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ABSTRACT Hepatitis C virus (HCV) regulates many cellular genes in modulating the
host immune system for benefit of viral replication and long-term persistence in a
host for chronic infection. Long noncoding RNAs (lncRNAs) play an important role in
the regulation of many important cellular processes, including immune responses.
We recently reported that HCV infection downregulates lncRNA Linc-Pint (long inter-
genic non-protein-coding RNA p53-induced transcript) expression, although the
mechanism of repression and functional consequences are not well understood. In
this study, we demonstrate that HCV infection of hepatocytes transcriptionally
reduces Linc-Pint expression through CCAAT/enhancer binding protein b (C/EBP-b).
Subsequently, we observed that the overexpression of Linc-Pint significantly upregu-
lates interferon alpha (IFN-a) and IFN-b expression in HCV-replicating hepatocytes.
Using unbiased proteomics, we identified that Linc-Pint associates with DDX24,
which enables RIP1 to interact with IFN-regulatory factor 7 (IRF7) of the IFN signaling
pathway. We furthermore observed that IFN-a14 promoter activity was enhanced in
the presence of Linc-Pint. Together, these results demonstrated that Linc-Pint acts as
a positive regulator of host innate immune responses, especially IFN signaling. HCV-
mediated downregulation of Linc-Pint expression appears to be one of the mecha-
nisms by which HCV may evade innate immunity for long-term persistence and
chronicity.

IMPORTANCE The mechanism by which lncRNA regulates the host immune response
during HCV infection is poorly understood. We observed that Linc-Pint was transcrip-
tionally downregulated by HCV. Using a chromatin immunoprecipitation (ChIP) assay,
we showed inhibition of transcription factor C/EBP-b binding to the Linc-Pint pro-
moter in the presence of HCV infection. We further identified that Linc-Pint associ-
ates with DDX24 for immunomodulatory function. The overexpression of Linc-Pint
reduces DDX24 expression, which in turn results in the disruption of DDX24-RIP1
complex formation and the activation of IRF7. The induction of IFN-a14 promoter ac-
tivity in the presence of Linc-Pint further confirms our observation. Together, our
results suggest that Linc-Pint acts as a positive regulator of host innate immune
responses. Downregulation of Linc-Pint expression by HCV helps in escaping the
innate immune system for the development of chronicity.
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Hepatitis C virus (HCV) chronically infects a large number of people worldwide and
is a leading cause of advanced liver pathogenesis, including cirrhosis and hepato-

cellular carcinoma (HCC) (1, 2). Available direct-acting antiviral (DAA) agents are effec-
tive in reducing viremia to an undetectable level; however, they are unable to prevent
reinfection. Immediately after HCV infection, the host innate immune response is trig-
gered by the recognition of pathogen-associated molecular patterns (PAMPs)
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presented by the infecting virus by specific PAMP receptor factors expressed in host
cells. Type I interferons (IFNs) such as IFN-a and IFN-b are rapidly synthesized after vi-
rus infection and trigger intracellular signaling events leading to the expression of IFN-
stimulated genes (ISGs) that exert inhibitory effects on viral replication (3–7). The
induction of type I IFNs is a critical part of the innate immune response following virus
attack; however, HCV evades this effect by multiple mechanisms and develops chronic
infection in the host (7–12). Furthermore, HCV infection is asymptomatic, infected indi-
viduals are diagnosed much later, and most cases develop chronic infection leading to
advanced liver diseases. So it is important to better understand the molecular mecha-
nisms underlying the interaction between HCV and the host immune system to effec-
tively eliminate virus from the host.

Long noncoding RNAs (lncRNAs) are .200 nucleotides in length and lack protein-
coding potential. lncRNAs can bind to DNA, RNA, and proteins to exert functions in
regulating diverse biological processes in cells, such as transcription, mRNA stabiliza-
tion, and translation (13). Aberrant expression of lncRNAs occurs in various cancers as
well as in different viral infections (14–19). Emerging evidence suggests that lncRNAs
play important roles during viral infection and the antiviral immune response. For
example, the lncRNA nuclear enriched abundant transcript 1 (NEAT1) can enhance the
transcription of interleukin-8 and modulate HIV-1 posttranscriptional expression (20).
The innate immune response-related lncRNA negative regulator of antiviral response
(NRAV) serves as antiviral innate immunity by suppressing the expression of multiple
ISGs through interference with histone modification (21). The influenza A virus (IAV)-
induced lncRNA VIN was observed to regulate viral replication and protein synthesis of
IAV (22), although the mechanisms by which lncRNAs regulate innate immune
responses and the consequences of virus-host interactions during HCV infection are
still lacking.

