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Table 1

LlSt of pnmers used for RT-PCR o o e

_Gene name e Spec1es ~ (5) Sense primers (3') ‘ _ (5')Antisense primers (3') |
GAPDH . ACCACAGTCCATGCCATCAC L,TCCACCACCCTGTI'GCTGTA
HoxB4  AGAGGCGAGAGAGCAGCTT  TTCCTTCTCCAGCTCCAAGA
- Oct-3/4 ~ GTTTGCCAAGCTGCTGAAGC  TCTAGCCCAAGCTGATTGGC
G  CACATGAAGCAGCACGAC  TGCTCAGGTAGTGGTTGTCG
CFlk-1 ~ TCTGTGGTTCTGCGTGGAGA  GTATCATTTCCAACCACCC
: Gata1 f  TTGTGAGGCCAGAGAGTGTG ;j:f_’TI‘CCTCGTCTGGA“ITCCATC

Gataf (real tlme PCR)  GTCAGAACCGGCCTCTCATC - GTGGTCGT]TGACAGTTAGTGCAT
Tel - 'CTGAAGCAGAGGAAATCTCGAATG """‘GGCAGGCAGTGATTATI'CTCGA
emyp ~ CCTCACCTCCATCTCAGCTC ;  GCTGGTGAGGCACTTTCTTC |
Cp-HU . 'AGTCCCCATGGAGTCAAAGA  CTCAAGGAGACCTTTGCTCA
B-Major ~ CTGACAGATGCTCTCTTGGG  CACAACCCCAGAAACAGACA
CXCR4 '*‘!ﬁVVGTCTATGTGGGCGTCTGGAT GGCAGAGCTTITGAACTI'GG: o

(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 ExTaq 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.scr.2011.09.001.
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Introduction

There are two distinct endoderm lineages 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 parietal endoderm, which contributes to the primary
yolk sac, and the visceral endoderm, which overlies the epiblast
[1,2]. In contrast, the second of the endoderm lincages, 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 rescarch 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 utilized 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 from human ESCs by
stable expression of SOX17 [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 | 21780



Directive ExEn or DE Differentiation by SOX17

A B C D
NANOG GSC
AFP cDX2 12 . 3
o 4 o _ 4100 2c cg
g ] £5 g2 | o8 o | 2
Y on 10 P e a
80 o @ Se 22 1
g EX a5 | 04 g
LI iz €, L
[ 0 = 0.1 bW ST N G WO v N 0w
S F2EREER R ErEERRE
. A4 GATA4 P 4 50 GATAZ Ad-SOX17 Ad-SOX17
-4 -4 5
g 120 A 52 80 BMP4 BMP4
Py 80 - @8
Z £ | 401
&2 J g% R
s 40 g5 | 20 l i I i E AdLacZ Ad-SOX17
0 4—MR 0 4 Y Y ¥ —69.7%
= I RO £ 1 19.0%
2 3
2 ;
LAMB1 hCGa 31 ‘
o _ 4 s _* °©
5] w0 5] 2 -
oG | 30 4 @8
ga 28 1 J
2 20 a8
82 10 o 2% A
S o ge €
= 0 ~-—-r.- 0 - B s ' 3
o
(%3
SOX7 hCG A L /S
I N LS S LA,
o 4 1204 2 ¢ %00 | >
5§ g5 SOX7
oG 80 oG F
' 28 oo -
] 2 &
s 40 + & »
X 0 o 29 1o 4 5
o © pwo oo o s [] Adtacz J} Ad-sox17
O 5 o> > 2 o>x > Q22252 4
838 83S3 B39 3 33 £
b = 2
o
Ad-SOX17 Ad-SOX17 &
BMP4 BMP4 s
£

H9 20187

Dotcom Tic

Figure 1. Efficient ExEn differentiation from human ESC- and iPSC-derived PrE cells by SOX17 transduction. (A-D) Undifferentiated
human ESCs (H9) and BMP4-induced human ESC-derived cells, which were cultured with the medium containing BMP4 (20 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 20 ng/ml of BMP4, and then the gene
expression levels of (A) the ExEn markers (AFP, GATA4, LAMB1, and SOX?7), (B) the trophectoderm markers (CDX2, GATA2, hCGo, and hCG), (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 0 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+SD (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 SOXI17 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 S1 and S$2). Experiments for
bidirectional differentiation using BMP4 and Activin A indicated
that PrE cells were obtained on day 1 (Figure S1) and mesendoderm

“@&). 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 period of formation of PrE cells (day 1) (Figure 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 iPSC-derived
cells, we used a fiber-modified adenovirus (Ad) vector containing
the EF-1o promoter and a stretch 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 for transduction into many kinds of cells
[15,16].

