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A Human Proteome Microarray ldentifies that
the Heterogeneous Nuclear Ribonucleoprotein
K (hnRNP K) Recognizes the 5’ Terminal
Sequence of the Hepatitis C Virus RNA*s

Baochang Fant§§, Kuan-Yi Lu§ §§, F. X. Reymond Sutandy§, Yi-Wen Chen§,
Kouacou Konanf], Heng Zhu|**, C. Cheng Kaozt tt, and Chien-Sheng Chen§tt

Stem-loop | (SL1) located in the 5’ untranslated region of
the hepatitis C virus (HCV) genome initiates binding to
miR-122, a microRNA required for hepatitis HCV replica-
tion. However, proteins that bind SL1 remain elusive. In
this study, we employed a human proteome microarray,
comprised of ~17,000 individually purified human pro-
teins in full-length, and identified 313 proteins that recog-
nize HCV SL1. Eighty-three of the identified proteins were
annotated as liver-expressing proteins, and twelve of
which were known to be associated with hepatitis virus.
siRNA-induced silencing of eight out of 12 candidate
genes led to at least 25% decrease in HCV replication
efficiency. In particular, knockdown of heterogeneous nu-
clear ribonucleoprotein K (hnRNP K) reduced HCV repli-
cation in a concentration-dependent manner. Ultra-violet-
crosslinking assay also showed that hnRNP K, which
functions in pre-mRNA processing and transport, showed
the strongest binding to the HCV SL1. We observed that
hnRNP K, a nuclear protein, is relocated in the cytoplasm
in HCV-expressing cells. Immunoprecipitation of the
hnRNP K from Huh7.5 cells stably expressing HCV repli-
con resulted in the co-immunoprecipitation of SL1. This
work identifies a cellular protein that could have an im-
portant role in the regulation of HCV RNA gene expression
and metabolism. Molecular & Cellular Proteomics 13:
10.1074/mcp.M113.031682, 84-92, 2014.

RNA viruses are the cause of numerous human diseases.
Because of their relatively simple genomes, successful infec-
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tion by RNA viruses is intimately linked to host factors that can
both contribute to, or antagonize the viral infection process
(1-3). Infection by the hepatitis C virus (HCV)', a positive-
sense RNA virus, can lead to liver cirrhosis and hepatocellular
carcinoma. Approximately 2-3% of the world’s population is
chronically infected with HCV, with more than 350,000 annual
fatalities in recent years (4). As is typical for viruses, a large
number of host factors have been reported to facilitate HCV
infection including microRNA-122 (miR-122), CD81, clau-
din-1, cyclophilins, and lipoproteins, to name a few (5-9).
These cellular factors interact with viral proteins or RNA, thus
promoting HCV entry, genome translation, and replication.
The 5'-untranslated region (5’'-UTR) of the HCV RNA ge-
nome contains complex RNA structures that interact with
cellular factors. These structures include the internal ribo-
somal entry site that regulates cap-independent translation of
the viral RNA (10-11). The 5’-most stem-loop (SL) structure,
namely SL1, has been reported to interact with miR-122 to
increase the stability of the genomic RNA and facilitate HCV
RNA replication in cells (12-13). However, host proteins that
can bind to SL1 remain largely elusive because of a lack of
proper tools. Previously, we have shown that functional protein
microarrays, comprised of individually purified yeast proteins,
are an ideal tool to identify proteins that directly interact with
important RNA structures encoded by an RNA virus (14). Here,
we took a similar approach using a human proteome microarray
to identify human hnRNP K as a specific HCV SL1-binding
protein that is required for efficient HCV RNA replication.

