transduction of functional genes into-stem cells, because Ad
vectors are relatively easy to construct, ‘can be produced at
high titers, and mediate efficient and transient gene expression
in both dividing and nondividing cells. We have demonstrated
that Ad vectors could efficiently transduce a foreign gene in
stem cells, including ES and iPS cells (Kawabata et al., 2005;
Tashiro et al., 2009, 2010). We also succeeded in promoting
the differentiation of osteoblasts, adipocytes, or hepatoblasts
from ES and iPS cells by Ad vector-mediated transient transduc-
tion of Runx2, PPARy, or Hex, respectively (Tashiro et al., 2009,
2008; Inamura et al., 2011).

Our data led us to examine whether HSPCs could also
be efficiently differentiated from ES and iPS cells by Ad
vector-mediated transduction of a HoxB4. In the present
study, we investigated whether or not differentiation of
HSPCs from mouse ES and iPS cells could be promoted by

transient HoxB4 expression. Our results showed that Ad
vector-mediated transient-HoxB4 expression in mouse ES
and'iPS cellsare sufficient to augment the differentiation of
hematopoietic cells, including HSPCs, from mouse ES and iPS
cells. This result indicates that an Ad vector-mediated tran-
sient gene expression system would be a powerful and safe
tool to induce hematopoietic differentiation from mouse ES
and iPS cells.

Results
Transduction with Ad vectors in ES-EBs or iPS-EBs

A previous study using a tetracycline-inducible HoxB4 ex-
pression system showed that hematopoietic stem/progeni-
tor cells (HSPCs) were generated by induction of HoxB4
expression in ES cetl-derived embryoid bodies (ES-EBs) from
day 4 to day 6 of differentiation (Kyba et al., 2002), suggest-
ing that HoxB4 expression within this time range would be
effective for induction of hematopoietic cells. In addition,
CD41*c-kit* cells in EBs are reported to be early hematopoi-
etic progenitor cells (Mitjavila-Garcia et al., 2002; Mikkola
et al., 2003). Thus, we planned to transduce HoxB4 in total
cells derived from ES- or iPS-EBs on day 5 of differentiation
or in CD41*c-kit” cells derived from ES- or iPS-EBs on day
6. We initially investigated the expression of coxsackievirus
and adenovirus receptor (CAR) in ES-EB- or iPS-EB-derived
cells, because CAR was indispensabte for transduction of an ex-
ogenaus gene using Ad vector (Bergelson et al., 1997; Tomko et
al., 1997). Flow cytometric analysis showed the expression of
CAR in ES-EB= and iPS-EB-derived total cells and CD41*c-kit*
cells, although the expression levels of CAR in CD41‘c-kit*
cells were decreased in comparison with that in total cells
(Figs. 1a and b). These results indicate that ES-EB- and iPS-
EB-derived total cells and CD41"c-kit* cells could be trans-
duced with Ad vectors. We also observed the expression of
green fluorescent protein (GFP) in iPS-EB-derived total cells.
Because the mouse iPS cells used in this study express GFP
under the control of Nanog promoter (Okita et al., 2007), the
existence of GFP-positive cells showed that undifferentiated
iPS cells would still be present in iPS-EB-derived total cells.
We next examined the transduction efficiency in EB-derived
total cells or EB-derived CD41*c-kit* cells using DsRed- or GFP-
expressing Ad vectors, respectively. After transduction with
Ad-DsRed or Ad-GFP at 3000 vector particles (VPs)/cell, the
cells were cultured with the hematopoietic cytokines for
2 days. The results showed that, at 3000 VPs/cell, approxi-
mately 60% or 40% of the EB-derived total cells or EB-derived
CD41*c-kit* cells, respectively, expressed transgenes (Figs. 1c
and d). Although the number of transgene-expressing cells
was increased in the case of transduction with Ad vectors at
10,000 VPs/cell, the number of viable cells was markedly re-
duced (data not shown). Therefore, we decided to use Ad
vectors at 3000 VPs/cell for transducing human HoxB4
(hHoxB4} into ES-EBs and iPS-EBs. RT-PCR analysis on day 3
after transduction with Ad-hHoxB4 into EB-derived total
cells showed an elevation of hHoxB4 mRNA expression in
hHoxB4-transduced cells, while neither non-transduced
cells nor LacZ-transduced cells showed hHoxB4 expression
(Fig. 1e). Importantly, the expression level of hHoxB4 in
the cells was markedly decreased on day 6 after Ad
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transduction. This result showed that the ES-EB- or iPS-EB-
derived cells could express transgenes by Ad vectors, and
that Ad vector mediated the transient transgene expression
in these cells.

Transient HoxB4 expression augments the generation
of hematopoietic cells from mouse ES and iPS cells

To induce and expand the hematopoietic cells from the iPS
cell line 38C2, EB-derived totat cells were plated and cul-
tured on OP9 stromal cells with the hematopoietic cyto-
kines. On day 10 after plating on OP9 cells, the number of
38C2-derived hematopoietic cells in LacZ-transduced cells
was similar to that in non-transduced cells. On the other
hand, transient transduction of HoxB4 with Ad-hHoxB4
resulted in a significant increase in the number of hemato-
poietic cells compared with non-transduced cells or LacZ-
transduced cells (Fig. 2a, middle). Likewise, an increase in
the hematopoietic cell number by Ad vector-mediated
hHoxB4 transduction was also observed in ES cell derived-he-
matopoietic cells or the other iPS line 20D17-derived hema-
topoietic cells (Fig. 2a, left and right). Additionally, ES-EB-
or iPS-EB-derived CD41°c-kit* cells, which were transiently
transduced with hHoxB4, could proliferate on OP9 stromal
cells for over 20 days (Fig. 2b). This result is mostly in agree-
ment with the previous report that ES cell-derived hemato-
poietic cells stably expressing HoxB4 had a growth
advantage in the presence of hematopoietic cytokines
(Pilat et al., 2005). Transient, but not stable, HoxB4 expres-
sion in ES-EB- or iPS-EB-derived cells would be sufficient to
augment the generation of hematopoietic cells from ES and
iPS cells.

