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a b s t r a c t

Adenovirus vector is one of the most widely used vectors in gene therapy applications for the treatment
of diverse human diseases including cancer. In this study, we showed that infection with E1E3-deleted
recombinant human adenovirus serotype 5 reduced human telomerase reverse transcriptase (hTERT)
mRNA levels in hepatoma cell lines. We defined the mechanisms by which the recombinant adenovirus
vector reduces hTERT mRNA levels as follows: Using the virus-associated RNA I/II (VAI/II) expression
construct, we demonstrated that the expression of VAI and VAII RNAs led to an increase in IFN-a2 level,
and IFN-a2 inductionwas responsible for the decrease in hTERT mRNA levels. We showed that the effects
of VA RNAs were specific for the replication-incompetent E1E3-deleted adenovirus vector, because wild-
type adenovirus affected neither IFN-a2 nor hTERT mRNA levels. Moreover, we demonstrated that
adenovirus vector-mediated delivery of the hTERT-targeting anti-cancer reagent could additively reduce
the levels of hTERT mRNA that were specifically overexpressed in most of the cancer cells. This study
showed that E1E3-deleted adenovirus vector system reduced hTERT mRNA levels through VA RNA-
mediated induction of type 1 interferon; hence the recombinant adenovirus itself could have anti-
cancer activity. These results indicate that recombinant adenovirus vector could be an effective means
to deliver anti-cancer reagents for combating cancerous cells more effectively.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Adenovirus (Ad), which is a nonenveloped, double-stranded
(ds) DNA virus of the Adenoviridae family, is the most extensively
studied and developed as a delivery vehicle for gene therapy ap-
plications [1]. Among more than 50 different serotypes of adeno-
viruses, current vectors are primarily derived from group C viruses
(serotypes 2 and 5), the most common serotypes to which most
adults have been exposed [2]. E1E3-deleted replication-
incompetent Ad vectors have been commonly used due to several
advantages, including the ability to package large quantities of DNA
and ease to produce and transfer genes into a wide spectrum of
dividing and nondividing cells in vitro and in vivo [3]. However,
infection with Ad vectors can activate innate immune responses
Biology, Institute of Nano-
anced Omics, Dankook Uni-
epublic of Korea. Fax: þ82 31

e).
induced by the viral particle or capsid independent of viral gene
transcription [4,5]. Moreover, transcription-dependent activation
of innate immunity can be mediated by Ad-associated RNA I (VAI)
and VAII [6e8].

VAI and VAII, which are 157 and 158 nucleotide-long, respec-
tively, are synthesized by polymerase III at high levels during Ad
replication (VAI: ~108molecules/cell, VAII: ~105molecules/cell) and
expected to form dsRNA-like secondary structures [9]. VA RNAs
repress endogenous microRNA-mediated regulation by acting as a
competitor for Exportin-5, Dicer, and RISC which are essential for
the microRNA biogenesis pathway [10,11]. VA RNAs are processed
in a manner similar to microRNAs and produce functional VA RNA
derived microRNA [12e14]. Moreover, VAI was reported to specif-
ically regulate gene expression by controlling the cytoplasmic sta-
bility and abundance of ribosome-bound mRNAs [15,16]. Initially,
VA RNAs were known to competitively block the antiviral effect of
interferon (IFN) through inhibition of dsRNA-induced protein ki-
nase R that phosphorylates eukaryotic initiation factor-2a [17e19].
However, they can also induce the production of type I IFN (IFN-a
and IFN-b) in a RIG-I dependent manner [6e8].
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IFNs constitute a family of cytokines that have antiproliferative,
antiviral, and immunoregulatory activities [20,21]. IFN-a is
currently used for treatment of hematologic malignancies as well as
for solid tumors [22,23]. The antitumor activity of IFN-a is exerted
indirectly through activation of immune cells such as T cells and
natural killer cells, inhibition of vascularization, and induction of
cytokines [24]. IFN-a also directly inhibits cancer cell growth
through regulating cell cycle arrest, apoptosis, or differentiation
[20,24,25]. Additionally, type I IFNs inhibit human telomerase
reverse transcriptase (hTERT) activity by down-regulating hTERT
expression in several cancer cell lines including malignant he-
matopoietic cell lines and ovarian cancer cells [26e29]. Taken
together, the above studies suggest that Ad vectors themselves
might play the role of an hTERT regulator through induction of VA
RNA-mediated type 1 IFNs.

