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other 14-3-3-binding targets, especially aggregation-prone

targets.

Materials and Methods

Materials

The mammalian expression plasmid carrying FLAG-tagged TRIM32 was
generated by PCR using oligonucleotides 5'-CGGGATCCATGGCTGCAGCA-
GCAGCTTC-3' and 5'-CGGAATTCCTATGGGGTGGAATATCTTC-3' and
human TRIM32 cDNA (pOTB?7, Funakosi) as template. The PCR fragment was
digested with BamHI and EcoRI and then inserted into the cloning site of the
FLAG-tag vector pCMV-Tag2B (Invitrogen), termed pCMV-TRIM32. The
expression plasmids for myc—14-3-3n and its V180D mutant or FLAG-14-3-3y
have been described (Ichimura et al., 2005). The CFP-TRIM32 construct was
created by ligating the BamHI/EcoRI fragment of pCMV-TRIM32 into the Bg/ll/
EcoRlI site of pECFP-C1 (Clontech). The deletion and point mutants of TRIM32
were created according to the standard protocol of PCR-based targeted
mutagenesis (Ichimura et al., 2002). The 14-3-3n protein was prepared by
cleavage of GST-14-3-3n (Nagaki et al., 2006) with Factor X (Bio-Rad). The
catalytic subunit of PKA was isolated from porcine brain (Nagaki et al., 2006).
Human TRIM32 was obtained from Abnova. The plasmids shown in
supplementary material Fig. S1 were kind gifts from Drs Richard Roth (for
AKT1S1-HA), Jennifer Byrme (for EGFP-TPD52L1), Daisuke Koya (for myc—
Smurfl), and Danny Reinberg (for FLAG-RNF20) or were made by PCR using
TORC2/pSport6 (kindly provided by Dr Yo Takemori, for FLAG-TORC2 in
pCMV-Tag2B), pMEI8SFL3 (Toyobo, for FLAG-WDR20 in pCMV-Tag2B),
pCMV-SPORT6 (Funakosi, for FLAG-TFEB in pCMV-Tag2B), or the reported
plasmids of CaMKKa [(Ichimura et al., 2008) for myc-CaMKKa: in pcDNA3],
Nedd4-2 [(Ichimura et al., 2005) for myc—Nedd4-2 in pcDNA3], and TH [(Itagaki
et al., 1999) for myc-TH in pcDNA3] as templates. The plasmid for FLAG-AGO1
was kindly provided by Dr Haruhiko Siomi. The PAN-14-3-3 antibody, anti-
TRIM32, anti-GST and monoclonal anti-myc were purchased from Santa Cruz
Biotechnology.  Anti-14-3-3y  was purchased from Immuno-Biological
Laboratories. Polyclonal anti-myc and anti-phospho(Ser/Thr)-PKA  substrate
were purchased from Cell Signaling. Monoclonal anti-HA and anti-FLAG were
purchased from Upstate and Kodak, respectively. Polyclonal anti-FLAG was
purchased from Rockland. Monoclonal anti-tubulin was purchased from Sigma.

Quantitative proteomics

Quantitative proteomics was carried out as described previously (Ichimura et al.,
2008). Six 15-cm dishes of PC12Mh cells (Ichimura et al., 2005) stably expressing
MEF-fused 14-3-3 (y-isoform) were metabolically labeled with ['*C]Lys/Arg for
12 days. The labeled cells were stimulated with 50 uM forskolin (Sigma) for
20 minutes, lysed in 3 ml of lysis buffer [50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 10% (w/v) glycerol, 100 mM NaF, 10 mM EGTA, 1 mM NazVO,, 1% (w/
v) Triton X-100, 5 mM ZnCl,, 2 mM phenylmethylsulfonyl fluoride, 10 pg/ml
aprotinin, and 1 pg/ml leupeptin] and combined with an equal volume of the lysate
from unlabeled, non-stimulated PC12Mh cells. Proteins bound to the expressed
MEF-14-3-3n were then purified from the combined lysates by the MEF method
(Ichimura et al., 2005). The recovered proteins were digested with trypsin and then
identified and quantified by two-dimensional liquid chromatography—tandem mass
spectrometry using the MASCOT (Matrix Science) and STEM software programs
(Shinkawa et al., 2005). For quantification, values were corrected by STEM for an
incorporation efficiency of 81% ["*C]Lys and 70% ['*C]Arg.

Co-immunoprecipitation and pull-down assay

Co-immunoprecipitation analyses were conducted as described previously
(Ichimura et al., 2005). HEK293 cells (2-4%10°%) were transiently transfected
with expression plasmids (each 5 pg) encoding FLAG-TRIM32 or its mutants,
with or without myc—14-3-3 and cPKA. After 24 hours, the expressed FLAG-
TRIM32 was immunoprecipitated with anti-FLAG-Sepharose (Sigma), washed
five times with buffer A [50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% (w/v)
glycerol and 0.1% (w/v) Triton X-100], and the bound 14-3-3 was released from
the beads with 1 mM synthetic phosphopeptide [LSQRQRSTS(P)TPNVHA, based
on residues 250-265 of human cRafl). Proteins were then separated by 10% SDS-
PAGE and analyzed by western blotting using the specific antibodies indicated in
each figure. For GST pull-down experiments, GST-TRIM32 or GST alone (each
~0.5 pg) was incubated with 14-3-357 (1 pg) for 20 minutes at 30°C in 25 pl final
volume (50 mM HEPES, pH 7.5, 10 mM magnesium acetate, and 0.1 mM ATP)
in the presence or absence of 0.25 pl of the catalytic subunit of PKA. After
incubation, glutathione—agarose beads (Pharmacia) were added to the reaction and
further incubated for 60 minutes at 4°C. The beads were then washed five times
with buffer A, and the precipitated complexes were analyzed by 10% SDS-PAGE
followed by western blotting.

Immunopurification of 14-3-3 from mouse skeletal muscle and brain
Frozen mouse skeletal muscle and brain were homogenized in 10 volumes of lysis
buffer, and the homogenates were centrifuged at 100,000 g for 30 minutes at 4°C.
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The cleared lysates (1.5 mg) were incubated with 4 pug of anti-PAN 14-3-3 IgG
for 60 minutes at 4°C. Immobilized protein A/G-Sepharose (Santa Cruz
Biotechnology) was added, and lysates were further incubated for 60 minutes at
4°C. Immunoprecipitated 14-3-3 complexes were washed five times with buffer A
and eluted with SDS-PAGE sample buffer (lacking B-mercaptoethanol).

Immunofluorescence microscopy and electron microscopy

HEK293 cells grown on 3.5-cm plates (FluoroDish, World Precision Instruments,
Inc.) were transfected with the indicated expression plasmids (each 0.5 ug) for
24 hours using Lipofectamine 2000 (Invitrogen). Transfected cells were rinsed
with phosphate-buffered saline (PBS) containing 0.1 g/1 CaCl; and 0.1 g/l MgCl,
[PBS(+)] and fixed with 10% formalin in 70% PBS(+) for 30 minutes at 25°C. The
fixed cells were washed four times with PBS, then incubated with 10% fetal
bovine serum in PBS for 30 minutes at room temperature and subsequently
incubated for 1 hour at room temperature with specific primary antibodies (see
figure legends). After washing four times with PBS, the cells were incubated with
Alexa-Fluor-488-conjugated (green) and Alexa-Fluor-594-conjugated (red) anti-
rabbit or anti-mouse secondary antibodies (Molecular Probes) for 1 hour at room
temperature. The stained cells were washed four times with PBS and then
visualized using a Delta Vision microscope system (Applied Precision, Inc.).

For electron microscopy, HEK293 cells transfected with FLAG-TRIM32 were
fixed for 1 hour at room temperature with 2.5% glutaraldehyde (TAAB
Laboratories Equipment Ltd) in 0.1 M sodium phosphate buffer (pH 7.2),
washed with PBS, and postfixed with 1% osmium tetroxide for 1 hour at room
temperature in 0.1 M sodium phosphate buffer. Cells were then dehydrated with
ethanol up to 100%, and finally embedded with Quetol 812-based resin (Nisshin
EM). Ultrathin sections were stained with uranyl acetate and lead citrate and
mounted on 150-mesh copper grids. Electron microscopy images were collected
with a TEM H7100 (Hitachi Ltd) and scanned with a SUPER COOLSCAN 8000
(Nikon). Counting FLAG-TRIM32-expressing and myc~14-3-3-expressing cells
revealed that the efficiency of FLAG-TRIM32 expression was 20-40% and that
more than 90% of the FLAG-TRIM32-positive cells were also positive for myc-
14-3-3 expression.

