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ABSTRACT Recent studies have reported that host microRNAs (miRNAs) regulate in-
fections by several types of viruses via various mechanisms and that inhibition of
the miRNA processing factors enhances or prevents viral infection. However, it has
not been clarified whether these effects of miRNAs extend to adenovirus (Ad) infec-
tion. Here we show that miR-27a and -b efficiently inhibit infection with an Ad via
the downregulation of SNAP25 and TXN2, which are members of the SNARE pro-
teins and the thioredoxin family, respectively. Approximately 80% reductions in Ad
genomic copy number were found in cells transfected with miR-27a/b mimics,
whereas there were approximately 2.5- to 5-fold larger copy numbers of the Ad ge-
nome following transfection with miR-27a/b inhibitors. Microarray gene expression
analysis and in silico analysis demonstrated that SNAP25 and TXN2 are target genes
of miR-27a/b. A reporter assay using plasmids containing the 3= untranslated regions
of the SNAP25 and TXN2 genes showed that miR-27a/b directly suppressed SNAP25
and TXN2 expression through posttranscriptional gene silencing. Knockdown of
SNAP25 led to a significant inhibition of Ad entry into cells. Knockdown of TXN2 in-
duced cell cycle arrest at G1 phase, leading to a reduction in Ad replication. In addi-
tion, overexpression of Ad-encoded small noncoding RNAs (VA-RNAs) restored the
miR-27a/b-mediated reduction in infection level with a VA-RNA-lacking Ad mutant
due to the VA-RNA-mediated inhibition of miR-27a/b expression. These results indi-
cate that miR-27a and -b suppress SNAP25 and TXN2 expression via posttranscrip-
tional gene silencing, leading to efficient suppression of Ad infection.

IMPORTANCE Adenovirus (Ad) is widely used as a platform for replication-incompetent
Ad vectors (Adv) and replication-competent oncolytic Ad (OAd) in gene therapy and
virotherapy. Regulation of Ad infection is highly important for efficient gene thera-
pies using both Adv and OAd. In this study, we demonstrate that miR-27a and -b,
which are widely expressed in host cells, suppress SNAP25 and TXN2 expression
through posttranscriptional gene silencing. Suppression of SNAP25 and TXN2 ex-
pression leads to inhibition of Ad entry into cells and to cell cycle arrest, respec-
tively, leading to efficient suppression of Ad infection. Our findings provide impor-
tant clues to the improvement of gene therapies using both Adv and OAd.
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MicroRNAs (miRNAs) are small noncoding RNAs of approximately 22 nucleotides
(nt) that regulate various biological phenomena via posttranscriptional gene

silencing. miRNAs are initially transcribed as long pri-miRNAs, followed by processing
by the RNase III enzyme Drosha, producing pre-miRNAs. The pre-miRNAs are then
exported from the nucleus to the cytoplasm and processed by Dicer, producing
miRNAs. Finally, the miRNAs are incorporated into the RNA-induced silencing complex
(RISC), which inhibits translation of mRNAs possessing sequences complementary to
the miRNAs (1).

Several previous reports demonstrated that host miRNAs inhibited viral infection via
various mechanisms (2–5). Triboulet et al. showed that a host miR-17/92 cluster directly
suppressed expression of the cellular p300/CREB-binding protein (CBP)-associated
factor (PCAF), leading to inhibition of HIV-1 replication (3). Viral genomes as well as host
genes are also targeted by host miRNAs. Otsuka et al. demonstrated that host miR-24
and miR-93 directly targeted the genome of vesicular stomatitis virus (VSV) via post-
transcriptional gene silencing, leading to inhibition of VSV replication (4). Various types
of viruses encode inhibitors of general or specific miRNAs in order to circumvent
miRNA-mediated inhibition of virus infection (2, 6–12). Moreover, knockdown of cellular
factors involved in miRNA-mediated posttranscriptional gene silencing, including Dicer,
also reduces miRNA expression levels, leading to enhancement of infection with various
types of viruses, including mouse cytomegalovirus (MCMV) and VSV (2, 4, 5). Thus,
numerous miRNAs that regulate virus infection have been reported, but the mecha-
nisms of miRNA-mediated regulation of virus infection have not been clarified com-
pletely. Clarification of the mechanisms of miRNA-mediated regulation of virus infec-
tion would lead to identification of not only novel genes involved in virus infection but
also novel targets for the development of antiviral agents.

Adenoviruses (Ad), which are nonenveloped icosahedral viruses with double-
stranded DNA genomes, often infect the gastrointestinal and respiratory tracts, causing
a wide range of illnesses, such as colds, sore throat, and diarrhea (13). In addition, Ad,
particularly those of Ad serotype 5, are widely used as a framework for replication-
incompetent Ad vectors and oncolytic Ad (14). Infection with Ad is also considered to
be regulated by certain miRNAs because Ad, like other viruses, possesses an miRNA
inhibitor system. Ad expresses Ad-encoded small noncoding RNAs (VA-RNAs), which
inhibit production of miRNAs (15–23). VA-RNAs were originally demonstrated to inhibit
double-stranded RNA-dependent kinase (PKR), leading to efficient translation of viral
proteins (24–27); more recently, however, VA-RNAs were reported to inhibit miRNA
production (15–23). VA-RNAs inhibit Dicer expression by inhibiting nuclear export of
Dicer mRNA, leading to suppression of miRNA production (15). In addition, VA-RNAs are
exported from the nucleus by exportin-5 and processed by Dicer, producing VA-RNA-
derived miRNAs (mivaRNAs) (17, 18, 21, 22). Competitive inhibition occurs between the
processing of miRNA precursors and VA-RNAs via the steps described above (16–22).
We also recently demonstrated that Ago2 knockdown led to significant promotion of
Ad infection (28), suggesting that miRNA-mediated posttranscriptional silencing inhib-
its Ad infection; however, it remained to be revealed how and which miRNAs inhibit Ad
infection. Elucidation of the mechanism of miRNA-mediated regulation of Ad infection
may lead to the development of efficient therapies for Ad-related diseases as well as the
development of novel Ad vectors and oncolytic Ad.