In the present study, we provided evidence that IFN-a induced
by recombinant Ad-encoded VA RNAs could down-regulate hTERT
mRNA levels in hepatoma cell lines. Down-regulation of the hTERT
mRNA level by VA RNA-mediated type 1 IFNs was reversed by
treatment with VA RNA-antagonizing anti-VAI RNA. Moreover, we
confirmed that recombinant Ad vectors can additively inhibit
hTERT mRNA expression when the Ad vector is incorporated with
hTERT mRNA-targeting trans-splicing ribozyme as an antitumor
therapy, which was previously developed by our group [30]. Our
findings suggest a novel mechanism for the anti-telomerase action
of recombinant Ad vectors, and they may provide a basis for future
antitumor therapies.

2. Materials and methods

2.1. Constructs and viruses

VAI and VAII were amplified using PCR with primers (50-
ACGCGTCGACAGAAGCACCATGTCCTTG-30 and 50-CCCAAGCTTTTT
TGAAAGTTAATCTCC-30) with serotype 5 Ad vector as a template,
and the amplified DNA was cloned into the HindIII and SalI sites of
the pUC19 vector. For the IFN-a2 construct, IFN-a2 cDNA was
amplified using PCR with primers (50-AAAAGTACTCGGCCTT-
GACCTTTGCCC-30 and 50-CCGCTCGAGTCATTCCTTACTCCTCAGG-
GACTC-30), and the amplified DNAwas cloned into the ScaI and XhoI
sites of the pAVQ CMV5 tet-on vector. Recombinant adenovirus
encoding GFP (Ad-GFP), herpes simplex thymidine kinase (Ad-
HSVtk, CT), and hTERT-targeting trans-splicing ribozyme with
HSVtk (Ad-Ribo-HSVtk, CRT) were generated as previously
described [30].Wild-type Ad5was obtained fromKCLB (Korean Cell
Line Bank, Seoul, Korea) and VA-deleted Ad was kindly provided by
Ramon Alemany (Bellvitge Biomedical Research Institute, Spain).

2.2. Cell culture

Huh-7 and Hep3B cells, which are human hepatoma cell lines,
were cultured in Dulbecco's modified Eagle's medium and mini-
mum essential medium, respectively, with high glucose and 10%
fetal bovine serum (Thermo Scientific, Pittsburgh, PA).

2.3. Plasmid transfection and virus infection

Hep3B cells in a 6-well plate (4 � 105 cells/well) were cotrans-
fected with VAI/II expression plasmid and anti-VAI or scrambled
RNA using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according
to the manufacturer's instructions. To test the effect of IFN-a2 on
hTERT, Hep3B cells were transfected with 3 mg of IFN-a2 expression
plasmid using PEI transfection reagent (Polysciences Inc., War-
rington, PA). At 48 h post transfection, total RNA was isolated for
subsequent experiments. Hep3B or Huh-7 cells were infected with
10 MOI of adenoviruses and incubated for 48 h. In case of
replication-competent Ad, Hep3B cells were infected with 0.5 MOI
of wild-type Ad5 or VA-deleted Ad and maintained for 24 or 48 h.

2.4. RT-PCR analysis of hTERT mRNA

The level of hTERT mRNAwas analyzed by reverse transcription
(RT)-PCR and real-time PCR amplification. Total RNA was prepared
from plasmid-transfected or Ad-infected cells using TRIzol (Invi-
trogen, Carlsbad, CA) according to the manufacturer's protocol.
Then, 1 mg of total RNA was reverse transcribed with random
hexamers using MultiScribe™ Reverse Transcriptase (Life Tech-
nologies Inc., Carlsbad, CA). A 167-bp hTERT cDNA was amplified
using the primer pair 50-TATGGCTGCGTGGTGAACTTG-30 and 50-
CATAGCTGGAGTAGTCGCTCT-30.

2.5. Real-time PCR

Real-time PCR (qRT-PCR) was performed with 2� real-time PCR
premix (Solgent Co., Daejeon, Korea). Primers used for qRT-PCR
were as follows: 18s; 50-GTAACCCGTTGAACCCCATT-30 and 50-
CCATCCAATCGGTAGTAGCG-30, VAI RNA; 50-GGGCACTCTTCC
GTGGTCTG-30 and 50-AGGAGCGCTCCCCCGTTGTC-30, VAII RNA; 50-
GGCTCGCTCCCTGTAGCCGG-30 and 50-AGGGGCTCGTCCCTGTTTCC-
30, IFN-a2; 50-CTGCCTGGGATGAGACCC-30 and 50-CAGGCA-
CATGGGCTGTATTT-3'. After an initial denaturation at 95 �C for
10 min, the cDNA samples were subjected to 40 cycles of PCR re-
action (95�C for 30s, and 58�C for 30s, and 72�C for 30s). PCR re-
actions were performed in triplicate. Real-time PCR for hTERT was
performed using the TaqMan gene expression assays kit (Cat.
#4331182, Life Technologies Inc.) according to the manufacturer's
instructions.