Because the time period 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-
transcuced 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 S3). 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, hCGa (human chorionic
gonadotropin), and hCGf [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 mduced 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 overexpression
promotes directive DE differentiation from human ESCs
To examine the effects of transient SOX17 overexpression on
DE differentiation from human ESCs, we optimized the timing
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 medium containing Activin A (100 ng/ml)
until day 5 (Figures 2A~2C). Using a fiber-modified Ad vector,
both undifferentiated human ESCs and Activin A-induced
human ESC-derived cells were efficiently transduced (Figure
S54). 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 (Figure 2B). The
expression levels of the ExEn marker SOX7 [14] were up-
regulated, when Ad-SOX17 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
treated with Activin A (100 ng/ml) 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-SOXI17 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 (Figurc S6). 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 ¢-Kit/ CXCR4-double-positive DE cells [10,11]
or HEX-positive anterior 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
number of CXCR4/c-Kit-double-positive cells was analyzed by
using a flow cytometer. The percentage of CXCR4/c-Kit-
double-positive cells was significantly increased in Ad-SOX17-
transduced cells (67.7%), while that in Ad-LacZ-transduced cells
was only 22% (Figure 2E). The percentage of HEX-positive cells
was also significantly increased in Ad-SOX17-transduced cells
(53.7%), while that in Ad-LacZ-transduced cells was approxi-
mately 11% (Figure 2F). Similar results were also observed in the
three human iPS cell lines (201B7, Dotcom, and Tic) (Figure 2G).
These findings indicated 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 differentiate 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/ml 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 (201B7, Dotcom, and Tic) were compared at day 5 of
differentiation. All data are represented as the means*+SD (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 CYP7A1 [28] we elucidated the bidirectional role of SOX17 on either ExEn or DE
mRNA and ALB, CYP2D6, CYP3A4, CYP7A1, and cytokeratin differentiation from human ESCs and iPSCs. We initially confirmed
(CK)18 proteins in both Ad-SOX17- and Ad-HEX-transduced that initiation 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 S1 and S2).
HEX-transduced cells (Figures 4A and 4B). These results indicated We speculated that stage-specific transient 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 um.
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
GATAG6 and directly regulates the expression of GATA4 and
GATAG6 [12]. Although it was previously been reported that
Sox17 plays a substantial role in late-stage differentiation of ExEn
cells i 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 cells 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 not 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
hepatocyte markers (ALB, CYP2D6, CYP3A4, and CYP7A1) were examined by real-time RT-PCR in human ESC (H9)-derived hepatocyte-like cells and
human iPSC (201B7, Dotcom, or Tic)-derived hepatocyte-like cells. The gene expression profiles of cells transduced with both Ad-SOX17 and Ad-HEX
(black bar) were compared with those of cells transduced with both Ad-LacZ and Ad-HEX (gray bar). The expression level of primary human
hepatocytes (PH, hatched bar), which were cultured 48 h after plating the cells, were defined as 1.0. All data are represented as the means*SD (n=3).
(B) The expression of the hepatocyte markers ALB (green), CYP2D6 (red), CYP3A4 (red), CYP7A1 (red), and CK18 (green) was also examined by
immunohistochemistry on day 18 of differentiation. Nuclei were counterstained with DAPI (blue). The scale bar represents 50 um.

