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A Long Noncoding RNA Regulates
Hepatitis C Virus Infection Through
Interferon Alpha—Inducible Protein 6
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Long noncoding RNAs (IncRNAs) play a critical role in the regulation of many important cellular processes. However,
the mechanisms by which IncRNAs regulate viral infection and host immune responses are not well understood. We
sought to explore IncRNA regulation of hepatitis C virus (HCV) infection and interferon response. We performed
RNA sequencing (RNAseq) in Huh7.5.1 cells with or without interferon alpha (IFNa) treatment. Clustered regularly
interspaced short palindromic repeats/Cas9 guide RNA (gRNA) was used to knock out selected genes. The promoter
clones were constructed, and the activity of related interferon-stimulated genes (ISGs) were detected by the secrete-pair
dual luminescence assay. We constructed the full-length and four deletion mutants of an interferon-induced IncRNA
RP11-2881.9.4 (IncRNA-IF16) based on predicted secondary structure. Selected gene mRNAs and their proteins, to-
gether with HCV infection, in Huh7.5.1 cells and primary human hepatocytes (PHHs) were monitored by quantitative
real-time PCR (QRT-PCR) and western blot. We obtained 7,901 IncRNAs from RNAseq. A total of 1,062 host-en-
coded IncRNAs were significantly differentially regulated by IFNa treatment. We found that IncRNA-IFI6 gRNA
significantly inhibited HCV infection compared with negative gRNA control. The expression of the antiviral ISG
IFI6 was significantly increased following IncRNA-IFI6 gRNA editing compared with negative gRNA control in
Japanese fulminant hepatitis 1 (JEH1)—infected Huh7.5.1 cells and PHHs. We observed that IncRNA-IFI6 regulation
of HCV was independent of Janus kinase-signal transducer and activator of transcription (JAK-STAT) signaling.
IncRNA-IFI6 negatively regulated IFI6 promoter function through histone modification. Overexpression of the trun-
cated spatial domain or full-length IncRNA-IFI6 inhibited IFI6 expression and increased HCV replication. Conclusion:
A IncRNA, IncRNA-IFI6, regulates antiviral innate immunity in the JFH1 HCV infection model. IncRNA-IFI6 reg-
ulates HCV infection independently of the JAK-STAT pathway. IncRNA-IFI6 exerts its regulatory function via pro-
moter activation and histone modification of IFI6 through its spatial domain. (HepaTOLOGY 2019;69:1004-1019).

oding genes only occupy around 2% of the including long noncoding RNAs (IncRNAs), transfer
human genome. The majority of the remaining RNAs, ribosomal RNAs, microRNAs, small nucleo-
transcripts are noncoding RNAs (ncRNAs), lar RNAs, extracellular RNAs, and piwi-interacting
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immunodeficiency virus 1; IFI6, interferon alpha-inducible protein 6; IFN, interferon; IFNa, interferon alpha; ISGs, interferon-stimulated genes;
JAK-STAT;, Janus kinase-signal transducer and activator of transcription; JFH1, Japanese fulminant hepatitis 1; IncRINAs, long noncoding RINAs;
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RNAs."? Among these ncRNAs, IncRNAs are
the most abundant in the genome of organisms.(3)
IncRNAs play multiple gene regulatory roles through
modulation of transcription or via posttranscriptional
mechanisms, and are involved in diverse physiological
processes.(4) One such family of genes that are reg-
ulated by IncRNAs are interferon-stimulated genes
(ISGs). For example, bone marrow stromal cell anti-
gen 2 (BST2) interferon-stimulated positive regulator
(BISPR) is an RNA gene affiliated with the ncRNA
class. Interferon (IFN)-stimulated IncRNA BST2/
BISPR regulates the expression of the antiviral factor
BST2 to affect the potency of the antiviral response.”’
In addition, the innate immune response—related
IncRNA, negative regulator of antiviral response, reg-
ulates the expression of multiple critical ISGs through
interference with histone modification.®) Interestingly,
several specific host IncRNAs are also involved in the
regulation of viral infection. For example, the influenza
A virus (IAV)-induced IncRNA VIN was observed
to regulate replication and viral protein synthesis of
IAV.”) IncRNA noncoding repressor of nuclear factor
of activated T cells expressed in Jurkat cells has been
shown to be regulated by human immunodeficiency
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virus 1 (HIV-1) infection, which in turn modulates
HIV-1 replication in a nuclear factor of activated T
cells—dependent manner.®