2.6. Statistics

The significance of differences between the mean values within
groups was tested by a paired one-tailed t test (Student's t test). All
data were expressed as the average± standard deviation. Differ-
ences were considered to be statistically significant at p < 0.05.

3. Results

3.1. Down-regulation of hTERT mRNA expression by adenovirus
vector

In this study, we investigatedwhether intracellular infectionwith
Adwould regulate hTERTexpression in the cells and determinedhow
Ad infection affects the hTERT level. To this end, we infected the hu-
man hepatoma cell line, Hep3B, with recombinant and replication-
incompetent Ad-GFP and assessed the expression level of hTERT
mRNA (Fig. 1). As a control, cells were infected with Ad-GFP inacti-
vated by UV irradiation in a UV cross-linker [7]. Of note, Ad-GFP
infection led to a decrease in the hTERT mRNA level of about ~58%
compared with mock infection; in contrast, no effect on the hTERT
mRNA level was observed when the virus was inactivated by UV
irradiation (Fig. 1A and B). UV inactivation of Ad resulted in decrease
in the VAI RNA level in the virus-infected cells compared with the
original recombinant Ad (Fig. 1A and C), indicating that expression of
Ad gene might be required for the regulation hTERT mRNA.

3.2. Effects of adenovirus virus-associated (VA) RNAs on the hTERT
mRNA level

Since VA RNAs have been known to have multifunctional ac-
tivities such as regulation of innate immunity [6e8,18], host RNAi



Fig. 1. Adenovirus vector down-regulates the hTERT mRNA level, dependent on its transcription. The effect of Ad-GFP and UV-inactivated Ad-GFP on the hTERT mRNA level in
Hep3B cells was analyzed using RT-PCR (A) and qRT-PCR (B) at 48 h following infection with 10 MOI of the viruses. (C) qRT-PCR analysis of VAI RNA in Ad-GFP and UV-inactivated
Ad-GFP infected Hep3B cells. Experiments were performed in triplicate with bars depicting standard error of means. Asterisks denote significance. *p < 0.05, **p < 0.01, ***p < 0.001.
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pathway [10,11,14], andmRNA stability and translation [9,12,16], we
determined whether VA RNAs are involved in the reduction of
hTERT mRNA level (Fig. 2). To this end, we transfected the VAI/II
expression construct together with VA RNAs antagonizing anti-VAI
RNA or scrambled RNA into Hep3B cells. qRT-PCR analysis showed
that transfection of anti-VAI RNA efficiently diminished both VAI
and VAII RNA levels by about 2.5-fold (Fig. 2A). Of note, the
expression of VAI/II efficiently reduced the hTERTmRNA level by up
to 50% (Fig. 2B and C). In contrast, cotransfection of VAI/II expres-
sion plasmidwith anti-VAI RNA resulted in an increase in the hTERT
mRNA level by up to two-fold compared with cotransfection of the
plasmid with scrambled RNA (Fig. 2B and C). These results suggest
that VA RNAs are responsible for down-regulation of the hTERT
mRNA level in the Ad-infected hepatoma cells.

3.3. Down-regulation of the hTERT mRNA level by VA RNA-induced
type 1 interferon

We assessed how VAI/II regulates hTERT expression. IFN-a2
level was induced by about 2-fold when the VAI/II expression
plasmid was transfected (Fig. 2D), similar to VA RNA-mediated type
I IFN induction shown in other studies [6e8]. Cotransfection of VAI/
II plasmid with anti-VAI RNA induced restoration of IFN-a2 back to
Fig. 2. VA RNA-mediated induction of IFN-a2 reduces the hTERT mRNA level. Hep3B cells
transfection, VA RNA (A), hTERT mRNA (B,C), and IFN-a2 mRNA levels (D) were analyzed u
with pUC19 and scrambled RNAs or using RT-PCR (B). IFN-a2 expression plasmid was transf
analyzed using RT-PCR (E). (F) hTERT mRNA levels were also analyzed using qRT-PCR and exp
with 3 independent experiments are shown with standard deviation. Asterisks denote sign
normal levels, indicating VA RNA-specific IFN induction. The effect
of IFN-a2 on the hTERT mRNA level was examined in Hep3B cells
following transfection of IFN-a2 expression plasmid. As shown in
Fig. 2E, expression of IFN-a2 efficiently reduced the hTERT mRNA
level. qRT-PCR analysis showed that expression of IFN-a2 reduced
the hTERT mRNA level by up to 60% (Fig. 2F).