In this study, we focused on miR-27 as an miRNA crucial for the regulation of Ad
infection, because miR-27 has been reported to be involved in infections with other
viruses, including MCMV and herpesvirus saimiri (HVS). In addition, these viruses
encode inhibitors of miR-27 (10–12). Ad also expresses miRNA inhibitors, or VA-RNAs,
as described above. Qi et al. reported that various miRNAs, including miR-27, were
downregulated following infection with viruses of Ad serotype 3 (29). In addition,
miR-27 is expressed in a variety of cells and is involved in various cell activities (30–32).
These findings led us to consider that miR-27 might regulate Ad infection. We dem-
onstrate here that miR-27 dramatically inhibits Ad infection by suppressing the expres-
sion of the miR-27 target genes, encoding SNAP25 and TXN2.
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RESULTS
miR-27a/b-mediated inhibition of Ad infection. In order to examine whether

miR-27a and -b are involved in Ad infection, HeLa cells, H1299 cells, human umbilical
vein endothelial cells (HUVECs), and normal human lung fibroblasts (NHLFs) were
transfected with miR-27a/b mimics or inhibitors, followed by infection with wild-type
Ad (WT-Ad). We previously demonstrated that miR-27a and -b are expressed in HeLa
cells (28). Detectable levels of miR-27a/b were also expressed in the other cells used in
this study (Fig. 1A). The copy number of the WT-Ad genome was reduced more than
80% in HeLa cells transfected with miR-27a/b mimics (Fig. 1B). Even with 1 nM
miR-27a/b mimics, we observed highly efficient inhibition of Ad infection. In contrast,
an increase in the copy number of the WT-Ad genome was observed in HeLa cells
transfected with miR-27a/b inhibitors, in a dose-dependent manner (Fig. 1C). Similar
results were found with H1299 cells and two types of normal cells, HUVECs and NHLFs
(Fig. 1D). Not only the WT-Ad genome copy numbers but also infectious unit (IFU) titers
of the WT-Ad progeny were decreased and increased in HeLa cells transfected with
miR-27a/b mimics and inhibitors, respectively (Fig. 1E). Overexpression of either pre-
cursor of miR-27a/b, pre-miR-27a or -b, also significantly decreased the genome copy
numbers of WT-Ad (Fig. 1F). These results indicated that miR-27a/b negatively regu-
lated Ad infection.

Identification of miR-27a/b target genes involved in Ad infection. In order to
identify miR-27a/b target genes, we performed in silico analysis using a sequence-based
miRNA target prediction program, TargetScan, and a microarray gene expression assay
using RNA samples from HeLa cells transfected with each miR-27a/b mimic to search
out miR-27a/b target genes. Among the top 50 genes listed by the in silico analysis
using TargetScan (33), we searched for genes that were significantly downregulated in
miR-27a/b mimic-transfected cells in the microarray analysis. These analyses yielded 24
genes as putative miR-27a/b target genes (Fig. 2A). To examine which of these 24 genes
are actually targeted by miR-27a/b, the mRNA levels of the 24 putative target genes
were evaluated by quantitative reverse transcription-PCR (RT-PCR) analysis following
transfection with miR-27a/b mimics. The results showed that the mRNA levels of 11 of
the 24 genes were significantly reduced by both of the miR-27a/b mimics (Fig. 2B).
In order to examine the effects of these 11 genes on Ad infection, HeLa cells were
transfected with small interfering RNAs (siRNAs) against mRNAs of the 11 genes,
followed by infection with WT-Ad. We confirmed that transfection with the siRNAs
induced significant knockdown of the target genes (Table 1). Significant reductions in
the WT-Ad genomic copy number were found following transfection with siRNAs
against GOLM1 (siGOLM1), SNAP25 (siSNAP25), and TXN2 (siTXN2) (Fig. 2C). Treatment
with several siRNAs (e.g., siRNAs against TMUB1 and TMBIM6) led to significant in-
creases in the WT-Ad genomic copy number (Fig. 2C). siRNAs targeting different regions
of the same gene mRNAs (siSNAP25#2 and siTXN2#2) mediated significant decreases in
the WT-Ad genomic copy number, whereas siGOLM1#2 had no significant effects on
the WT-Ad genomic copy number in the cells (Fig. 2D). The WT-Ad genomic copy
number was also reduced by knockdown of SNAP25 or TXN2 in HUVECs and NHLFs (Fig.
2E). Western blotting demonstrated significant knockdown of GOLM1, SNAP25, and
TXN2 at the protein level following transfection with the respective siRNAs (Fig. 2F to
H). On the other hand, cotransfection with SNAP25- or TXN2-expressing plasmids partly
restored the miR-27a/b-mediated inhibition of Ad infection (Fig. 2I). These results
suggested that the miR-27a/b-mediated suppression of SNAP25 and TXN2 expres-
sion led to the reduction in Ad infection.

miR-27a/b-mediated suppression of SNAP25 and TXN2 expression via post-
transcriptional gene silencing. In order to examine whether miR-27a and -b directly
regulate SNAP25 and TXN2 gene expression via posttranscriptional gene silencing, a
reporter assay was performed using psiCHECK-2-SNAP25-3=UTR and -TXN2-3=UTR (Fig.
3A). miR-27a/b mimics significantly suppressed the expression levels of the reporter
genes containing the 3= UTR of the SNAP25 or TXN2 gene (Fig. 3B). The reporter gene
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expression was restored by introducing mutations in the predicted seed-matched
sequence of the miR-27a/b binding site of each 3= UTR (Fig. 3A and B). The protein
levels of SNAP25 and TXN2 were also reduced by transfection with miR-27a/b mimics
(Fig. 3C and D), similarly to those following transfection with siSNAP25 or siTXN2 (Fig.
2G and H). These results indicated that miR-27a/b directly suppressed SNAP25 and
TXN2 gene expression via posttranscriptional gene silencing.

Inhibition of Ad entry in SNAP25-knockdown cells. Next, we examined the roles
of SNAP25 in Ad infection. SNAP25 is a component of the SNARE complex that

FIG 1 Inhibition of Ad infection by miR-27a/b. (A) The copy numbers of miR-27a/b in HeLa cells, H1299 cells, HUVECs, and
NHLFs were determined by quantitative RT-PCR analysis. (B to D) HeLa cells were transfected with miR-27a/b mimics (B)
or inhibitors (C) at the indicated doses, or H1299 cells, HUVECs, and NHLFs were transfected with miR-27a/b mimics or
inhibitors at 20 nM (D). The cells were then infected with WT-Ad at 100 VP/cell. After 24 h of incubation, the copy numbers
of WT-Ad genomic DNA in the cells were determined by quantitative PCR analysis. (E) HeLa cells were transfected with
miR-27a/b mimics or inhibitors at 20 nM, followed by infection with WT-Ad at 100 VP/cell. After 24 h of incubation, IFU
titers of the WT-Ad progeny in the cells were determined by infectious titer assay. (F) HeLa cells were transfected with a
control plasmid (pHM5-U6) or a pre-miR-27a/b-expressing plasmid (pHM5-U6-pre-miR-27a or -b), followed by infection
with WT-Ad at 100 VP/cell. After 24 h of incubation, the copy numbers of WT-Ad genomic DNA in the cells were
determined. The data are expressed as means and SD (n � 3 or 4). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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mediates membrane fusion events, such as exocytosis and endocytosis (34). In Ad
infection, Ad is internalized into cells by clathrin-dependent endocytosis (35). We
hypothesized that miR-27a/b-mediated suppression of SNAP25 expression leads to
inhibition of Ad entry into cells. A flow cytometric analysis demonstrated that the