EXPERIMENTAL PROCEDURES

RNA-binding Assays on the Human Proteome Microarrays—The
human proteome microarrays, comprised of more than 17,000 full-
length human proteins with N-terminal GST-fusions, were con-
structed on the glass-based slides as previously reported (15). Glyc-
erol, BSA, and GST in serial dilutions were spotted as negative
controls. The human proteome microarrays were first blocked with
3% BSA and 0.1 mg/ml of salmon sperm DNA (Invitrogen, Carlsbad,

" The abbreviations used are: HCV, hepatitis C virus; 5'UTR, 5’
untranslated region; SL, stem loop; EMSA, electrophoresis mobility
shift assay.
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CA) in 0.05% diethyl pyrocarbonate-treated phosphate-buffered sa-
line (PBS) for 1 h 30 min at room temperature. The microarrays were
then separately probed with 80 ul of 2 um HCV SL1 and SL3d
(stem-loop 3d; used as a control) under a coverslip (LifterSlip™;
Thermo Scientific, Waltham, MA). HCV SL1 and SL3d RNAs were
chemically synthesized with Cy5 label at the 5’ termini (Bioneer Inc,
Korea). The 30-nt RNA probe (nt 1-30) corresponding to SL1 in the
HCV genome (genotype 1b) has the following sequence: 5'-GCC AGC
CCC CUG AUG GGG GCG ACA CUC CAC-3' (NCBI RefSeq:
NC_004102.1). The HCV RNA probe corresponding to SL3d (nt 251-
280) has the following sequence: 5'-UAG CCG AGU AGU GUU GGG
UCG CGA AAG GCC-3'. Each human proteome microarray was
incubated with a given probe in the dark for 1 h at 37 °C on a shaker
rotating at 8 rpm. After incubation, the cover slips were removed and
each microarray was washed with 500 ml DEPC-treated PBST (PBS,
0.05% tween-20) for 10 min at 37 °C, on a rotary shaker set at 10 rpm.
To monitor the amount of each protein on the proteome chip, 80 ul of
1:1000 diluted DyLight™549-conjugated anti-GST monoclonal anti-
body (Rockland Immunochemicals Inc., Gilbertsville, PA), in DEPC-
PBS, was used to probe the chips. The chips were covered with
precleaned cover slips and incubated at 37 °C at 8 rpm for 45 min.
After removal of cover slips and two wash steps, the chips were dried
and scanned using a LuxScan™ 10K Microarray Scanner (CapitalBio
Inc., Beijing, China). Binding signals were acquired and analyzed
using GenePix Pro 6.0 software. To identify positive SL1- and SL3d-
binding proteins, the cutoff was set to be at least three standard
deviations of the mean for all of the signals on the chip.

Protein-RNA Binding Assays—Proteins were expressed and puri-
fied as GST fusions from Saccharomyces cerevisiae in a 96-well
format (16). Each purified protein was adjusted to 100-400 ng and
mixed with 1 pmole of the RNA probe radiolabeled at its 5’ terminus
using polynucleotide kinase (17) and [y 32P]JATP. To determine the
binding specificity, 200 ng BSA was added to the same sample to
serve as an internal negative control. The reactions were irradiated in
a CL-1000 UV cross-linker (Stratalinker, Stratagene, La Jolla, CA) at
1200 mJ/cm? (254 nm) for 3 min. The protein-RNA mixtures were
subjected to SDS-PAGE, and the protein-RNA complex was quanti-
fied by autoradiography using a Phosphorimager (GE Healthcare
Biosciences, Pittsburgh, PA). The proteins in the gel were visualized
by Coomassie brilliant blue staining.

siRNA Knockdown Assays—siRNAs (20 nm per reaction) were
transfected into Huh7.5 cells harboring the HCV replicon that ex-
presses the Renilla luciferase (RLuc) (18). The transfection reagent,
Lipofectamine™ 2000, was used according to the manufacturer’'s
instructions (Invitrogen, Carlsbad, CA). A scrambled siRNA duplex
was used as a negative control. All experiments were conducted in
triplicate. The RLuc signals were detected at 48 h post-transfection
using the Dual-Glo® Luciferase Assay System (Promega, Madison,
WI). The RLuc signals were normalized against the nontransfected
HCV replicon cells (mock transfected) to calculate the percentage of
luciferase expression.