3.4. Effects of adenovirus vector-delivered hTERT-targeting agent on
the hTERT mRNA level

Based on the above results, we hypothesized that recombinant
Ad vector-mediated delivery of antitumor reagents could enhance
the antitumor effects due to antitelomerase activity of Ad vector. To
this end, we infected hepatoma cell lines, Hep3B and Huh-7, with
CT (Ad-HSVtk) or CRT (Ad-Ribo-HSVtk) which is an Ad vector
encoding for hTERT-targeting trans-splicing ribozyme developed
previously [30]. Like Ad-GFP, both CT and CRT diminished the
hTERTmRNA level in Hep3B (Fig. 3A and B) and Huh-7 cells (Fig. 3E
and F). These results suggest that down-regulation of hTERT mRNA
level might generally occur after recombinant Ad infection of
hepatoma cells. Of note, CRT infection more efficiently reduced the
hTERT mRNA level than CT infection, by about 15e20% (Fig. 3B and
F). Infection with these two Ad vectors induced similar expression
were cotransfected with VAI/II expression plasmids and anti-VAI RNAs. At 48 h post-
sing qRT-PCR (A,C,D) and expressed relative to the level in Hep3B cells cotransfected
ected into Hep3B cells. At 48 h post-transfection, IFN-a2 and hTERT mRNA levels were
ressed relative to the level in mock-treated cells. Averages of measurements performed
ificance. *p < 0.05.



Fig. 4. Wild-type and VA RNA-deleted adenovirus do not modulate hTERT and IFN-a2
expression. Hep3B cells were infected with 0.5 MOI of wild-type or VA-deleted
adenovirus. Expression levels of hTERT, IFN-a2, VAI RNA, and adenovirus E4 gene
were analyzed using RT-PCR at 24 h and 48 h post-infection.
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of VA RNAs in both cell lines (Fig. 3C and G). IFN-a2 level was
increased by infection with these two Ad vectors: CT infection
induced a higher IFN-a2 level than CRT infection (Fig. 3D and H).
Taken together, we speculated that combination of antitelomerase
activity of recombinant Ad vector itself and trans-splicing activity of
hTERT-targeting ribozyme by CRT additively affected the hTERT
mRNA levels. These results suggest that Ad vector-mediated de-
livery tools could be more efficacious in cancer treatment.

3.5. Effects of wild-type adenovirus infection on the hTERT mRNA
level

Next, we tested whether wild-type Ad induces down-regulation
of the hTERT mRNA level like the recombinant Ad vector. To this
end, we infected Hep3B cells with replication-competent wild-type
or VA-deleted adenovirus and analyzed the VAI RNA, hTERT mRNA,
and IFN-a2 mRNA levels (Fig. 4). In contrast to the recombinant Ad
vectors, neither replication-competent wild-type nor VA-deleted
adenoviruses affected the hTERT and IFN-a2 mRNA levels. These
results indicate that modulation of the hTERT mRNA level could
occur specifically in replication-incompetent recombinant Ad
vector.

4. Discussion

Ad vectors are one of the most efficient gene transfer systems
in vivo [1], representing delivery vehicles in 23.5% of human gene
therapy trials which are presently being performedworldwide [31].
One of the limitations to be consideredwhile using Ad vectors is the
adaptive and innate immune responses evoked against the Ad
capsid or intracellularly expressed Ad gene products [32,33]. To
reduce the immune responses, “helper-dependent” or “gutted” Ad
vectors and VA RNA-deleted Ad vectors have been developed
[34,35]. However, with regard to cancer therapies, immune re-
sponses induced by intracellular infection of Ad might be helpful if
they are specifically targetable to cancers because they can induce
and/or enhance immunity against cancer cells in addition to direct
regression of cancer cells through activities of transferred genes.

