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In vitro gene expression induced by Ad vectors
containing miR-122a target sequences

In order to examine in vitro transgene expression levels induced
by an Ad vector carrying the miR-122a-target sequences, human
and mouse cultured cells expressing various levels of miR-122a
were transduced using the Ad vectors. Quantitative reverse tran-
scriptase- PCR analysis demonstrated that mouse primary hepa-
tocytes and HuH-7 cells expressed large amounts of miR-122a.
In contrast, low or negligible levels of miR-122a were found in
SK HEP-1 cells and MS1 cells (Figure 2a). Ad-L-122aT medi-
ated a 3- 10 70-fold lower relative expression of firefly luciferase
in mouse primary hepatocytes and HuH -7 cells than did Ad L
or Ad-L-controlT (Figure 2b). Superior suppression of firefly
luciferase expression was observed in primary mouse hepato-
cytes than in HuH-7 cells, probably because of the higher lev-
els of miR-122a expression in the former than in the latter. In
contrast, both Ad-L and Ad-L-122aT exhibited similar levels of
firefly luciferase expression in SK HEP-1 cells and in MS1 cells.
These results suggest that the insertion of the miR-122a target
sequences in the 3-UTR region of the transgene expression
cassette resulted in a reduction in transgene expression by Ad
vectors in cells expressing miR-122a. The insertion of the con-
trol target sequences, which are reversed sequences of the miR-
122a target sequences, did not affect firefly luciferase production
in the mouse primary hepatocytes and MS| cells. In contrast,
Ad-L-controlT was shown to produce a significant reduction in
Jirefly luciferase expression both in HuH-7 cells and SK-HEPI
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Figure 3 In vivo transduction efficiency of Id.\wirus (Ad) vec-
tors containing the miR-122a target seq
injection. B16 tumar-bearing mice were mtruumalr injected wuh
Ad vectors, and the tumors and livers were recovered and subjected to
luciferase expression analysis 48 hours after ingection. Firefly luciferase
production in the tumors and livers by Ad vectors st (a) 3.0 = 10* virus
particies (VP) and (b) 3.0 = 10'°VP. Relative firefly hsciferase exp
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cells. It is possible that certain miRNAs are associated with the
reverse sequences of the miR-122a targer sequences, and that
these might reduce transgene expression.

Insertion of the miR-122a target sequences resulted
in a dramatic reduction in hepatic transgene
expression from Ad vectors

In order to determine whether Ad-L-122aT exhibits a liver-
specific reduction in firefly luciferase expression following in vivo
application, the production levels of firefly and renilla luciferase
in tumors and in the liver were determined afier intratumoral
injection of the Ad vectors at 3.0 x 10" virus particles (VP) or
3.0 x 10"VP into B16 tumor-bearing mice. We confirmed that
the B16 tumors expressed only scant amounts of miR-122a. In
contrast, abundant expression of miR-122a was found in the liver,
i.e., more than 10°-fold of the level in the B16 tumors (data not
shown). Ad L-122aT was shown to mediate similar or margin-
ally lower absolute amounts of firefly luciferase production in
Bl6 tumors at both doses, when compared with the amounts
mediated by other Ad vectors (Figure 3a and b). In contrast,
hepatic firefly luciferase production mediated by Ad-L-122aT
was significantly reduced, f.¢., ~1/1,500 and 1/50 of those medi-
ated by Ad-L and Ad-L-controlT. respectively, at 3.0 x 10" VP
The relative expression levels of firefly luciferase were comparable
at both doses (Figure 3¢ and d), although the absolute amount
of firefly luciferase production in the liver by Ad-L-122aT at
3.0 x 10" VP was approximately tenfold higher than that at 3.0 x
10*VP. The firefly luciferase production levels of Ad-1.-controlT
in the tumors and liver were slightly lower than those of Ad-L,
as observed in HuH-7 cells and SK HEP-1 cells. Other organs,
including spleen and heart, exhibited almost similar levels
of firefly luciferase in response to each of the Ad vectors (data
not shown). Similar results were observed in a study of Balb/c
mice-bearing Colon26 tumors (data not shown). Quantitative
PCR analysis of the Ad vector genome confirmed the absence
of significant differences in the amounts of vector genomes of
Ad-L, Ad-L-controlT, and Ad-L-122aT in the tumors and liver
samples (Figure 4). These results indicate that the insertion of the
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Figure 4 In vivo biodistribution of adenovirus (Ad) vectors contain-
ing the miR-122a target seq afver intr | injection. 816
tumor-beanng mice were intratumorally injected with Ad vectors, and
tumors and livers were recovered and subjected to Ad vector copy num-