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 dirccted
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 ¢-
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 cfficient 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 1F 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
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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 S8). 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 a 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 iz 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 ug/ml human apotransferrin, 10 uM 2-
mercaptoethanol, 10 pM ethanolamine, and 10 uM 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 gelatin-coated plate in mouse embryonic
conditioned-medium supplemented 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 Rescarch 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 (HDF) 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 in vitro ligation
method [41,42]. The human SOX17 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-la promoter, resulting in pHMEF-
SOX17. The pHMEF-SOX17 was digested with I-Ceul/PI-Scel
and ligated into I-Ceul/PI-Scel-digested pAdHMA41-K7 [16],
resulting in pAd-SOX17. The human elongation factor-la (EF-
lo) 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 cfficient 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°C 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 housckeeping 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 ul 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 B-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 cultured with the medium containing BMP4
(20 ng/ml) for 5 days, the cells began to show flattened epithelial
morphology. The scale bar represents 50 pm. (C-E) The
tTemporal protein expression analysis during ExEn differentiation
was performed by immunohistochemistry. The PrE markers
COUP-TF1 [21] (red), SOX17 [14] (red), and SOX7 [14] (red)
were detected on day 1. In contrast to the PS markers, the
expression of the DE marker GSC [22] (red) was not detected and
the level of the pluripotent marker NANOG (green) declined
between day 0 and day 1. Nuclei were counterstained with DAPI
(blue). The scale bar represents 50 pm.

(PDF)

Figure S2 Mesendoderm cells formation from human
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 bar represents 50 pum.
(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 S3 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 SOXI17 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 was were taken defined as 1.0. All data are
represented as the means=SD (n=3).

(PDF)

Figure S4 Efficient transduction in Activin A-induced
human ESC (H9)-derived cells by using a fiber-modified
Ad vector containing the EF-1a promoter. 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 S5 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-SOXl17-transduced cells were cultured with Activin A
(100 ng/ml) until 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 undifferentiated cells on day 0 was were taken
defined as 1.0. All data are represented as the means®=SD (n = 3).
(PDF)

Figure 86 Time course of LacZ expression in human
ESC (H9)-derived mesendoderm cells transduced with
Ad-LacZ. The hHuman ESC-derived mesendoderm cells (day 3)
were transduced with 3,000 VP/cell of Ad-LacZ for 1.5 h. On
days 4, 5, 6, 8, and 10, X-gal staining was performed. Note that
human ESC-derived cells were passaged on day 5. The scale bar
represents 100 pm. Similar results were obtained in two
independent experiments.

(PDF)

Figure 87 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 represented 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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ml). 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)
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microRNA-Targeted Sequences
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Abstract

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

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

Results: Among the TRAD variants (herein called TRADs) constructed, TRADs containing the sequences
complementary to miR-143, -145, or -199a showed efficient oncolytic activity comparable to the parental
TRAD in the tumor cells. On the other hand, replication of the TRADs containing the miRNA comple-
mentary sequences was at most 1,000-fold suppressed in the normal cells, including primary normal cells.
In addition, to suppress the replication of the TRADs in hepatocytes as well as other normal cells, we
constructed a TRAD containing 2 distinct complementary sequences for miR-199a and liver-specific miR-
122a (TRAD-122a/1994aT). TRAD-122a/199aT exhibited more than 10-fold reduction in viral replication in
all the normal cells examined, including primary hepatocytes.

Condlusions: 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.
Clin Cancer Res; 17(9); 2807-18. ©2011 AACR.

Introduction

Oncolytic adenoviruses (Ad) are genetically engineered

Authors' Affiliations: Departments of 'Biochemistry and Molecular Biol-

ogy and 2Biomedical Innovation, Graduate School of Pharmaceutical
Sciences, Osaka University; *Laboratory of Gene Transfer and Regulation,
National Institute of Biomedical Innovation; “Department of Pharmacy,
School of Pharmacy, *Pharmaceutical Research and Technology Institute,
Kinki University, Osaka; and 6Depar‘tmen’c of Gastroenterological Surgery,
Okayama University Graduate School of Medicine, Dentistry, and Phar-
maceutical Sciences, Okayama, Japan

Note: Supplementary data for this article are available at Clinical Cancer
Research Online (http://clincancerres.aacrjournals.org/).