In-cell ubiquitylation assay

The ubiquitylation assay was performed as described previously (Ichimura et al.,
2005). HEK293 cells (2-4x10°) were co-transfected with the indicated expression
plasmids (each 5 pg) for 48 hours and lysed in 1% SDS. Samples were
subsequently diluted with 9 volumes of lysis buffer and incubated with anti-
FLAG-Sepharose beads (Sigma) or with anti-HA affinity matrix (Roche). The
beads were washed five times with buffer A, and bound proteins were analyzed by
7.5% or 10% SDS-PAGE followed by western blotting with monoclonal anti-HA
or anti-FLAG.

Sucrose density gradient

HEK293 cells (2-4x10°) were transfected with the indicated expression plasmids
(each 5 pg) for 36 hours and homogenized in PBS. The homogenates (50 ug
protein) were loaded on to a sucrose density gradient (5-20%, w/v) and centrifuged
at 100,000 g for 18 hours at 4°C. The samples were fractionated from the bottom
of the tubes, precipitated with 10% trichloroacetic acid, and subjected to 10%
SDS-PAGE followed by western blotting with anti-TRIM32. The gel image was
quantified with an E-Graph densitometer (ATTO) and the results were expressed
as a percentage of total amounts of protein in each experiment.

Retroviral infection and cell counting

Retrovirus expression vectors for FLAG-TRIM32 wild-type (WT) and S651A
point mutant (S651A) were constructed with pMX-puro (Kano et al., 2008).
NIH3T3 fibroblasts were infected with retroviruses produced by Plat-E packaging
cells as described previously (Kano et al., 2008). Infected celis were seeded at
1x10* cells per well in six-well plates and harvested for determination of cell
number at various times.
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Fig. S1. Regulation of 14-3-3 interactions by cPKA. (A) HEK293 cells were transfected with the indicated plasmids with (+) or
without (=) cPKA (5 pg each). After 24 h, the expressed proteins were immunoprecipitated (IP) with anti-FLAG or anti-myc, and

the immunocomplexes were analyzed by 10% SDS-PAGE followed by western blotting (WB) with the indicated antibodies (top and
middle panels, respectively). The cell lysates (20 pg of protein each) were also analyzed by WB to determine protein levels of co-
precipitated proteins (bottom panels). Molecular size markers, in kDa, are indicated to the left. (B) HEK293 cells (left panels) or PC12
cells (right panels) were co-transfected with the indicated constructs and analyzed by WB as in panel A.
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Fig. S2. Coexpression of 14-3-31, but not AGO1 and Abi2, suppresses the formation of TRIM32 CBs. HEK293 cells were co-
transfected with the indicated constructs (myc-TRIM32, FLAG-14-3-31, FLAG-AGO1, FLAG-Abi2, cPKA), and after 24 h the cells
were stained with monoclonal mouse anti-myc (green) and polyclonal rabbit anti-FLAG (red). Note that coexpression of 14-3-31, but
not AGO1 and ABi2, specifically disperses the TRIM32 protein throughout the cytoplasm. Scale bars: 10 pm.
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Fig. S3. Coexpression of 14-3-31 suppresses the association of TRIM32 with microtubules. HEK293 cells were co-transfected
with the indicated constructs (FLAG-TRIM32, FLAG-S651A, myc-14-3-3n, cPKA), and after 12—16 h the cells were stained with
polyclonal anti-FLAG-TRIM32 (green) and monoclonal anti-a-~tubulin (red). Scale bars: 10 pum.
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Fig. S4. All mammalian 14-3-3 isoforms affect the subcellular distribution of TRIM32. HEK293 cells were co-transfected with
the indicated constructs (FLAG-TRIM32, myc-14-3-3s, cPKA), and after 24 h the cells were stained as in Fig. 3B. Scale bars: 10 pm.
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Fig. S5. 14-3-3 binding does not significantly disrupt the interaction of TRIM32 with AGO1 or Abi2. HEK293 cells transiently
transfected with the indicated plasmids (5 pg each) were lysed with 1% Triton X-100 and then subjected to immunoprecipitation (IP)
with anti-myc after normalizing levels of expressed proteins in each IP experiment. The amounts of myc- and FLAG-tagged proteins
in the immunoprecipitates (left panels) and in lysates (right panels) were analyzed by western blotting (WB) with the indicated
antibodies. Molecular size markers, in kDa, are indicated to the left.

Table S1. List of 14-3-3-associated proteins consistently identified in at least two LC-MS/MS analyses
Download Table S1
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Polymorphisms of the Core, NS3, and NS5a Proteins
of Hepatitis C Virus Genotype 1b Associate With

Development of Hepatocellular Carcinoma

Ahmed El-Shamy,"** Michiko Shindo,?** Tkuo Shoji," Lin Deng,' Tadao Okuno,’ and Hak Hotta"

Hepatocellular carcinoma (HCC) is one of the common sequelae of hepatitis C virus (HCV)
infection. It remains controversial, however, whether HCV itself plays a direct role in the de-
velopment of HCC. Although HCV core, NS3, and NS5A proteins were reported to display
tumorigenic activities in cell culture and experimental animal systems, their clinical impact
on HCC development in humans is still unclear. In this study we investigated sequence poly-
morphisms in the core protein, NS3, and NS5A of HCV genotype 1b (HCV-1b) in 49
patients who later developed HCC during a follow-up of an average of 6.5 years and in 100
patients who did not develop HCC after a 15-year follow-up. Sequence analysis revealed
that Gln at position 70 of the core protein (core-Gln”%), Tyr at position 1082 plus Gln at
1112 of NS3 (NS3-Tyr'®*?/GlIn'"'?), and six or more mutations in the interferon/ribavirin
resistance-determining region of NS5A (NS5A-IRRDR>>6) were significantly associated with
development of HCC. Multivariate analysis identified core-Gln”%, NS3-Tyr'*®?/GIn"""?, and
a-fetoprotein (AFP) levels (>20 ng/L) as independent factors associated with HCC. Kaplan-
Meier analysis revealed a higher cumulative incidence of HCC for patients infected with
HCYV isolates with core-Gln”°, NSS-Tyrloszl GIn'"? or both than for those with non-(GIn”®
plus NS3-Tyr'®*?/Gln'"'?). In most cases, neither the residues at position 70 of the core pro-
tein nor positions 1082 and 1112 of the NS3 protein changed during the observation pe-
riod. Conclusion: HCV isolates with core-Gln”® and/or NS3-Tyr'®*/GIn''"? are more
closely associated with HCC development compared to those with non-(Gln”® plus NS3-

Tyrmsz/ Gln'''?), (HeratoroGy 2013;58:555-563)

See Editorial on Page 491

epatitis C virus (HCV) is a major etiologic agent
Hof chronic hepatitis worldwide, with the esti-

mated number of infected individuals being
more than 180 million. Approximately 15% to 20% of
chronically infected individuals undergo liver cirrhosis in a
decade or so after infection, with hepatocellular carcinoma
(HCC) arising from cirrhosis at an estimated rate of 1%
to 4% per year.1'3 Several host factors such as male gender,
older age, elevated a-fetoprotein (AFP) level, advanced

liver fibrosis as well as nonresponsiveness to interferon
(IFN) therapy have been reported as important predictors
of HCC development.®® Recently, a host genetic factor,
i.e., the DEPDCS locus polymorphism, was reported to
be associated with progression to HCC in HCV-infected
individuals.® On the other hand, it remains controversial
as to whether HCV itself plays a direct role in the develop-
ment of HCC. Experimental data suggest that HCV con-
tributes to HCC by modulating pathways that promote
malignant transformation of hepatocytes. HCV core,
NS3, and NS5A proteins were shown to be involved in a