In this study, we demonstrated that infection with replication-
incompetent E1E3-deleted Ad vectors could down-regulate the
Fig. 3. Infection with adenovirus vector encoding for the hTERT-targeting trans-splicing ribo
with CT or CRT. At 48 h post-infection, hTERT mRNA levels in Hep3B (A) and Huh-7 (E) cells w
and IFN-a2 mRNA levels in Hep3B cells. (FeH) depict qRT-PCR analysis of hTERT mRNA, VA R
3 independent experiments are shown with standard deviation. Asterisks denote significan
hTERT mRNA abundance in hepatoma cells through expression of
viral genes (Fig. 1). VA RNAs were shown to be involved in the
down-regulation of hTERT mRNA level through induction of type I
IFN in the hepatoma cell lines (Fig. 2). However, the possibility that
VA RNAs modulate hTERT mRNA directly or indirectly through
microRNA pathways could not be completely excluded, since VA
RNAs are known to inhibit microRNA biogenesis pathways as well
as to act as a substrate for microRNA biogenesis pathways for
generating viral microRNAs which can target cellular or viral genes
[10e13]. Type 1 IFNs have been reported to suppress the activity of
hTERT and down-regulate hTERT expression in several cell lines
[26e29], but their roles in regulating hTERT mRNA levels in hep-
atoma cell lines were first described in this study. More studies are
needed to determine whether type 1 IFNs can modulate hTERT
expression in other cell lines. Noticeably, replication-competent
wild-type Ad could not modulate either IFN-a2 level or hTERT
expression unlike replication-incompetent Ad vectors (Fig. 4). This
may be due to the expression of viral genes such as E1A and E1B in
zyme additively reduces the hTERT mRNA levels. Hep3B and Huh-7 cells were infected
ere analyzed using RT-PCR. (BeD) show the qRT-PCR analysis of hTERT mRNA, VA RNA,
NA, and IFN-a2 mRNA levels in Huh-7 cells. Averages of measurements performed with
ce, *p < 0.05, **p < 0.01.
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the wild-type Ad, which can inhibit numerous host signaling
pathways including type 1 IFN pathways [4,36e38].

Human TERT is an attractive cancer target as it appears to be
essentially required in most tumors for immortalization. Inhibition
of hTERT expression in cancer cells leads to severe telomere
shortening, senescence, and apoptosis [39]. Previously, we showed
that Ad vector-mediated transfer of hTERT-specific trans-splicing
ribozyme (Ad-CRT) efficiently regressed tumors in vivo [30,40].
Here, we showed that Ad-CRT infection additively reduced the
hTERT mRNA level in cells (Fig. 3) most probably due to the anti-
telomerase activity of Ad vector combined with the hTERT-
targeting activity of the ribozyme. These results strongly suggest
that Ad vectors will be more advantageous for delivering antitumor
genes in cancer treatment. Moreover, since type 1 IFNs are medi-
ators of innate and humoral immunity [41], recombinant Ad vector
delivery may enhance immunity against cancers through induction
of VA RNA-mediated type 1 IFNs, if specifically targetable to
cancers.

In summary, we identified the ability of replication-
incompetent recombinant Ad vectors to down-regulate the hTERT
mRNA level at least in hepatoma cell lines. Reduction of the hTERT
mRNA level would be derived from Ad vector-encoded VA RNAs
through induction of type 1 IFNs, which might be dependent on
RIG-I pathways [7,10]. This ability of the Ad vector could render it
vector more useful as an anti-cancer gene delivery vehicle.

Conflict of interest

The authors declare that there are no conflicts of interest.

Acknowledgments

We thank Ramon Alemany (Bellvitge Biomedical Research
Institute, Spain) for supplying VA-deleted Adenovirus construct.
The present research was conducted by the research fund of Dan-
kook University in 2013.

Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.bbrc.2015.02.039.

References

[1] R.G. Crystal, Adenovirus: the first effective in vivo gene delivery vector, Hum.
Gene Ther. 25 (2014) 3e11.

[2] M.A. Kay, J.C. Glorioso, L. Naldini, Viral vectors for gene therapy: the art of
turning infectious agents into vehicles of therapeutics, Nat. Med. 7 (2001)
33e40.

[3] J.M. Wilson, Adenoviruses as gene-delivery vehicles, N. Engl. J. Med. 334
(1996) 1185e1187.

[4] R. Hendrickx, N. Stichling, J. Koelen, L. Kuryk, A. Lipiec, U.F. Greber, Innate
immunity to adenovirus, Hum. Gene Ther. 25 (2014) 265e284.

[5] Q. Liu, D.A. Muruve, Molecular basis of the inflammatory response to
adenovirus vectors, Gene Ther. 10 (2003) 935e940.