We have recently shown that the expression of Linc-Pint (long intergenic non-protein-
coding RNA p53-induced transcript) is significantly reduced in chronic HCV-infected
human liver biopsy specimens as well as in cell lines infected in vitro with HCV (18). The ex-
ogenous expression of Linc-Pint inhibits HCV replication and virus-induced lipogenesis. In
this study, a possible mechanism by which HCV downregulates Linc-Pint expression has
been investigated. We demonstrate that HCV transcriptionally represses Linc-Pint expres-
sion by inhibiting CCAAT/enhancer binding protein b (C/EBP-b) binding to its promoter.
On the other hand, the overexpression of Linc-Pint regulates DDX24 (DEAD-box helicase
24)-RIP1 (receptor interacting protein 1)-IRF7 (IFN-regulatory factor 7) signaling to upregu-
late interferon production by inducing IFN-a14 promoter activity. Therefore, this study
provides important information on virus-host associations, which may help in the genera-
tion of novel therapeutic modalities against HCV-associated liver pathogenesis.

RESULTS
HCV suppresses Linc-Pint promoter activity. We recently observed that Linc-Pint

RNA expression is significantly repressed in chronic HCV-infected human liver biopsy
specimens and in cell lines infected in vitro with HCV (18). To investigate the underly-
ing mechanism for repression, a 2.5-kb Linc-Pint promoter region (bp 22063 to 1448
[chromosome 7 {chr7}]) containing the binding sites of the transcriptional factors and
cofactors was cloned into a pGL3 Basic vector (Fig. 1A). The promoter construct was
separately transfected into Huh7.5 or Rep2a cells harboring the full-length HCV ge-
nome to examine its activity. Linc-Pint promoter activity was significantly downregu-
lated as evident from luciferase assays in HCV replicon-expressing Rep2a cells com-
pared to control parental Huh7.5 cells (Fig. 1A). These data suggest that HCV
transcriptionally downregulates Linc-Pint expression.

HCV inhibits C/EBP-b transcription factor binding to the Linc-Pint promoter
region. To determine the cis-regulatory elements present in the Linc-Pint promoter
region, we searched databases using TFBIND and Alibaba 2.1 software and found a pu-
tative binding site of C/EBP-b at bp 296 to 285 from the transcription start site. This
site was confirmed by analyzing the ENCODE C/EBP-b chromatin immunoprecipitation
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assay sequencing (ChIP-Seq) data set from HepG2 cells (GEO accession no.
GSM935622) (Fig. 1B). In our previous studies, we observed that HCV downregulates
the promoter activity of C3 complement and microRNA miR-181c by C/EBP-b (23, 24).
We therefore postulated that HCV-mediated downregulation of the Linc-Pint promoter
may occur by a similar mechanism. To verify this, we constructed two deletion mutant
constructs of the Linc-Pint promoter region (P1 and P2) and cloned them into the
pGL3 Basic vector (Fig. 1C). The P1 construct does not contain the C/EBP-b binding
site, whereas the P2 construct has the C/EBP-b binding site. Our luciferase assay using
the Linc-Pint full-length (P0), P1, and P2 promoter constructs transfected into hepato-
cytes displayed a significant loss of luciferase activity from P1, suggesting that C/EBP-b
is necessary for transcription (Fig. 1C). We also mutated the C/EBP-b binding site in the
P2 construct of the Linc-Pint promoter, and the changed nucleotides are shown in red
in Fig. 1D. Linc-Pint P2 promoter activity was partially reduced in the mutant construct.
We next transfected the Linc-Pint P0 promoter construct into C/EBP-b-depleted
Huh7.5 cells for luciferase assays and observed a significant downregulation of Linc-
Pint promoter activity in the C/EBP-b knockdown cells (Fig. 1E). To further verify that

FIG 1 HCV inhibits C/EBP-b transcription factor binding to the Linc-Pint promoter region. (A) Schematic diagram of the Linc-Pint full-length promoter
region cloned into the pGL3 Basic plasmid (P0). Huh7.5 and Rep2a cells were transfected with the Linc-Pint promoter construct (P0). Promoter activity was
measured by a luciferase assay after 48 h of transfection. (B) In silico analysis using the NIH ENCODE data set of C/EBP-b ChIP-Seq signals from HepG2 cells.
The result was analyzed from the data set under GEO accession number GSM935622. (C) Schematic diagram of the two deletion mutant constructs of the
Linc-Pint promoter. Red boxes show the C/EBP-b binding site (bp 295 to 285). Huh7.5 cells were transfected with Linc-Pint promoter constructs (P0, P1,
and P2), and promoter activity was measured by a luciferase assay after 48 h of transfection. (D) Nucleotide sequence of the wild-type (Wt) and mutant C/
EBP-b binding sites (top). Changed nucleotides are shown in red. Huh7.5 cells were transfected with the P2 wild-type or mutant promoter construct, and
luciferase activity was measured after 48 h of transfection. (E) Linc-Pint P0 promoter construct-transfected Huh7.5 cells were depleted of C/EBP-b using a
specific siRNA, and promoter activity was measured by a relative luciferase assay after 48 h of transfection. (F) ChIP analysis of C/EBP-b binding to the Linc-
Pint promoter. Huh7.5 cells were mock treated or infected with HCV JFH1 (MOI = 1.0) for 24 h. ChIP analysis was then performed using IgG (negative
control) and C/EBP-b antibody. The relative enrichment of Linc-Pint promoter DNA was normalized to the input DNA (5%) for each experiment. Data are
presented as means 6 SD from three independent experiments. Statistical significance was analyzed using two-tailed Student’s t test. *, P, 0.05; **,
P, 0.01.
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C/EBP-b binding to the Linc-Pint promoter region may be affected in the presence of
HCV, we performed a chromatin immunoprecipitation (ChIP) assay in Huh7.5 cells with
or without HCV infection using IgG control and C/EBP-b antibodies. The results indi-
cated an enrichment of Linc-Pint promoter DNA in C/EBP-b antibody ChIP samples
compared to the IgG control. However, this enrichment was significantly reduced fol-
lowing HCV infection (Fig. 1F). Together, these results indicated that HCV-mediated
downregulation of the Linc-Pint promoter occurs involving C/EBP-b .