Corresponding Author: Fuminori Sakurai, Department of Biochemistry
and Molecular Biology, Graduate School of Pharmaceutical Sciences,
Osaka University, Osaka, Japan. Phone: 81-6-6879-8188; Fax: 81-6-
6879-8186; E-mail: sakurai@phs.osaka-u.ac.jp or Hiroyuki Mizuguchi,
Department of Biochemistry and Molecular Biology, Graduate School of
Pharmaceutical Sciences, Osaka University, 1-6 Yamadaoka, Suita,
Osaka, 565-0871, Japan. Phone: 81-6-6879-8185, Fax: 81-6-6879-
8186; E-mail: mizuguch@phs.osaka-u.ac.jp

doi: 10.1158/1078-0432.CCR-10-2008

©2011 American Association for Cancer Research.

Ads which can kill tumor cells by tumor cell-specific
replication (1, 2). Several clinical trials using oncolytic
Ads have been carried out, and promising results have
been reported (3~5). Various types of oncolytic Ads have
been developed, and can be mainly classified into 2 groups.
One type of oncolytic Ads show tumor-selective replication
via deletion of certain genes, such as the EIB-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
oncolytic 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 E1
gene expression cassette driven by the human telomerase
reverse transcriptase (hTERT) promoter, is one of the most
promising oncolytic Ads (10, 11). A variety of tumor cells
express telomerase and most normal cells do not, leading
to tumor-selective efficient replication of TRAD. A phase I
clinical trial using TRAD has already been carried out, and
antitumor effects were shown in several patients (3). Com-
bined therapy using anticancer agents and TRAD also has
been shown to provide enhanced antitumor effects com-
pared with either treatment alone (12). Another advantage
of TRAD is that TRAD exerts antitumor effects on distant,
uninjected tumors following intratumoral administration.
TRAD efficiently replicates in the injected tumors and is
disseminated from the injected tumors into the systemic
circulation, resulting in infection of distant tumors with
TRAD (11, 13). This property of TRAD has made it possible
to visualize lymph mode metastasis by inclusion of the
green fluorescence protein (GFP)-expression cassette into
TRAD (14). However, these properties have led to the
concern that TRAD also infects normal cells throughout
the body after their dissemination from the injected
tumors. Some oncolytic Ads, including TRAD, replicate
to some extent in normal human cells although tumor-
specific promoters are used probably because low levels of
E1A expression can sufficiently support the replication of
Ads (15). Previous studies have shown a more than 100-
fold increase in Ad genome copy numbers in human
primary fibroblasts 3 days after infection with TRAD (10,
11). Replication of TRAD in normal human cells might
lead to unexpected cellular toxicity, therefore, in addition
to a tumor-specific promoter, a system which can prevent

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

To achieve this goal, we utilized a microRNA (miRNA)-
regulated gene expression system. MiRNAs are small non-
coding RNAs of approximately 22-nt in length, and are
endogenously expressed. MiRNAs bind to imperfectly com-
plementary sequences in the 3'-untranslated region (UTR)
of the target mRNA leading to the suppression of gene
expression via posttranscriptional regulation. More than
800 miRNAs have been identified and have been shown to
be expressed in tissue- and cell-type-specific patterns.
Furthermore, recent studies have shown that several miR-
NAs, including miR-143, -145, and let-7, are specifically
downregulated in tumor cells, compared with normal cells
(16-20). Thus we hypothesized that incorporation of the
complementary sequences for miRNAs selectively down-
regulated in tumor cells into the E1 expression cassette
would prevent the replication of TRADs in normal human
cells without altering the antitumor effects.