We next investigated the surface antigen expression in non-
transduced cells, LacZ-transduced cells, or hHoxB4-trans-
duced cells after expansion on OP9 stromal cells. Flow cyto-
metric analysis revealed an increase of CD45 and CD41
expressions in HoxB4-transduced cells, compared with non-
transduced cells and LacZ-transduced cells (Figs. 3a and b).
CD45 is known as a marker of hematopoietic cells. In both in
vitro ES cell differentiation and a developing mouse embryo,
the expression of CD45 was developmentally controlled, and
(D45 expression was observed on hematopoietic cells after
expression of CD41 (Mitjavila-Garcia et al., 2002; Mikkola et
al., 2003). Thus, a higher: percentage of CD45" cells in
HoxB4-transduced cells would be due, at least in part, toan in-
crease of CD41 expression in HoxB4-transduced cells relative
to non-transduced cells and LacZ-transduced cells. We also

found a significant elevation of Sca-1 in hHoxB4-transduced
cells (Figs. 3a and b). Sca-1 is expressed in fetal and adult
HSPCs (Arai et al., 2004; McKinney-Freeman et al., 2009), al-
though Sca-1 expression was observed in other types of cells.
Therefore, our data suggest that immature hematopoietic
cells would be generated in hHoxB4-transduced cells more ef-
ficiently than in non-transduced cells or lLacZ-transduced
cells.

In parallet with the flow cytometric analysis, we also ana-
lyzed the expression levels of hematopoietic marker genes in
iPS cell-derived hematopoietic cells by RT-PCR (Fig. 3c). The
expression levels of marker genes in LacZ-transduced cells
were mostly equal to those in non-transduced cells. In con-
trast, among the genes we assayed, the expression levels of
Gata-1, c-myb, and Cxcr4 mRNA were stightly but significant-
ly up-regulated in hHoxB4-transduced cells. GATA-1 reflects
early hematopoietic development, whereas c-Myb is a mark-
er of definitive hematopoiesis (Godin and Cumano, 2002). in-
creased expression of these genes in HoxB4-transduced cells
suggests that transient hHoxB4 expression promotes the
production of both primitive and definitive hematopoiet-
ic progenitor cells from mouse ES and iPS cells. We could
not detect the hHoxB4 mRNA expression in Ad-hHoxB4-
transduced cells, confirming the transient hHoxB4 ex-
pression by Ad vectors (Fig. 3c).

HoxB4 expression enhances development of hemato-
poietic progenitor cells from mouse ES and iPS cells

To examine whether hematopoietic immature cells with he-
matopoietic colony-forming potential could be generated
from ES and iPS cells, ES cell-derived hematopoietic cells
and iPS cell-derived hematopoietic cells, both of which
were cultured on OP9 stromal cells for 10 days, were plated
and cultured in methylcetlulose-containing media with he-
matopoietic cytokines. Without Ad transduction, the number
of total hematopoietic colonies in the iPS cell line 38C2 was
five times as high as that in ES cells, whereas another iPS cell
line, 20017, had nearly the same hematopoietic differentia-
tion potential as ES cells (Fig. 4a). These results indicate
that there is a difference in hematopoietic differentiation
potential among iPS cell lines.

We next examined the hematopoietic colony potential in
LacZ-transduced cells or HoxB4-transduced cells. The colony
assay revealed a significant increase in the number of total
hematopoietic colonies in hHoxB4-transduced cells com-
pared with control cells, whereas there was no significant
difference in the number of hematopoietic colonies between

Figure 1 Transduction with Ad vectors in ES-EB- or iP$-EB-derived cells. (a, b) The expression levels of CAR, a primary receptor for
Ad, in ES-EB- or iPS-EB-derived total cells (a) or CD41"c-kit" cells (b) were detected with anti-mouse:CAR menoclonal antibody by flow
cytometric analysis. As a negative control, the cells were incubated with an irrelevant antibody. Data shown are from one represen-
tative experiment of three performed. (c, d) EB-derived total cells {c) or CD41*c-kit" cells (d), purified by FACS (Supplemental Fig. 1),
were transduced with Ad-DsRed or Ad-GFP for 1.5 h, and transgene-expressing cells were then analyzed by flow cytometry. Because
CD41*c-kit* cells do not express GFP (Fig. 1b), Ad-GFP was used for transduction into CD417c-kit” cells. Similar results were obtained
in three independent experiments. () The expression level of human HoxB4 mRNA in the cells was examined by conventional RT-PCR
on days 3 and 6 after transduction with Ad-hHoxB4 at 3000 VPs/cell into EB-derived total cells. Abbreviations: ES, embwoni’c stern;
iPS, induced pluripotent stem; mCAR, mouse coxsackievirus and adenovirus receptor; GFP, green fluorescent protein; Cont., con-
trol.; VP, vector particle; RT, reverse transcription; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Transduction with Ad vectors
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non-transduced cells and LacZ-transduced cells (Fig. 4a).
Note that the number of the most immature multipotent
progenitor cells, CFU-GEMM/CFU-Mix, in hHoxB4-transduced
cells was approximately seven times as great as that in non-
transduced cells or LacZ-transduced cells, and that large CFU-
Mix colonies were more frequently observed in hHoxB4-trans-

duced cells than control cells (Fig. 4b and data not shown). A
colony assay after culturing on OP9 stromal cells for 20 days
also revealed that much number of myeloid (CFU-G, M, and
GM) colonies and CFU-Mix colonies were observed by transient
hHoxB4 transduction (Figs. 4c and d). Thus, our data clearly
showed that Ad vector-mediated transient hHoxB4 expression
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Figure 2 The number of ES cell- or iPS cell-derived hematopoietic cells was significantly increased in Ad-hHoxB4-transduced cells. (a,
b) ES-EB- or iPS-EB-derived total cells (a) or CD41"c-kit" cells {b) were transduced with Ad-LacZ or Ad-hHoxB4 at 3000 VPs/cell for 1.5 h,
and the cells were then plated on OP9 feeder cells. As a control, non-transduced cells were also plated on OP9 cells. After culturing on
OP9 feeders with the hematopoietic cytokines for 10 days (a) or 20 days (b), the number of hematopaietic cells per 2 wells of a 6-well
plate was counted. (a) Left, ES cells; middle, iPS cell tine 38C2; right, iPS cell line 20D17. Results shown were the mean of four indepen-
dent experiments with indicated standard deviations. * p-<0.05, ** p<0.01 as compared with non-transduced or Ad-LacZ-transduced cells.

enhances the differentiation of hematopoietic immature system, would contribute to safer clinical applications of ES
cells, including HSPCs, from mouse ES and iPS cells. or iPS cell-derived hematopoietic cells.