Linc-Pint induces interferon gene expression. lncRNAs are reported to induce
type I interferon production and play important roles in the regulation of innate immu-
nity during viral infection, especially in HCV infection (19, 25). To investigate whether
Linc-Pint exerts a role in IFN signaling, we examined IFN-a and IFN-b expression in
pcDNA3 Linc-Pint-overexpressing Huh7.5 cells. Our results indicated a significant up-
regulation of IFN expression in the presence of Linc-Pint (Fig. 2A). To examine the mod-
ulation of IFN systems by Linc-Pint, we examined the expression of ISGs by quantitative
real-time PCR (qRT-PCR). Significant upregulation of IFIT1, IFIT2, IFIM1, OAS1, and IFI27
was noted (Fig. 2B). We also examined the status of phospho-STAT1 (p-STAT1)
(Tyr701). Exogenous expression of Linc-Pint enhances phospho-STAT1 in Huh7.5 cells
(Fig. 2C). Next, we examined IFN-a and IFN-b expression in the presence of Linc-Pint in
HCV-infected or -replicating Huh7.5 cells. For this, HCV-infected Huh7.5 or Huh7.5 cells
harboring the full-length HCV genome (Rep2a cells) were transfected with pcDNA3
Linc-Pint plasmid DNA and evaluated for IFN gene expression. We observed a signifi-
cant upregulation of both cytokines in the presence of Linc-Pint (Fig. 2D). We eval-
uated IFN-a and IFN-b expression in two lncRNAs, ELDR and NORAD, and did not
observe a significant difference in IFN gene expression (data not shown). As reported
previously, Linc-Pint expression was significantly reduced in HCV replication in infected
Huh7.5 cells (Fig. 2E). Together, these data suggested that Linc-Pint induces IFN signal-
ing, and HCV-mediated Linc-Pint suppression may help in evasion of the host immune
system.

Linc-Pint physically interacts with DDX24. To understand the mechanism of Linc-
Pint-induced interferon signaling, we searched for the interacting partners of Linc-Pint
in our proteomics data and identified DEAD-box helicase 24 (DDX24) as a potential
candidate. A volcano plot of log10(P values) versus log2(fold changes) of sense/anti-
sense spectrum counts was constructed to display the proteomics data from quantita-
tive analyses, including DDX24 (Fig. 3A). DDX24 has a high spectral count (32.8-fold) in
the mass spectrometric analysis. We next verified the RNA-protein interaction using
the biotinylated sense or antisense Linc-Pint RNA pulled down from Huh7.5 lysates, fol-
lowed by Western blotting using DDX24 antibody. An association of DDX24 protein
with only the sense strand of Linc-Pint in hepatocytes was observed (Fig. 3B). To fur-
ther verify the interaction between Linc-Pint and DDX24, we performed a reciprocal
immunoprecipitation (IP) assay using DDX24 antibody or the isotype control in Huh7.5
cell lysates followed by qRT-PCR using Linc-Pint-specific primers. A significant enrich-
ment of Linc-Pint RNA was observed in the immunoprecipitated sample using DDX24
antibody compared to that of the isotype control antibody (Fig. 3C). Together, these
data suggested that Linc-Pint interacts with DDX24 protein.

Linc-Pint reduces DDX24 protein expression in hepatocytes. Next, we examined
the status of DDX24 in Linc-Pint-overexpressing hepatocytes. For this, vector control or
pcDNA3 Linc-Pint plasmid DNA was transfected into Huh7.5 or Rep2a cells. Cell lysates
were analyzed by Western blotting using DDX24-specific antibody. A significant down-
regulation of the DDX24 protein level was observed in Linc-Pint-overexpressing cells
compared to the control (Fig. 4A). On the other hand, a significant upregulation of
DDX24 expression was noted in Rep2a cells compared to Huh7.5 control cells (Fig. 4B).
We further observed that HCV-mediated enhancement of DDX24 was reduced upon
exogenous Linc-Pint expression (Fig. 4C). Together, these data suggested that Linc-Pint
can downregulate DDX24 expression in hepatocytes.