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

Materials and Methods

Cells

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

Construction of TRADs
All TRADs were prepared by means of an improved in
vitro ligation method described previously (21-23). hTERT
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promoter-driving E1 gene-expressing shuttle plasmids hav-
ing multiple tandem copies of sequences perfectly com-
plementary to miRNAs in the 3/-UTR of the EI gene
expression cassette were constructed as described below.
A Kpnl/AfIIII fragment of pHMCMV5 (22) was ligated with
oligonucleotides miR-143T-S1 and miR-143T-AS1, which
contain miR-143 complementary sequences, resulting in
pHMCMV5-143T-1. The sequences of the oligonucleotides
are shown in Supplementary Table S1. Next, a Pacl/AfIlII
fragment of pHMCMV5-143T-1 was ligated with oligonu-
cleotides miR-143T-S2 and miR-143T-AS2. The resulting
plasmid, pHMCMV5-143T, was digested with I-Ceul after
digestion with Nhel followed by Klenow treatment, and
then ligated with the I-Ceul/Pmel fragment of pSh-hAIB
(10), in which the E1A and EIB genes linked with an
internal ribosomal entry site (IRES) are located down-
stream of the hTERT promoter, creating pSh-AIB-143T.
For the construction of vector plasmids for TRADs, I-
Ceul/PI-Scel-digested pSh-AIB-143T was ligated with the
I-Ceul/PI-Scel-digested pAdHM3 (21), resulting in
PAdHM3-AIB-143T. To generate TRADs, pAdHM3-AIB-
143T was digested with Pacl and was transfected into
293 cells using Superfect transfection reagent (Qiagen).
All TRADs were propagated in 293 cells, purified by 2
rounds of cesium chloride gradient ultracentrifugation,
dialyzed, and stored at —80°C. TRADs containing other
miRNA complementary sequences were similarly con-
structed using the corresponding oligonucleotides (Sup-
plementary Table S1). The parental TRAD was similarly
prepared using pSh-AIB and pAdHM3. The virus particles
(VP) and biological titers were determined by a spectro-
photometrical method (24) and by using an Adeno-X rapid
titer kit (Clontech), respectively. The ratio of particle-to-
biological titer was between 6 and 9 for each TRAD used in
this study.

Determination of miRNA expression levels in human
normal and tumor cells

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

Infection with TRADs

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

glyceroaldehyde-3-phosphate-dehydrogenase (GAPDH).
Cell viability was also examined by crystal violet staining
and Alamar blue assay at the indicated time points. To
examine the miRNA-specific suppression of TRAD replica-
tion in normal human cells, 50 nmol/L of 2’-O-methylated
antisense oligonucleotide complementary to miR-143 or
miR-199a (Gene Design Inc.) was transfected into normal
cells using Lipofectamine 2000 (Invitrogen). Twenty-four
hours after transfection, the cells were infected with TRADs
and replication of TRADs was evaluated as described above.

Real-time reverse transcriptase PCR analysis for E1A
gene expression

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

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

Resulis

Replication of the conventional TRAD in normal
human cells

First, to examine replication of the conventional TRAD in
normal human cells, WI38 cells, which are human embryo-
nic lung fibroblasts, were infected with the conventional
TRAD at an MOI of 2 or 10 (Fig. 1). The conventional TRAD
did not highly replicate in WI38 cells at an MOI of 2;
however, an almost 500-fold increase in the Ad genome
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Figure 1. Replication of the conventional TRAD in WI38 cells. WI38 cells
were infected with the conventional TRAD at an MOl of 2 or 10 for 2 hours.
At the indicated time points, the copy numbers of the Ad genome and
GAPDH gene were determined by real-time PCR. The ratio of the copy
number of the Ad genome to that of GAPDH was normalized by the dataon
day 0. The data are shown as the means % SD (n = 3).
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was found 3 days after infection at an MOI of 10. These data
indicate that the conventional TRAD replicates in normal
human cells at a high MOI, even though tumor-specific
hTERT promoters are used for the E1 gene expression.

MiRNA expression levels in human tumor and normal
cells

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

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

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

copies of the perfectly complementary sequences for miR-
143, -145, -199a, or let-7a into the 3’-UTR of the E1 gene
expression cassette (Fig. 3A). In TRADs, the E1A gene was
connected with the E1B gene via IRES. We found that the
expression of both the first and second gene in the IRES-
containing expression cassette was suppressed in an
miRNA-dependent manner by insertion of the miR-122a
complementary sequences into the region downstream of
the second gene in miR-122a-expressing Huh-7 cells, not in
HepG2 cells, which express a low level of miR-122a (Sup-
plementary Fig. S1), although it remains controversial
whether miRNA-mediated posttranscriptional regulation
can occur in an IRES-containing expression cassette (28~
30). All TRADs were efficiently grown in normal 293 cells,
and the ratios of infectious titers to physical titers were
comparable among all the TRADs, including the parental
TRAD.