Abbreviations: HCC, hepatocellular carcinoma; HCV, hepatitis C virus; IFN, interferon; IRRDR, interferon/ribavirin resistance-determining region; ISDR,

interferon sensitivity-determining region.
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number of potentially oncogenic pathways in cell culture
and experimental animal systems.” HCV core protein
rendered cultured cells more resistant to apoptosis®’ and
promoted 725 oncogene-mediated  transformation.'®!!
Moreover, transgenic mice expressing the HCV core pro-
tein in the liver developed HCC." However, the clinical
impact of HCV proteins on HCC development in
humans and whether all HCV isolates are equally associ-
ated with HCC is yet to be determined. In a clinical set-
ting, HCV core protein mutations at positions 70 (Gln”®)
and/or 91 (Met”") were closely associated with HCC de-
velopment.'*'® GIn”® and/or Met”* were also linked to
resistance to PEG-IFN/ribavirin (RBV) treatment."’?° In
addition, we and other investigators reported that an N-
terminal part of the NS3 protein has the capacity to trans-
form NIH3T3 and rat fibroblast cells*"** and to render
NIH3T3 cells more resistant to DNA damage-induced
apoptosis, which is thought to be a prerequisite for malig-
nant transformation of the cell.?® Also, the NS5A protein
is a pleiotropic protein with key roles in both viral RNA
replication and modulation of the host cell functions.** In
particular, the links between NS5A and the IFN responses
have been widely discussed. It was proposed initially that
sequence variations within a region in NS5A spanning
from amino acids (aa) 2209 to 2248, called the IFN sensi-
tivity-determining region (ISDR), were correlated with
IFN responsiveness.”” Subsequently, in the era of PEG-
IFN/RBV combination therapy, we identified a new
region near the C-terminus of NS5A spanning from aa
2334 to 2379, which we referred to as the IFN/RBV re-
sistance-determining region (IRRDR).?**” The degree of
sequence variations within the IRRDR was significantly
associated with the clinical outcome of PEG-IFN/RBV
therapy. In the context of HCC, several retrospective stud-
ies suggested that IFN-based therapy might reduce the risk
of HCC development.##53°

In an attempt to clarify whether viral factors, in par-
ticular those within the core, NS3, and NS5A proteins,
are involved in HCC development, we carried out a
comparative analysis of the aa sequences obtained from
HCV patients who developed HCC and those who did
not. In addition, we studied the sequence evolution of
these genes in the interval between chronic hepatitis C
and HCC development over a period of 15 years.

HEPATOLOGY, August 2013

Patients and Methods

Ethics Statement. The study protocol, which con-
forms to the provisions of the 1975 Declaration of
Helsinki, was approved beforehand by the Ethic Com-
mittees in Akashi City Hospital and Kobe University
Graduate School of Medicine, and written informed
consent was obtained from each patient enrolled in
this study.

Patients. A total of 49 HCV-infected patients who
developed HCC (HCC group) were retrospectively
examined. They were followed up (from 1988 to
2003) with an average period until HCC development
being 6.5 * 2.9 years. Paired serum samples at the
time of chronic hepatitis C (pre-HCC sample) and
HCC development (post-HCC sample) were collected.
As a control group, 100 HCV-infected patients who
were followed up over a period of 15 years (from
1988 to 2003) without HCC development were retro-
spectively examined. Serum samples of the control
group were available at the time of first visit to the
clinic. All patients enrolled in this study were chroni-
cally infected with HCV genotype 1b (HCV-1b).
HCYV subtype was determined as reported previously.”'
Serum HCV RNA titers were quantitated by reverse-
transcription  polymerase chain reaction (RT-PCRO
with an internal RNA standard derived from the 5’
noncoding region of HCV (Amplicor HCV Monitor
test, v. 2.0, Roche Diagnostics, Tokyo, Japan). All
patients underwent liver biopsy and were diagnosed as
chronic hepatitis. All HCC and 68% (68/100) of non-
HCC patients received IFN-monotherapy, either natu-
ral IFN alpha (Sumiferon, Dainipponsumitomo Phar-
maceutical, Osaka, Japan) at a dose of 6 million units
(MU) or recombinant IFN alpha 2b (Intron A; Sche-
ring-Plough, Osaka, Japan) at a dose of 10 MU, 3
times a week for 6 months. All HCC patients were
nonresponders (NR), who had detectable viremia dur-
ing the entire course of IFN treatment. On the other
hand, 18 (26%) of the 68 non-HCC patients treated
with IFN achieved HCV RNA negativity at the end of
treatment followed by rebound viremia within 6
months after the treatment and, therefore, they were
referred to as relapsers. The other 50 IFN-treated,
non-HCC patients were NR. The remaining 32 non-
HCC patients did not receive IFN. All patients were

Address reprint requests to: Hak Hotta, M.D., Ph.D., Division of Microbiology, Kobe University Graduate School of Medicine, 7-5-1 Kusunoki-cho, Chuo-ku,

Kobe 650-0017, Japan. E-mail: hotta@kobe-u.ac.jp; fax: +81-78-382-5519.
Copyright © 2012 by the American Association for the Study of Liver Diseases.
View this article online at wileyonlinelibrary.com.
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seen every 2 months and tested for liver function
markers during the follow-up period.

Sequence Analysis of HCV Core, NS3, and NS5A
Proteins. HCV RNA was extracted from 140 ul. of
serum using a commercially available kit (QIAmp viral
RNA kit; Qiagen, Tokyo, Japan). The core, NS3, and
NS5A regions of the HCV genome were amplified as
described  elsewhere.”®%*3* The sequences of the
amplified fragments were determined by direct
sequencing. The aa sequences were deduced and
aligned using GENETYX Win software version 7.0
(GENETYX, Tokyo, Japan). The numbering of aa was
according to the polyprotein of the prototype of
HCV-1b; HCV-].%»®

Statistical Analysis. Statistical differences in the
baseline parameters of HCC and control groups were
determined by Student’s # test for numerical variables
and Fisher’s exact probability or chi-square tests for
categorical variables. Likewise, statistical differences in
viral mutations between HCC and control groups
were determined by Fisher’s exact probability test.
Kaplan-Meier analysis was performed to estimate the
cumulative incidence of HCC. The data obtained were
evaluated by the log-rank test. Univariate and multi-
variate logistic analyses were performed to identify var-
iables that independently associated with HCC devel-
opment. Variables with P < 0.1 in univariate analysis
were included in a backward stepwise multivariate
logistic regression analysis. The odds ratios and 95%
confidence intervals (95% CI) were calculated. All sta-
tistical analyses were performed using SPSS v. 16 soft-
ware (Chicago, IL). Unless otherwise stated, 2 < 0.05
was considered statistically significant.

Nucleotide Sequence Accession Numbers. The
sequence data reported in this article have been depos-
ited in the DDBJ/EMBL/GenBank nucleotide
sequence databases with the accession numbers

AB719460 through AB719842.

Results

Demographic Characteristics of HCC and Control
Groups. The clinical characteristics of HCC and con-
trol groups are shown in Table 1. The HCC group
had significantly higher titers of ALT, AST, and AFD,
and higher fibrosis staging score than that of the con-
trol group. There was no significant difference in vire-
mia titers between the two groups.

Correlation Between Core Protein Sequence Poly-
morphism and HCC Development. HCV core pro-
tein sequences were obtained from all (49/49) and
94% (94/100) of pre-HCC and control patients’ sera,
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Table 1. Demographic Characteristics of HCC

and Control Groups

Factor HCC Control P Value
Age 57.3 = 7.0* 56.4 = 83 0.54
Sex (male/female) 31/18 54/46 0.29
ALT (1U/L) 159.4 = 79.8 129.7 = 51.5 0.007
AST (IU/L) 113.0 = 62.2 91.6 = 44.1 0.017
AFP (ng/L) 29.1 + 33.7 184 = 4.4 0.002
Platelets (x 10%/mm?) 162 + 2.8 162 + 2.4 0.88
Inflammation grading score 8.7 £ 0.9 84 *+ 1.2 0.05
Fibrosis staging score 24 =05 22+ 05 0.02
HCV-RNA (KIU/mL) 593.4 £ 1123 618.1 = 959 0.17

*Mean = SD. HCC, hepatocellular carcinoma; ALT, alanine aminotransferase;
AST, aspartate transaminase; AFP; a-fetoprotein.

respectively. Comparative sequence analysis revealed
that 22 (45%) of 49 HCV isolates in the pre-HCC
sera (pre-HCC isolates) and 59 (63%) of 94 HCV iso-
lates from the control group (control isolates) had
wild-core (Arg70/Leu91) (Table 2). The difference
between HCC and control groups was hovering at a
statistically significant level (P = 0.05). When the
sequence pattern at position 70 alone was examined, a
stronger association with HCC was observed. We
found that 21 (43%) of 49 pre-HCC isolates had
Gln”® while only 13 (14%) of 94 control isolates did
(P = 0.0002). On the other hand, there was no signif-
icant correlation between sequence pattern at position
91 and HCC. Thus, a single mutation at position 70
(Gln”®) was the only polymorphic factor within core
protein that was significantly associated with HCC de-
velopment. It should be noted that there was no signif-
icant correlation between Gln’® and the degree of fi-
brosis progression (data not shown).