Quantification of the efficiency of siRNA knockdown was per-
formed 48 h after transfection of 8 X 10° cells. The total RNA was
extracted from cells using Trizol and the level of HCV RNA was
determined by Real-Time PCR (qRT-PCR) using the iQ™ SYBR
Green kit (BioRad, Hercules, CA). The primers used were: HCV 5’ UTR
sense (5'-AGC CAT GGC GTT AGT ATG AGT GTC-3') and HCV 5’
UTR antisense (5’-ACA AGG CCT TTC GCG ACC CAA C-3'). Levels
of the GAPDH mRNA were quantified in the same samples using the
sense primer (5'-GAG TCA ACG GAT TTG GTC GT-3’) and the
antisense primer (5'-TGG GAT TTC CAT TGA TGA CA-3’). The level of
B-actin was quantified using the sense primer (5'-AGA GGG AAA
TCG TGC GTG AC-3’) and the antisense primer (5'-CAA TAG TGA
TGA CCT GGC CGT-3’). gRT-PCR amplifications included the follow-

ing procedures: 10 min at 95 °C, followed by 40 cycles of 15 s at
95 °C, 20 s at 55 °C, and 30 s at 72 °C. The change in HCV RNA and
B-actin mRNA levels in siRNA-treated cells was compared with the
mock-transfected control as previously reported (19). The abundance
of hnRNP K and the human g-actin proteins were analyzed by West-
ern blotting using hnRNP K- and B-actin-specific monoclonal anti-
bodies (Abcam Inc., Cambridge, MA).

Immunofluorescence Staining of hnRNP K in the HCV Replicon
Cells—Human hepatoma cells, Huh7.5, and Huh7.5 cells harboring
HCV replicon with GFP-fused nonstructural protein 5A (NS5A-GFP
replicon) (20) were cultured overnight on coverslips and with 3.7%
formaldehyde in PBS for 20 min on ice. The cells were washed with
PBS three times and permeabilized with 0.1% Triton X-100 in PBS for
10 min at room temperature. After incubation with 5% BSA in PBS for
2 h at 4 °C, the cells were sequentially incubated with mouse anti-
hnRNP K monoclonal antibody (Abcam, Cambridge, MA) and
AlexaFluor™594 goat anti-mouse IgG (H+L) antibody (Invitrogen Inc.)
for 1 h. Fluorescent images were acquired using the Leica SP5
Scanning Confocal microscope (Leica Inc.) and processed using the
Image J plug-in tool, JACoP (21).

Crosslinking-immunoprecipitation Assay—Cross-linking and im-
munoprecipitation (CLIP) assay to examine hnRNP K interaction with
HCV replicon was performed with Huh7.5 and HCV replicon cells. 5 X
106 cells were grown in 10 cm plate, washed twice with ice-cold PBS,
and irradiated on ice with 150 mJ/cm? at 254 nm (Stratalinker,
Strtagene, La Jolla, CA). The cells were scraped, pelleted by centri-
fugation at 5000 X g for 5 min and lysed with Nonidet P-40 lysis buffer
on ice for 1 h. Total RNA in the lysate was fragmented by adding
ZnCl, to a final concentration of 10 mm. The sample was heated at
70 °C for 15 min, and the reaction was stopped by adding EDTA and
incubating on ice for 10 min. The lysate was then incubated with
protein A/G conjugated with mouse anti-human hnRNP K antibody
(Abcam, ab39975, Cambridge, MA) or a goat anti-mouse IgG (Santa
Cruz Biotechnology, Santa Cruz, CA) at 4 °C for 3 h, and eluted with
0.1 ™ glycine (pH 3.0). Total RNA was released by digestion with
proteinase K, and extracted by Trizol reagent (Invitrogen).

Before cDNA synthesis, total RNA was polyadenylated with the
E. coli Poly(A) polymerase (NEB). The cDNA was synthesized using
M-MuLV reverse transcriptase (NEB, Cambridge, MA) and an an-
chored oligo dT primer (5'-TTT TTTTITTITTITTITTITTTIT TTV-3;
V = A, C, or G), followed by RNase H (NEB) digestion to remove RNA
from cDNA/RNA complex. HCV 5-UTR sense (5'-AGC CAT GGC
GTT AGT ATG AGT GTC-3’) and 5'-UTR antisense (5'- ACA AGG
CCT TTC GCG ACC CAA C-3’) primers were used to amplify HCV 5’
UTR-specific sequences. Quantification of the number of copies of
the HCV RNA has been described previously (22).