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

To examine whether or not the inclusion of the sequences
complementary to the miRNAs downregulated in tumor
cells would inhibit the tumor cell lysis activity of TRADs, the
viability of tumor cells was evaluated after infection with the
TRADs. Almost all tumor cells were lysed by TRAD-143T,
-145T, and -199aT at 3 days after infection, although cell
lysis by TRAD-let7aT was largely inhibited (Fig. 3B).
Furthermore, time-course studies of cell viability showed
that TRAD-143T, -145T, and -199aT exhibited cytopathic
efficacies comparable to that of the parental TRAD in the
tumor cells at an MOI of 0.4 (Fig. 3C). Similar results were
obtained at an MOI of 2 (data not shown).
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We next examined the replication ability of the TRADs in
the tumor cells by determining the viral genome copy
numbers. TRAD-143T, -145T, and -199aT efficiently repli-
cated in the tumor cells, and the viral genome copy num-
bers of TRAD-143T, -145T, and -1994T in the tumor cells
were more than 500-fold higher than those in the normal
cells (data not shown). In addition, TRAD-143T, -145T,
and -199aT exhibited viral genome copy numbers similar
to that of the conventional TRAD in all tumor cells
(Fig. 3D). All TRADs except for TRAD-let7aT also expressed
similar levels of E1A mRNA (Fig. 3E). In contrast, insertion
of let-7a complementary sequences largely inhibited the
replication in all tumor cells. The E1A mRNA level was also
reduced by 42% in H1299 cells infected with TRAD-let7aT.
Inefficient replication of TRAD-let7aT in the tumor cells
corresponded to the low cytopathic effects described above.
These results indicate that TRADs containing the comple-
mentary sequences for miR-143, -145, or -199a exhibit
efficient E1 gene expression in the tumor cells and tumor
cell lysis activity comparable to those of the conventional
TRAD.

Reduced replication of TRAD-miRT in normal cells

To examine whether replication of TRADs in normal cells
is suppressed by incorporation of the sequences comple-
mentary to the miRNAs downregulated in tumor cells,
normal human cells were infected with the TRADs. The
virus genome copy numbers of TRAD-143T, -145T, and
-199aT were 5- to 1,000-fold reduced, compared with the
conventional TRAD at 5 days following infection in WI38
cells (Fig. 4A). An approximately 3- to 300-fold reduction
in the genome copy numbers of TRAD-143T, -145T, and
-199aT was also observed in NHLF and 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 SAEC
were much lower than those in the other normal cells
(Fig. 2). The suppressive effects of insertion of the miRNA
target sequences were different among the cells; however,
overall, the insertion of miR-199a complementary
sequences mediated similar or higher suppressive effects
on the replication of TRADs in all the normal cells exam-
ined, compared with insertion of the sequences comple-
mentary to miR-143 and -145. Replication of TRAD-199aT
was inhibited by more than 10-fold in all the normal cells
except for SAEC. We also examined the viabilities of the
normal cells after infection with the TRADs. No apparent
differences in cell viabilities were found among the TRADs
by aystal violet staining (data not shown); however, Ala-
mar blue assay showed that the average values of the
normal cell viabilities were higher after infection with
TRAD-miRT than after infection with the conventional
TRAD (Fig. 4B). These results suggest that the suppression
of TRAD replication by insertion of the miRNA comple-
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 cells. A, a schematic
diagram of a TRAD containing the miRNA-regulated E7 gene expression
system. ITR: inverted terminal repeat. B, crystal violet analysis of the
cytopathic effects of TRADs in the tumor cells. The cells were infected with
the TRADs at an MOI of 2 for 2 hours. Three days after infection, the cells
were stained with crystal violet. The results are representative of at least 2
independent experiments. C, time-course study of the tumor cell lysis
activity of TRADs by Alamar blue assay. The cells were infected with the
TRADs at an MOI of 0.4 for 2 hours. At the indicated time points, the
viability of the cells was analyzed by Alamar blue assay. The data were
normalized by the data of the mock-infected group. D, the viral genome
copy numbers of TRADs in the tumor cells. The cells were infected with the
TRADs at an MOI of 2 for 2 hours. Three days after infection, the viral
genome copy numbers were quantified by real-time PCR. The data was
normalized by the data of the conventional TRAD group. E, the E1A mRNA
levels in H1299 cells 24 hour after infection with the TRADs. The cells were
infected with the TRADs at an MOI of 2 for 1.5 hours. Twenty-four hours
after infection, the E1A mRNA levels were determined by real-time RT-
PCR. The data was normalized by the data of the conventional TRAD
group. All the data are shown as the means + SD (n = 3-6). *, P < 0.05;
**, P < 0.005.