[6] M. Machitani, T. Yamaguchi, K. Shimizu, F. Sakurai, K. Katayama, K. Kawabata,
H. Mizuguchi, Adenovirus vector-derived VA-RNA-mediated innate immune
responses, Pharmaceutics 3 (2011) 338e353.

[7] T. Minamitani, D. Iwakiri, K. Takada, Adenovirus virus-associated RNAs induce
type I interferon expression through a RIG-I-mediated pathway, J. Virol. 85
(2011) 4035e4040.

[8] T. Yamaguchi, K. Kawabata, E. Kouyama, K.J. Ishii, K. Katayama, T. Suzuki,
S. Kurachi, F. Sakurai, S. Akira, H. Mizuguchi, Induction of type I interferon by
adenovirus-encoded small RNAs, Proc. Natl. Acad. Sci. U. S. A. 107 (2010)
17286e17291.

[9] M.B. Mathews, T. Shenk, Adenovirus virus-associated RNA and translation
control, J. Virol. 65 (1991) 5657e5662.

[10] M.G. Andersson, P.C. Haasnoot, N. Xu, S. Berenjian, B. Berkhout, G. Akusjarvi,
Suppression of RNA interference by adenovirus virus-associated RNA, J. Virol.
79 (2005) 9556e9565.
[11] S. Lu, B.R. Cullen, Adenovirus VA1 noncoding RNA can inhibit small interfering
RNA and microRNA biogenesis, J. Virol. 78 (2004) 12868e12876.

[12] O. Aparicio, E. Carnero, X. Abad, N. Razquin, E. Guruceaga, V. Segura, P. Fortes,
Adenovirus VA RNA-derived miRNAs target cellular genes involved in cell
growth, gene expression and DNA repair, Nucleic Acids Res. 38 (2010)
750e763.

[13] O. Aparicio, N. Razquin, M. Zaratiegui, I. Narvaiza, P. Fortes, Adenovirus virus-
associated RNA is processed to functional interfering RNAs involved in virus
production, J. Virol. 80 (2006) 1376e1384.

[14] N. Xu, B. Segerman, X. Zhou, G. Akusjarvi, Adenovirus virus-associated RNAII-
derived small RNAs are efficiently incorporated into the rna-induced silencing
complex and associate with polyribosomes, J. Virol. 81 (2007) 10540e10549.

[15] C. Svensson, G. Akusjarvi, A novel effect of adenovirus VA RNA1 on cyto-
plasmic mRNA abundance, Virology 174 (1990) 613e617.

[16] R. Strijker, D.T. Fritz, A.D. Levinson, Adenovirus VAI-RNA regulates gene
expression by controlling stability of ribosome-bound RNAs, EMBO J. 8 (1989)
2669e2675.

[17] P.A. Clarke, M.B. Mathews, Interactions between the double-stranded RNA
binding motif and RNA: definition of the binding site for the interferon-
induced protein kinase DAI (PKR) on adenovirus VA RNA, RNA 1 (1995) 7e20.

[18] R. Nayak, D.J. Pintel, Adeno-associated viruses can induce phosphorylation of
eIF2alpha via PKR activation, which can be overcome by helper adenovirus
type 5 virus-associated RNA, J. Virol. 81 (2007) 11908e11916.

[19] A.M. Wahid, V.K. Coventry, G.L. Conn, Systematic deletion of the adenovirus-
associated RNAI terminal stem reveals a surprisingly active RNA inhibitor of
double-stranded RNA-activated protein kinase, J. Biol. Chem. 283 (2008)
17485e17493.

[20] J. Bekisz, S. Baron, C. Balinsky, A. Morrow, K.C. Zoon, Antiproliferative prop-
erties of type I and type II interferon, Pharmaceuticals (Basel) 3 (2010)
994e1015.

[21] T.C. Wagner, S. Velichko, S.K. Chesney, S. Biroc, D. Harde, D. Vogel, E. Croze,
Interferon receptor expression regulates the antiproliferative effects of in-
terferons on cancer cells and solid tumors, Int. J. Cancer 111 (2004) 32e42.

[22] S. Wadler, E.L. Schwartz, H. Haynes, R. Rameau, A. Quish, J. Mandeli,
R. Gallagher, S. Hallam, A. Fields, G. Goldberg, F. McGill, S. Jennings,
R.C. Wallach, C.D. Runowicz, All-trans retinoic acid and interferon-alpha-2a in
patients with metastatic or recurrent carcinoma of the uterine cervix: clinical
and pharmacokinetic studies. New York Gynecologic Oncology Group, Cancer
79 (1997) 1574e1580.