RESULTS

Identification of Proteins that Recognize HCV SL1 and SL3d
RNA Structures—SL1 plays an important role in the early
stage of HCV infection by initiating binding to miR-122 (23—
24). Identification of proteins that interact with SL1 could
provide novel targets for antiviral therapies. To determine
whether the bound proteins are specific to SL1, SL3d that is
also present in the 5’ UTR of HCV RNA was used as a control
(Fig. 1A and supplemental Fig. S1). Both RNAs are 30-nt in
length and both were labeled with Cy5 fluorophore at their
5’-ends. After probing the human proteome microarrays fab-
ricated in the same batch, the relative amount of proteins in
each spot of the array was determined by probing with
DyLight™549-conjugated anti-GST antibody to allow signal
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Fic. 1. Multiple host proteins bind to SL1 in the HCV genome. A, Sequences and putative structures of SL1 and SL3d used to identify
interacting proteins in human protein microarrays. SL1 (nt 1-30 of the HCV genome; left panel) and SL3d (nt 251-280 of the HCV genome; right
panel) were both synthesized to contain a Cy5 dye at their 5’ termini. The seed sequence for miR-122 binding in SL1 is underlined. B,
Schematic of the screening process for the protein microarrays. The RNAs are shown as hairpins with a red circle to denote Cy5. The
DyLight™549-conjugated anti-GST antibody used to assess the amount of each protein spot is shown as a Y with a green circle. C, Two
examples of hits from the human protein arrays probed respectively with the HCV SL1 (left panel) and HCV SL3d (right panel). The central
panels show the spots corresponding to hnRNP K and GABBR1 and how they specifically bind to HCV SL1 and SL3d, respectively. D,
Summary of the hits from the screens. In total 313 and 224 proteins were found to bind HCV SL1 and SL3d, respectively. Note that 19 proteins

bind to both RNAs.

normalization (Fig. 1B). Proteins that yielded Cy5/DyLight™549
signals that were greater than three standard deviations
above the means were categorized as hits. Examples of SL1-
specific hits as compared with the SL3d probing are shown in
Fig. 1C. Under such criteria, 313 and 224 protein hits were
found to bind HCV SL1 and SL3d, respectively (Fig. 1D and
Supplemental Table S1). Among those proteins, only 19 pro-
teins were shared by both RNA probes.

Bioinformatics Analysis of Identified HCV SL1-binding Pro-
teins—To eliminate obvious false positive hits from our
screens, we integrated information of tissue specificity and
annotation of the SL1-binding proteins that were identified.
Among the 313 SL1-binding proteins, 152 were retrieved from
the UniProt Knowledgebase; 83 (54.6%) of them were anno-
tated as liver-expressing proteins. Among the 83 proteins, 14
(16.9%) of them were highly expressed in liver (Supplemental
Table S1). Of the proteins highly expressed in the liver, 12

were annotated to bind HCV proteins or to be transactivated
during HCV replication (Table I). Therefore, we decided to
focus on these 12 host proteins for further study.

Validation of HCV SL1-binding Proteins Using UV-crosslink-
ing Assays—We employed denaturing electrophoresis mobil-
ity shift assay (EMSA) to confirm the interaction between the
12 candidate proteins and HCV SL1 RNA. Hence, each can-
didate protein was expressed and purified from yeast as a
GST fusion and tested individually for binding to radiolabeled
SL1 RNA after UV irradiation (Fig. 2). EMSA was previously
used to identify RNA-binding proteins (25-26). All proteins
had purity in excess of 90%, but variable concentration (Fig.
2, bottom panel). Of the 12 proteins, hnRNP K, FKBP8, and
YWHAE formed stable complexes with the HCV SL1 RNA with
signal that are at least 2.9-fold above the background (Fig. 2,
upper panel). Interestingly, despite hnRNP K being present at
lower concentration relative to many other proteins tested, it
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TABLE |