levels in the lwmors and livers at (c) 3.0 = 10°VP and (d) 3.0 = 10"*VP
Firefly luciferase production levels were normalized to renifla luciferase
production levels. Data are presented as mean value = SE (n = 6)
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ber analysis by g PCR 48 hours after the injection. Ad vector
copy number in the tumor and liver induced by Ad vectors at (a) 3.0 =
10° virus particles (VP) and () 3.0 = 10" VP. Data are presented as mean
value = 5E (n = 6), ND, not detectable.
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Figure 5 Antitumor activity of herpes simplex virus thymidine
kinase-expressing adenovirus (Ad) vectors lollowing intratumoral
injection, Established 816 tumors were intratumorally injected on day
0 with saline, Ad-12, Ad-tkcontralT, or Ad-tk-122aT. The mice were
administered intrapentoneal injections of ganciclovir at 75mg/kg once a
day lor 10 days. Tumor growth was monitored by calculating Llumor size
Each powl represents the mean vailue = SE from 7-9 muce. Significant
difference, ""P < 0.005 compared with Ad-L2

miR-122a target sequences in Ad vectors significantly reduces
transgene expression in the liver without altering transduction in
the tumor, after intratumoral injection.

Antitumor effects of HSVtk-expressing Ad vectors

In order to evaluate the utility of Ad vectors containing the miR-
122a target sequences in HSVIK/GCV suicide gene therapy to treat
cancer, we constructed an Ad vector containing an miR-122a

regulated HSVtk expression cassette (Ad-tk-122aT) (Figure le),
andexamined the antitumor effects of HSVik-expressing Ad vectors
in B16 tumor-bearing mice. A single intratumoral injection of
Ad-tk 122aT or Ad-tk-controlT resulted in a significant and vec

tor dosage-dependent regression in the tumors (Figure 5). We did
not find any significant differences between the antitumor activi-
ties of Ad-tk-122aT and Ad-tk-controlT. Ad-L2 at 3.0 x 10"VP
slightly suppressed tumor growth; however, the antitumor effects
of Ad-L2 were less marked than those of Ad-tk-122aT and Ad-
tk-controlT. These results indicate that the insertion of miR-122a
target sequences does not exerl any influence on the antitumor
effects achieved by HSVik-expressing Ad vectors after intratu-
moral injection.

Dramatically reduced hepatotoxicity with
Ad-tk-122aT

In order to examine the hepatotoxicity associated with systemic
leakage of HSVik-expressing Ad vectors after intratumoral injec-
tion, histopathological examination of the liver was performed
6 days after Ad vector injection. Ad-1.2 did not induce any appar-
ent hepatotoxicity at either of the doses used, although infiltration
of a few inflammatory cells was seen (Figure 6b and c, upper left)
However, Ad-tk-controlT at 3.0 = 10°VP provoked substantial
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Figure 6 Histopathological analysis of the livers of mice that received
intratumoral injections of saline, Ad-L2, Ad-tk-controlT, or Ad-tk
122aT. Representative sections of livers of mice injected ntratumaoraily
wilh (a) saline, (b) Ad-L2 (upper left), Ad-tk-controlT (upper night), or
Ad-tk-122aT (lower left) at 3.0 = 10° virus particles (VP), or (c) each of
the vectors at 3.0 = 10™VP. B16 tumor-bearing mice were Lreated as
described in Figure 5. Six days after the injection, the livers were iso-
lated, and histopathological analysis was perf d using h