FIG 2 Identification of miR-27a/b target genes involved in Ad infection. (A) Work flow for the identification of miR-27a/b
target genes. Microarray and in silico analyses were performed for the identification of miR-27a/b target genes. (B) HeLa
cells were transfected with miR-27a/b mimics at 20 nM. After 48 h of incubation, expression levels of the putative target
genes were determined by quantitative RT-PCR analysis. (C to E) HeLa cells (C and D), HUVECs (E), and NHLFs (E) were
transfected with the indicated siRNAs at 50 nM, followed by infection with WT-Ad at 100 VP/cell. After 24 h of incubation,
the copy numbers of WT-Ad genomic DNA in the cells were determined by quantitative PCR analysis. The data are
expressed as means and SD (n � 3 or 4). (F to H) HeLa cells were transfected with the indicated siRNAs at 50 nM. After
48 h of incubation, GOLM1 (F), SNAP25 (G), and TXN2 (H) protein levels were determined by Western blotting. (I) HeLa
cells were cotransfected with miR-27a/b mimics and a SNAP25- or TXN2-expressing plasmid (pSNAP25 or pTXN2),
followed by infection with WT-Ad at 100 VP/cell. After 24 h of incubation, the copy numbers of WT-Ad genomic DNA
in the cells were determined by quantitative PCR analysis. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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expression level of coxsackievirus-adenovirus receptor (CAR), a primary receptor of Ad,
on the cell surface was not altered by SNAP25 knockdown (Fig. 4A). In order to examine
the involvement of SNAP25 in Ad entry, the genome copy number of internalized
WT-Ad was determined at an early time point after WT-Ad infection. Three hours after
infection with WT-Ad, the copy number of the WT-Ad genome was reduced by
approximately 50% and 30% in cells transfected with miR-27a/b mimics and siSNAP25,

TABLE 1 siRNAs used in this study

siRNA no. Name
Target sequence (5=–3=) or
product name Company

Knockdown
efficiencya

1 siGOLM1 AACAAGCTGTACCAGGACGAA Gene Design 0.02
2 siSNAP25 GTTGGATGAGCAAGGCGAA Gene Design 0.37
3 siSNAP25#2 GGGTAACAAATGATGCCCG Gene Design 0.51
4 siNR2F6 CGGUGCUGGGCAUCGACAATT Gene Design 0.24
5 siADORA2B GUAUCUAGCUAAUAUGUAUUU Gene Design 0.50
6 siTMUB1 CCTCAATGATTCAGAGCAG Gene Design 0.09
7 siPDK4 GGACGTAAGAGATTCTCAT Gene Design 0.23
8 siSLC7A11 AAATGCCCAGATATGCATCGT Gene Design 0.59
9 siTXN2#2 GGATGGACCTGACTTTCAA Gene Design 0.04
10 siSNAP23 CGCATAACTAATGATGCCA Gene Design
10 siSTX4 GCAACTCAATGCAGTCCGATT Gene Design
10 siANKRD40 Hs_ANKRD40_1 FlexiTube siRNA Qiagen 0.13
11 siGPAM Hs_GPAM_6 FlexiTube siRNA Qiagen 0.15
12 siTXN2 Hs_TXN2_2 FlexiTube siRNA Qiagen 0.02
13 siTMBIM6 Hs_TEGT_6 FlexiTube siRNA Qiagen 0.01
14 siPAPSS2 Hs_PAPSS2_1 FlexiTube siRNA Qiagen 0.06
15 siSFXN2 Hs_SFXN2_6 FlexiTube siRNA Qiagen 0.17
16 siGOLM1#2 Hs_GOLPH2_5 FlexiTube siRNA Qiagen 0.09
aDetermined in HeLa cells following transfection with the indicated siRNA at 50 nM. mRNA levels in
siControl-transfected cells were normalized to 1.

FIG 3 Suppression of SNAP25 and TXN2 expression by miR-27a/b mimics. (A) Schematic diagrams of
reporter gene expression cassettes containing wild-type and mutated 3= UTRs of the SNAP25 and TXN2
genes downstream of the Renilla luciferase (RLuc) gene (psiCHECK-2-SNAP25-3=UTR, -SNAP25-3=UTRmut,
-TXN2-3=UTR, and -TXN2-3=UTRmut). (B) HeLa cells were cotransfected with miR-27a/b mimics and a
control plasmid (psiCHECK-2) or the indicated reporter plasmids. After 48 h of incubation, luciferase
activities in the cells were determined. The data show RLuc activities normalized to firefly luciferase
(FLuc) activities. The data are expressed as means and SD (n � 3 or 4). (C and D) HeLa cells were
transfected with miR-27a/b mimics at 20 nM. After 48 h of incubation, SNAP25 (C) and TXN2 (D) protein
levels were determined by Western blotting. ***, P � 0.001.
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respectively (Fig. 4B). Similar results were found with normal cells (HUVECs) (Fig. 4C). In
order to exclude the possibility that SNAP25 knockdown altered the replication levels
of internalized Ad, SNAP25-knockdown HeLa cells were transduced with a replication-
incompetent Ad vector expressing luciferase (Ad-Luc). The transduction efficiencies
of Ad-Luc were significantly reduced by SNAP25 knockdown (Fig. 4D), suggesting
that the internalization of Ad into cells was suppressed by SNAP25 knockdown.