Identified HCV stem loop 1 binding proteins reported to be hepatitis-related

Name UniProt accession number Relevant feature

SEPSECS Q9HD40 Potential diagnostic marker for autoimmune hepatitis

FKBP8 Q14318 Interacts with HCV nonstructural protein NS5A and inhibits apoptosis in Huh7
hepatoma cells

HFE Q30201 Positively correlated with chronic HCV infection in North American patients with
porphyria cutanea tarda

KIAA0020 Q15397 Transactivated by hepatitis B virus X antigen

PPARA Q07869 Interacts with HCV core protein to modulate its transcriptional activity and
facilitates HCV infection

SLC35F5 Q8WV83 Transactivated by HCV NS5A protein

HDDC2 Q7Z4H3 Transactivated by HCV NS5A protein

hnRNP K P61978 Interacts with HCV core protein

MEMO1 Q9Y316 Transactivated by HCV NS5A protein

NOP16 Q9Y3C1 Transregulated by hepatitis B virus pre-S2 protein

NPMH1 P06748 Interacts with hepatitis delta antigens and modulates the hepatitis delta virus
RNA replication

PSMAS pP25788 Interacts with HCV F protein

TBC1D23 QINUY8 Transactivated by nonstructural protein 4A of hepatitis C virus (NS4ATP1) mRNA

YWHAE P62258 Interacts with HCV core protein and activates the kinase Raf-1

Fic. 2. Biochemical validation of the U N N S
HCV SL1-host protein interactions & o?'e Q§2 Q,Q\ .{f\/ Q’Qq’ &V‘S\Q & 9"3\?@ vgy' v?9° g"" v
identified in the human proteome P &P EE LK & & F
chips. The 12 protein hits from the SL1 kDa
screen were purified as GST fusions from 250—
yeast (16), and were subjected to UV- -
crosslinking assays with HCV SL1. The .
proteins were separated on SDS-PAGE 100—
and HCV SL1-bound proteins were de- 70— Autorad.
tected by autoradiography (upper panel).
The lower panel indicates the input pro- 50—

teins in the EMSA. The amount of probe
presented in each reaction is shown in the
slice of the autoradiogram in the middle of
the figure. Among the proteins of interest,
hnRNP K, FKBP8, and YWHAE showed
the binding affinity to HCV SL1 in the
crosslinking analysis as indicated by red
arrows. The signal intensities of the radio-
labeled EMSA bands and the Coomassie
blue stained protein bands were quanti- 70—
fied using the Image Quant 5.2 software

and the ratio of the signal was normalized 50—
to that of BSA. : 3

exhibited the strongest binding signal to SL1 (Fig. 2, left
arrow). Notably, hnRNP K was reported to interact with the
HCV core protein, although it was not previously known to
bind HCV RNA (27). As a comparison, hnRNP K did not bind
to SL3d, indicating its specificity to SL1 RNA (Fig. 1C and
supplemental Table S1). There was also a lower amount of a
second band that migrated close to mass expected of a
hnRNP K dimer, suggesting that more than one hnRNP K
molecule binds to SL1 or a fraction of hnRNP K undergoes a
conformational change following interaction with SL1 (Fig. 2).

Knockdown of SL1-binding Proteins Affects HCV Replica-
tion—To determine the physiological relevance of identified
SL1-binding proteins in HCV replication, siRNAs against the