Linc-Pint-induced IFN expression by RIP1-IRF7 signaling. DDX24 can reduce
interferon production by inhibiting IFN-regulatory factor 7 (IRF7) activation by physical
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interaction with RIP1 (26). RIP1 positively regulates IRF7 activation (27). We hypothe-
sized that the DDX24-RIP1 interaction will be disrupted in the presence of Linc-Pint,
resulting in the activation of IRF7 and the upregulation of the interferon signaling
pathway (Fig. 5A). To examine this, we performed a coimmunoprecipitation assay with
DDX24 antibody using lysates of Huh7.5 cells transfected with the vector control or
pcDNA3 Linc-Pint plasmid DNA, followed by Western blotting with a RIP1 or DDX24
antibody. Our results demonstrated that RIP1 was coprecipitated by DDX24 in control
cell lysates, and the interaction was impeded for the presence of Linc-Pint (Fig. 5B). We
also observed less interaction with RIP1, resulting in a lower abundance of IRF7,
although inputs of RIP1 and IRF7 were similar in both lanes. We further performed a

FIG 2 Linc-Pint induces interferon gene expression. (A) Huh7.5 cells were transfected with the control vector or the pcDNA3
Linc-Pint plasmid, and IFN-a or IFN-b expression was measured at 48 h posttransfection by qRT-PCR using specific primers. 18S
rRNA was used as an internal control. (B) IFIT1, IFIT2, IFIM1, OAS1, and IFI27 expression was analyzed from RNA of Linc-Pint-
overexpressing Huh7.5 cells by qRT-PCR using specific primers. 18S rRNA was used as an internal control. (C) Huh7.5 cells were
transfected with control vector or pcDNA3 Linc-Pint plasmid DNA, and cell lysates were examined for phospho-STAT1 (Tyr701)
and total STAT1 expression. The blot was reprobed with antibody to actin for comparison of protein loads. Densitometric
scanning results are presented as fold changes (p-STAT1/STAT1) in a bar diagram (right). (D) HCV JFH1 (MOI = 1.0)-infected
Huh7.5 cells or mock-treated cells were transfected with vector control (2) or pcDNA3 Linc-Pint plasmid DNA (upper panel).
Rep2a cells were transfected with the vector control or the pcDNA3 Linc-Pint plasmid (lower panel). IFN-a or IFN-b expression
was measured 48 h after transfection by qRT-PCR. 18S rRNA was used as an internal control. The expression level of IFN genes
from HCV-infected or Rep2a cells was set as 1. (E) HCV (JFH1) (MOI = 1.0)-infected Huh7.5 cells were transfected with vector
control (2) or pcDNA3 Linc-Pint plasmid DNA. RNA was analyzed for HCV replication by qRT-PCR. 18S rRNA was used as an
internal control. Values represent data from three independent experiments (means 6 SD). Statistical significance was analyzed
using two-tailed Student’s t test. *, P, 0.05; **, P, 0.01; ***, P , 0.001.
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reciprocal experiment by precipitating the protein complex with RIP1 antibody. The
DDX24 level was lower in Linc-Pint-transfected samples; however, RIP1 expression lev-
els remained similar in immunoprecipitate and input samples. We also observed higher
IRF7 association when precipitated with RIP1 antibody than when precipitated with
DDX24 antibody (Fig. 5B). We performed coimmunoprecipitation analysis using RIP1
antibody from lysates of mock- or HCV (JFH1)-infected Huh7.5 cells. Our results showed
a reduced level of IRF7 in virus-infected cells, which could be rescued by Linc-Pint over-
expression (Fig. 5B, right). We have previously shown that IRF7 directly induces IFN-a
production, and IFN-a14 is one of the IFN-a subtypes highly present in hepatocytes
(11). We therefore evaluated IFN-a14 promoter activity by overexpressing vector con-
trol or pcDNA3 Linc-Pint plasmid DNA. We observed a significant downregulation of
IFN-a14 promoter activity in HCV-infected cells and partial restoration of promoter ac-
tivity upon Linc-Pint overexpression (Fig. 5C). Together, our results demonstrated that
Linc-Pint induces IRF7-mediated IFN expression by disrupting the DDX24-RIP1 interac-
tion. Thus, Linc-Pint suppression will have a negative effect on IFN expression.