Correlation Between NS3 Protein Sequence Poly-
morphism and HCC Development. Sequences of NS3
serine protease domain (aa 1027 to 1146) were
obtained from 94% (46/49) and 93% (93/100) of
pre-HCC and control isolates, respectively. We found
that 29 (63%) of 46 pre-HCC isolates had Tyr and
Gln at positions 1082 and 1112, respectively (Tyr'9%%/
GIn'''?), while 39 (42%) of 93 control isolates did
(Table 2). The difference in the proportion between
pre-HCC and control isolates was statistically signifi-
cant (P = 0.029). On the other hand, there was no
significant correlation between Tyr'**/GIn"''? and the
degree of fibrosis progression (data not shown).

Correlation Between NS5A Protein Sequence
Polymorphism and HCC Development. NS5A pro-
tein sequences were obtained from 92% (45/49) and
74% (74/100) of pre-HCC and control isolates,
respectively. Twenty-four (53%) of 45 pre-HCC iso-
lates had IRRDR of 6 or more mutations (IRRDR>6)
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Table 2. Correlation Between HCC and Sequence
Polymorphic Factors of Core, NS3 and NS5A

No. of Subjects / No. of Total*

HCV Protein Factor HCC Control P Value
Core wild-core (Arg’®/  22/49 (45%)  59/94 (63%)  0.05
Leu®)
Non-wild-core 27/49 (55%)  35/94 (37%)
GIn™ 21/49 (43%)  13/94 (14%)  0.0002
Non-GIn™ 28/49 (57%)  81/94 (86%)
Leu®? 37/49 (76%)  70/94 (74%) 1.0
Non- Leu®! 12/49 (24%)  24/94 (26%)
NS3 ri%2 / GIn'1*2  29/46 (63%)  39/93 (42%)  0.029
Non-(Tyr'%82 / 17/46 (37%)  54/93 (58%)
Gmuw)
NS5A IRRDR>6 24/45 (53%)  15/74 (20%)  0.0003
IRRDR<5 21/45 (47%)  59/74 (80%)
ISDR>3 11/45 (24%)  8/74 (11%) 0.07
ISDR<2 34/45 (76%)  66/74 (89%)
Asn?218 11/45 (24%)  3/74 (4%) 0.002
Non-Asn®2'8 34/45 (76%)  71/74 (96%)

*Number of subjects with a given factor / total number of HCC or control.
HCC, hepatocellular carcinoma; Arg7°, arginine at position 70 of the core pro-
tein; Leu®?, leucine at position 91 of the core protein; Gin’®, glutamine at posi-
tion 70 of the core protein; Tyr'®®2, tyrosine at position 1082 of NS3; GIn'*12,
glutamine at position 1112 of NS3; IRRDR, interferon/ribavirin resistance-deter-
mining region; ISDR, interferon sensitivity-determining region; Asn®?'8, aspara-
gine at position 2218 of NS5A-ISDR.

while only 15 (20%) of 74 control isolates did (Table
2; P = 0.0003). We also found that pre-HCC isolates
tended to have a higher degree of sequence heterogene-
ity in ISDR than control isolates, although not statisti-
cally significant due probably to the small number of
cases examined; 11 (24%) of 45 pre-HCC isolates and
8 (11%) of 74 of control isolates had ISDR with three
or more mutations (” = 0.07). Moreover, Asn at posi-
tion 2218 (Asn**'®) within the ISDR was found in
24% (11/45) of pre-HCC isolates and only in 4% (3/
74) of the control isolates (P = 0.002), suggesting that
Asn®?*'® is significantly associated with development of
HCC.

Cumulative HCC Incidence on the Basis of Core-
Gln”°, NS3-Tyr'%?/GIn"'"?, NS5A-IRRDR>6, and
NS54-Asn”?*%. Follow-up study revealed that the cu-
mulative HCC incidence in patients infected with
HCV-1b isolates with core protein of Gln”° and those
of non-Gln’?, respectively, was 29% and 5% at the
end of 5 years, 56% and 23% at the end of 10 years,
and 63% and 26% at the end of 15 years (Fig. 1A),
with the differences between the two groups being
statistically significant (P < 0.0001; Log-rank test).
Likewise, the cumulative HCC incidence in patients
infected with HCV-1b isolates with NS3 of Tyr'%%%/
GIn'''*? and those of non—(Tyrwgz/Glnnlz), respec-
tively, was 15% and 7% at the end of 5 years, 37%
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and 24% at the end of 10 years, and 45% and 24% at
the end of 15 years (P = 0.02) (Fig. 1B). Also, the cu-
mulative HCC incidence in patients infected with
HCV-1b isolates of IRRDR>G6 and those of
IRRDR<S, respectively, was 18% and 10% at the end
of 5 years, 59% and 22% at the end of 10 years, and
63% and 27% at the end of 15 years (P = 0.0002)
(Fig. 1C). Similarly, the cumulative HCC incidence in
patients infected with HCV-1b isolates of Asn**'® and
those of non-Asn**'®, respectively, was 31% and 9%
at the end of 5 years, 77% and 28% at the end of 10
years, and 77% and 33% at the end of 15 years (P =
0.0003) (Fig. 1D). :

Identification of Independent Factors Correlated
With HCC Development by Univariate and Multi-
variate Logistic Regression Analyses. In order to
identify significant independent factors associated with
HCC development, all available data of baseline
patients’ parameters and core, NS3, and NS5A poly-
morphic factors were first analyzed by univariate logis-
tic analysis. This analysis yielded eight factors that
were significantly associated with HCC development:
core-Gln”®, NS3-(Tyr'%%?/GlIn'''?), NS5A-IRRDR>6,
NS5A-Asn®*'8, increased levels of ALT (>165 IU/L),
AST (>65 IU/L), and AFP (>20 ng/L), and fibrosis
staging score (>3). Subsequently, those eight factors
were entered in multivariate logistic regression analysis.
This analysis identified two viral factors, core-Gln”°
and NS3-(Tyr1082/Gln“12), and a host factor, AFP
levels (>20 ng/L), as independent factors associated
with HCC development (Table 3).

The vast majority of pre-HCC isolates (85%; 39/
46) had core-Gln” and/or NS3-Tyr'%%/GIn''"? and
only 15% (7/46) had non-(Gln”® plus NS3-Tyr'8%/
Gln''"?). By contrast, about a half of control isolates
(52%; 46/89) had non-(Gln”® plus  NS3-Tyr' %82/
Gln'''?) (Fig. 2A). The difference in the proportion
between HCC and control groups was statistically sig-
nificant (P < 0.0001). Furthermore, the cumulative
HCC incidence after 15-year follow-up was highest
(63%) among patients with core-Gln”® plus NS3-
(Tyr'%®%/GIn''"?), whereas it was lowest (11%) among
patients with non-(GIn”® plus NS3-Tyr'%®%/Gln'!'?)
(Fig. 2B), with the difference being statistically signifi-
cant (P < 0.0001; Log-rank test).