FIG 4 Inhibition of Ad entry by knockdown of SNAP25. (A) HeLa cells were transfected with siSNAP25 at 50 nM. After 48
h of incubation, the cells were collected and analyzed by flow cytometry for the expression of coxsackievirus-adenovirus
receptor (CAR). Open histograms represent isotype control staining. Filled histograms represent specific staining with an
anti-CAR antibody. MFI, mean fluorescence intensity. (B and C) HeLa cells (B) and HUVECs (C) were transfected with
miR-27a/b mimics at 20 nM or with siSNAP25 at 50 nM, followed by infection with WT-Ad at 100 VP/cell. After 3 h of
incubation, the copy numbers of WT-Ad genomic DNA in the cells were determined by quantitative PCR analysis. (D) HeLa
cells were transfected with siSNAP25 at 50 nM, followed by transduction with Ad-Luc at 100 VP/cell. After 12 h of
incubation, luciferase activities in the cells were determined. (E) HeLa cells were cotransfected with a plasmid expressing
a fusion protein of GFP and Rab7 (pGFP-Rab7) and with siSNAP25 at 50 nM, followed by infection with the Cy3-labeled Ad
at 100 VP/cell. After 1 h of incubation, phase-contrast, GFP fluorescence (Rab7), and Cy3 fluorescence (Ad) photomicro-
graphs of the cells were obtained. Representative images from multiple experiments are shown. Bar, 10 �m. (F) HeLa cells
were transfected with siSNAP25 at 50 nM, followed by infection with a ts1 mutant Ad at 100 VP/cell. After 3 h of incubation,
the copy numbers of WT-Ad genomic DNA in the cells were determined. (G) HeLa cells were pretreated with recombinant
BONT-E LC at 50 nM for 12 h, followed by infection with WT-Ad at 100 VP/cell. After 24 h of incubation, the copy numbers
of WT-Ad genomic DNA in the cells were determined. (H and I) HeLa cells were transfected with the indicated siRNAs at
50 nM. After 48 h of incubation, SNAP23 (H) and STX4 (I) protein levels were determined by Western blotting. (J) HeLa cells
were transfected with the indicated siRNAs at 50 nM, followed by infection with WT-Ad at 100 VP/cell. After 24 h of
incubation, the copy numbers of WT-Ad genomic DNA in the cells were determined. The data are expressed as means and
SD (n � 3 or 4). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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Next, in order to perform imaging analysis of Ad entry into cells, SNAP25-
knockdown HeLa cells were infected with a Cy3-labeled Ad. The cells were also
transfected with pGFP-Rab7, resulting in green fluorescent protein (GFP) labeling of
Rab7 as a late endosomal marker. One hour after infection with the Cy3-labeled Ad,
this Ad was efficiently internalized into cells and mainly localized to the late endosome
in siControl-transfected cells (Fig. 4E). On the other hand, the amounts of Cy3-labeled
Ad in SNAP25-knockdown cells were lower than those in control cells. Cy3-labeled Ad
was not localized to the GFP-labeled late endosome 1 h after infection of SNAP25-
knockdown cells (Fig. 4E). We next used a noninfectious ts1 mutant Ad (36) produced
by virus amplification at a nonpermissive temperature (39°C). When the ts1 mutant Ad
is grown at 39°C, a mutant Ad which is not able to escape from the endosomes to the
cytoplasm after internalization into cells is produced (36). The copy number of the ts1
mutant Ad genome was also decreased by approximately 50% by SNAP25 knockdown
(Fig. 4F). These results suggested that SNAP25 was involved in a viral entry step prior
to endosomal escape. In order to further examine the involvement of SNAP25 in Ad
entry into cells, HeLa cells were treated with a recombinant Clostridium botulinum
BONT-E light chain (BONT-E LC), which cleaves the SNAP25 protein (37). A significant
reduction of the Ad genomic copy number was found following treatment with BONT-E
LC 24 h after infection (Fig. 4G). Next, we examined the effects of other SNARE proteins,
SNAP23 and STX4, on Ad infection. Western blotting demonstrated a significant
knockdown of SNAP23 and STX4 at the protein level following transfection with siRNAs
(Fig. 4H and I). Treatment with siRNAs against SNAP23 (siSNAP23) and STX4 (siSTX4) led
to significant reductions in the WT-Ad genomic copy number (Fig. 4J). These results
indicated that knockdown of SNAP25 led to the inhibition of Ad infection at the step
of viral entry into cells.

Reduction in Ad replication in TXN2-knockdown cells. Next, we examined the
involvement of TXN2 in Ad infection. The mitochondrial thioredoxin TXN2 is one of
the redox-active proteins (38). A previous report demonstrated that TXN2-knockout
cells showed a decreased cell proliferation rate (39). In the present study, we
therefore hypothesized that miR-27a/b-mediated knockdown of TXN2 would result
in cell cycle arrest, leading to a reduction in Ad infection levels. The proliferation of
TXN2-knockdown cells was slower than that of control cells in this study (Fig. 5A). In
order to examine the cell cycle properties of TXN2-knockdown cells, we utilized
HeLa-FUCCI cells, which are HeLa cells stably expressing a fluorescent ubiquitination-
based cell cycle indicator (FUCCI) (40). HeLa-FUCCI cells show red, yellow, and green
fluorescence in their nuclei during the G0-G1, S, and G2-M phases, respectively. A
significant increase in the proportion of cells in G0-G1 phase was observed following
transfection with miR-27a/b mimics (Fig. 5B) and siTXN2 (Fig. 5C), suggesting that
miR-27a/b-mediated knockdown of TXN2 induced G1 arrest. In order to examine the
effects of this cell cycle arrest in Ad replication, HeLa cells were treated with a cyclin D
kinase 4/6 (CDK4/6) inhibitor (PD0332991) that is known to induce G1 arrest (41),
followed by infection with WT-Ad. Treatment with PD0332991 led to a �40% reduction
in the Ad genome copy number (Fig. 5D). Ad entry into cells was not inhibited by TXN2
knockdown (Fig. 5E). These results suggested that miR-27a/b-mediated suppression of
TXN2 expression induced cell cycle arrest, leading to a reduction in Ad replication
levels.

Prevention of miR-27a/b-mediated inhibition of Ad infection by VA-RNAs.
VA-RNAs inhibit miRNA maturation by competitive inhibition of miRNA processing
in several steps, including transport by Exportin-5, cleavage by Dicer, and incorpo-
ration into the RISC (16–22). In order to examine whether VA-RNAs inhibit host
miR-27a/b expression, miR-27a/b expression levels were examined in HeLa cells
following transfection with a VA-RNA-expressing plasmid (pAdVAntage). Transfec-
tion with pAdVAntage resulted in an approximately 50% reduction in host miR-27a/b
expression (Fig. 6A). Taking into consideration that miR-27a/b significantly inhibited Ad
infection (Fig. 1), these results suggested that Ad might partly circumvent the miR-
27a/b-mediated inhibition of Ad infection via VA-RNA expression. In order to examine
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whether VA-RNAs have impacts on the miR-27a/b-mediated inhibition of Ad infection,
HeLa cells were infected with Sub720, a VA-RNA-deleted Ad, following transfection with
pre-miR-27a/b-expressing plasmids. A �50% reduction in the Sub720 genome copy
number was found in HeLa cells transfected with pre-miR-27a/b-expressing plasmids
compared to that in cells transfected with a control plasmid (Fig. 6B). Transfection with
siSNAP25 or siTXN2 led to a significant decrease in the Sub720 genomic copy number
(Fig. 6C). On the other hand, cotransfection with the VA-RNA-expressing plasmid
pAdVAntage restored the miR-27a/b-mediated inhibition of Ad infection (Fig. 6D).
These results indicate that VA-RNAs can suppress miR-27a/b expression, leading to
efficient Ad infection.

