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miRNA-Regulated Replication of Oncolytic Adenovirus
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Figure 5. Tumor cell lysis activity and enhanced safety profile of TRAD-122a/199aT. A, a schematic diagram of TRAD-122a/199aT. B, miR-122a
expression levels in the normal and tumor cells. C, the viral genome copy numbers of TRAD-122a/199aT in normal human cells. D, the E1A mRNA
levels in NHep. E, crystal violet analysis for the cytopathic effects of TRAD-122a/199aT. The results are representative of 2 independent experiments. F, the
viral genome copy numbers of TRAD-122a/199aT in tumor cells. The tumor and normal cells were infected with the TRADs at an MOI of 2 (tumor cells)
or 10 (normal cells) for 2 hours. The cells were stained with crystal violet 3 days after infection. The viral genome copy numbers were determined 3 (tumor cells)
or 5 days (normal cells) after infection. For determination of the E1A mRNA levels, total RNA was isolated from NHep 24 hour after infection with the
TRADs at an MOI of 10, and the E1A mRNA levels were determined by real-time RT-PCR. The data was normalized by the data of the conventional TRAD
group. All the data are shown as the means x SD (n = 3-6). N.S.: not significantly different. *, P < 0.05; **, P < 0.005.

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

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

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

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

TRADs containing miR-122a complementary sequences
are also considered to be promising for the treatment of
liver cancer because miR-122a is significantly downregu-
lated in liver cancer cells (35-37) leading to efficient
replication and lytic activity of TRADs containing miR-
122a complementary sequences in liver cancer cells. This
study has shown that TRAD-1224T/199aT caused efficient
cell lysis in a hepatocellular carcinoma cell line, HepG2
cells, while the replication of TRADs containing the miR-
122a complementary sequences in normal hepatocytes,
which highly express miR-122a, was significantly inhibited.

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

RNA in this study; however, comparing the miRNA levels in
this study with those reported by Brown and colleagues
(34), we consider that the expression levels of miR-143,
-145, and -199a in the normal cells were higher than 100
copies/pg small RNA, leading to efficient suppression of the
replication of 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 carrying let-7a target
sequences efficiently replicated in A549 cells (38). How-
ever, our data showed that cancer cell lines other than
HepG2 cells expressed similar or higher levels of let-7a than
the normal cells. In addition, the expression levels of let-7a
were more than 10-fold higher than those of the other
miRNAs in the tumor cells. Abundant let-7a expression
leads to a reduction in the replication of TRAD-let7aT in
tumor cells. Furthermore, the members of the let-7 family,
including let-7b and let-7¢, have the same seed sequence,
suggesting that let-7 family members other than let-7a
would also contribute to the significant suppression of
replication of TRAD-let7aT. These results suggest that not
only expression profiles of miRNAs but also absolute
amounts of miRNA expression in the cells are of great
importance for miRNA-regulated gene expression.

Our data showed that the E1A mRNA levels were reduced
by approximately 30% to 50% for TRAD-143T, -145T, and
-199aT, compared with the conventional TRAD 24 hour
after infection with the normal cells. These reduction levels
in the E1A mRNA were much smaller than those in the Ad
genome copy numbers at 5 days after infection; however,
these reductions in the E1A 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 I dinical trial of the parental TRAD was con-
ducted, and serious adverse events were not observed (3).
In this study, efficient replication of the conventional
TRAD in WI38 cells was found at an MOI of 10; however,
the conventional TRAD did not exhibit a high level of
replication at an MOI of 2. It might be unlikely that such a
high titer (MOI 10) of oncolytic Ad would infect organs
distal from the injection points in clinical trials; however,
normal cells around the injection points might be infected
with a high titer of oncolytic Ad. In addition, even though
no apparent replication of TRADs is observed in normal
cells after infection of TRADs, the expression of Ad pro-
teins, including E1A and E4 proteins, affects the cellular
functions via various mechanisms (39-41). This study
indicates that inclusion of an miRNA-regulated EI gene
expression system in oncolytic Ads enhances the safety of
oncolytic Ads and makes it possible to increase the injec-
tion doses, leading to superior therapeutic effects.
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In summary, we developed TRADs in which the EI gene
expression is controlled by miRNAs more highly expressed in
normal cells than tumor cells. The TRADs containing the
sequences complementary to miR-143, -145, or-199a exhib-
ited reduced replication in the normal cells without altering
the tumor cell lysis activity. Furthermore, incorporation of
both miR-199a and miR-122a target sequences significantly
suppressed the replication in all human primary cells exam-
ined, including hepatocytes. TRAD-miRT has enhanced both
the safety profiles and comparable tumor cell lysis activity to
the parental TRAD, suggesting that TRAD-miRT offers great
potential for the treatment of tumors.
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Optimization of Adenovirus Vectors for Transduction in Embryonic Stem Cells
and Induced Pluripotent Stem Cells