ited by a 2’-O-methylated antisense oligonucleotide. NHLF
and P1SC 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 -1993,
the reduction in the replication of TRAD-miRT was sig-
nificantly restored, but the scramble 2’-O-methylated oli-
gonucleotide did not significantly affect the replication of
TRAD-miRT (Fig. 4C). These results indicate that the reduc-
tion in the replication of TRAD-miRT in the normal cells
was miRNA-dependent.
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Figure 4. Reduced replication of
TRADs in normal human cells by
insertion of the miRNA
complementary sequences. A, the
viral genome copy numbers of
TRADs in normal cells. The cells
were infected with the TRADs at
an MOI of 10 for 2 hours. Five days
after infection, the viral genome
copy numbers were determined
by real-time PCR. B, time-course
study of the normal human cell
viabilities after infection with
TRADs by Alamar blue assay. The
cells were infected with the TRADs
at an MOI of 10 for 2 hours. At the
indicated time points, the viability
of the cells was analyzed by
Alamar blue assay. The data were
normalized by the data of the
mock-infected group. C,
restoration of TRAD replication in
human normal cells by 2/-O-
methylated antisense
oligonucleotides. The cells were
transfected with 50 nmol/L of 2'-
O-methylated antisense
oligonucleotides for miR-143 or
-199a. Twenty-four hours after
transfection, the cells were
infected with the TRADs at an MOI
of 10, and the viral genome copy
numbers were determined 5 days
after infection with the TRADs. D,
the E1A mRNA levels in normal
human cells. The cells were
infected with the TRADs at an MOI
of 10 for 1.5 hours. Twenty-four
hours after infection, the E1 mRNA
levels were determined by real-
time RT-PCR. The data was
normalized by the data of the
conventional TRAD group. All the
data are shown as the means +
SD (n = 3-4). *, P < 0.05;

** P <0.005.
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Figure 4. (Continued)

E1A expression by TRAD-miRT in normal cells

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

Development of TRADs containing the
complementary sequences for liver-specific miRNA
To prevent the replication of 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 E1 gene
expression cassette, resulting in TRAD-122a/199aT
(Fig. 5A). It is well known that Ads have high hepatic
tropism, leading to efficient liver accumulation even after
local administration. MiR-122a was expressed approxi-
mately 100- and 20-fold more abundantly in NHep and
Huh-7 cells, respectively, than in the other normal human
cells and tumor cells (Fig. 5B); conversely, the other normal
cells expressed more than 10-fold lower levels of miR-122a
than miR-143, -145, and -199a (data not shown). Incor-
poration of miR-122a complementary sequences alone
significantly reduced the virus genome copy number of
TRAD-122aT in NHLF and NHep; however, no statistically
significant decrease in the genome copy number of TRAD-
122aT was found in 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 cassette efficiently reduced the replica-
tion of TRAD-122a/199aT by 10- to 50-fold in all normal
cells examined. Significantly reduced replication of
TRAD-122a and TRAD-122a/199aT was also found in
Huh-7 cells, which are a hepatoma cell line highly
expressing miR-122a and are often used as a model of
hepatocytes (Supplementary Fig. $2). The incorporation
of the miR-145 complementary sequences was also effec-
tive for suppressing the TRAD replication in NHep
(Supplementary Fig. S3). The E1A mRNA levels were
reduced for TRAD-122aT and -122a/199aT in NHep
(Fig. 5D). In addition, TRAD-122a/199aT efficiently
replicated in the tumor cells, resulting in efficient tumor
cell lysis (Fig. 5E and F). These results indicate that
replication of the TRADs in various types of normal
human cells, including liver hepatocytes, is significantly
reduced by insertion of the multiple target sequences to
both miR-122a and -199a, without influencing the
tumor cell lysis activity.

Discussion

The aim of this study was to prevent the replication of
TRADs in normal human cells by incorporation of
sequences complementary to miRNAs that are selectively
downregulated in tumor cells, without altering the tumor
cell lysis activity. Currently, there is no appropriate animal
mode] 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 E1 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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