DISCUSSION

For many viruses, the mechanism of infection is positively or negatively regulated by
miRNA-mediated posttranscriptional silencing (4, 5, 42, 43); however, it has remained to
be elucidated whether miRNAs regulate Ad infection. The aim of this study was to
examine whether Ad infection is regulated by miRNA-mediated posttranscriptional
silencing and to identify miRNAs and their target genes involved in Ad infection. Our
previous studies demonstrated that Dicer-mediated cleavage of Ad-encoded small
noncoding RNAs (VA-RNAs) negatively regulated Ad replication and that Dicer knock-
down led to the promotion of Ad replication (28, 44). In addition, knockdown of Ago2,
which is a major component of the RISC, also promoted Ad replication, although the

FIG 5 Reduction in Ad replication via cell cycle arrest by knockdown of TXN. (A) HeLa cells (2 � 105

cells/well) were transfected with siTXN2 at 50 nM. At the indicated days posttransfection, the cell numbers
were counted. (B and C) HeLa-FUCCI cells were transfected with miR-27a/b mimics (B) and siTXN2 (C) at 20
nM and 50 nM, respectively. After 48 h of incubation, fluorescence photomicrographs of the cells were
obtained. Cells in the G0-G1, S, and G2-M phases show red, yellow, and green fluorescence, respectively.
Representative images from multiple experiments are shown. Percentages of cells in each phase are shown
in the bar graphs. (D) HeLa cells were pretreated with PD0332991 at 1 �M, followed by infection with
WT-Ad at 100 VP/cell. After 24 h of incubation, the copy numbers of WT-Ad genomic DNA in the cells were
determined by quantitative PCR analysis. DMSO, dimethyl sulfoxide. (E) HeLa cells were transfected with
siTXN2 at 50 nM, followed by infection with WT-Ad at 100 VP/cell. After 3 h of incubation, the copy numbers
of WT-Ad genomic DNA in the cells were determined. The data are expressed as means and SD (n � 3 or
4). ***, P � 0.001; n.s., not significant.
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level of Ad-replication enhancement induced by Ago2 knockdown was lower than that
by Dicer knockdown. These results suggest that Ad infection is also regulated by
miRNA-mediated posttranscriptional gene silencing. In this study, we demonstrated
that miR-27a/b overexpression inhibited Ad infection (Fig. 1) and that miR-27a/b
directly suppressed the expression of SNAP25 and TXN2 via posttranscriptional gene
silencing (Fig. 2 and 3). The suppression of SNAP25 expression led to inhibition of Ad
entry into cells (Fig. 4), while that of TXN2 inhibited Ad replication as a result of
induction of G1 arrest (Fig. 5). These results indicate that miR-27a and -b suppress
SNAP25 and TXN2 expression via posttranscriptional gene silencing, leading to efficient
inhibition of Ad infection.

SNAP25 is one of the target SNARE (t-SNARE) proteins, which are located in the
cellular membrane. t-SNARE proteins interact with vesicle SNARE (v-SNARE) proteins
and subsequently mediate membrane fusion (45). Several previous reports demon-
strated that the SNARE complex is involved in viral infection (46–48). Meier et al.
reported that siRNA-mediated knockdown of the SNARE protein VAMP3 resulted in the
inhibition of endocytic intracellular trafficking of a bunyavirus, Uukuniemi virus, indi-
cating that SNARE protein-mediated membrane fusion is needed for the efficient entry
of Uukuniemi virus into cells (49). Ad infection was also inhibited by knockdown of
SNAP25 at the step of viral entry (Fig. 4). These findings suggest that SNARE proteins
might be involved in endocytosis-dependent infections with various types of viruses
and that functional inhibition of the SNARE proteins might result in the inhibition of
viral infection.

The mitochondrion-specific thioredoxin TXN2 (also called Trx2) exhibits redox ac-
tivities against oxidative stress, such as that from reactive oxygen species (ROS), and
regulates mitochondrial apoptotic signaling. Following stimulation by various patho-
gens, including viral infections, excessive ROS are produced and accumulate in cells,

FIG 6 Restoration of miR-27a/b-mediated inhibition of Ad infection by overexpression of VA-RNAs. (A)
HeLa cells were transfected with a control plasmid (ΔNaeI; pAdVAntage-ΔNaeI) or a VA-RNA-expressing
plasmid (pAdVAntage). After 48 h of incubation, the copy numbers of miR-27a/b in the cells were
determined by quantitative RT-PCR analysis. (B and C) HeLa cells were transfected with a pre-miR-27a-
or -b-expressing plasmid (pHM5-U6-pre-miR-27a or -b) (B) or with siRNA at 50 nM (C), followed by
infection with Sub720 at 100 VP/cell. After 24 h of incubation, the copy numbers of Sub720 genomic DNA
were determined by quantitative PCR analysis. (D) HeLa cells were cotransfected with pHM5-U6-pre-
miR-27a or -b and pAdVAntage, followed by infection with Sub720 at 100 VP/cell. After 24 h of
incubation, the copy numbers of Sub720 genomic DNA in the cells were determined. The data are
expressed as means and SD (n � 4). *, P � 0.05; **, P � 0.01.
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leading to the induction of apoptosis or necrosis. In order to examine whether the
reduction in Ad replication in TXN2-knockdown cells is attributable to Ad-induced ROS
accumulation, we treated the TXN2-knockdown cells with an ROS inhibitor, N-acetyl-
L-cysteine (NAC). Treatment with NAC did not reverse the reduction in Ad replication in
TXN2-knockdown cells (data not shown), suggesting that this reduction was indepen-
dent of ROS accumulation. TXN2 is also known to be involved in cell proliferation.
Conrad et al. demonstrated that the growth of TXN2-knockout mouse embryonic
fibroblasts (MEFs) was slower than that of wild-type MEFs (39). Consistent with their
report, we found that TXN2 knockdown inhibited efficient cell growth due to cell cycle
arrest (Fig. 5A to C). In addition, Ad did not replicate efficiently following cell cycle arrest
(Fig. 5D).

As shown in Fig. 2C, knockdown of several genes, such as TMUB1 and TMBIM6, led
to significant increases in Ad infection (Fig. 2C). TMUB1 (also known as HOPS) and
TMBIM6 (also known as TEGT or BI-1) are genes associated with translational regulation
and apoptosis, respectively (50, 51). It would be interesting to examine whether these
genes are involved in the regulation of Ad infection.