and eosin staining. The armows point to inflammiatory cell mmtrmon ]
the liver. The scale bar = 50um. Ad, adenovirus

inflammatory cell infiltration in the liver (Figure 6b, upper right)
Furthermore, Ad-tk-controlT at 3.0 = 10" VP caused severe
hepatotoxicity, including swelling of hepatocytes and inflamma-
tory cell infiltration in all areas of the liver examined (Figure 6¢,
upper right). In contrast, low or neghigible levels of inflamma-
tory cell infiltration were observed in the livers of Ad-tk-122aT-
injected groups at both doses, i.e., 3.0 x 10°VP and 3.0 = [0"VP
{Figure 6b and ¢, lower lefi). The levels of inflammatory cell
infiltration and the extent of degeneration of hepatocyles were
both comparable in the livers of Ad-L2-treated mice and in those
of Ad-tk-122aT-treated mice In this series, we also measured
serum alanine aminotransferase (ALT), an enzymatic biomarker
of hepatotoxicity, after intratumoral injection of Ad vectors (days
4 and 6). Ad-tk-122aT did not cause significant elevation in
serum ALT levels at either of the doses used; however, on day 6,
Ad-tk-controlT at 3.0 = 10°VP induced a nonsignificantly higher
level of serum ALT than did Ad-12 and Ad-tk-122aT (Figure 7a).
Furthermore, we identified a significant elevation in the serum
ALT levels of mice treated with Ad-tk-controlT at 3.0 x 10" VP

wws.moleculartherapyorg vol. 16 oo LU oct. 2008



© The Amercan Socicty of Cene Therapy

a a0 A0« ve b 60 30. 0w
5 §lm
I= K
4% 3w
0 0
Day 4 Duy & Day & Day &

cims

glw
;nu .

090
30« 10" ve

0O Saine Oasi2

B Ac-tecontrolT I AGk 12247

Figure 7 Elevation in serum alanine aminotransferase (ALT) levels
and loss in body weight in mice after intratumoral injection of ade-
novirus (Ad) vectors. (a, b) Serum ALT levels after Ad vector injection.
B16 tumor-bearing mice were treated with Ad vectors at 3.0 < 10 virus
particles (VP) or 3.0 » 10'* VP. Blood samples were collected through ret-
ro-orbital bleeding 4 or 6 days after the injection. Data are presented as
mean value £ SE (n = 6). (¢) Relative body weights of mice 10 days after
Ad vector injection, The body weights of mice treated with saline were
normalized to 1.00. Data are presented as mean value = SE (n = 7-9)
*F < 0.05 in comparison with Ad-tk-122aT.

on day 6 as compared to those of mice treated with Ad-
tk-122aT (Figure 7b). In addition, whereas mice that received Ad-
tk-controlT at 3.0 x 10" VP showed significant reduction in body
weight, mice treated with Ad-tk-122aT at 3.0 x 10'"VP did not
show any such loss in body weight (Figure 7¢). Out of the seven
mice that received Ad-tk-controlT at 3.0 x 10'* VP, two died after
day 13, probably on account of HSVik-induced hepatic dam-
age: however no mice in any of the other groups died during the
experiment. These data indicate that insertion of miR-122a target
sequences dramatically reduces the hepatotoxicity caused by Ad
vector Jiated HSVik i

¥

DISCUSSION

The potential of HSVtk/GCV suicide gene therapy has been exten-
sively described.* Ad vectors are considered to be the most suit-
able for the delivery of the HSVik gene into tumor cells; however,
the problem of HSVtk/GCV-mediated toxicity in normal tis-
sue, primarily in the liver, needs to be addressed. This study was
undertaken to explore the efficacy of using a mIRNA-regulated
transgene expression system for circumventing unwanted trans-
gene expression in the liver without disturbing transduction in
the tumor, in the context of Ad vectors. Intratumoral injection
of an Ad vector containing the liver-specific miR-122a-regulated
HSVik expression cassette yielded efficient antitumor effects with-
out severe liver toxicity.