Katsuhisa TASHIRO

Laboratory of Stem Cell Regulation, National Institute of Biomedical Innovation,
7-6-8 Saito-Asagi, Ibaraki, Osaka 567-0085, Japan

(Received May 28, 2011)

Because embryonic stem (ES) cells and induced pluripotent stem (iPS) cells can differentiate into various types of
cells in vitro, they are considered as a valuable model to understand the processes involved in the differentiation into
functional cells as well as an unlimited source of cells for therapeutic applications. Efficient gene transduction method is
one of the powerful tools for the basic researches and for differentiating ES and iPS cells into lineage-committed cells.
Recently, we have developed an adenovirus (Ad) vector for efficient transduction into ES and iPS cells. We showed that
Ad vectors containing the cytomegalovirus enhancer/g-actin promoter with S-actin intron (CA) promoter or the elon-
gation factor (EF)-1a promoter were the appropriate for the transduction into ES and iPS cells. We also found that en-
forced expression of a PPARYy gene or a Runx2 gene into mouse ES and iPS cells by an optimized Ad vector markedly
augmented the differentiation of adipocytes or osteoblasts, respectively. Thus, a gene transfer technique using an Ad
vector could be an advantage for the regulation of stem cell differentiation and could be applied to regenerative medicine

based on ES and iPS cells.

Key words——gene transfer; adenovirus vector; embryonic stem cell; induced pluripotent stem cell; differentiation
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Fig. 1. Efficient Transgene Expression in Mouse ES and iPS Cells by an Ad Vector

(A) Mouse ES cells or iP$S cells were transduced with LacZ-expressing Ad vector at 3000 VP /cell for 1.5 h. On the following day, LacZ expression in the cells
was detected by X-gal staining. Data shown are from one representative experiment of three performed. (B) Paraffin sections of the teratomas derived from Ad-CA-
mCherry-treated iPS cells were prepared, and sections were stained with hematoxylin and eosin. a, ectoderm (epidermis) ; b, mesoderm (cartilage and adipocyte); c,
endoderm (gut epithelium). (C) ES-EBs or iPS-EBs were transduced with each Ad vector at 3000 VP /cell. After 48 h, B-galactosidase luminescence assay was car-
ried out. Results shown were the mean of five independent experiments with indicated standard deviations.
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LacZ 53 Ad X7 % —% f\WT, ES-EB, iPS-EB

(A)

NDOBERTEAZRZFEL /2. TO#EE, ES-EB
KO IPSEBIZBWTCATOE—¥Y—52HT5
AR Z—2EAIVEZHEICEDEWN LacZ ¥
BhEgEE Nk (Fig. 1(O]. ULoERMS, <
T X ES,iPSfifE, €L TCIhns ofifiahmskn EB
NDOBELBTFEARIICATOE—Y—2EF9 5 Ad
RIF—PHELUTNWBIENRFELM LR, 6