Conventional Ad vector is known to infect the cells

. . through an entry receptor, CAR, on the cellular surface (Ber-

Discussion gelson et al:, 1997; Tomko et al.; 1997). Previously, we

showed that. undifferentiated ES and iPS cells expressed
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We found a difference in the hematopoietic differentia- hematopoietic differentiation capacity among six iPS cell
tion potential among mouse iPS cell lines (Fig. 4). Consistent lines (Kulkeaw et al., 2010). In addition, recent studies
with our data, Kulkeaw et al. showed a difference in the have reported that iPS cells leave an epigenetic memory of
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Previous studies have shown that enforcéd‘expfes§1’oh of

HoxB4 is an effective strategy for hematopouet d1fferentxa-

Bowles et al., 2006; Pilat et al’;:
2007). These stud1es usually used recombinant ES cells; such
as ES cells constitutively expressing HoxB4 '(Pilat” et ‘al;

HoxB4 expressron system (Kyba etal. 2002), tainduce hema-

study, we showed that Ad vector-mediated transxen‘c hHoxB4
expression in mouse ES-EB- or iPS-EB-derived cells could re-
sult in an efficient production of hematopoietic cells, includ-
ing HSPCs with a hematopoietic colony-forming ability, from
mouse ES and iPS cells (Figs. 2, 3, and 4). Our data obtained
in this report are largely consistent with previous reports
(Kyba et al., 2002) in which HSPCs were generated by using
ES cells containing the Tet-regulated HoxB4 expression cas-
sette. Therefore, a transient HoxB4 expression system using
an Ad vector, instead of a Tet-inducible HoxB4 expression

“"'CAR, and conventional Ad vector- could easily transduce a
“foreign gene in more than 90% of the undifferentiated ES
“and iPS cells at 3000 VPs/cell (Kawabata et al., 2005; Tashiro
‘et al., 2009). Like undifferentiated ES and iPS cells, we could
‘detect the CAR expression in more-than 90% or 70% of EB-de-
. rived total cells or £B-derived CD41*c-kit* cells, respectively
2005) or ES cells containing a tetracyclme (Tet)-mductblej;

“(Figs. 1a and b). However, the transductmn efficiency in EB-
- derived total cells or CD41*c-kit" cells was only 60% or 40%,

respectively; of the cells at most (F)gs 1c and d). Although

- We are not certain why transgene expression was not ob-
- .served in all of CAR” EB-derived cells, it is possible that the
" promoter might not have worked in all of the cells because

the EB-derived total cells and CD41"c-kit* cells were hetero-

‘ geneous, unlike in the case of undifferentiated ES and iPS

cells. It is also possible that the: Ad binding site of CAR
might be disrupted by trypsin treatment during the prepara-
tion of the EB-derived cells (Carson;; 2000). Because the de-
velopment of efficient transduction methads in EB-derived
cells is considered to be a powerful tool to promote the he-
matopoietic differentiation from ES and iPS cells, further im-
provement of the transduction conditions will be needed.

Percentage of positive cells
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Figure 3  Expression of surface antigen and hematopaietic marker genes in mouse ES cell- or iPS cell-derived cells. (a, b) ES cell- or iPS
cell tine 38C2-derived cells were reacted with each antibody, and were then subjected to flow cytometric analysis. (a) Representative
data from iPS cell line.38C2 are shown. (b) Percentage.of each antigen positive cells in ES cell-derived cells {(upper) or iPS cell-derived
cells (lower) is shown. The data expressed the mean of three independent experiments with indicated standard deviations. * p<0.05,
“*p<0.01 as compared with non-transduced or Ad-LacZ-transduced cells. (c) Total RNA was extracted from undifferentiated iPS cells
{Day 0), iPS-EB (Day 5), iPS cells-derived hematopoietic cells (day 15), OP9 stromal cells, and MEF feeder, and semi-quantitative PCR
{left) or quantitative real-time PCR (right) was then carried out as described in the Materials and methods. The data expressed the
mean of three independent experiments with indicated standard deviations. * p<0.05, ** p<0.01 as compared with non-transduced or
Ad-LacZ-transduced cells. Abbreviation: EBs, embryoid bodies; MEF, mouse embryonic fibroblast; GATA, GATA-binding protein.
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Figure 3 (continued).

their cellular origin, and this memory influences their func-
tional properties, including in vitro differentiation (Kim et
al., 2010; Polo et al., 2010). Thus, these reports indicate
that, in order to obtain a large number of HSPCs from iPS
cells, it is necessary to choose an appropriate iPS cell
line, such as HSPC-derived iPS cells {Okabe et al., 2009).
Importantly, using mouse embryonic fibroblast-derived
iPS cells (38C2 and 20D17), we showed that the use of tran-
sient hHoxB4 transduction in iP5-EB-derived cells achieved
more effective differentiation into HSPCs than the use of
non-transduced cells (Fig. 4). Our method therefore should
be efficient for the production of HSPCs from any iPS cell
tine.

An important but unsolved question in this study is
whether ES cell-derived hematopoietic cells and iPS
cell-derived hematopoietic cells transduced with Ad-
hHoxB4 have long-term hematopoietic reconstitution po-
tential in vivo. Recent studies have demonstrated that
some surface antigen expressions were different between
bone marrow-derived HSPCs and ES cell-derived HSPCs,
and that CD41* cells had long-term repopulation ability
in ES cell-derived HSPCs (McKinney-fFreeman et al.,
2009; Matsumoto et at., 2009). Our flow cytometric anat-
ysis revealed an increase of CD41* cells in hHoxB4-trans-
duced cells compared with non-transduced cells and
LacZ-transduced cells (Fig. 3b). We also showed that
Ad-hHoxB4-transduced cells could proliferate on OP9
stromal cells more efficiently than control cells (Fig. 2).
Thus, these results suggest that immature hematopoietic
cells were generated by transient hHoxB4 transduction,
and that hHoxB4-transduced cells might have reconstitu-
tion potential in vivo. This in vive transplantation analy-
sis is now on-going in our laboratory.

In the present study, we succeeded in the promotion of
hematopoietic differentiation from mouse ES and iPS cells
by Ad vector-mediated hHoxB4 transduction. Ad vector
transduction can avoid the integration of transgene into
host genomes, and multiple genes can be transduced by Ad
vectors in an appropriate differentiation period. Thus, an
even more efficient protocol for hematopoietic differentia-
tion from ES and iPS cells could likely be established by co-
transduction of HoxB4 and other genes involved in the hema-
topoiesis, such as Cdx4 (Wang et al., 2005) and Scl/Tal1
(Kurita et al., 2006}, using Ad vectors. Taken together, our
results show that Ad vector-mediated transient gene expres-
sion is valuable tool to induce hematopoietic cell from ES
and iPS cells, and this strategy would be applicable to safe
therapeutic applications, such as HSPC transplantation.