We incorporated four tandem copies of the miR-122a tar-
get sequences into the transgene expression cassette in order
to suppress the hepatic expression of the gene introduced by
Ad vectors, The copy numbers of miRNA target sequences are
expected to play an important role in miRNA-regulated expres-
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sion systems. Doench ef al. reported that an increase in the
copy number of miRNA target sequences resulted in greater
suppression of transgene expression.™ We also confirmed that
when either two or four copies of the miR-122a target sequences
were included in the transgene expression cassette, the greater
number of copies (four in this case) was associated with greater
suppression of transgene expression. Therefore four copies of
the miR-122a target sequences were incorporated in the 3-UTR
region.

In order to address safety concerns relating o the clinical use
of Ad vector-mediated HSVik/GCV systems, the use of tumor-
specific promoters has been extensively examined. Several stud-
ies have demonstrated that transgene expression levels driven
by tumor-specific promoters in the tumor are often lower than
those of ubiquitously active promoters, including the cyto
megalovirus (CMV) promoter. Several types of tumor-specific
promoters, including the telomerase reverse (ranscriptase
promoter,” carcino-embryonal antigen promoter,” and thy-
roglobulin core promoter,” have been used for tumor-specific
HSVtk expression by Ad vectors. These promoters render tumor
cells sensitive to GCV in a tumor cell-specific pattern; how-
ever, the sensitivity of the transduced cells to GCV was lower
than that of cells transduced with the CMV promoter, at least
in vitro."*¥* Efficient transduction in tumor cells is crucial in a
HSVitk/GCV system, although the bystander effect can kill the
neighboring untransduced cells. In addition, loss of the tumor
specificity of promoters after incorporation into the Ad vector
genome has been previously reported.™ ' On the other hand, we
clearly showed that a miR-122a-regulated expression system in
the context of Ad vectors achieves both efficient transduction in
the tumor and reduced transgene expression in the liver. These
results indicate that the miRNA-regulated transgene expression
system is suitable for the regulation of transgene expression by
Ad vectors.

We utilized a liver-specific miRNA, miR-122a, to suppress
transgene expression by Ad vectors in the liver, because injection
of HSVik-expressing Ad vectors provokes severe hepatotoxic-
ity, given their highly hepatotropic nature. Insertion of the miR-
122a target sequences significantly reduced transgene expression
in the liver; however, no suppression of transgene expression by
Ad-L-122aT was observed in the other organs (data not shown),
because only negligible amounts of miR-122a are expressed in
organs other than the liver.” In order to prevent transgene expres-
sion, not only in the liver but also in other organs, it is important
to incorporate target sequences of miRNA that are ubiquitously
expressed, but that are specifically downregulated in the targeted
tumor. Recent studies using miRNA array systems have revealed
that several miRNAs such as let-7,"” miR-143," and miR-145"%
were significantly downregulated in the target tumor. The use
of target sequences to these miRNAs might further increase the
salety profiles of HSVik-expressing Ad vectors.

One major concern in using the miR-122a-regulated expres-
sion system is its potential influence on endogenous targets of
miR-122a such as cationic amino acid transporter-1.** Cationic
amino acid transporter-1 expression levels in the liver were not
determined in this study; however, it is unlikely that recruitment
of miR-122a 1o the target sequences inserted into the transgene
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expression cassette leads to a loss of regulation of natural miR-
122a targets, because expression levels of miR-122a in mouse
hepatocytes would be much higher than those of firefly luciferase
mRNA, which possesses the miR-122a target sequences in the
3-UTR. The results of a study by Brown ef al. also suggested that
miRNA-regulated expression of natural targets is not perturbed
by large amounts of miRNA substrate.” These results could also
account the suppression efficiency (ratio of firefly luciferase
production to renilla luciferase production) being maintained
1o the same extent at both doses, ie, 3.0 x 10°VP and 3.0 x
10"VE. Sufficient levels of miR-122a would be expressed in the
hepatocytes to suppress the transgene expression by Ad vectors
at the doses used in this study.