Evolution of the Sequences of the Core, NS3, and
NS5A Proteins During the Follow-up Period From
Chronic Hepatitis to HCC Development. Finally, we
investigated sequence evolution of the core protein,
NS3 and NS5A (IRRDR and ISDR) during the follow-
up period from chronic hepatitis to HCC development
by comparing the sequences between pre-HCC and
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Fig. 1. Cumulative HCC incidence on the basis of HCV-1b sequence patterns. (A) Position 70 of the core protein. The numbers of core-GIn®
and non-GIn”® analyzed were 34 and 109, respectively. (B) Positions 1082 and 1112 of NS3. The numbers of NS3-(Tyr'°®2/GIn'**2) and non-
(Tyrt®82/GIn*1'2) analyzed were 68 and 71, respectively. (C) NS5A-IRRDR. The numbers of NS5A-IRRDR>6 and IRRDR<5 analyzed were 39 and
80, respectively. (D) NS5A-Asn®2'8, The numbers of NS5A-Asn??'® and non-Asn?2!® analyzed were 14 and 105, respectively.

post-HCC isolates. The residue at position 70 of the
core protein was conserved in 91% (41/45) of sequence
pairs analyzed. The substitutions observed at this posi-
tion were from Arg’® and His”® each to Gln”® in two

cases and from Gln® to Arg’® in the other two cases.
The residues at positions 1082 and 1112 of NS3 were
conserved in 95% (41/43) and 100% (43/43), respec-
tively, of the sequence pairs analyzed.

Table 3. Univariate and Multivariate Regression Analyses to Identify Independent Factors Associated With HCC

Univariate Multivariate

Variable 0dds Ratio (95% Cl) P Value 0dds Ratio (95% CI) P Value
Core-Gin™® 0.23 (0.10 - 0.52) 0.0004 6.8 (2.1 - 23.0) 0.001
NS3-Tyri%2 / ittt 2.4 (1.1 - 4.9) 0.029 3.4 (1.1 - 10.0) 0.03
NS5A-IRRDR>6 4,5 (2.0 - 10.0) 0.0003
NS5A-Asn2218 7.7 (2.0 - 29.0) 0.002
AFP (>20 ng/L) 12 (5.1 - 30.0) 0.0001 19.5 (4.7 - 80.0) 0.0001
ALT (>165 1U/L) 4.0 (1.8 - 8.6) 0.0006
AST (>65 1U/L) 3.9 (1.5 - 10.0) 0.003
Fibrosis staging score (>3) 24(1.1-4.9) 0.02

GIn™, glutamine at position 70 of the core protein; Tyr'2, tyrosine at position 1082 of NS3; GIn'*'2, glutamine at position 1112 of NS3; IRRDR, interferon/ rib-

avirin resistance-determining region; Asn

protein; IFN; interferon.

2218
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Fig. 2. (A) Proportions of HCV-1b isolates of the HCC high-risk
group (core-GIn"® and/or NS3-[Tyr'®®2/GIn*'*?]) and the low-risk
group (non-GIn™ and non-[Tyr'%®/Gin***2]) among HCC and control
groups. (B) Cumulative HCC incidence on the basis of different com-
bined sequence patterns of position 70 of the core protein and posi-
tions 1082 and 1112 of NS3. Core-GIn™® and NS3-(Tyr'®®?/GIn'''3),
n = 18; core-Gn’® and non-(yr'%%/Gin**2), n = 16; non-GIn’®
and NS3-(Tyri%%2/GIn'**?), n = 48; non-GIn"®/non-(Tyr*°2/GIn11?),
n = 53.

IRRDR and ISDR showed a high degree of
sequence evolution. JRRDR sequences were different
between pre-HCC and post-HCC isolates in 66%
(25/38) of cases analyzed (Fig. 3). IRRDR sequences
tended to be more polymorphic at the time of HCC
occurrence. Frequency of HCV isolates with
IRRDR>6 was significantly higher in post-HCC iso-
lates than in pre-HCC isolates; IRRDR>6 was found
in 47% (18/38) of post-HCC isolates compared to
24% (9/38) of pre-HCC isolates (P = 0.03). On the
other hand, ISDR>3 was found in 21% (8/38) of
post-HCC isolates compared to 11% (4/38) of pre-
HCC isolates, with the difference between the two
groups being not statistically significant (P = 0.3).

Discussion

HCC is one of the common long-term complica-
tions of HCV infection. However, whether HCV itself
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plays a direct role in the development of HCC and
whether all HCV isolates are equally associated with
HCC development remain to be determined. HCV
core, NS3, and NS5A proteins have been reported to
affect a wide variety of potentially oncogenic pathways
in cell culture and experimental animal systems.” In
the present study, we demonstrated that HCV isolates
with core-GIn”®, NS3-Tyr'®2/GIn'''? or NSS5A-
IRRDR>6 were closely associated with HCC develop-
ment. In addition, a follow-up study revealed that
sequence patterns at position 70 of the core protein
and positions 1082 and 1112 of NS3 did not signifi-
cantly alter during the progression from chronic hepa-
titis to HCC while NS5A-IRRDR showed a signifi-
cantly higher degree of sequence heterogeneity in post-
HCC than in pre-HCC isolates.

Correlation between polymorphisms at positions 70
and 91 of HCV-1b core protein and IFN-based treat-
ment outcome was extensively studied, especially in a
Japanese population.'” Interestingly, the same muta-
tions were also associated with progression to HCC in
the Japanese population with HCV-1b infection."
Results obtained in the present study confirmed and
emphasized the significant association between the
mutation at position 70 (core-GIn”), but not at posi-
tion 91, and HCC development (Tables 2, 3; Fig.
1A). Despite the clinical evidence that strongly sup-
ports the correlation between core-Gln’® and HCC
development, the molecular mechanism underlying
this correlation is still obscure. Delhem et al.®® found
that tumor-derived HCV core proteins, but not nontu-
mor-derived ones, interact with and activate double-
stranded RNA-dependent protein kinase (protein ki-
nase R or PKR), which might modulate viral persist-
ence and carcinogenesis. Gln”® was found in two of
the three tumor-derived sequences, whereas Arg’® was
found in two of the three nontumor-derived ones.

As for the NS3 protein of HCV, the possible link
between an N-terminal portion of NS3 encoding viral
serine protease (aa 1027 to 1146) and hepatocarcino-
genesis was reported.”** However, information about
the relationship between NS3 sequence diversity and
HCC development is still limited. We previously
reported a significant correlation between predicted
secondary structure of an N-terminal portion of NS3
and HCC development.>® In the present study, we
demonstrated that HCV patients infected with HCV
isolates with NS3-(Tyr'*®*/Gln'"*?) were at a higher
risk to develop HCC than those infected with HCV
isolates with non-Tyr'%*?/GIn'"'? (Tables 2, 3; Fig.
2B). Computer-assisted secondary structure analysis of
NS3 revealed that Tyr'®* was associated with the
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Fig. 3. Pairwise comparison of IRRDR sequences of HCV-1b during the follow-up period between chronic hepatitis and HCC development.
Sequence pairs that differ between pre-HCC (numbered with -1) and post-HCC isolates (numbered with -2) are shown. The consensus sequence
(Cons.) is shown at the top. The numbers along the sequence indicate the aa positions. Dots indicate residues identical to those of the Cons.

sequence. The numbers of IRRDR mutations are shown on the right.

presence of a turn structure at around position 1083
while Phe'®®? was associated with the absence of the
turn structure.>* Notably, the catalytic triad of NS3
serine protease consists of His'0%3, Asp1107, and
Ser'®> 37 Since positions 1082 and 1112 are in close
vicinity of the catalytic triad, sequences diversity at
these positions might influence the serine protease ac-
tivity and also pathogenicity of HCV. Large-scale,
multicenter clinical studies as well as more detailed ex-
perimental studies at the molecular and cellular levels
are needed to clarify the importance of sequence diver-
sity at positions 1082 and 1112 of NS3 in HCV-
mediated hepatocarcinogenesis.

HCV  heterogeneity in NS5A-ISDR and NS5A-
IRRDR  are correlated  with  IFN-responsive-
ness.'”182326 A5 TFN-based therapy reduces the risk
of HCC «:levelopmentf’28'3 O we were interested to
investigate whether there is a correlation between
sequence heterogeneity in NS5A and development of
HCC. Our present results revealed that a high degree
of sequence heterogeneity in IRRDR (IRRDR>6) was

closely associated with HCC development (Table 2).
We previously reported that IRRDR>6 was signifi-
cantly associated with good responses to PEG-IFN/
RBV combination therapy.***” These results collec-
tively suggest that oncogenic properties and PEG-IFN/
RBV responsiveness are independent viral characteris-
tics and that PEG-IFN/RBV therapy helps eliminate
oncogenic HCV isolates, thus reducing the risk of
HCC development.