Materials and methods
Antibodies

The following primary monoclonal antibodies (Abs), conjugat-
ed with fluorescein isothiocyanate (FITC), phycoerythrin (PE),
allophycocyanin (APC), or. PE-Cy7, were used for flow cyto-
metric analysis: anti-CD45"(30-F11, eBioscience, San Diego,
CA), anti-CD11b (M1/70;, eBioscience), anti-Sca-1 (D7,
eBioscience), anti-Ter-119" (Ter-119, eBioscience), anti-Gr-1
(RB6-8C5, eBioscience), anti-c-Kit (ACK2 or 288, eBioscience),
anti-CD41 (MWReg30, BD Bioscience San Jose, CA). Purified rat
anti-coxsackievirus and adenovirus receptor (CAR) was kindly
provided from Dr. T. Imai (KAN Research Institute, Hyogo,
Japan). For detection of CAR, the PE-conjugated donkey
anti-rat 1gG (Jackson ImmunoResearch Laboratories, West
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Grove, PA) or DyLight64%-conjugated goat anti-rat 1gG (BioLe-
gend, San Diego, CA) was used as secondary Abs.

Cell cultures

The mouse ES celt line E14 and two mouse iPS cell lines, 38C2
and 20017, both of which were generated by Yamanaka and
his colleagues (Ckita et al., 2007), were used in this study.
38C2 was kindly provided by Dr. S. Yamanaka (Kyoto University,
Kyoto, Japan), and 20D17 was purchased from Riken Biore-
source Center (Tsukuba, Japan). In the present study, we main-

ly used 38C2 iPS cells except where otherwise'indicated. Mouse-

ES and iPS cells were cultured in leukemia inhibitory factor-
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containing medium on a feeder layer of mitomycin C-
inactivated mouse embryonic fibroblasts (MEF) as described
previously (Tashiro et al., 2009). OP9 stromal cells were cul-
tured in «-minimum essential medium (axMEM: Sigma, St.
Louis, MO) supplemented with 20% fetal bovine serum (FBS),
2 mM L-glutamine (Invitrogen, Carlsbad, CA}, and non-essentiat
amino acid (Invitrogen).

Ad vectors

Advectorswere constructed by an improved in vitro ligation

method (Mizuguchi and Kay, 1998, 1999). The shuttle

ESicells

CiNon
B Lacz
B HoxB4

0
ERY IR e
S ¥ oF o

PScells {38C2)

x%

0
£ 3° o ot
£ G?o" o

iP'S cells {20D17)

x5

i il _;. l% (E

Figure 4  Significant increase of hematopoietic colony-forming cells in Ad-HoxB4-transduced hematopoietic cells. After ES-EB- or iPS-
EB-derived cells were transduced with'Ad-LacZ or Ad-hHoxB4, hematopoietic cells were generated by co-culturing with OP9 cells in the
presence of hematopoietic cytokines for 10 days (&, b) or 20 days (c, d). A colony-forming assay was performed using methylcellulose me-
dium, and the number of hematopoietic colonies was then counted under light microscopy. The number of total colonies (a, ¢) or subdi-
vided colonies by morphological subtype (BFU-E, CFU-G, CFU-M, CFU-GM, and CFU-Mix) (b, d) generated from ES cells (E14) or iPS cells
(38C2 and 20D17) was shown. Colany number was normalized to total number of the cells, Results shown were the mean of three (c, d)
or four (a, b) independent experiments with indicated standard deviations. * p<0.05, ** p<0.01 as compared with non-transduced or
Ad-LacZ-transduced cells. Abbreviation: BFU-E, burst-forming unit; CFU-G, colony-forming unit-granulocyte; CFU-M, CFU-monocyte;
CFU-GM, CFU-granulocyte, monocyte; CFU-GEMM/CFU-Mix, CFU-granulocyte, erythrocyte, monocyte, megakryocyte.
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Figure 4 (continued).

plasmid pHMCAS, which contains the CMV enhancer/s-actin
promoter with @-actin intron (CA) promoter (a kind gift from
Dr. J. Miyazaki, Osaka University, Osaka, Japan) (Niwa et
al., 1991}, was previously constructed (Kawabata et al.,
2005). The human HoxB4 (hHoxB4)-expressing plasmid,
pHMCA-hHoxB4, and DsRed-expressing plasmid, pHMCA-
DsRed, were generated by inserting a hHoxB4 cDNA (a kindly
gift from Dr. S. Karlsson, Lund University Hospital, Lund,
Sweden) and a DsRed cDNA (Clontech, Mountain View, CA),
respectively, into pHMCA5. pHMCA-hHoxB4 or pHMCA-
DsRed were digested with I-Ceul/Pi-Scel and ligated into I-
Ceul/Pl-Scel-digested pAdHM4 (Mizuguchi and Kay, 1998),
resulting in pAd-hHoxB4 or pAd-DsRed, respectively. Ad-
hHoxB4 and Ad-DsRed were generated and purified as de-
scribed previously (Tashiro et al., 2008). The CA promoter-
driven f-galactosidase (LacZ)-expressing Ad vector, Ad-
LacZ, and the CA promoter-driven GFP-expressing Ad vector,
Ad-CA-GFP, were generated previously (Tashiro et al.,
2008). The vector particle (VP) titer was determined by
using a spectrophotometrical method (Maizel et al., 1968).

In vitro differentiation

Prior to embryoid body (EB) formation, mouse ES or iPS
cells were suspended in differentiation medium (Dulbecco’s
modified Eagle’s medium (Wako, Osaka, Japan) containing
15% FBS, 0.1 mM 2-mercaptoethanol (Nacalai tesque, Kyoto,
Japan), 1xnon-essential amino acid (Specialty Media; Inc.),
1xnucleosides (Specialty Media, Inc.}, 2 mM L-glutamine (Invi-
trogen), and penicillin/streptomycin (invitrogen)} and cul-
tured on a cutture dish at 37 °C for 45 min to remove MEF
layers. Mouse ES cell- or iPS cell-derived EBs (ES-EBs or iPS-

EBs, respectively) were generated by culturing ES or iP5 cells
on a round-bottom low cell binding 96-well plate (Lipidure-
coat plate; Nunc) at 1x10 cells per well. ES-EBs or iPS-EBs
were collected on day 5, and a single cell suspension was pre-
pared by trypsin/EDTA treatment (Invitrogen) at 37 *C for
2 min. ES-EB- or iPS-EB-derived CD41”c-kit* cells were sorted
by FACSAria (BD Bioscience). The purity of the CD41*c-kit*
cells was greater than 90% based on flow cytometric analysis
(Supplemental Fig. 1). Cells were then transduced with an
Ad vector at 3000 vector particles (VPs)/cell for 1.5h ina
15ml tube. After transduction, total cells (2x10%) or
CD41*c-kit* cells (1x10%) were cultured on OP9 feeder cells
in a well of a 6-well plate in «MEM supplemented with 20%
FBS, 2 mM L-glutamine, non-essential amino acid, 0.05 mM 2-
mercaptoethanol, and hematopoietic cytokines (50 ng/ml
mouse stem cell factor (SCF), 50 ng/ml human Fit-3 ligand
(Flt-3L), 20 ng/mt thrombopoietin (TPO), 5 ng/ml mouse in-
terleukin (IL)-3, and 5 ng/ml human IL-6 (all from Peprotec,
Rocky Hill, NJ)). After culturing with OP9 stromal cells, both
non-adherent hematopoietic cells and adherent hematopoiet-
ic cells were collected as follows. The non-adherent hemato-
poietic cells were collected by pipetting and were
transferred to 15 ml tubes. The adherent hematopoietic cells
were harvested with the use of trypsin/EDTA, and then incu-
bated in a tissue culture dish for 30 min to eliminate the OP9
cells. Floating cells were collected as hematopoietic cells
and transferred to the same 15 ml tubes. These hematopoietic
cells were kept on ice for further analysis.