DISCUSSION

Emerging evidence suggests that lncRNAs play important roles during virus infec-
tion and antiviral immune responses (28–30). RNA viruses have evolved mechanisms to
manipulate and hijack host lncRNAs to promote viral replication (31). Specific lncRNA
expression signatures can induce part of the innate immune response to viral infection.
We have recently shown that Linc-Pint is the only lncRNA reduced in HCV-replicating
hepatocytes (18). We demonstrated two major observations from this study: (i) HCV

FIG 2 (Continued).
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transcriptionally downregulates Linc-Pint via the C/EBP-b transcription factor, and (ii)
Linc-Pint expression enhances IFN signaling by interacting with and inhibiting DDX24.
Thus, downregulation of Linc-Pint may impair IFN expression in HCV-infected cells.

Linc-Pint is positively regulated by p53, and there are three p53 response elements
in Linc-Pint genomic sequences (32). Although HCV infection may disrupt p53 function
by diverse mechanisms (33–36), we observed that Linc-Pint expression is reduced in
HCV-replicating or -infected Huh7.5 cells, where p53 is mutated. We hypothesized that
other factors along with p53 are involved in HCV-mediated inhibition of Linc-Pint. We
found that C/EBP-b binds to regions near the Linc-Pint promoter by analyzing the NIH
ENCODE data sets for C/EBP-b (GEO accession no. GSM935622) and visualizing the
results at the Linc-Pint locus using Integrated Genome Viewer (version 2.5.1).
Furthermore, by examining histone marks using the same ENCODE data set, we have
obtained evidence that Linc-Pint transcription is primarily regulated at the basal tran-
scription step but not at the chromatin remodeling step. We show here that C/EBP-b
plays an important role in regulating Linc-Pint promoter activity. A subsequent study
using ChIP assays suggested that the enrichment of Linc-Pint promoter DNA by C/EBP-
b antibody pulldown was much higher in mock-treated cells than in HCV-infected
cells.

The host innate immune system is triggered by viral PAMPs during HCV infection,
although activation was not sufficient to trigger high-enough antiviral responses (5, 7,
10, 37, 38). HCV has evolved multiple strategies to evade the host innate immune
response for its long-term persistence. We have demonstrated here that Linc-Pint over-
expression significantly induced IFN gene expression in HCV-replicating Huh7.5 cells.
To investigate the mechanism, we identified that Linc-Pint interacts with DDX24

FIG 3 Linc-Pint interacts with DDX24. (A, left) Volcano plot from the mass spectrometry data demonstrating
the magnitude and significance of the proteins interacting with the sense strand of Linc-Pint compared with
the antisense strand of Linc-Pint. The x axis is the log2(fold change) value, and the y axis is the 2log10(P value)
showing statistical significance. The horizontal dashed red line shows a P value of 0.05 [2log10(0.05) = 1.3], and
the vertical dashed red line shows a fold change of 2 [log2(2) = 1]. An absolute 2-fold change and a P value of
0.05 are used as the threshold cutoffs. (Right) Spectrum counts of antisense or sense Linc-Pint RNA for DDX24
from mass spectrometry data. (B) Western blot analysis was performed from sense or antisense Linc-Pint RNA
pulled down from Huh7.5 lysates using a specific antibody, and the presence of DDX24 is shown. (C) Lysates
from Huh7.5 cells were immunoprecipitated using isotype control or DDX24 antibody. RNA was isolated from
the immunoprecipitated samples, and Linc-Pint RNA enrichment was evaluated by qRT-PCR. Data are presented
as means 6 SD from three independent experiments. Statistical significance was analyzed using two-tailed
Student’s t test. ***, P, 0.001.
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protein; downregulates its expression, resulting in a disruption of the DDX24-RIP1 axis;
and activates IRF7-mediated interferon signaling.

Type I interferons are a family of cytokines that function primarily to elicit immune
responses and serve as important components of protective immunity against viral
infection. lncRNAs have been reported to play important roles in the regulation of the
IFN response and ISG induction during HCV infection (25, 39). HCV may be involved in
the deregulation of the expression of several lncRNAs, which favors viral replication
and persistence. Overexpression of lncRNA-IFI6 has been implicated in the control of
antiviral gene IFI6 expression by histone modification and the induction of HCV growth
(40). Very few lncRNAs have been described that increase after HCV infection and
reduce viral replication. One appropriate example is lncRNA GAS5 (growth arrest-spe-
cific transcript 5), which is upregulated after HCV infection, and the GAS5 59 end binds
viral NS3 protein and blocks its function (41). NS3 is a protease involved in cleaving cel-
lular factors that activate the immune response, such as MAVS and TRIF (42). Thus,
GAS5 induction and NS3 blocking lead to increased levels of MAVS and TRIF and
increased ISG expression for an antiviral role in HCV infection. lncRNAs were also found
to interact with different cellular proteins to modulate IFN signaling. lncRNA lung can-
cer-associated transcript 1 (LUCAT1), which acts as a negative regulator that limits the
type I IFN response in human myeloid cells, was identified to interact with STAT1 in
the nucleus, resulting in the alteration of STAT1 function (38).

We show that the overexpression of Linc-Pint significantly increases IFN-a/b
expression in hepatocytes by interacting with DDX24 protein. DDX24 belongs to the
DExH/D family, which contains at least 59 proteins conserved from bacteria to humans.