[23] E. Jonasch, F.G. Haluska, Interferon in oncological practice: review of inter-
feron biology, clinical applications, and toxicities, Oncologist 6 (2001) 34e55.

[24] P. Tagliaferri, M. Caraglia, A. Budillon, M. Marra, G. Vitale, C. Viscomi,
S. Masciari, P. Tassone, A. Abbruzzese, S. Venuta, New pharmacokinetic and
pharmacodynamic tools for interferon-alpha (IFN-alpha) treatment of human
cancer, Cancer Immunol. Immunother. 54 (2005) 1e10.

[25] M. Chawla-Sarkar, D.J. Lindner, Y.F. Liu, B.R. Williams, G.C. Sen, R.H. Silverman,
E.C. Borden, Apoptosis and interferons: role of interferon-stimulated genes as
mediators of apoptosis, Apoptosis 8 (2003) 237e249.

[26] A. Lanna, E. Coutavas, L. Levati, J. Seidel, M.H. Rustin, S.M. Henson, A.N. Akbar,
O. Franzese, IFN-alpha inhibits telomerase in human CD8(þ) T cells by both
hTERT downregulation and induction of p38 MAPK signaling, J. Immunol. 191
(2013) 3744e3752.

[27] D. Xu, S. Erickson, M. Szeps, A. Gruber, O. Sangfelt, S. Einhorn, P. Pisa,
D. Grander, Interferon alpha down-regulates telomerase reverse transcriptase
and telomerase activity in human malignant and nonmalignant hematopoi-
etic cells, Blood 96 (2000) 4313e4318.

[28] L.L. Song, L. Ponomareva, H. Shen, X. Duan, F. Alimirah, D. Choubey, Inter-
feron-inducible IFI16, a negative regulator of cell growth, down-regulates
expression of human telomerase reverse transcriptase (hTERT) gene, PLoS
One 5 (2010) e8569.

[29] J.H. Lee, S.Y. Lee, J.H. Lee, S.H. Lee, p21 WAF1 is involved in interferon-beta-
induced attenuation of telomerase activity and human telomerase reverse
transcriptase (hTERT) expression in ovarian cancer, Mol. Cells 30 (2010)
327e333.

[30] S.H. Hong, J.S. Jeong, Y.J. Lee, H.I. Jung, K.S. Cho, C.M. Kim, B.S. Kwon,
B.A. Sullenger, S.W. Lee, I.H. Kim, In vivo reprogramming of hTERT by trans-
splicing ribozyme, Mol. Ther. 16 (2008) 74e80.

[31] S.L. Ginn, I.E. Alexander, M.L. Edelstein, M.R. Abedi, J. Wixon, Gene therapy
clinical trials worldwide to 2012-an update, J. Gene Med. 15 (2013) 65e77.

[32] Z.L. Xu, H. Mizuguchi, F. Sakurai, N. Koizumi, T. Hosono, K. Kawabata,
Y. Watanabe, T. Yamaguchi, T. Hayakawa, Approaches to improving the ki-
netics of adenovirus-delivered genes and gene products, Adv. Drug Deliv. Rev.
57 (2005) 781e802.

[33] H. Sakurai, K. Kawabata, F. Sakurai, S. Nakagawa, H. Mizuguchi, Innate immune
response induced by gene delivery vectors, Int. J. Pharm. 354 (2008) 9e15.

[34] M. Machitani, K. Katayama, F. Sakurai, H. Matsui, T. Yamaguchi, T. Suzuki,
H. Miyoshi, K. Kawabata, H. Mizuguchi, Development of an adenovirus vector
lacking the expression of virus-associated RNAs, J. Control. Rel. 154 (2011)
285e289.

[35] D.J. Palmer, P. Ng, Helper-dependent adenoviral vectors for gene therapy,
Hum. Gene Ther. 16 (2005) 1e16.