Flow cytometry

Cells (1x10° to 5x10%) were incubated with monoclonal Abs
at 4 °C for 30 min and washed twice with staining buffer

Promotion of hematopoietic differentiation by transient HoxB4 transduction 309

Table 1 List of primers used for RT-PC|

(PBS/2%FBS). Dead cells were excluded from the analysis by
7-amino actinomycin D (7-AAD, eBioscience). Analysis was
performed on an LSRFortessa flow cytometer by using FACS-
Diva software (BD Bioscience). For detection of transgene
expression by Ad vectors, EB-derived total cells or CD41 c-
kit* cells were transduced with Ad-DsRed or Ad-CA-GFP, re-
spectively, for 1.5 h. At 48 h of incubation with the hemato-
poietic cytokines as described above, transgene expression
in the cells was analyzed by flow cytometry.

Colony assay

A colony-forming assay was performed by plating ES cell-
derived hematopoietic cells or iPS cell-derived hemato-
poietic cells into methylcellulose medium M3434 (Stem
Cell Technologies, Vancouver, BC, Canada). After incuba-
tion at 37 °C and 5% CO, for 10 to 14 days in a humidified
atmosphere, colony numbers were counted. The mor-
phology of colonies was observed using an inverted light
microscope.

RT-PCR

Total RNA was isolated with the use of ISOGENE (Nippon
Gene, Tokyo, Japan). cDNA was synthesized by using Super-
Script Il reverse transcriptase (Invitrogen) and the oligo(dT)
primer. Semi-quantitative PCR was performed with the use
of TaKaRa ExTag HS DNA polymerase (Takara, Shiga,
Japan). The PCR conditions were 94 °C for 2 min, followed
by the appropriate number of cycles of 94 °'C for 155,
55 °C for 30s with 72 °C for 30s and a final extension of
72 °C for 1 min, except for the addition of 5% dimethyl sulf-
oxide in the case of hHoxB4 cDNA amplification. The product
was assessed by 2% agarose gel electrophoresis followed by
ethidium bromide staining. Quantitative real-time PCR was
performed using StepOnePlus real-time PCR system with
FAST SYBR Green Master Mix (Applied: Biosystems, Foster-
City, CA). The sequences of the primers used for in this
study are listed in Table 1.

Supplementary materials related to this article can be
found online at doi:10.1016/j.5cr.2011.09.001.
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Hepatocyte-like cells from human embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs) are
expected to be a useful source of cells drug discov-
ery. Although we recently reported that hepatic com-
mitment is promoted by transduction of SOX17 and
HEX into human ESC- and iPSC-derived cells, these
hepatocyte-like cells were not sufficiently mature for
drug screening. To promote hepatic maturation, we
utilized transduction of the hepatocyte nuclear factor
40 (HNF4a) gene, which is known as a master regula-
tor of fiver-specific gene expression. Adenovirus vector-
mediated overexpression of HNF4q in hepatoblasts
induced by SOX17 and HEX transduction led to upreg-
ulation of epithelial and mature hepatic markers such
as cytochrome P450 (CYP) enzymes, and promoted
hepatic maturation by activating the mesenchymal-
to-epithelial transition (MET). Thus HNF4o might piay
an important role in. the hepatic differentiation from
human ESC-derived hepatoblasts by activating the MET.
Furthermore, the hepatocyte like-cells could catalyze the
toxication of several compounds. Our method would be
a valuable tool for the efficient generation of functionai
hepatocytes derived from human ESCs and iPSCs, and
the hepatocyte-like cells could be used for predicting
drug toxicity.
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INTRODUCTICN

Human embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) are able to replicate indefinitely and ditferen-
tiate into most of the body’s cell types.-? They could provide an
unlimited source of cells for various applications. Hepatocyte-
like cells, which are differentiated from human ESCs and iPSCs,

would be useful for basic research, regenerative medicine, and
drug discovery.’ In particular, it is expected that hepatocyte-
fike cells will be utilized as a tool for cytotoxicity screening in
the early phase of pharmaceutical development. To catalyze the
toxication of several compounds, hepatocyte-like cells need to
be mature enough to exhibit hepatic functions, including high
activity levels of the cytochrome P450 (CYP) enzymes. Because
the present technology for the generation of hepatocyte-like cells
from human ESCs and iPSCs, which is expected to be utilized
for drug discovery, is not refined enough for this application,
it is necessary to improve the efficiency of hepatic differentia-
tion. Although conventional methods such as growth factor-
mediated hepatic differentiation are useful to recapitulate liver
development, they lead to only a heterogeneous hepatocyte
population.*¢ Recently, we showed that transcription factors
are transiently transduced to promote hepatic differentiation
in addition to the conventional differentiation method which
uses only growth factors.” Ectopic expression of Sry-related
HMG box 17 (SOX17) or hematopoietically expressed homeo-
box (HEX) by adenovirus (Ad) vectors in human ESC-derived
mesendoderm or definitive endoderm (DE) cells markedly
enhances the endoderm differentiation or hepatic commitment,
respectively.”* However, further hepatic maturation is required
for drug screening.