Rel. Signal/Bkgd: 0.9 197 1.1

10 1.3 08 09 29 10

1.2 1.2

250 = w—

1.0 5.9

Coomassie

- Blue

genes for the 12 SL1 hits (Supplemental Table S2) were
individually transfected into Huh7.5 cells harboring HCV rep-
licon, with the reporter Renilla luciferase (RLuc), to assess
HCV replication efficiency. The RLuc activity was measured
and normalized to the mock-treated cells at 48 h post trans-
fection. All of the experiments were conducted in triplicate,
and a scrambled siRNA duplex was employed as a negative
control. Quantitative analysis revealed that knockdown of
eight of the 12 candidate genes resulted in >25% reduction in
HCV replication efficiency. Notably, knockdown of the three
proteins (hnRNP K, FKBP8, and YWHAE), which could form
complexes with SL1, led to a marked reduction in HCV rep-
lication (Fig. 3). Among them, FKBP8 knockdown showed the
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Fic. 3. Knockdown of SL1-binding proteins reduced HCV rep-
lication efficiency. A, bar graph shows the luciferase level from
Huh7.5 cells electroporated with an HCV replicon that expresses
RLuc (18). The cells were then transfected with 20 nm of the siRNA
indicated below each bar. Each transfection was done in triplicate.
The mean and standard error of the results are shown. B, Amount of
B-actin expressed in the cells analyzed for HCV RLuc expression. The
siRNAs used in the 14 samples were: 1: mock; 2: nonspecific siRNA
control (a scrambled siRNA duplex); 3: ZSCAN20; 4: hnRNP K; 5:
ZBED1; 6: DDEFL1; 7: FKBPS8; 8: HTATIP; 9: VPS37A; 10: HFE; 11:
PPARA; 12: KIAA0020; 13: YWHAE; 14: NPM1.

greatest reduction in HCV RNA level by 60% (Fig. 3). None of
the siRNAs affected the levels of the p-actin mRNA, suggest-
ing that the siRNAs had no general detrimental effect on
cellular gene expression (Fig. 3B). Altogether, these results
suggest that the majority of the 12 SL1-binding proteins play
a positive role in HCV infection.

Because hnRNP K exhibited the strongest interactions to
the HCV RNA, we further focused on hnRNP K study. Be-
cause luciferase reporter activity cannot accurately measure
HCV replication efficiency, we used quantitative RT-PCR in
hnRNP K-depleted cells to further assess HCV replication. As
shown in Fig. 4A, transfection of two different concentrations
of hnRNP K siRNA into HCV replicon cells resulted in a
dose-dependent reduction in the levels of hnRNP K protein
(Fig. 4A). Additionally, the reduction in hnRNP K protein ex-
pression led from 25% to 75% reduction in the HCV RNA
levels (Fig. 4B). Altogether, these data indicate that hnRNP K
plays a role in HCV genome replication.

A Proportion of hnRNP K is Relocated to the Cytoplasm in
HCYV Replicon Cells—hnRNP K protein is normally localized to
the nucleus, where it participates in pre-mRNA splicing
through incorporation into the spliceosome complex (28). Be-
cause HCV RNA replication occurs in the cytoplasm, an in-

A. siRNA against bnRNP K (nM)
KDa
0 20 100
0=
P -
B
e — | S | «— P-Actin
35—
B. 125+
- I
2 = p<0.05
4
x 754
3
I 50+ p <0.01
X
25+
0 T T T
0nM 20 nM 100 nM
siRNA concentration

Fic. 4. Knockdown of hnRNP K inhibited HCV RNA accumula-
tion in a dose-response manner. A, hnRNP K siRNA was trans-
fected into HCV replicon cells at 0, 20, and 100 nm. At 48 h post-
transfection, hnRNP K expression was determined by Western blot.
B, Quantitation of HCV RNA levels in cell treated with hnRNP K siRNA.
The HCV RNA was quantified by qRT-PCR, and the values were
divided by a mock-treated control (0 nm) to generate the percent
changes (n = 3).