FIG 4 Linc-Pint reduces DDX24 protein levels in the presence or absence of HCV. (A) Huh7.5 and Rep2a cells
were transfected with control (empty vector) or pcDNA3 Linc-Pint plasmid DNA. Cell lysates were analyzed for
DDX24 expression by Western blotting using a specific antibody. The blot was reprobed with antibody to actin
for comparison of protein loads. Densitometric scanning results are presented as fold changes in a bar diagram
at the bottom. (B) Lysates from Huh7.5 and Rep2a (Huh7.5 cells harboring a genome-length HCV replicon) cells
were analyzed for DDX24 expression by Western blotting. The blot was reprobed with antibody to actin for
comparison of protein loads. Densitometric scanning results are presented as fold changes in a bar diagram at
the bottom. (C) Huh7.5 cells were transfected with the empty vector control (middle lane) or the pcDNA3 Linc-
Pint plasmid (right lane) and then infected with HCV JFH1 (MOI = 1.0). Mock-infected cell lysates were used as
the control. Cell lysates were analyzed for DDX24 expression by Western blotting using a specific antibody. The
blot was reprobed with antibody to actin for comparison of protein loads. Densitometric scanning results are
presented as fold changes in a bar diagram at the bottom. Data are presented as means 6 SD from three
independent experiments. Statistical significance was analyzed using two-tailed Student’s t test. *, P, 0.05; **,
P, 0.01.
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DExH/D helicases are broadly involved in many RNA-related processes such as tran-
scription, translation, ribosome biogenesis, and RNA transportation (43). In addition to
RIG-I, MDA5, and LGP2, DExH/D helicases have also been reported to be key sensors in
RNA virus-mediated innate immune signaling processes (44). DDX24 interacts with
RIP1 and acts as a competitive protein to disrupt the association between RIP1 and
IRF7, thereby negatively regulating the IFN pathway (26). The loss of RIP1 leads to de-
fective type I IFN production and significantly increased susceptibility to RNA virus
infection (45). IRF7 is a master regular of IFN-a production. IRF7 undergoes phosphoryl-
ation when activated and translocates into the nucleus. It amplifies the type I IFN
response by inducing IFN-a expression, which also acts in both autocrine and para-
crine manners through the IFN-a/b receptor (9). Linc-Pint-mediated enhancement of
IFN-a14 activity is implicated in the disruption of the DDX24-RIP1 axis. Together, our
results suggest that Linc-Pint acts as a positive regulator of innate immune pathways,
especially interferon signaling, and that HCV inhibits Linc-Pint expression for the estab-
lishment of chronic infection. Our observations contribute to the understanding of the

FIG 5 Linc-Pint induces IFN production by the RIP1-IRF7 pathway. (A) Schematic diagram showing the mechanism of Linc-Pint-
mediated IFN signaling. (B) Huh7.5 cells were transfected with the vector control and the pcDNA3 Linc-Pint plasmid. Cell lysates
were immunoprecipitated using DDX24 or RIP1 antibody. The association of DDX24, RIP1, and IRF7 was detected by Western
blotting (WB) using specific antibodies. Huh7.5 cells were infected with HCV and transfected with the vector control or the
pcDNA3 Linc-Pint plasmid. Cell lysates were immunoprecipitated using RIP1 antibody. The association of RIP1 and IRF7 was
detected by Western blotting using specific antibodies. The cell lysates were also used for Western blot analysis using specific
antibodies, and the blot was reprobed with antibody to actin for comparison of protein loads. (C) Huh7.5 cells were mock treated
or infected with HCV (JFH1) and then cotransfected with the IFN-a14 luciferase promoter plasmid and vector control or pcDNA3
Linc-Pint plasmid DNA. IFN-a14 promoter activity was measured by a luciferase assay after 48 h of transfection. Data are
presented as means 6 SD from three independent experiments. Statistical significance was analyzed using two-tailed Student’s t
test. *, P, 0.05; **, P, 0.01.
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mechanistic role of Linc-Pint in HCV-host interactions toward pathogenesis (Fig. 6).
These results will help in understanding the molecular basis of lncRNA-mediated regu-
lation of host innate immune responses and identifying a novel molecular mechanism
of innate immune regulation by HCV.

MATERIALS ANDMETHODS
Cloning of Linc-Pint promoter constructs. A 2.5-kb Linc-Pint promoter region (bp 22063 to 1448

[chr7]) containing the binding sites of transcriptional factors and cofactors was PCR amplified from
Huh7.5 genomic DNA using specific primers (Table 1). The fragment was digested with KpnI and HindIII
restriction enzymes and cloned into the pGL3 Basic vector (P0). Two deletion mutant constructs of the
Linc-Pint promoter region (P1 and P2) were PCR amplified from the full-length Linc-Pint promoter plas-
mid (P0) and cloned into the pGL3 Basic vector similarly. Full-length and deletion mutant constructs of
the Linc-Pint promoter were used for luciferase assays.