The transcription factor hepatocyte nuclear factor 4o
(HNF40) is initially expressed in the developing hepatic diver-
ticulum on E8.75,>" and its expression is elevated as the liver
develops. A previous loss-of-function study showed that HNE4a
plays a critical role in liver development; conditional deletion
of HNF4o. in fetal hepatocytes results in the faint expression of
many mature hepatic enzymes and the impairment of normal
liver morphology." The genome-scale chromatin immunopre-
cipitation assay showed that HNF4c binds to the promoters of
nearly half of the genes expressed in the mouse liver,” including
cell adhesion and junctional proteins,” which are important in
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the hepatocyte epithelial structure.” In addition, HNF4c; playsa  RESULTS
critical role in hepatic differentiation and in a wide variety of liver  Stage-specific HNF4o. transduction in hepatoblasts
functions, including lipid and glucose metabolism.!>' Although  selectively promotes hepatic differentiation
HNF40 could promote transdifferentiation into hepatic lineage  The transcription factor HNF4at plays an important role in both
from hematopoietic cells,”” the function of HNF4o: in hepatic  liver generation!’ and hepatic ditferentiation from human ESCs
differentiation from human ESCs and iPSCs remains unknown.  and iPSCs (Supplementary Figure S1). We expected that hepatic
A previous study showed that hepatic differentiation from mouse  differentiation could be accelerated by HNF4qt transduction. To
hepatic progenitor cells is promoted by HNF4q, although many  examine the effect of forced expression of HNF4o:. in the hepatic
of the hepatic markers that they examined were target genes of  differentialion from human ESC- and iPSC-derived cells, we used a
HNF40."® They transplanted the HNF4o-overexpressed mouse  fiber-modified Ad vector.” Initially, we optimized the time period
hepatic progenitor cells to promote hepatic differentiation, but  for Ad-HNF4c transduction. Human ESC (F9)-derived DE cells
they did not examine the markers that relate to hepatic matu-  (day 6) (Supplementary Figures $2 and $3a), hepatoblasts (day
ration such as CYP enzymes, conjugating enzymes, and hepatic ~ 9) (Supplementary Figures $2 and $3b), or a heterogeneous
transporters. population consisting of hepatoblasts, hepatocytes, and cholangi-
In this study, we examined the role of HNF4o in hepatic dif-  ocytes (day 12) (Supplementary Figures S2 and S3c) were trans-
ferentiation from human ESCs and iPSCs. The human ESC- and  duced with Ad-FINF4ct and then the Ad-HNF4o-transduced
iPSC-derived hepatoblasts, which were efficiently generated by cells were cultured until day 20 of differentiation (Figure 1).
sequential transduction of SOX17 and HEX, were transduced ~ We ascertained the expression of exogenous HNF4¢. in human
with HNF4o-expressing Ad vector (Ad-HNF40), and then the  ESC-derived hepatoblasts (day 9) transduced with Ad-HNF4o
expression of hepatic markers of the hepatocyte-like cells were  (Supplementary Figure $4). The transduction of Ad-HNF4o:
assessed. In addition, we examined whether or not the hepato-  into human ESC-derived hepatoblasts (day 9) led to the highest
cyte-like cells, which were generated by sequential transduction  expression levels of the hepatocyte markers albumin (ALB)® and
of SOX17, HEX, and HNF4q, were able to predict the toxicity of  ¢-I-antitrypsin (Figure 1a). In contrast, the expression levels of
several compounds. the cholangiocyte markers cytokeratin 7 (CK7)* and SOX9* were
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Figure 1 Transduction of HNF4g into hepatoblasts promotes hepatic differentiation. (a—c) The human ESC (H9)-derived cells, which were
cultured for 6, 9, or 12 days according to the protocol described:in Figure 2a, were transduced with 3,000 vector particles (VP)/ceif of Ad-HNF4a
for 1.5 hours.and cultured until day 20. The gene expression levels of (a) hepatocyte markers (ALB and a-1-antitrypsin), (b) cholangiocyte markers
(CK7 and 'SOX9), and (c) pancreas markers (PDX7 and NKX2.2) were examined by real-time RT-PCR on day 0 (human ESCs (hESCs)) or day 20 of
differentiation. The horizontal axis represents the days when the cells were transduced with Ad-HNF4p. On the y-axis, the level of the cells without
Ad-HNF4o, transduction on day 20 was taken as 1.0. All data are represented as means £ SD (1 = 3). ESC, embryonic stem cell; HNF4«, hepatocyte
nuclear factor 4¢; RT-PCR, reverse transcription-PCR.
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downregulated in the cells transduced on day 9 as compared with
nontransduced cells (Figure ib). This might be because hepatic
differentiation was selectively promoted and biliary differen-
tiation was repressed by the transduction of HNF4c in hepato-
blasts. The expression levels of the pancreas markers PDX1* and
NKX2.2* did not make any change in the cells transduced on day
9 as compared with nontransduced cells (Figure 1¢). Interestingly,
the expression levels of the pancreas markers were upregulated,
when Ad-HNF4a transduction was performed into DE cells (day
6) (Figure 1c). These results suggest that HNF4o( might promote
not anly hepatic differentiation but also pancreatic differentiation,
although the optimal stage of HNF4 transduction for the differ-
entiation of each cell is different. We have confirmed that there
was no difference between nontransduced cells and Ad-LacZ-
transduced cells in the gene expression levels of all the markers
investigated in Figure Ia-c (data not shown). We also confirmed
that Ad vector-mediated -gene expression in the human ESC-
derived hepatoblasts (day 9) continued until day 14 and almost
disappeared on day 18 (Supplementary Figure S5). These results
indicated that the stage-specific HNF4o, overexpression in human
ESCi-derived hepatoblasts {day 9) was essential for promoting efli-
cient hepatic differentiation.

HNF4 Promotes Hepatic Maturation

Transduction of HNF4o into human ESC- and
iPSC-derived hepatoblasts efficiently promotes
hepatic maturation

From the results of Figure 1, we decided to transduce hepatoblasts
(day 9) with Ad-HNF4ct. To determine whether hepatic maturation
is promoted by Ad-HNF4a transduction, Ad-HNF4a-transduced
cells were cultured until day 20 of differentiation according to
the schematic protocol described in Figure 22. After the hepatic
maturation, the morphology of human ESCs was gradually changed
into that of hepatocytes: polygonal with distinct round nuclei
(day 20) (Figure 2b). Interestingly, a portion of the hepatocyte-
like cells, which were ALB-, CK18¥-, CYP2D6-, and CYP3A4%-
positive cells, had double nuclei, which was also observed in
primary human hepatocytes (Figure 2b,c, and Supplementary
Figure $6). We also examined the hepatic gene expression levels
on day 20 of differentiatibn (Figure 3a,b). The gene expression
analysis of CYP1A2, CYP2C9, CYP2CIS, CYP2D6, CYP3A4, and
CYP7A1% showed higher expression levels in all of Ad-SOX17-,
Ad-HEX-, and Ad-HNF4o-transduced cells (three factors-
transduced cells) as compared with those in both Ad-SOX17- and
Ad-HEX-transduced cells (two factors-transduced cells) on day 20
(Figure 3a). The gene expression level of NADPH-CYP reductase