3. FERAflfE, BIFMIE~ODLFE

AdNT T —Z AWEBEETFEAEN LA ER
IR TTRENE DRSS 2720, WEEELTOEA
il Al. MEEFIVE LU TES, iPS #ifan 5 I5k
MEAOMEFEERZITD EEBiT, IBIHRS I
WZBD PPARy (peroxisome proliferator-activated
receptory) E{EF7% ES, iPS fifa~#E AT S Z &1

Supplemented withAS

Non

w/0 AS Non

ES cells

iPS cells

(B)

Ad-CA-LacZ Ad-CA-PPARy

Supplementedwith OS

Non

w/o OS Non

ES cells

iPS cells

Ad-CA-LacZ Ad-CA-Runx2

Fig. 2. Increased Adipocyte or Osteoblast Differentiation from Mouse ES and iPS Cells by Ad Vector-mediated PPARy Gene or

Runx2 Gene Transduction

(A) ES-EBs or iPS-EBs were transduced with Ad-CA-LacZ or Ad-CA-PPARy. After plating onto a gelatin-coated dish on day 7, ES-EBs and iPS-EBs were
cultured for 15 d in the presence or absence of adipogenic supplements (AS). After cultivation, lipid accumulation was detected by oil red O staining. Data shown
are from one representative experiment of three performed. (B) ES-EBs or iPS-EBs were transduced with Ad-CA-LacZ or Ad-CA-Runx2, and were then cultured
for 15 days with or without osteogenic supplements (OS) . Matrix mineralization in the cells was detected by von Kossa staining. Data shown are from one represen-

tative experiment of three performed. Abbreviation; w/o, without.
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L0, IRIFMENOHMENENE LT E2NED M E
¥ist U7z, PPARy B{RT % ES, iPS flfla~E A
L, [EBfEEAORERF (1 > A >5%) F
THET 2 Z LKV EMEANDMEFEEZTTo
7o, TOE WHERTFO»EEAIEDMUROTE
BIR T 40% OB ZERL TWeD
125t L, PPARy iz TOEALWERTZEMAL
- EEETIE, 90% L oMM igisHEEREL T
Wiz [Fig. 2(A)].87 /2B, <X ES/iPS #l
i & BRI D S RIT Ad RNT F —Z AN
7= PPARy B FOE A XV REMICKETES
ZEMRENTZ.

KT, BFMENDOSEFLERIIBNTD, Ad
N7 =X BB R TOBAL EBO5LEhE
ZOWTHELEZ., AdXZ ¥ —%HWTES, iPS
MBEABFEMEIMEOIAY —BLRFTHD
Runx2 (Runt-related transcription factor 2) E{=F
ZBAL, VROV CBEORERTZ 3O
W THEELE BFEHMRAOHMEEIREZMBITL /-
K, Runx2 BmF2EALZES, iPS#ilL, &

A)
Non Ad-Null

Ad-RSV
-LacZ

HERTFOHTREELZMEXAY Lacz BxF (3>
ro—)b) 2HALUMBEE KL, AR{EL M
JAMERICEML TWA ZEHEM &>~ [Fig.
2B LEOKRENS, AdRXZ I —ZHWV
Runx2 B TFOEAICKD, HBFMEAZREI
SEBERRETH 5 2 ARSI Nz

4. E b ES,iPS fila~DBELTFEA

b~ ES, iPSHifEix, YWV AV 73X Ty & —F
% Oct-3/4, Nanog D F /s &, <7 X ES, iPS #il
il & Rk D EH T 5—F T, SSEA-4, TRA-1-60
B EDHTFOFRBELHERE, MRAERE, U
X ES, iPS il & DB OEWHHL N LD TW
%, FIT, ¥ AES,iPSHIlATHL EBET
HAENE N ES, iPSHifAICBWTHINA RN
M, LacZ B AR F—2HWTHRFELE., £
DFER, CARUNEF-la7O0E—4—%2H87 5 Ad
Ry F—2ERZE/7- b BS,iPSHlEICBNWT
LacZ DFEHEN IO —2EKTHED 5N /= [Fig.
3(A)].9 728, k- iPSHIE®D Oct-3/4 K ) Na-
nog NFHIIZ AART I~ L2 BEBETFEAE DM