Position 2218 of NS5A, located within ISDR,
appears to tolerate a wide range of aa substitutions as
observed in different HCV-1b isolates.”>?*? Interest-
ingly, Asn at position 2218 (Asn**'®) was detected sig-
nificantly more frequently in pre-HCC isolates than in
the control isolates. Further studies are needed to
determine the possible importance of this residue in
hepatocarcinogenesis.

Another focus of attention is how the sequences of
the core protein, NS3, and NS5A-IRRDR evolve dur-
ing the interval between chronic hepatitis and HCC
development. One of the significant advantages of the
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present study was that we could conduct a longitudinal
investigation by analyzing the target sequences of pre-
and post-HCC isolates. We found that core-Gln”® and
NS3-(Tyr'%®%/GIn''"?) were well conserved in each
paired sample. This indicates that core-Gln”® and
NS3-(Tyr'%%/GIn'''?) were already present before the
development of HCC. Non-Gln”® of the core pro-
tein and non-Tyr'°®? and non-Gln'''? of NS3 were
also well conserved in each paired sample. These
results imply the possibility that these sequence pat-
terns were not a result of HCC but, rather, they
were a possible causative factor for the development
of HCC. We hypothesize, therefore, that HCV iso-
lates with core-GIn’® and/or NS3-(Tyr'%®*/Gln'''?)
are highly oncogenic, whereas those with non-(Gln”°
plus NS3-Tyr'%®*/GIn'"'?) are less oncogenic. It is
not clear yet as to whether these oncogenic muta-
tions were present from the very beginning of HCV
infection or if they emerged at a certain timepoint
(before the initiation of follow-up) during the long-
term persistence through an adaptive viral evolution
in the host. More comprehensive follow-up study is
needed to address this issue. In any case, the core-
Gln”® and NS3—(Tyr1082/Gln”12) would be consid-
ered an index for prediction of HCC development.
On the other hand, IRRDR in NS5A is more toler-
ant for sequence evolution. IRRDR in post-HCC
isolates showed a significantly higher degree of
sequence heterogeneity compared with that in pre-
HCC isolates. This observation suggests that IRRDR
is under strong selective pressure during the course
of HCV infection and that the high degree of
IRRDR heterogeneity (IRRDR>6) in HCV isolates
from patients with HCC may not be a causative fac-
tor for development of HCC.

In conclusion, the present results suggest the possi-
bility that patients infected with HCV isolates with
core-Gln”® and/or NS3—(Tyr1082/Gln”12) are at a
higher risk to develop HCC compared to those with
non-(GIn® plus NS3-Tyr'%*%/Gln"''?).
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ABSTRACT

RNA helicase plays an important role in host mRNA and viral mRNA transcription, transport, and trans-
lation. Many viruses utilize RNA helicases in their life cycle, while human immunodeficiency virus type 1
(HIV-1) does not encode an RNA helicase. Thus, host RNA helicase has been involved in HIV-1 replication.
Indeed, DDX1 and DDX3 DEAD-box RNA helicases are known to be required for efficient HIV-1 Rev-
dependent RNA export. However, it remains unclear whether distinct DDX RNA helicases cross-talk
and cooperate to modulate the HIV-1 Rev function. In this study, we noticed that distinct DDX RNA heli-
cases, including DDX1, DDX3, DDX5, DDX17, DDX21, DDX56, except DDX6, bound to the Rev protein and
they colocalized with Rev in nucleolus or nucleus. In this context, these DEAD-box RNA helicases except
DDX6 markedly enhanced the HIV-1 Rev-dependent RNA export. Furthermore, DDX3 interacted with
DDX5 and synergistically enhanced the Rev function. As well, combination of other distinct DDX RNA
helicases cooperated to stimulate the Rev function. Altogether, these results suggest that distinct DDX
DEAD-box RNA helicases cooperate to modulate the HIV-1 Rev function.

Crown Copyright © 2013 Published by Elsevier Inc. All rights reserved.

1. Introduction

Human immunodeficiency virus type 1 (HIV-1) is a retrovirus of
the lentivirus genus with a positive strand RNA genome of 9 kb
which encodes nine polypeptides, three structural proteins, Gag
(group-specific antigen), Pol (polymerase) and Env (envelope),
the accessory proteins, Vif, Vpu, Vpr, and Nef, and the regulatory
proteins, Tat and Rev. The gene expression of HIV-1 is regulated
transcriptionally by Tat through its binding to a nascent viral
trans-activation responsive (TAR) RNA [1,2], and post-transcrip-
tionally by Rev through its association with Rev-responsive ele-
ment (RRE) RNA in the env gene [3-5]. Both Tat and Rev interact
with several host factors in their transcriptional and post-tran-
scriptional functions [1-6].

Since the intron-containing host RNA cannot leave the nucleus
before it is completely spliced, HIV-1 needs to evade this form of
host surveillance to export unspliced or partially spliced viral
RNA into cytoplasm and produce HIV-1 structural proteins and
accessory proteins. For this, Rev contains a classical leucine-rich
nuclear export signal (NES) that recruits nuclear export receptor
CRM1 [3-5]. Upon binding to the RRE together with the GTP-bound
form of Ran, CRM1 forms the export complex and Rev/CRM1/Ran-

* Corresponding author. Address: Center for AIDS Research, Kumamoto Univer-
sity, 2-2-1, Honjo, Chuo-ku, Kumamoto 860-0811, Japan. Fax: +81 96 373 6834.
E-mail address: ariumi@kumamoto-u.ac.jp (Y. Ariumi).

GTP complex exports unspliced or partially spliced viral RNA from
the nucleus to the cytoplasm [3-5].

Helicases are enzymes that hydrolyze nucleotide triphosphates
(NTPs) and use the energy to unwind nucleic acid duplexes or to
translocate along the nucleic acid strand. Depending on whether
helicases unwind RNA or DNA duplexes, helicases are classified
into RNA helicases and DNA helicases. Exceptionally, RNA helicase
A (RHA) can unwind both RNA and DNA. DEAD (D-E-A-D: Asp-Glu-
Ala-Asp)-box RNA helicases, which are ATPase-dependent RNA
helicases and are found in all organisms from bacteria to humans,
are involved in various RNA metabolic processes, including tran-
scription, translation, RNA splicing, RNA transport, and RNA degra-
dation [7,8]. Many viruses utilize RNA helicases in their life cycle.
Indeed, we recently found that DDX3 and DDX6, DEAD-box RNA
helicases, are required for hepatitis C virus (HCV) RNA replication
[9,10]. In addition to DDX3 and DDX6, DDX5 binds to HCV NS5B
RNA-dependent RNA polymerase and it is involved in the HCV rep-
lication [11,12]. Furthermore, DDX21 plays an important role in
the translational control of a Borna disease virus (BDV) polycis-
tronic mRNA [13]. Moreover, the capsid-binding nucleolar helicase
DDX56 is important for infectivity of West Nile virus [14]. On the
other hand, several viruses carry their own RNA helicases to assist
the synthesis of their genome, such as HCV, flavivirus, severe acute
respiratory syndrome (SARS) coronavirus, rubella virus, and alpha-
virus, however, HIV-1 does not encode an RNA helicase [15,16].
Thus, host RNA helicases may be involved in HIV-1 replication
[15,17]. In fact, DDX1 and DDX3 have been implicated in the rep-
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lication of HIV-1 replication [18-22]. Both DDX1 and DDX3 inter-
act with HIV-1 Rev and enhance Rev-dependent HIV-1 nuclear ex-
port [18-22]. However, the role of cross talk of these DDX or other
DDX DEAD-box RNA helicases is still unknown. To address this is-
sue, we first examined whether distinct DDX RNA helicases coop-
erate to modulate the HIV-1 Rev function and these DDX interact
with Rev.

2. Material and methods
2.1. Cell culture

293FT cells were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS).