HNF4¢ Promotes Hepatic Maturation
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Figure 2 Hepatic differentiation of human ESCs and iPSCs transduced with three factors. (a) The procedure for differentiation of human ESCs
and iPSCs into hepatocytes via DE cells and hepatoblasts is presented schematically. The hESF-DIf. medium was.supplemented with 10 ug/ml human
recombinant insulin, 5 pg/ml human apatransferrin, 10 umol/I 2-mercaptoethanol, 10 pmol/l ethanolamine, 10 pmol/I sodium selenite, and 0.5 mg/mi
fatty-acid-free BSA. The L15 medium was supplemented with 8.3% tryptose phosphate broth, 8.3% FBS, 10pmol/i hydrocortisone 21-hemisuccinate,
T pmol/l insufin, and 25 mmol/l NaHCO,. (b) Sequential morphoiogical changes (day 0-20) of human ESCs (H9) differentiated into hepatocytes via
DE cells and hepatoblasts are shown. Red arrow shows the cells that have double nuclei. (c) The morphology of primary human hepatocytes is shown.
Bar represents 50 pm. BSA, bovine serum albumin; DE, definitive endoderm; ESC, embryonic stem cell; iPSC, induced pluripotent stem cell.
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Figure 3 Transduction of HNF4w promotes hepatic maturation from human ESCs and iPSCs. (a,b) The human ESCs were differentiated into
hepatocytes according to the protocol described in Figure 2a. On day 20 of differentiation, the gene expression levels of (a) CYP enzymes (CYP1A2,
CYP2CY, CYP2C19, CYP2D6, CYP3A4, and CYP7AT) and (b) POR were examined by real-time RT-PCR in undifferentiated human ESCs (hESCs), the
hepatocyte-like cells, and primary human hepatocytes (PH, hatched bar). On the y-axis, the expression level of primary human hepatocytes, which
were cultured for 48 hours after the cells were plated, was taken as 1.0. (¢-e) The hepatocyte-like cells (day 20) were subjected to immunostaining
with (¢) anti-drug-metabolizing enzymes (CYP2D6, CYP3A4, and CYP7A1), (d) anti-hepatic surface protein (ASGR1 and c-Met), and (e) anti-ALB
antibodies, and then the percentage of antigen-positive celis was examined by flow cytometry on day 20 of differentiation. All data are represented

as means = SD (n = 3). ESC, embryonic stem cell; HNF4q, hepatocyte nuclear factor 4e; iPSC, induced pluripotent stem cell.

(POR)¥, which is required for the normal function of CYPs, was
also higher in the three factors-transduced cells (Figure 3b). The
gene expression analysis of ALB, - 1-antitrypsin {¢-1-AT), tran-
sthyretin, hepatic conjugating enzymes, hepatic transporters, and
hepatic transcription factors also showed higher expression levels
in the three factors-transduced cells (Supplementary Figures S7
and $8). Moreover, the gene expression levels of these hepatic
markers of three factor-transduced cells were similar to those of
primary human hepatocytes, although the levels depended on the
type of gene (Figure 3a,b, and Supplementary Figures 87 and
$8). To confirm that similar results could be obtained with human
iPSCs, we used three human iPS cell lines (201B7, Dotcom, and
Tic). The gene expression of hepatic markers in human ESC- and
iPSC-derived hepatocytes were analyzed by real-time reverse
transcription-PCR on day 20 of differentiation. Three human
iP$ cell lines as well as human ESCs also effectively differentiated
into hepatocytes in response to transduction of the three factors
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(Supplementary Figure $9). Intereslingly, we observed differences
in the hepatic maturation efficiency among the three human iPS$
cell lines. That is, two of the human iPS cell lines (Tic and Dotcom)
were more commiitted to the hepatic lineage than another human
iPS cell line (201B7). Because almost homogeneous hepatocyte-like
cells would be more useful in basic research, regenerative medicine,
and drug discovery, we also examined whether our novel methods
for hepatic maturation could generate a homogeneous hepatocyte
population by flow cytometry analysis (Figure 3c-e). The per-
centages of CYP2D6-, CYP3A4-, and CYP7Al-positive cells were
~80% in the three factors-transduced cells, while they were ~50%
in the two factors-transduced cells (Figure 3c). The percentages
of hepatic surface antigen (asialoglycoprotein receptor 1 (ASGR1]}
and met proto-oncogene (c-Met))-positive cells (Figure 3d) and
ALB-positive cells (Figure 3¢) were also ~80% in the three fac-
tors-transduced cells. These results indicated that a nearly homo-
geneous population was obtained by our differentiation protocol
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using the transduction of three functional genes (SOX17, HEX,
and HNF4¢). '

The three factors-transduced cells have characteristics
of functional hepatocytes

The hepatic functions of the hepatocyte-like cells, such as the
uptake of low-density lipoprotein (LDL) and CYP enzymes activ-
ity, of the hepatocyte-like cells were examined on day 20 of dif-
ferentiation. Approximately 87% of the three factors-transduced
cells uptook LDL in the medium, whereas only 44% of the two
factors-transduced cells did so (Figure 4a). The activities of CYP
enzymes of the hepatocyte-like cells were measured according to
the metabolism of the CYP3A4, CYP2C9, or CYPLA2 substrates
(Figure 4b). The metabolites were detected in the three factors-
transduced cells and their activities were higher than those of
the two factors-transduced cells (dimethyl sulfoxide (DMSO)
column). We further tested the induction of CYP3A4, CYP2C9,
and CYP1A2 by chemical stimulation, since CYP3A4, CYP2CY,
and CYP1AZ2 are the important prevalent CYP isozymes in the
liver and are involved in the metabolism of a signiticant propor-
tion of the currently available commercial drugs (rifampicin or
omeprazole column). It is well known that CYP3A4 and CYP2C9
can be induced by rifampicin, whereas CYPLA2 can be induced
by omeprazole. The hepatocyte-like cells were treated with either
of these. Although undifferentiated human ESCs responsed to
neither rifampicin nor omeprazole (data not shown), the hepato-
cyte-like cells produced more metabolites in response to chemical
stimulation as well as primary hepatocytes (Figure 4b). The activ-
ity levels of the hepatocyte-like cells as compared with those of
primary human hepatocytes depended on the types of CYP; the
CYP3A4 activity of the hepatocyte-like cells was similar to that of
primary human hepatocytes, whereas the CYP2C9 and CYP1A2
activities of the hepatocyte-like cells were slightly lower than those
of primary human hepatocytes (Figure 3a). These results indi-
cated that high levels of functional CYP enzymes were detectable
in the hepatocyte-like cells.