teraction between hnRNP K and HCV RNA will require hnRNP
K relocalization to the cytoplasm. Thus, confocal microscopy
was used to determine the subcellular distribution of hnRNP K
in Huh7.5 cells with or without HCV replicon. As expected, the
vast majority of the hnRNP K was localized to the nucleus (Fig.
5A). However, in cells expressing the HCV replicon with GFP-
fused nonstructural protein 5A (NS5A-GFP replicon) (20), ca.
2-5% of the hnRNP K was translocated to the cytoplasm (Fig.
5A). Although it is a small fraction of hnRNP K translocation,
it could have a significant impact on HCV RNA replication
because of the high abundance of hnRNP K in the cell. In fact,
it has been reported that even a small amount of protein
changes can impose a conspicuous effect on HCV life cycle
(29). In a previous study of HCV core protein and hnRNP K,
Hsieh et al. (30) also found that only partial hnRNP K was
colocalized with HCV core protein, and might contribute to
the pathogenesis of HCV. In this study, we also found that the
amount of cytoplasmic hnRNP K was significantly lower in
Huh7.5 cells that lacked the HCV replicon (Fig. 5B). Finally,
Huh7.5 cells harboring the replicon usually express a range
of HCV products and can be detected by the differing levels of
NS5A-GFP expressed. Interestingly, cells with higher levels of
NS5A-GFP had higher amounts of hnRNP K translocated to
the cytoplasm (Fig. 5C). These results demonstrate that
hnRNP K could re-localize from the nucleus to the cytoplasm
to affect HCV RNA replication.
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A

Fic. 5. HCV replication increases
hnRNP K abundance in the cyto-
plasm. A, Immunofluorescence analysis
of representative Huh7.5 cells with or
without HCV NS5A-GFP replicon (20).
Four representative cells that contained
the HCV replicon (two in each of the
upper and lower panels) are shown. The
endogenous hnRNP K was visualized
with anti-hnRNP K antibody and Alexa
Fluor 594-conjugated secondary anti-
body. The NS5A protein, in the NS5A-
GFP replicon, was detected via GFP fluo-
rescence. hnRNP K was observed in all
nuclei; it was also found as the hazy red
color in the cytoplasm of the four repre-
sentative cells. Note that NS5A subcel-
lular distribution (middle and right-most
panels) correlates with the hnRNP K fluo-
rescence. B, Quantification of the
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Cytoplasmic hnRNPK signal

HCV RNA is Associated with hnRNP K—To determine
whether hnRNP K could contact the HCV RNA in Huh7.5 cells,
we performed a crosslinking-immunoprecipitation (CLIP) as-
say, as described previously (31). Briefly, Huh7.5 cells or
Huh7.5 cells harboring the HCV replicon were crosslinked by
UV irradiation, followed by RNA fragmentation in the presence
of ZnCl, in the lysate. RNAs in complex with hnRNP K was
immunoprecipitated with antibody against hnRNP K and a
nonspecific mAb was used as a negative control. RNAs
CLIP’ed with hnRNP K were released by proteolysis and
converted to cDNA for quantification and DNA sequence anal-
ysis. In this assay, hnRNP K was specifically immunoprecipi-
tated by the specific antibody and not by the control antibody
(Fig. BA). The sample processed from the replicon-containing
Huh7.5 cells (Sample 4, panel A), but not Huh7.5 cells (Sam-
ple 3, panel A), also yielded the ca. 200 bp DNA fragment
expected from the HCV replicon (Fig. 6B). In quantitative PCR,
the sequence corresponding to the 5" UTR of the HCV RNA
was ~2 orders of magnitude more abundant than in the
controls (Fig. 6C). Finally, sequencing of 4 independent clones

HCV NS5A signal

of the amplified cDNA indicates that all contained the se-
quence from the HCV 5’ UTR in Huh7.5 cells. These results
support the binding of hnRNP K to the 5" UTR of the HCV
RNA, likely SL1.