2.2. Plasmid construction

To construct pcDNA3-HA-DDX1, pcDNA3-HA-DDX5, pcDNA-
HA-DDX6, pcDNA3-HA-DDX17, pcDNA3-HA-DDX21, pcDNA3-HA-
DDX56, or pcDNA3-FLAG-DDX5, a DNA fragment encoding DDX1,
DDX5, DDX6, DDX17, DDX21, or DDX56 was amplified from total
RNAs by reverse transcription (RT)-PCR using KOD-Plus DNA poly-
merase (TOYOBO, Osaka, Japan) and the following pairs of
primers: DDX1, 5-CGGGATCCAAGATGGCGGCCTTCTCCGAGAT
GGGTGTAATG (Forward), 5'-CCGCTCGAGTCAGAAGGTTICTGAA-
CAGCTGGTTAGGAAG-3" (Reverse); DDX5, 5-CGGGATCCAAGAT-
GTCGGGTTATTCGAGTGACCGAGACCGC-3'  (Forward), 5'-CCGCT
CGAGTTATTGGGAATATCCTGTTGGCATTGGATA-3' (Reverse);

DDXS6, 5'-CGGGATCCAAGATGAGCACGGCCAGAACAGAGAACCC
TGTT-3' (Forward), 5'-CCGCTCGAGTTAAGGTTTCTCATCTTCTA-
CAGGCTCGCT-3' (Reverse); DDX17, 5-CGGGATCCAAGATGCCC

ACCGGCTTTGTAG-3" (Forward), 5'-CCGGCGGCCGCTCATTTACGT-
GAAGGAGGA-3’ (Reverse); DDX21, 5-CGGGATCCAAGATGCCGG-
GAAAACTCCGTAGTGACGCTGGT-3’ (Forward), 5-CCGCTCGA
GTTATTGACCAAATGCTTTACTGAAACTCCG-3' (Reverse); DDX56,
5'-CGGGATCCAAGATGGAGGACTCTGAAGCACT-3' (Forward), 5'-
CCGGCGGCCGCTCAGGAGGGCTTGGCTGTGGGTC-3' (Reverse).

The obtained DNA fragments were subcloned into either Bam-
HI-Xhol or BamHI-Notl site of the pcDNA3-HA or pcDNA3-FLAG
vector [23], and the nucleotide sequences were determined. We
previously described pHA-DDX3 [9,18].

2.3. Luciferase assay

Plasmids were transfected into 293FT cells (2 x 10* cells) using
the FUGENE 6 transfection reagent (Promega, Madison, WI, USA).
Luciferase assays were performed 24 h after transfection using
luciferase assay reagent according to the manufacturer’s instruc-
tions (Promega). All transfections utilized equal total amounts of
plasmid DNA quantities owing to the addition of empty vector into
the transfection mixture. Results were obtained through three
independent transfections. A lumat LB9507 luminometer (Bert-
hold, Bad Wildbad, Germany) was used to detect the luciferase
activity.

2.4. Western blot analysis

Cells were lysed in buffer containing 50 mM Tris-HCl (pH 8.0),
150 mM NaCl, 4 mM EDTA, 1% Nonidet P (NP)-40, 0.1% sodium
dodecyl sulfate (SDS), 1 mM dithiothreitol (DTT) and 1 mM phenyl-
methylsulfonyl fluoride (PMSF). Supernatants from these lysates
were subjected to SDS-polyacrylamide gel electrophoresis, fol-
lowed by immunoblot analysis using anti-HIV Rev (A2-832; Icos-
agen, Tartu, Estonia), anti-HA (HA-7; Sigma, Saint Louis, MI, USA),

anti-DDX5 (A300-523A; Bethyl), or anti-FLAG antibody (M2,
Sigma).

2.5. Immunoprecipitation

Cells were lysed in buffer containing 10 mM Tris-HCI (pH 8.0),
150 mM Nacl, 4 mM EDTA, 0.1% NP-40, 10 mM NaF, 1 mM DTT and
1 mM PMSF. Lysates were pre-cleared with 30 pl of protein-G-
Sepharose (GE Healthcare Bio-Sciences, Uppsala, Sweden). Pre-
cleared supernatants were incubated with 5pg of anti-HA
antibody (3F10; Roche Diagnostics, Mannheim, Germany) at 4 °C
for 1 h. Following absorption of the precipitates on 30 pl of pro-
tein-G-Sepharose resin for 1h, the resin was washed four times
with 700 pl lysis buffer. Proteins were eluted by boiling the resin
for 5min in 2X Laemmli sample buffer. The proteins were then
subjected to SDS-PAGE, followed by immunoblotting analysis
using anti-HA, anti-FLAG, or anti-HIV-1 Rev antibody.

2.6. Immunofluorescence and confocal microscopic analysis

Cells were fixed in 3.6% formaldehyde in phosphate-buffered
saline (PBS), permeabilized in 0.1% Nonidet P-40 in PBS at room
temperature, and incubated with anti-DDX1 (IHC-00132; Bethyl,
Montgomery, TX, USA), anti-DDX5 (A300-523A; Bethyl), anti-
DDX6 (A300-460A; Bethyl), anti-DDX17 (A300-509A: Bethyl),
anti-DDX21 (A300-627A; Bethyl), anti-DDX56 (A302-978A; Beth-
yl), anti-DDX3 (IN and NT; AnaSpec, San Jose, CA, USA), anti-
DDX3X (LS-C64576; LifeSpan BioSciences, Seattle, WA, USA), and
anti-HIV-1 Rev antibody (A2-832; Icosagen) at a 1:300 dilution in
PBS containing 3% bovine serum albumin (BSA) at 37 °C for 30 min.
They were then stained with Cy3-conjugated anti-mouse antibody
and either fluorescein isothiocyanate (FITC)-conjugated anti-rabbit
antibody (Jackson ImmunoResearch, West Grove, PA) or Alexa
Fluor 647 anti-rabbit IgG (Molecular Probes, Invitrogen) at a
1:300 dilution in PBS containing BSA at 37 °C for 30 min. Nuclei
were stained with DAPI (4/, 6’-diamidino-2-phenylindole). Follow-
ing extensive washing in PBS, the cells were mounted on slides
using a mounting media of SlowFade Gold antifade reagent (Invit-
rogen) added to reduce fading. Samples were viewed under a con-
focal laser-scanning microscope (FV1000; Olympus, Tokyo, Japan).

3. Results

3.1. Distinct DDX RNA helicaes interact with HIV-1 Rev and enhance
the Rev function

To investigate the potential role of distinct DDX DEAD-box RNA
helicases in HIV-1 Rev function, we first used the Rev-dependent
luciferase-based reporter plasmid pDM628 [19,20,24] (Fig. 1A).
As previously described, luciferase production was markedly stim-
ulated by Rev, which induced a 15-fold increase in reporter signal
(Fig. 1A). Then, 293FT cells were cotransfected with several HA-
tagged DDX, including DDX1, DDX3, DDX5, DDX6, DDX17,
DDX21, DDX56, pDM628, and/or Rev expression plasmid. While
each DDX alone had no effect or marginal effect on the Rev-depen-
dent luciferase-based reporter pDM628 in the absence of Rev (data
not shown), all DDX synergized to stimulate the luciferase levels
with Rev, respectively (Fig. 1B). Indeed, DDX1, DDX3, or DDX5
markedly enhanced the Rev function, while DDX6 had a marginal
effect. Thus, distinct DDX RNA helicases seemed to regulate HIV-
1 Rev function. Since both DDX1 and DDX3 interact with HIV-1
Rev and enhance Rev-dependent HIV-1 nuclear export [18-22],
other DDX RNA helicases also might bind to Rev. To probe this pos-
sibility, we performed co-immunoprecipitation analyses on ex-
tracts of 293FT cells expressing Rev and HA-tagged DDX3, DDX5,
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Fig. 1. Distinct DDX DEAD-box RNA helicases enhance HIV-1 Rev function. (A)
Schematic representation of the Rev-dependent luciferase-based reporter plasmid
pDM628 harboring a splice donor (SD), splice acceptor (SA), and Rev-responsive
element (RRE). (B) 293FT cells (2 x 10* cells) were cotransfected with pDM628
(100 ng), pcDNA3-HA-DDX1, pHA-DDX3, pcDNA3-HA-DDX5, pcDNA3-HA-DDX®,
pcDNA3-HA-DDX17, pcDNA3-HA-DDX21, or pcDNA3-HA-DDX56 (100 ng), and/or
pcRev (100 ng). 24 h after transfection, luciferase activity in the cellular lysates was
measured. Results are from three independent experiments. (C) 293FT cells were
cotransfected with pHA-DDX3 (4 pg), pcDNA3-HA-DDX5, pcDNA3-HA-DDXS,
pcDNA3-HA-DDX17, pcDNA3-HA-DDX21, or pcDNA3-HA-DDX56, and pcRev
(4 pug). The cell lysates were immunoprecipitated with an anti-HA antibody,
followed by immunoblot analysis using either anti-HA or anti-Rev antibody.