Ad-EF
-LacZ

Ad-CA
-LacZ

Ad-CMV
-LacZ

B8)
el ey
@ &
< K
O O
£ £
= 3
z S
& &
a) a

4 p N
5 £,
¥ *

Ad-EF-
Non mCherry

Fig. 3. Ad Vector Could Efficiently Transduce a Foreign Gene in Human ES and iPS Cells without Any Decrease in the Expression of

Pluripotent Genes

(A) Human ES cells (KhES-1) and iPS cells (201B7) were passaged into culture plates in the presence of ROCK inhibitor, Y-27632. On the following day, they
were transduced with LacZ-expressing Ad vectors containing various types of promoters at 3000 VP/cell for 1.5 h. Forty-eight hours later, X-gal staining was per-
formed. Data shown are from one representative experiment of three performed. (B) Human ES cells and iPS cells were plated into culture plates using Y-27632. On
the following day, they were transduced with Ad-EF-mCherry at 3000 VP /cell for 1.5 h. Two days later, the expression of Nanog (left) and Oct-3/4 (right) was de-

tected by immunostaining.
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FahThwkZEhs, B MIPSHIBIEZ AL
ML TWa I Eptmansk [Fig. 3(B)].9 L
=Moo T, ¥ AES,iPS #ijg& F4iZ, & N ES,
iPS HiBNDHARBEFOEAD T OE—F — DR
RPEETHSZ L, #LTCAXIZEF-la 70
E—&—ME M ES, iPSHIANOBELETFEAICHEL
TWa I EPHEMERS .

5. EHYIC

4, EHELFX AR Y —2H N T X ES,
iPS #ila & Ok ~ ES, iPS HIfAN O SR B 5 T
MNEDOWESLIZRIIL, 2512, AdXZ ¥ —Z2F|H
L ThbBER R T2 < U X ES, iPSfila~EA
T2IEREVFEDHIEARE S HMEFHEET S
ZEWTRII U, Iy, RizsiPSHlAKRIC DN
THHEIEFEBROBERNTELNTBY, BEbah
FAANRNY I - L BBEEFEAKIIEL O ES,
iPSHIAEARICEA RIBETH 5 Z DRI N TN
5. BE, EFS0TN—TTRAIRI Y —%H
Wi BATE AN &2 RME L T ES, iPS fifds 51t
DMAENDOHLFE BT THB D, TR
JD o Mkl CRFER) 2RI FETLHIL
WHBHRIML TS, £, EEFELIFTAARII—%
AWTHERSBME, b MEmEfEAOEhERE
EFEAZEBHEILTED, ZhsofiizzRanT
EFREGCAEZBERELAWRZEDTNS, W9 —i@#
RHERT Ad XY 5 —2HW/ZES, iPS iz S
OEHMEANDOBETEARMNL, B0 LFEE
MR HEEEEREICBWTEERY —IICKEDD
DEEZBN, 4%, FTETORASHFINS.

BE AR TR LRI, MSTBIEAE
EEBUIEFTSMESE O 2y M Tirbhiz
BbDOTHY, ZRETHHIETENZKRKERFER
REMARUK QM2 B GfREfEy o2 s b
F—o7OP s bY—F—0HE), siilafE S
oYz hadcy M) —F )l eE Ry
RIRRFRF IR LA BB 210D &
THREAREDOERICESREHNVAELET. £, <
U X iPS #ifg, E b iPS ;%HHE%L’.Q{%%TE%& L7z
HERZIURHIREE, B NESHifz: CHfEESE
FULAERBAFPERERRBRITLIDEH N E
ER
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