As mentioned earlier. the efficiency of transgene suppression
in the liver was comparable at 3.0 x 10°VP and 3.0 x 10"VP,
however, Ad-1.-122aT at 3.0 x 10" VP produced higher amounts
of firefly luciferase in the liver than did 3.0 x 10°VP (Figure 3).
These results suggest that an additional strategy, in addition to the
miRNA-regulated expression system, will still be required to achieve
further reduction in the absolute levels of transgene products in
the liver. Alteration of virus tropism by capsid modification would
be a promising approach in this context. Our group of researchers
have previously demonstrated that fiber-mutant Ad vectors in the
fiber HI loop containing an Arg-Gly-Asp peptide, which exhibits
a_-integrin tropism, achieved more efficient transduction in BI6
tumors and reduction in hepatic transduction after intratumoral
injection, than with the use of conventional Ad vectors." The inclu-
sion of an Arg-Gly-Asp peptide led to an increase in the affinity of
Ad vectors for tumor cells and a reduction in the systemic leakage
of Ad vectors. The combined use of fiber-mutant Ad vectors and a
miRNA-regulated expression system would further enhance anti-
tumor effects and reduce hepatotoxicity.

The Ad vector doses used in this study were higher than those
in most clinical suicide gene therapies.'*" Given that the body
weight of mice is ~20g. the injected doses of 3.0 x 10"-10""VP/
mice are equivalentto 1.5 x 10"~ 10" VP/kg. Serious hepatotoxicity
was not frequently found in clinical trials using HSVtk-expressing
Ad vectors. However, in order to obtain more efficient therapeutic
effects, higher doses of Ad vectors would be required. An increase
in the injected doses leads not only to higher antitumor effects but
also to more severe hepatotoxicity. This study demonstrates that a
miR-122a-regulated HSVik expression system makes it possible to
increase the injected dose of HSVik-expressing Ad vectors with-
out producing HSVtk-induced hepatic damage, thereby leading to
greater antitumor efficacy.

In summary, the use of a miRNA-regulated transgene expres-
sion system dramatically reduced the level of hepatic side effects
otherwise encountered in Ad vector-mediated suicide gene
therapy for cancer. Moreover, this approach has the potential
to enhance the safety and effectiveness of Ad vectors, not only
in this particular context, but also as part of other therapeutic
strategies.

MATERIALS AND METHODS
Mice and cells. Female C57BL/6 mice of ages 5-6 weeks, were obtained
from Nippon SLC (Hamamatsu, Japan). Bl&oeﬂs(amuue ! cell
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fetal calf serum and antibiotics. HuH-7 cells (a human well-differentiated
hepatocellular carcinoma cell line, RCB1366, obtained from the JCRB Cell
Bank, Tokyo, Japan). 293 cells (a human embryonic kidney cell line), SK
HEP- 1 cells (a human hepatoma cell line), and MS1 cells (a mouse pancre-
atic islet endothelial cell line) were cultured in Dulbeccos modified Eagles
medium supplemented with 10% fetal calf serum and antibiotics. Mouse
primary hepatocytes were isolated from C57BL/6 mice and cultured as

previously described =

Plasmids and Ad vectors. Ad vectors containing miRNA target sequences
were constructed by means of an improved in vitro ligation method
described previously.”” ™ A CMV p driving firefly luciferase-