DDX6, DDX17, DDX21, or DDX56 (Fig. 1C). Consequently, Rev and
HA-DDX3, HA-DDX5, HA-DDX21, or HA-DDX56 could be immuno-
precipitated with anti-HA antibody, indicating that Rev formed a
complex with DDX3, DDX5, DDX17, DDX21, or DDX56, whether di-
rectly or indirectly. Importantly, Rev and DDX6 could not be
immunoprecipitated, suggesting that Rev does not bind to DDX6
(Fig. 1C). Thus, we confirmed that several DDX DEAD-box RNA heli-
cases except DDX6 could bind to Rev.

Then, we examined subcellular localization of Rev and HA-
tagged DDX1, DDX3, DDX5, DDX6, DDX17, DDX21, or DDX56 in
293FT cells using confocal laser scanning microscopy (Fig. 2). Con-
sequently, we observed that Rev predominantly localized in
nucleolus. Both DDX1 and DDX3 colocalized with Rev in nucleolus
and DDX3 also distributed in the cytoplasm. DDX5 mostly localized
in nucleus and seemed to be partially colocalized with Rev in nu-
cleus and nucleolus, while DDX6 predominantly localized in cyto-
plasmic speckles termed processing (P)-bodies. Consistent with the
finding by immunoprecipitation analysis (Fig. 1C), DDX6 did not
colocalize with Rev. Furthermore, DDX17 localized in both nucleus
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Fig. 2. Subcellular localization of DDX and Rev in 293FT cells. 293FT cells were
cotransfected with pcDNA3-HA-tagged DDX1, DDX3, DDX5, DDX17, DDX21, or
DDX56 (200 ng), and pcRev (200 ng). Cells were stained with anti-Rev and anti-
DDX1, anti-DDX3, anti-DDX5, anti-DDX6, anti-DDX17, anti-DDX21, or anti-DDX56
antibodies 24 h after transfection and then visualized with Cy3 (Rev) or FITC (DDX).
Nuclei were stained with DAPI. Images were visualized by using confocal laser
scanning microscopy. The right panels exhibit the two-color overlay images
(Merged).

and nucleolus and DDX17 partially colocalized with Rev in the
nucleolus. Moreover, DDX21 localized in nucleolus and DDX21
partially colocalized with Rev in the perinucleolar region. Notably,
DDX56 altered the subcellular localization of Rev from nucleolus to
nucleus and it mostly colocalized with Rev in the nucleus. Thus,
several DDX RNA helicases except DDX6 could mostly or partially
colocalize with Rev in the nucleolus or nucleus, suggesting that
distinct DDX RNA helicases interact with Rev.

3.2. Distinct DDX RNA helicases cooperate to enhance the Rev function

To examine whether DDX3 and DDX5 cooperate to modulate
the HIV-1 Rev function, 293FT cells were cotransfected with HA-
tagged DDX3, HA-DDX5, pDM628, and/or Rev expression plasmid.
When both DDX3 and DDX5 were co-expressed, they synergisti-
cally enhanced the Rev function (Fig. 3A), suggesting that DDX3
and DDX5 cooperate to enhance the Rev function. To probe the
mechanism of this phenomenon, we performed co-immunoprecip-
itation analyses on extracts of 293FT cells expressing HA-tagged



806 M. Yasuda-Inoue et al./Biochemical and Biophysical Research Communications 434 (2013) 803-808

pDM628

(fold)

P

N <

QQQQ%O
AR T N N

Relative luciferase

activity

Rev: = +
DDX3: = m™
DDX5: = - - e wh

HA-
DDX3

DDX5 : ——

‘Lysate: HA-DDX3+FLAG-DDX5
HA-
DDX3
FLAG-
DDX5

DDX5

C DpDx3 Merged

D Rev DDX3 DDX5 Merged

Fig. 3. DDX3 and DDXS5 cooperates to enhance Rev function. (A) 293FT cells
(2 x 10* cells) were cotransfected with pDM628 (100ng), pcRev (50 ng),
pHA-DDX3 (100 ng), and/or pcDNA3-HA-DDX5 (100 ng). 24 h after transfection,
luciferase activity in the cellular lysates was measured. Results are from three
independent experiments. (B) 293FT cells were cotransfected with pHA-DDX3
(4 pg) and pcDNA3-FLAG-DDX5 (4 pig). The cell lysates were immunoprecipitated
with an anti-HA, anti-FLAG antibody, or normal mouse IgG, followed by immuno-
blot analysis using either anti-HA or anti-FLAG antibody. (C) DDX3 colocalizes with
DDX5. 293FT cells cotransfected with pHA-DDX3 (200 ng) and pcDNA3-FLAG-DDX5
(200 ng) were examined by confocal laser scanning microscopy. Cells were stained
with anti-DDX3 (LS-C64576; LifeSpan) and anti-DDX5 antibodies and then visual-
ized with Cy3 (DDX3) or FITC (DDX5). (D) 293FT cells cotransfected with pcRev
(200 ng), pHA-DDX3 (200 ng), and pcDNA3-FLAG-DDX5 (200 ng) were stained with
FITC-conjugated anti-HA, anti-Rev, or anti-DDX5 antibody and then visualized with
Cy3 (Rev), FITC (DDX3) or Far-red/Alexa Fluor 647 (DDX5). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

DDX3 and FLAG-tagged DDXS5 (Fig. 3B). Consequently, HA-DDX3
and FLAG-DDX5 could be co-immunoprecipitated with anti-HA
or anti-FLAG antibody, indicating that DDX3 formed a complex
with DDX5 whether directly or indirectly. Furthermore, DDX3
mostly colocalized with DDX5 in cytoplasmic speckles in the peri-
nuclear region (Fig. 3C). Moreover, DDX3 relocalized and colocal-
ized with Rev in nucleolus and DDX3 also colocalized with DDX5
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Fig. 4. Combination of distinct DDX RNA helicases cooperate to enhance the Rev
function. (A-C) 293FT cells (2 x 10* cells) were cotransfected with pDM628
(100 ng), pcRev (100 ng) and/or combination with pcDNA3-HA-DDX1, pHA-DDX3,
pcDNA3-HA-DDX5, pcDNA3-HA-DDX6, pcDNA3-HA-DDX17, pcDNA3-HA-DDX21,
and/or pcDNA3-HA-DDX56 (100 ng). 24 h after transfection, luciferase activity in
the cellular lysates was measured. Results are from three independent experiments.

in the cytoplasmic speckles, when DDX3, DDX5, and Rev were
co-expressed in 293FT cells (Fig. 3D). Although DDX5 mostly local-
ized in the nucleus, it faintly localized in the nucleolus as well as in
the cytoplasmic speckles (Fig. 3D). Thus, Rev could interact with
both DDX3 and DDX5.

To further confirm the cooperation of distinct DDX DEAD-box
RNA helicases in the Rev function, we examined the luciferase as-
says with various combination series of distinct DDX, including
DDX1, DDX3, DDX5, DDX6, DDX17, DDX21, and DDX56 (Fig. 4).
In this context, we found that several combination of DDX (DDX1
and DDX3; DDX1 and DDX5; DDX3 and DDX5; DDX5 and
DDX21) could synergistically enhance the Rev function (Fig. 4A-C).

4. Discussion

So far, it has been indicated that host RNA helicases may be in-
volved in HIV-1 replication at multiple stages, such as the reverse
transcription of HIV-1 RNA, HIV-1 mRNA transcription, the nu-
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