[36] G.J. Fonseca, G. Thillainadesan, A.F. Yousef, J.N. Ablack, K.L. Mossman,
J. Torchia, J.S. Mymryk, Adenovirus evasion of interferon-mediated innate
immunity by direct antagonism of a cellular histone posttranslational modi-
fication, Cell Host Microbe. 11 (2012) 597e606.

http://dx.doi.org/10.1016/j.bbrc.2015.02.039
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref1
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref1
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref1
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref2
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref2
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref2
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref2
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref3
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref3
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref3
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref4
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref4
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref4
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref5
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref5
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref5
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref6
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref6
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref6
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref6
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref7
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref7
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref7
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref7
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref8
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref8
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref8
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref8
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref8
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref9
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref9
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref9
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref10
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref10
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref10
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref10
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref11
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref11
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref11
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref12
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref12
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref12
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref12
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref12
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref13
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref13
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref13
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref13
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref14
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref14
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref14
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref14
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref15
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref15
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref15
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref16
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref16
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref16
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref16
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref17
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref17
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref17
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref17
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref18
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref18
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref18
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref18
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref19
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref19
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref19
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref19
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref19
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref20
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref20
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref20
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref20
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref21
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref21
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref21
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref21
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref22
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref22
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref22
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref22
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref22
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref22
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref22
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref23
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref23
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref23
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref24
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref24
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref24
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref24
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref24
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref25
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref25
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref25
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref25
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref26
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref26
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref26
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref26
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref26
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref26
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref27
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref27
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref27
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref27
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref27
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref28
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref28
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref28
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref28
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref29
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref29
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref29
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref29
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref29
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref41
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref41
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref41
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref41
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref30
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref30
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref30
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref31
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref31
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref31
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref31
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref31
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref32
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref32
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref32
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref33
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref33
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref33
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref33
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref33
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref34
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref34
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref34
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref35
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref35
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref35
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref35
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref35


C.H. Lee et al. / Biochemical and Biophysical Research Communications 458 (2015) 830e835 835
[37] D.C. Look, W.T. Roswit, A.G. Frick, Y. Gris-Alevy, D.M. Dickhaus, M.J. Walter,
M.J. Holtzman, Direct suppression of Stat1 function during adenoviral infec-
tion, Immunity 9 (1998) 871e880.

[38] J.S. Chahal, J. Qi, S.J. Flint, The human adenovirus type 5 E1B 55 kDa protein
obstructs inhibition of viral replication by type I interferon in normal human
cells, PLoS Pathog. 8 (2012) e1002853.

[39] C.B. Harley, Telomerase and cancer therapeutics, Nat. Rev. Cancer 8 (2008)
167e179.
[40] J.S. Jeong, S.W. Lee, S.H. Hong, Y.J. Lee, H.I. Jung, K.S. Cho, H.H. Seo, S.J. Lee,
S. Park, M.S. Song, C.M. Kim, I.H. Kim, Antitumor effects of systemically
delivered adenovirus harboring trans-splicing ribozyme in intrahepatic colon
cancer mouse model, Clin. Cancer Res. 14 (2008) 281e290.

[41] R. Asmana Ningrum, Human interferon alpha-2b: a therapeutic protein for
cancer treatment, Scientifica (Cairo) 2014 (2014) 970315.

http://refhub.elsevier.com/S0006-291X(15)00257-0/sref36
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref36
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref36
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref36
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref37
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref37
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref37
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref38
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref38
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref38
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref39
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref39
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref39
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref39
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref39
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref40
http://refhub.elsevier.com/S0006-291X(15)00257-0/sref40

	Recombinant adenovirus infection suppresses hTERT expression through virus-associated RNA-mediated induction of type 1 inte ...
	1. Introduction
	2. Materials and methods
	2.1. Constructs and viruses
	2.2. Cell culture
	2.3. Plasmid transfection and virus infection
	2.4. RT-PCR analysis of hTERT mRNA
	2.5. Real-time PCR
	2.6. Statistics

	3. Results
	3.1. Down-regulation of hTERT mRNA expression by adenovirus vector
	3.2. Effects of adenovirus virus-associated (VA) RNAs on the hTERT mRNA level
	3.3. Down-regulation of the hTERT mRNA level by VA RNA-induced type 1 interferon
	3.4. Effects of adenovirus vector-delivered hTERT-targeting agent on the hTERT mRNA level
	3.5. Effects of wild-type adenovirus infection on the hTERT mRNA level

	4. Discussion
	Conflict of interest
	Acknowledgments
	Transparency document
	References