Overexpression of VA-RNAs partly restored miR-27a/b-mediated inhibition of Ad
infection (Fig. 6); however, VA-RNA-mediated antagonism of the miR-27-mediated
inhibition of SNAP25 expression and Ad internalization is less likely to make a major
contribution to VA-RNA-mediated upregulation of Ad infection. Although the miR-27a/
b-mediated suppression of SNAP25 expression led to the inhibition of Ad infection at
the step of viral entry (Fig. 4), it is difficult for VA-RNAs to enhance viral entry via
suppression of SNAP25 expression, since VA-RNAs should not be expressed prior to
viral internalization into cells. VA-RNAs might make a greater contribution to Ad
infection as inhibitors of the miR-27a/b-mediated suppression of TXN2 expression, not
SNAP25 expression, because knockdown of TXN2 led to a significant reduction in Ad
replication, but not at a viral entry step (Fig. 5).

Previous studies demonstrated that miR-27a/b inhibited infections by two types of
herpesviruses: MCMV and HVS (10–12). In order to counteract the miR-27a/b-mediated
inhibition of MCMV and HVS infections, these viruses encode inhibitors of miR-27a/b.
The MCMV-encoded inhibitor of miR-27a/b is the m169 transcript, which binds to host
miR-27a/b in a sequence-dependent manner and induces the degradation of miR-
27a/b (12). The degradation of miR-27a/b, in turn, leads to the efficient replication of
MCMV (12); however, the mechanism of the miR-27a/b-mediated inhibition of MCMV
replication remained to be clarified. Another herpesvirus, HVS, also encodes viral U-rich
noncoding RNAs (HSURs), which are miR-27a/b-specific inhibitors (10, 11). In the
present experiments, Ad infection was inhibited by miR-27a/b through the suppression
of SNAP25 and TXN2 expression. In addition, the knockdown of SNAP25 and TXN2
suppressed infection by another type of herpesvirus, herpes simplex virus 1 (HSV-1) (M.
Machitani, F. Sakurai, and H. Mizuguchi, unpublished data). These results suggest that
miR-27a/b-mediated suppression of SNAP25 and TXN2 expression is involved in infec-
tion with herpesviruses, including MCMV and HVS.

Oncolytic viruses have great potential for cancer treatment, and various types of
oncolytic virus have been used for oncolytic virotherapy in both basic studies and
clinical trials (52, 53). In order to enhance the therapeutic efficacy of oncolytic viro-
therapy, various oncolytic viruses have been genetically engineered to express antitu-
mor genes, including the genes expressing p53, interferons (IFNs), and granulocyte-
macrophage colony-stimulating factor (GM-CSF) (52–54). As shown in Fig. 1, inhibition
of miR-27a/b activity largely promoted Ad infection in the present study, suggesting
that an oncolytic Ad expressing an inhibitor of miR-27a/b would show more efficient
infection and superior oncolytic activities.

In summary, we have demonstrated that miR-27a and -b directly suppress the
expression of SNAP25 and TXN2 via posttranscriptional silencing, resulting in the
inhibition of Ad infection.
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MATERIALS AND METHODS
Cells and reagents. HeLa (a human epithelial carcinoma cell line; RCB0007) and HeLa-FUCCI (a HeLa

cell transformant expressing FUCCI; RCB2812) (40) cells were obtained from the JCRB Cell Bank (Tokyo,
Japan). The other cell lines were obtained from the American Type Culture Collection (ATCC) (Manassas,
VA). HEK293 (a transformed embryonic kidney cell line), 293T (a transformed embryonic kidney cell line
expressing the simian virus 40 [SV40] large T antigen), HeLa, and HeLa-FUCCI cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum (FBS), streptomycin
(100 �g/ml), and penicillin (100 U/ml). H1299 (a non-small cell lung carcinoma cell line) cells were
cultured in RPMI 1640 supplemented with 10% FBS, streptomycin (100 �g/ml), and penicillin (100 U/ml).
Human umbilical vein endothelial cells (HUVECs) and normal human lung fibroblasts (NHLFs) were
cultured in the medium recommended by the supplier (Lonza, Basel, Switzerland). PD0332991, a selective
CDK4/6 inhibitor, was purchased from Sigma-Aldrich Japan (Tokyo, Japan). Recombinant C. botulinum
BONT-E light chain (BONT-E LC) was purchased from R&D Systems (Minneapolis, MN). The antibodies
used in this study were as follows: rabbit anti-GOLM1 (anti-GOLPH2) (EPR3606), anti-SNAP25 (EPR3274),
anti-TXN2 (EPR15225), anti-SNAP23 (EPR8538), and anti-Syntaxin 4 (anti-STX4) (EPR15473) antibodies (all
from Abcam, Cambridge, United Kingdom); a mouse anti-SNAP25 antibody (SP14) (Millipore, Bedford,
MA); rabbit anti-TXN2 (D1C9L) (Cell Signaling Technology, Danvers, MA); mouse anti-�-actin (AC-15)
(Sigma-Aldrich); and a rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) antibody
(Trevigen, Gaithersburg, MD).

Viruses. WT-Ad (Ad serotype 5) was obtained from ATCC and was propagated in HEK293 cells. A
replication-incompetent Ad vector expressing luciferase (Ad-Luc) was previously constructed (55) and
was propagated in HEK293 cells. Sub720 (28), a mutant Ad serotype 5 virus lacking the expression of both
VA-RNA I and II, was propagated in 293T cells. A noninfectious temperature-sensitive (ts1) Ad mutant (36)
(a kind gift from Andrew P. Byrnes, Food and Drug Administration, Bethesda, MD), which can be
internalized into cells but cannot escape from endosomes, was propagated in HEK293 cells at 39°C as
previously described (36). The adenoviruses were amplified and purified by two rounds of cesium
chloride gradient ultracentrifugation, dialyzed, and stored at �80°C. The virus particle (VP) titers were
determined by a spectrophotometric method (56).

Plasmids. The pre-miR-27a- and -b-expressing plasmids, pHM5-U6-pre-miR-27a and -b, were con-
structed as follows. A BspMI fragment of pHM5-U6 (57) was ligated with oligonucleotides encoding
pre-miR-27a, pre-miR-27a-S, and pre-miR-27a-AS, resulting in pHM5-U6-pre-miR-27a. pHM5-U6-pre-miR-
27b was similarly constructed using the corresponding oligonucleotides. The sequences of the oligonu-
cleotides are shown in Table 2. The miR-27a/b expression levels of these plasmids were confirmed by
quantitative RT-PCR analysis (data not shown). A plasmid expressing a fusion protein of GFP and Rab7
(pGFP-Rab7) (58) was obtained from Addgene (plasmid 12605; Addgene, Cambridge, MA).