The metabolism of diverse: compounds involving. uptake,
conjugation, and the. subsequent release of the compounds is
an important fanction. of hepatocytes: Uptake and  release of
Indocyanine green (ICG) can often:be tsed. to identify hepato-
cytes in ESC differentiation models.?” To investigate this function
in our hepatocyte-like cells, we compared this ability of the three
factors-transduced cells ‘with that of the two factor: duced
cells on day 20 of differentiation (Figure 4c). The. three factors-
transduced cells had more ability to uptake ICG and to excrete ICG
by culturing without ICG for 6 hours. We also examined whether
the hepatocyte-like cells could store glycogen, a characteristic of
functional hepatocytes (Figure 4d). On day 20 of differentiation,
the three factors-transduced cells and the two factors-transduced
cells were stained for cytoplasmic glycogen using the Periodic
Acid-Schiff staining procedure. The three factors-transduced cells
exhibited more abundant storage of glycogen than the two-factors-
transduced cells. These results showed that abundant hepatic func-
tions, such as uptake and excretion of ICG and storage of glycogen,
were obtained by the transduction of three factors.

Many adverse drug reactions are caused by the CY P-dependent
activation of drugs into reactive metabolites.*® In order to examine
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metabolism-mediated toxicity and to improve the safety of drug
candidates, primary human hepatocytes are widely used.* Because
primary human hepatocytes have quite different characteristics
among distinct lots and because it is difficult to purchase large
amounts of primary human hepatocytes that have the same char-
acteristics, hepatocyte-like cells are expected to be used for this
purpose. To examine whether our hepatocyte-like cells could be
used to predict metabolism-mediated toxicity, the hepatocyte-
like cells were incubated with four substrates (troglitazone, acet-
aminophen, cyclophosphamide, and carbamazepine), which are
known to generate toxic metabolites by CYP enzymes, and then
the cell viability was measured (Figure 4e). The cell viability of the
two factors plus Ad-LacZ-tansduced cells were higher than that
of the three factors-transduced cells at each different concentra-
tion of four test compounds. These restlts indicated that the three
factors-transduced cells could more efficiently metabolize the test
compounds and thereby induce higher toxicity than either the two
factors-transduced cells or undifferentiated human ESCs. The cell
viability of the three factors-transduced cells was slightly higher
than that of primary human hepatocytes.

HNF4a promotes hepatic maturation by activating
mesenchymal-to-epithelial transition

HNF40. is known as a dominant regulator of the epithelial
phenotype because its ectopic expression in fibroblasts (such as
NIH 373 cells) induces mesenchymal-to-epithelial transition
(MET)", although it is not known whether HNF4o. can promote
MET in hepatic differentiation. Therefore, we examined whether
HNF40 transduction promotes hepatic maturation from hepa-
toblasts by activating MET. "o clarify whether MET is activated
by HNF4a transduction, the human ESC-derived hepatoblasts
(day 9) were transduced with Ad-LacZ or Ad-HNF4o, and the
resulting phenotype was analyzed on day 12 of differentiation
(Figure 5). This time, we confirmed that HNF4e transduction
decreased the population of N-¢adherin (hepatoblast marker)-
positive cells,”” whereas it increased that of ALB (hepatocyte
marker)-positive cells (Figuré;sa). The number of CK7 (cholan-
giocyte marker)-positive population did not change (Figure 5a).
To investigate whether these results were attributable to MET, the
alteration of the expression of several mesenchymal and epithe-
lial markers was examined (Figure 5b). The human ESC-derived
hepatoblasts (day 9) were almost homogeneously N-cadherin®
(mesenchymal marker)-positive and E-cadherin' (epithelial
marker)-negative, demonstrating that human ESC-derived hepa-
toblasts have mesenchymal characteristics (Figure Sa,b). After
HNF4o: transduction, the number of E-cadherin-positive cells
was increased and reached ~90% on day 20, whereas that of
N-cadherin-positive cells was decreased and was less than 5% on
day 20 (Supplementary Figure S10). These results indicated that
MET was promoted by HNF4c: transduction in hepatic differen-
tiation from hepatoblasts. Interestingly, the number of growing
cells was decreased by HINF4q transduction (Figure 5¢), and the
cell growth was delayed by HNF4o: transduction (Supplementary
Figure $11). This decrease in (he number of growing cells might
have been because the differentiation was promoted by HNF4al
transduction. We also confirmed that MET was promoted by
HNF4or transduction in the gene expression levels (Figure 5d).
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Figure 4 Transduction of the three factors enhances hepatic functions. The human ESCs were differentiated into hepatoblasts and transduced with
3,000 VP/cell of Ad-LacZ or Ad-HNF4c for 1.5 hours and cultured until day 20 of differentiation according to the protocol described in Figure 2a. The
hepatic functions of the two factors plus Ad-LacZ-transduced cells (SOX17+HEX+LacZ) and the three factors-transduced cells (SOX17+HEX+HNF4a)
were compared. (a) Undifferentiated human ESCs (hESCs) and the hepatocyte-like cells (day 20) were cultured with medium containing Alexa-Flour
488-labeled LDL (green) for 1 hour, and immunchistochemistry and flow cytometry analysis were performed. The percentage of LDL-positive cells
was rneasured by flow cytometry. Nuclei were counterstained with DAPI (blue). The bar represents 100 um. (b) Induction of CYP3A4 (left), CYP2C9
(middle), or CYPTA2 (right) by DMSO (gray bar), rifampicin (black bar), or omeprazole (black bar) in the hepatocyte-like cells (day 20) and primary
human hepatocytes (PH), which were cultured for 48 hours after the cells were plated. On the y-axis, the activity of primary human hepatocytes
that have been cuitured with medium containing DMSO was taken as 1.0. (c) The hepatocyte-like cells (day 20) (upper column) were examined for
their ability to take up Indocyanin Green (ICG) and release it 6 hours thereafter (lower column). (d) Glycogen storage of the hepatocyte-like cells
(day 20) was assessed by Periodic Acid-Schiff (PAS) staining. PAS staining was performed on day 20 of differentiation. Glycagen storage is indicated
by pink or dark red-purple cytoplasms. The bar represents 100 um. (e) The cell viability of undifferentiated human ESCs (black), two factors plus
Ad-LacZ-tansduced cells (green), the three factors-transduced cells (blue), and primary human hepatocytes (red) was assessed by Alamar Blue assay
after 48 hours exposure to different concentrations of four test compounds (troglitazone, acetaminophen, cyclophosphamide, and carbamazepine).
The cell viability is expressed as a percentage of cells treated with solvent only treat: 0.1% DMSO except for carbamazepine: 0.5% DMSO. Ali data
are represented as means + SD (n = 3). ESC, embryonic stem cell; DMSO, dimethy! sulfoxide; LDL, low-density lipoprotein.
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