Cell culture, transfection, and infection. Huh7.5 cells and Huh7.5 cells harboring the genome-
length HCV replicon (Rep2a cells) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin at 37°C in a 5% CO2

atmosphere. Cells were seeded into a 6-well plate at a density of 3� 105 cells/well and transfected with
1mg/well of Linc-Pint promoter constructs (P0, P1, and P2) and pcDNA3 Linc-Pint plasmid DNA
(GenBank accession no. BC130416) using Lipofectamine (Invitrogen). Cells were harvested for luciferase
assays and RNA/protein analyses.

Transfection of C/EBP-b small interfering RNA (siRNA) into Huh7.5 cells was performed using
Lipofectamine RNAiMAX (Invitrogen). Briefly, Huh7.5 cells were transfected with 25 nM C/EBP-b siRNA or
control siRNA (Santa Cruz Biotechnology). After 48 h of transfection, cells were harvested for luciferase
assays as described previously (24).

HCV genotype 2a (clone JFH1) was grown in Huh7.5 cells as described previously (18). For infection,
Huh7.5 cells were incubated with HCV JFH1 (multiplicity of infection [MOI] = 1.0), and cells were har-
vested for RNA/protein analyses and ChIP assays.

FIG 6 Schematic diagram showing the mechanism of HCV-mediated suppression of IFN signaling by
downregulating Linc-Pint expression. Down arrows (red color) denote downregulation.

TABLE 1 List of primer pairs

Primer target Sequence
Cloning
Linc-Pint full-length promoter (P0) Forward, 59-AAAGACAATTGGTACCCAAAGTGATG-39

Reverse, 59-ATCTCTCCCAAGCTTTACCTTCCTATC-39
Linc-Pint P1 Forward, 59-AAAGACAATTGGTACCCAAAGTGATG-39

Reverse, 59-GTTGACCCCAAGCTTCACAGAGGG-39
Linc-Pint P2 Forward, 59-TACGGCCTGGGTACCTCTCAGCTG-39

Reverse, 59-ATCTCTCCCAAGCTTTACCTTCCTATC-39

ChIP assay
Linc-Pint promoter Forward, 59-CGCCTCCTTCTTGCATGACAC-39

Reverse, 59-CACAGTGGGGCCAAGGATC-39

PCR
Linc-Pint Forward, 59-CGTGGGAGCCCCTTTAAGTT-39

Reverse, 59-GGGAGGTGGCGTAGTTTCTC-39
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RNA isolation and quantitative real-time PCR. Total RNA was isolated using TRIzol reagent (Invitrogen),
and cDNA was generated by reverse transcription using random hexamers and a Superscript III reverse tran-
scriptase kit (Invitrogen). For gene expression, quantitative real-time PCR (qRT-PCR) was performed with a
7500 real-time PCR system using SYBR green PCR master mix and specific primer pairs (Table 1). 18S rRNA
was used as an internal control. IFN-a, IFN-b , IFIT1, IFIT2, IFIM1, OAS1, and IFI27 genes were quantified using
a TaqMan assay (IFN-a, assay identifier Hs00353738_s1; IFN-b , Hs02621180_s1; IFIT1, Hs00356631_91; IFIT2,
Hs00533665_M1; IFITM1, Hs00705137-S1; OAS1, Hs00271467_M1; IFI27, Hs0027146_M1; HCV RNA, AI6Q1GI).
Relative gene expression was analyzed by the 22DDCT formula (DDCT = DCT of the sample 2 DCT of the
untreated control).

Western blot analysis. Cell lysates from the vector control or Linc-Pint-overexpressing and HCV-
infected cells were subjected to SDS-PAGE and transferred onto a nitrocellulose membrane. The mem-
brane was blocked in 5% nonfat dried milk and incubated with specific primary antibody overnight at
4°C, followed by incubation with a secondary antibody conjugated to horseradish peroxidase (HRP) for
1 h. Proteins were detected by an enhanced chemiluminescence for Western blotting substrate (Thermo
Fisher Scientific). Membranes were reprobed with HRP-conjugated b-actin antibody (Santa Cruz
Biotechnology) to determine the protein load. Densitometric analyses of protein band images were per-
formed using ImageJ software. Commercially available antibodies to DDX24 (catalog no. NB100-2226;
Novus Biologicals), p-STAT1 (Y701) and STAT1 (Cell Signaling), IRF7 (catalog no. 9038; Santa Cruz
Biotechnology), and RIP1 (catalog no. 610459; BD Biosciences) were used for Western blot analysis.