The SNAP25- and TXN2-expressing plasmids, pSNAP25 and pTXN2, were constructed as follows. The
fragment encoding the SNAP25 or TXN2 gene was synthesized (Greiner Bio-One, Tokyo, Japan) or
amplified by a PCR using cDNA prepared from HeLa cells, respectively. These fragments were then cloned
into p3XFLAG-CMV10 (Sigma-Aldrich), resulting in pSNAP25 and pTXN2. The sequences of the primers
used in this study are given in Table 2.

pAdVAntage-ΔNaeI (28), a control plasmid lacking VA-RNA expression, was previously constructed
using pAdVAntage (Promega, Madison, WI), which encodes VA-RNA I and II under the control of an
endogenous RNA polymerase III promoter.

Transfection with siRNA, miRNA mimics, and inhibitors. mirVana miRNA mimics and inhibitors
were purchased from Life Technologies (Carlsbad, CA). Control siRNA was purchased from Qiagen
(Allstars negative control siRNA; Qiagen, Hilden, Germany). Other siRNAs were obtained from Qiagen and
Gene Design (Osaka, Japan). The siRNAs used in this study are shown in Table 1. Cells were transfected
with the siRNAs, miRNA mimics, or inhibitors by use of Lipofectamine 2000 (Life Technologies) according
to the manufacturer’s instructions.

Determination of Ad genome copy number. Total DNA, including Ad genomic DNA, was isolated
from cells infected with Ad by use of a DNeasy blood and tissue kit (Qiagen). After isolation, the copy
number of Ad genomic DNA was quantified using the StepOnePlus real-time PCR system (Life Technol-
ogies) as previously described (59). The sequences of the primers and probes used in this study are
provided in Table 2. For determination of the Ad genome copy numbers internalized into cells, cells were
treated with trypsin to remove the virus particles on the cell surface, followed by isolation of total DNA.

Infectious titer assay. Following infection with WT-Ad, cells were recovered and subjected to 3
cycles of freezing and thawing. After centrifugation, the supernatants were added to HEK293 cells. After
48 h of incubation, the numbers of cells infected with Ad were analyzed using an Adeno-X rapid titer kit
(Clontech, Mountain View, CA).

Quantitative RT-PCR analysis. Total RNA was isolated from cells by use of Isogen (Nippon Gene,
Tokyo, Japan). cDNA was synthesized using 500 ng of total RNA and a Superscript Vilo cDNA synthesis
kit (Life Technologies). Quantitative RT-PCR analysis was performed using Fast SYBR green master mix
(Life Technologies) and the StepOnePlus real-time PCR system (Life Technologies). The sequences of the
primers used in this study are shown in Table 2.

miRNA expression levels were determined by quantitative RT-PCR analysis using a TaqMan microRNA
reverse transcription kit, a TaqMan microRNA assay kit, and the StepOnePlus real-time PCR system (Life
Technologies).

Microarray gene expression analysis of cells transfected with miR-27a/b mimics. HeLa cells were
transfected with miR-27a/b mimics at 20 nM. After 48 h of incubation, total RNA was isolated. Microarray
gene expression analysis was performed by TaKaRa Bio (Shiga, Japan). Briefly, the quality of RNA samples
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TABLE 2 Oligonucleotides and primers used in this study

Oligonucleotide
no. Name Sequence (5=–3=)a

1 pre-miR-27a-S CACCAGGGCTTAGCTGCTTGTGAGCAGGGTCCACACCAAGTCGTGTTCACAGTGGCTAAGTTCCGCTTTTT
2 pre-miR-27a-AS GCATAAAAAGCGGAACTTAGCCACTGTGAACACGACTTGGTGTGGACCCTGCTCACAAGCAGCTAAGCCCT
3 pre-miR-27b-S CACCAGAGCTTAGCTGATTGGTGAACAGTGATTGGTTTCCGCTTTGTTCACAGTGGCTAAGTTCTGCTTTTT
4 pre-miR-27b-AS GCATAAAAAGCAGAACTTAGCCACTGTGAACAAAGCGGAAACCAATCACTGTTCACCAATCAGCTAAGCTCT
5 Ad5-F GGGATCGTCTACCTCCTTTTGA
6 Ad5-R GGGCAGCAGCGGATGAT
7 Ad5-probe FAM-ACAGAAACCCGCGCTACCATACTGGAG-TAMRA
8 GAPDH-F GGTGGTCTCCTCTGACTTCAACA
9 GAPDH-R GTGGTCGTTGAGGGCAATG
10 GAPDH-probe FAM-CACTCCTCCACCTTTGACGCTGGG-TAMRA
11 ts1-F GAACCACCTACCCTTCACG
12 ts1-R CCGCCAACATTACAGACTCG
13 RPS6KA5-F CTCCTCACTGTCAAGCACGAG
14 RPS6KA5-R GCCTTTTGAACGATTGTTGCCT
15 ANKRD40-F GCGGCCTTAGGGGACATTC
16 ANKRD40-R GTCCAGCCGTTGACCTCATT
17 GOLM1-F TGGCCTGCATCATCGTCTTG
18 GOLM1-R CCCTGGAACTCGTTCTTCTTCA
19 PRKX-F GCAGGACTTTGACACGCTG
20 PRKX-R GGCGAAGAAATGCTTGGCTG
21 GABRP-F CTTGGCCTTCGTGTGTCTGAG
22 GABRP-R CCGACCTCGACGTTGAACT
23 ATP6V1A-F GGGTGCAGCCATGTATGAG
24 ATP6V1A-R TGCGAAGTACAGGATCTCCAA
25 CSRP2-F TGGGAGGACCGTGTACCAC
26 CSRP2-R CCGTAGCCTTTTGGCCCATA
27 PDS5B-F GATGTTCGCTTACTGGTAGCC
28 PDS5B-R TCTAGCCCCTTCAACTGTCTT
29 GPAM-F GATGTAAGCACACAAGTGAGGA
30 GPAM-R TCCGACTCATTAGGCTTTCTTTC
31 SNAP25-F ACCAGTTGGCTGATGAGTCG
32 SNAP25-R CAAAGTCCTGATACCAGCATCTT
33 DCUN1D4-F GCCGCCGCTGTCAATTTTC
34 DCUN1D4-R AGGTTCAGCTTATTAAGGGTGTG
35 TXN2-F CTGGTGGCCTGACTGTAACAC
36 TXN2-R TGACCACTCGGTCTTGAAAGT
37 NR2F6-F GAGCGGCAAGCATTACGGT
38 NR2F6-R GGCAGGTGTAGCTGAGGTT
39 SEC62-F CCAGCAGAAATGAGAGTAGGTG
40 SEC62-R GAGTCAATGAAGCCCACATCA
41 CDH11-F AGAGAGCCCAGTACACGTTGA
42 CDH11-R TTGGCATGATAGGTCTCGTGC
43 ADORA2B-F TGCACTGACTTCTACGGCTG
44 ADORA2B-R GGTCCCCGTGACCAAACTT
45 TMUB1-F GCAGCTACCGACAGCATGAG
46 TMUB1-R ACCTGCTCTGAATCATTGAGGA
47 PDK4-F GGAGCATTTCTCGCGCTACA
48 PDK4-R ACAGGCAATTCTTGTCGCAAA
49 SLC7A11-F TCTCCAAAGGAGGTTACCTGC
50 SLC7A11-R AGACTCCCCTCAGTAAAGTGAC
51 TMBIM6-F CATATAACCCCGTCAACGCAG
52 TMBIM6-R GCAGCCGCCACAAACATAC
53 MBTD1-F GGCATGGCTACCTGTGAGATG
54 MBTD1-R GGCCAAAATGCTTGCCTTCT
55 PAPSS2-F AGACGGAGAACCAGCAGAAAT
56 PAPSS2-R CACACGGTACATCCTCGGAAC
57 SFXN2-F GTCAATATCCCCATGATGCGAC
58 SFXN2-R AGCTCTCCGGGAATGACCAA
59 TNRC18-F TCTCTGTCGCTGAGTAACGTC
60 TNRC18-R CCCCGTCACCATGAGGTTG
61 TXN2-3=UTR-F CGACCTCGAGATCAGAGGATGGTGGTGCTG
62 TXN2-3=UTR-R TTGCGGCCGCGGAGGCACCTTGAGACTTCC
63 SNAP25-3=UTRmut1-F CCACAGTATTGTTCTTGTAAAAAGCTTACATTCCACAGAGTTACTGCCACGG
64 SNAP25-3=UTRmut1-R CCGTGGCAGTAACTCTGTGGAATGTAAGCTTTTTACAAGAACAATACTGTGG
65 SNAP25-3=UTRmut2-F GGAGAGAGCAATCTTGCGGATCCAACAGTGTGGATGTAAATTTTATAAGGC