DISCUSSION

The emerging high-throughput proteome microarray tech-
nology has shown its use and superiority in identifying pro-
tein-RNA interactions (25-26). In this study, we used the
human proteome microarrays that consisted of ~17,000 full-
length nonredundant human proteins to identify HCV SL1-
binding proteins. The proteome-wide screening led to the
identification of a total of 313 HCV SL1-binding proteins. The
statistical analysis and data mining processes were also val-
uable parts of the screen process. It showed that 54.6% of the
identified SL1-binding proteins were annotated for expression
in liver. In addition, 12 SL1-binding proteins (Table | and
supplemental Table 1) have been linked to hepatitis C virus
(www.uniprot.org). In the UV-crosslinking assay, hnRNP K
showed the strongest binding signal to the HCV SL1 RNA (Fig.
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Fic. 6. HCV RNA can co-immunoprecipitate with hnRNP K protein. Analysis of hnRNP K binding to HCV replicon RNA was assessed
using the CLIP assay (31). A, Western blot analysis of the levels of hnRNP K in Huh7.5 cells with or without HCV replicon. The amount of input
lysate loaded in the Western blot analysis was equivalent to 10% of the amounts processed for immunoprecipitation. The sample number at
the bottom of the Western blot image is used consistently in all panels of this figure. B, CLIP products from Huh7.5 cells harboring the HCV
replicon (lane 4) contained the 5" UTR of the HCV genome. The image is of a 1.5% agarose gel containing PCR products amplified from the
CLIP reaction. The sample identified with a “+” is the amplification of the total lysate from Huh7.5 cells harboring the HCV replicon. C,
Quantitative RT-PCR to determine the number of HCV 5’ UTR precipitated from either Huh7.5 cells with or without the HCV replicon. Each

sample was from the products of three independent CLIP reactions.

2). Notably, hnRNP K did not bind SL3d that also resides
within the 5" UTR of the HCV genome, indicating that there is
specificity in hnRNP K recognition of SL1 (Fig. 1). To demon-
strate the biological relevance of SL1-binding proteins in HCV
replication, siRNAs against the 12 candidate genes were in-
dividually transfected into HCV replicon cells and 8 siRNAs,
including hnRNP K siRNA, resulted in decreased HCV RNA
replication efficiency (Fig. 3). Importantly, some hnRNP K was
retargeted to the cytoplasm at sites where the HCV replication
complex-associated NS5A protein was also localized (Fig. 5).
Finally, immunoprecipitation of hnRNP K co-precipitated the
HCV RNA (Fig. 6). Altogether, these findings indicate that
hnRNP K regulates HCV replication via interaction with SL1 in
the 5’ UTR of the virus genome.

hnRNP K is a multifunctional protein that plays important
roles in transcription, mMRNA transport, RNA splicing, and
signal transduction (32). In its various roles, hnRNP K can
associate with numerous binding partners, acting as a dock-
ing platform to integrate signaling cascades by facilitating
cross-talk between kinases and factors that mediate nucleic-
acid-directed processes (32). Several viruses have evolved to
use hnRNP K as positive regulator to enhance viral infection
by directly binding to viral genome or proteins, including
Sindbis Virus (SINV) nonstructural proteins and subgenomic

RNA, Herpes Simplex Virus immediate early protein IEE3 (20),
Dengue Virus core protein, the Epstein-Barr Virus-encoded
EBNA2 protein and Chikungunya Virus nsP2 (33-38). There-
fore, to prevent productive viral infection, cells could
sequester hnRNP K. For example, cytidine deaminase
APOBEC3 may bind hnRNP K to prevent its interaction with
the hepatitis B virus enhancer |l protein, thus suppressing
HBYV replication (39). Granzyme M may cleave hnRNP K and
result in a reduction of the immediate-early 2 protein of
Human cytomegalovirus (HCMV), hence inhibiting HCMV
infection (40).

A yeast two-hybrid screen had previously identified hnRNP
K to interact with HCV core protein (27). The protein mi-
croarray results indicate that hnRNP K is capable of directly
interacting with the 5" UTR of the HCV genome. Notably, a
similar role for hnRNP K was also observed in the Entero-
virus 71 (EV71) infection, in which hnRNP K binds to EV71 5’
UTR and this interaction is required for efficient EV71 rep-
lication (38). The consequence of hnRNP K interaction with
HCV SL1 remains to be elucidated. However, because SL1
also contains the seed sequence to initiate binding to miR-
122, one intriguing possibility is that hnRNP K could play a
role in mediating miR-122’s interaction with the HCV 5’
UTR.
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