RNA pulldown and mass spectrometry. To identify the binding partner of Linc-Pint, pulldown and
mass spectrometry were performed as described previously (18). Briefly, Linc-Pint sense or antisense
RNA was in vitro transcribed from the pcDNA3 Linc-Pint plasmid (500 ng) using biotin RNA labeling mix
and T7 or SP6 RNA polymerase (AmpliScribe T7-Flash transcription kit; Lucigen) as described previously
(18). Purified biotinylated sense or antisense Linc-Pint RNA (20 pmol) was labeled with streptavidin mag-
netic beads (Pierce, Thermo Fisher Scientific) for 1 h at room temperature. Huh7.5 cells harboring the ge-
nome-length HCV replicon (Rep2a cells) were lysed in IP buffer (25mM Tris-HCl [pH 7.5], 150mM NaCl,
1mM EDTA, 5% glycerol, 1% NP-40, 1� protease inhibitor, and 100 U/ml RNase inhibitor), and an RNA
pulldown assay was performed by using a Pierce magnetic RNA-protein pulldown kit (Thermo Fisher
Scientific). Cell lysates (5mg) were incubated with beads containing sense or antisense RNA for 3 h at
4°C. After washing the beads, the bound proteins were eluted with elution buffer at 37°C for 1 h with
agitation. The eluted proteins were used for mass spectrometric analysis. The mass spectrometer used
for data acquisition was a Thermo Q-Exactive system. Peptides were separated on an EASYnLC system
with a Thermo ES803 PepMap C18 column; data were acquired in DDA (data-dependent acquisition)
mode (top 10 m/z values for MS2 per cycle). Candidate proteins were defined as those having at least 2-
fold enrichment for the sense strand compared to antisense RNA pulldown. In another set of experi-
ments, the beads containing RNA were incubated with extracts of Huh7.5 cells, followed by Western
blot analysis.

RNA immunoprecipitation. Huh7.5 cells were lysed with IP lysis buffer (25mM Tris-HCl [pH 7.5],
150mM NaCl, 1mM EDTA, 5% glycerol, 1% NP-40, 1� protease inhibitor, and 100 U/ml RNase inhibitor).
Cell lysates were centrifuged and incubated overnight with antibody against DDX24 (catalog no. NB100-
2226; Novus Biologicals) or an isotype control antibody at 4°C. Cell lysates were incubated with protein
G-Sepharose beads (Amersham Biosciences) for 2 h. After washing, RNA was isolated from beads using
TRIzol reagent, cDNA was synthesized, and the relative enrichment of Linc-Pint RNA was examined by
qRT-PCR as described above.

Coimmunoprecipitation. Huh7.5 cells were transfected with the vector control or the pcDNA3 Linc-
pint plasmid. After 48 h of transfection, cells were lysed using IP lysis buffer (25mM Tris-HCl [pH 7.5],
150mM NaCl, 1mM EDTA, 5% glycerol, 1% NP-40, 1� protease inhibitor, and 100 U/ml RNase inhibitor).
Cell lysates were clarified by centrifugation at 14,000 rpm for 20min, and small portions of the cell
lysates were separated as the input samples for the detection of specific proteins by Western blotting.
The remaining lysates were incubated with antibody against DDX24 (catalog no. NB100-2226; Novus
Biologicals) or RIP1 overnight at 4°C. Cell lysates were incubated with protein G-Sepharose beads
(Amersham Biosciences) for 5 h at 4°C. After washing the beads three times with lysis buffer, immuno-
precipitated proteins were boiled for 10min in sample buffer and subjected to Western blot analysis
using specific antibodies.

ChIP assay. Mock-treated or HCV-infected Huh7.5 cells were selected for ChIP assays using the
SimpleCHIP enzymatic chromatin IP kit (Cell Signaling Technologies). Briefly, 1� 107 cells were fixed
with 1% formaldehyde for 10 min at room temperature, followed by quenching of the formaldehyde
with 10� glycine for 5 min at room temperature. Cells were lysed, and the nuclear fraction was pelleted
by centrifugation. The chromatin was digested to a length of approximately 150 to 900 bp by micrococ-
cal nuclease digestion for 20 min at 37°C. After brief sonication to rupture the nuclear membrane, the
lysate was immunoprecipitated with 5mg of anti-C/EBP-b antibody (clone C-19, catalog no. SC-150).
Antibody against normal rabbit IgG (catalog no. 2729) was used as a negative control. Elution of pro-
tein-DNA complexes was performed using ChIP-grade protein G magnetic beads (catalog no. 9006).
Next, reverse cross-linking of protein-DNA complexes to free the DNA was performed using ChIP elution
buffer. The DNA was purified, and enrichment of Linc-Pint promoter DNA in immunoprecipitated sam-
ples was evaluated by qRT-PCR using ChIP primers for the site of C/EBP-b binding to the Linc-Pint pro-
moter (Table 1).

Statistical analysis. All the experiments were performed at least in triplicates, and data are pre-
sented as means 6 standard deviations (SD). Statistical analysis was performed by Student’s t test with a
two-tailed distribution. A P value of ,0.05 was considered statistically significant.
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