(Continued on next page)
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was checked using an Agilent 2100 Bioanalyzer platform (Agilent Technologies, Santa Clara, CA). One
hundred nanograms of each total RNA sample was amplified and labeled using an Agilent Low Input
Quick Amp labeling kit (Agilent Technologies) following the manufacturer’s protocol. The labeled
samples were hybridized and washed using an Agilent gene expression hybridization kit and wash buffer
kit (Agilent Technologies). Fluorescence signals of the hybridized Agilent microarrays were detected
using an Agilent SureScan microarray scanner (Agilent Technologies). Agilent feature extraction software
was used to read and process the microarray image files.

Prediction of miR-27a/b target genes. miR-27a/b target genes and the putative binding sites in the
3= untranslated region (3= UTR) of each gene were predicted using TargetScan Human (33).

Reporter plasmids and reporter assay. The reporter plasmids psiCHECK-2-SNAP25-3=UTR and
-TXN2-3=UTR, which carry the sequences of the wild-type 3= UTRs of the SNAP25 and TXN2 genes,
respectively, downstream of the Renilla luciferase (RLuc) gene, were constructed as follows. A fragment
containing the 3= UTR of the SNAP25 gene was synthesized by Greiner Bio-One. The 3= UTR of the TXN2
gene was amplified by a PCR using cDNA prepared from HeLa cells. The 3= UTR sequences of the SNAP25
and TXN2 genes contain the miR-27a/b target sequences predicted by TargetScan. The fragments were
ligated with an XhoI/NotI fragment of psiCHECK-2 (Promega, Madison, WI), resulting in psiCHECK-2-
SNAP25-3=UTR and -TXN2-3=UTR. Next, the seed sequences of the predicted miR-27a/b target sites were
mutated by use of a QuikChange site-directed mutagenesis kit (Agilent Technologies) and the primers
SNAP25-3=UTRmut1-F/R, SNAP25-3=UTRmut2-F/R, or SNAP25-3=UTRmut3-F/R, resulting in psiCHECK-2-
SNAP25-3=UTRmut. psiCHECK-2-TXN2-3=UTRmut was similarly constructed using the corresponding
oligonucleotides. The sequences of the primers and oligonucleotides used in this study are provided in
Table 2. HeLa cells were cotransfected with the reporter plasmids and miR-27a/b mimics. After 48 h of
incubation, luciferase activities in the cells were determined using a dual-luciferase reporter assay system
(Promega).

Western blotting. Western blotting was performed as previously described (23). Briefly, whole-cell
extracts were prepared and electrophoresed in 10% sodium dodecyl sulfate (SDS)-polyacrylamide gels
under reducing conditions, followed by electrotransfer to polyvinylidene difluoride (PVDF) membranes
(Millipore). After blocking with 5% skim milk prepared in TBS-T (Tris-buffered saline with 0.1% Tween 20),
the membranes were incubated with the primary antibodies, followed by incubation in the presence of
horseradish peroxidase (HRP)-labeled anti-mouse or -rabbit IgG antibody (Cell Signaling Technology).

Determination of expression levels of CAR. Expression levels of human CAR on the cell surface
were measured by flow cytometry and quantified by use of FlowJo software (Tree Star, San Carlos, CA)
as previously described (60).

Analysis of viral entry into cells by use of a fluorescence-labeled Ad. Ad-Luc was labeled with Cy3
as previously described (61). Briefly, Ad-Luc was conjugated with Amersham Cy3 monoreactive dye (GE
Healthcare, Tokyo, Japan) in sodium carbonate buffer. After 1 h of incubation at room temperature, the
Cy3-labeled Ad was purified by cesium chloride gradient ultracentrifugation, dialyzed, and stored at
�80°C. The VP titer was determined by a spectrophotometric method (56).

For the evaluation of viral entry into SNAP25-knockdown cells, HeLa cells were cotransfected with
pGFP-Rab7 and siSNAP25 at 50 nM, followed by infection with the Cy3-labeled Ad at 100 VP/cell. After
1 h of incubation, phase-contrast, GFP fluorescence (Rab7), and Cy3 fluorescence (Ad) photomicrographs
of the cells were obtained.

Statistical analysis. Statistical significance was determined using Student’s t test. Data are presented
as means � standard deviations (SD).

Accession number(s). The microarray gene expression data have been submitted to the Gene
Expression Omnibus (GEO) under accession number GSE85587.
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