ing shuttle plasmid with four tandem copies of perfectly comple-
mentary sequences to miR-122a in the 3'-UTR of the firefly luciferase
expression cassetie, pCMVLI-122aT, was comstructed as described: A
NaUK,pnIfngm:ﬂnprMVLl'whpm!wdldqmudmhdul
(57-GGCC, CAGCACAAACACC
ATTGTCACACICCATTAATTAAGCGGTAC-Y) and 2 (5-CGCTTAA
TTAATGGAGTUTGACAATGCGTGTTTGTGCTCIGGAGTGTGACA
ATGGTIGTITGT-Y) (perfectly complementary sequences to miR-122a
and Pacl recognition sequences are indicated by underlining and italics,
respectively), resulting in pCMVL1-122aT-1. The Pacl/Kpn! fragment of
PCMVLI-1224T-1 was then ligated with oligonucleotides 3 (5 ACAAAC
ACCATTGTCACACTCCAGGACACAAACACCATTGTCACACTCCA
GTAC-3)and 4 (5 IGGAGTGTGACAATGGTGTTTGIGTCCTIGUGAG
IGIGACAATGGTGTTTGTAL-3), resulting in pCMVL1-122aT. pCM-
VL1-controlT, which contains four tandem copies of reverse sequences of
perfectly complementary sequences to miR-1224 as control sequences, was
similarly constructed by introducing the following oligonucleotides into
pCMVLL: 5' GGCCACCTCACACTGTTACCACAAACACGACACCT
CACACTGTTACCACAAACATTAATTAAGCGGTAC. Y, 5" CGCTTA
ATTAATGTTTGTGGTAACAGTGTGAGGTGTCGTGTTTGTGGTA
ACAGTGTGAGGT.3', 5" ACCTCACACTGTTACCACAAACACAGG
ACCTCACACTGTTACCACAAACAGTAC ¥, and 5-TGTTTGTGGT
AACAGTGTGAGGTCCTGTGTTTGTGGTAACAGTGTGAGGTAT-
3 (reverse sequences of perfectly complementary sequences to miR-122a
are indicated in boldface letters).

Forthe constructionofthe Advectorplasmids, |- Ceul [P1-Scel -digested
pCMVLI, pCMVLI-122aT, or pCMVLI-controlT was ligated with the
1-Ceul/P1-Scel -digesied Ad vector plasmid pAdHM20-R13 containing a
renilla luciferase expression casseite in the E3-deleted region, yielding
pPAdHM20-L,pAdHMZ20-1L-122aT, 0rpAdHM20-L-control T.respectively.
pAdHM20- RL3 was prepared by ligation of Clal -digested pAJHM20 (ref.
40) and Csp451-digested pHM11-CMVRL. pHM11-CMVRL, containing
a renilla luciferase expression cassette driven by the CMV promoter, was
constructed using pHM11 (vef 41) and pGLA70 (Promega. Madison,
WI). Plasmids for the HSVik-expressing Ad vectors (pAdHM4-
tk-122aT and pAdHM4-tk-controlT) were constructed as described
earlier,usingpAdHM4 (ref. 37)and pHM-CMVHSVik pHM-CMVHSVik
was consirucied by replacing the firefly luciferase gene in pCMVLI with
the HSVtk gene in pHM3-CMVik " For generating Ad vector particles
(Ad-L, Ad-L-122aT, Ad-L-controlT, Ad-tk-122aT, and Ad-tk-controlT),
each vector plasmid was digested with Pacl t release the recombinant
viral genome, and the Ad vector particles were transiected into 293 cells
plated on 60-mm dishes with Superfect transfection reagent (Qiagen,
Valencia, CA) in accordance with the manufacturer’s instructions. A
conventional Ad vector expressing firefly luciferase, Ad-L2, was prepared
earlier” All Ad vectors were propagated in 293 cells. purified by two
rounds of cesium chloride-gradient ultracentrifugation, dialyzed, and
stored at -80"C. The VPs were determined using a spectrophotometric
method.” and the biological titers were measured using the Adeno-X
npod titer kit (Clontech, Mountain View, CA). The ratio of particle-to-

line) were cul iin it ted with 10%
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biological titer was bets 9 and 21 for each Ad vector used in this
study.
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miRNA expression analysis. Total RNA. including miRNA, was extracted
from the cultured cells using ISOGEN (Nippon Gene, Tokyo. Japan).
Reverse transcription reactions were performed using the TaqMan
MicroRNA reverse transcription kit (Applied Biosystems, Foster City, CA)
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