Hepatitis C virus (HCV) chronically infects
approximately 71 million people worldwide and is
a leading cause of hepatocellular carcinoma (HCC)
and liver cirrhosis.”) Prior to the development
of direct-acting antiviral (DAA) therapy, IFN-
based therapy (plus ribavirin) was the mainstay
of therapy for acute and chronic HCV infection.
Unfortunately, there is still a sizable population of
HCV-infected persons nonresponsive to IFN-based
therapy in developing countries where DAA ther-
apy is either not yet available or the cost of DAA
therapy is prohibitive. Following HCV infection,
the expression of hundreds of ISGs produces an
antiviral state that restricts HCV spread within
liver. Furthermore, pretreatment levels of intrahe-
patic ISGs are closely related to polymorphisms in
host IFNL3 genotype, and are also associated with
IFN responsiveness.'®1?  Although many ISGs
exert antiviral functions in the context of HCV
infection, the biological regulatory mechanisms of
IncRNAs in the context of chronic HCV infection
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and the attendant ISG exhausted phenotype that is
observed in chronic HCV infection have not been
described. In addition, recent reports have suggested
that DAA therapy for chronic HCV infection may
be associated with reactivation of hepatitis B virus
(HBV) infection in HCV/HBV coinfected indi-
viduals, 131 provocation or induction of autoim-
munity, and possibly a change in the incidence and
pattern of HCC in individuals with advanced liver
disease undergoing DAA therapy for chronic HCV
infection. The mechanisms by which IncRNAs reg-
ulate innate immune responses and host-virus inter-
actions during HCV treatment are still lacking.

We therefore studied the regulatory role of IncRNAs
on ISG expression and type I IFN responses. We
performed RNA sequencing (RNAseq) in Huh7.5.1
cells and found that IFN induced the expression of
a large number of IncRNAs. As IncRNAs regulate
gene expression in the nucleus through modulation of
transcription or posttranslational modification, small
interfering RNAs (siRNAs) that target mRNA protein
coding genes may not be the most effective strategy to
knock down gene function.'® The clustered regularly
interspaced short palindromic repeats (CRISPR)/
Cas9 guide RNA (gRNA) system provides an effec-
tive tool to knock down noncoding RNAs. 1% We
used gRNAs to study the regulatory roles of IncRNAs
on ISGs and HCV replication. We obtained a total of
7,901 IncRNAs from RNAseq of Huh7.5.1 cells with
and without IFNa treatment. We identified a cluster
of 1,062 differentially expressed (>2-fold) IncRNAs
that were involved in the regulation of the antiviral
activity of IFN. We selected 10 differentially expressed
IncRNAs for further characterization. We identified a
IncRNA located within the IFI6 gene, subsequently
named IncRNA-IFI6, as a negative regulator of IFI6.
We found that IncRNA IFI6 plays a critical role in
the containment of HCV through regulation of his-
tone modification of the IFI6 promoter.

Materials and Methods

CELLS AND VIRUS
Huh7.5.1, HepG2, LX2, TWNT4, and Huh7 cells

were grown in Dulbeccos modified Eagle’s medium
(Thermo Fisher Scientific, Waltham, MA) supplemented
with 10% fetal bovine serum (GIBCO, Waltham, MA)
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and 1% penicillin/streptomycin (Invitrogen, Waltham,
MA) at 37°C with 5% CO,. Huh7.5.1 cells were infected
with genotype 2a Japanese fulminant hepatitis 1 (JFH1)
HCVata rnultiplicit(y of infection of 0.2 (JFH1 cells) as
previously described."*** Primary human hepatocytes
(PHHs) were purchased from TRIANGLE Research
Laboratories (Durham, NC) and cultured according to
the manufacturer’s instructions. In brief, PHHs were
seeded onto matrix-coated plates and cultured with
Hepatocyte Plating Medium (Durham, NC). Cell via-
bility was determined using a Cell Titer-Glo lumines-
cent cell viability assay kit (Promega, Madison, WI)

according to the manufacture’s protocol.

LONG NONCODING RNA HIGH-
THROUGHPUT SEQUENCING AND
DATA ANALYSIS

Total RNA from control Huh7.5.1 cells and IFNa-
treated (30 IU/mL) Huh7.5.1 cells were used to prepare
the IncRNA sequencing library. Oligo dT beads were
used to select mRNA from the total RNA. The Illumina
library preparation was performed using broadly
designed indexed adapters following complementary
DNA synthesis with reverse transcription primers.
The samples were quantified by real-time quantitative
PCR after enrichment, followed by IncRNA high-
throughput sequencing performed at the Broad Institute
(Cambridge, MA) on the Illumina HiSeq2000 plat-
form using the Illumina Tru Seq Rapid SBS kit (#FC-
402-4002; Illumina, San Diego, CA) according to the
manufacturer’s instructions. The significantly differen-
tially expressed IncRNAs for the IFNa treated sample
versus control sample were assessed by fold-change (see
Bioinformatic analysis below), where >2.0 fold-change
differential gene expression indicates up-regulation of
IncRNA expression in IFNa-treated samples and a
told-change value <0.5 indicates down-regulation of
IncRNA gene expression in IFNa-treated samples. We
then chose five up-regulated and five down-regulated
IFN-induced IncRNAs from our RNAseq bioinfor-

matic analysis for further validation.

CHROMATIN
IMMUNOPRECIPITATION ASSAY

plncRNA-IFI6-overexpression, IncRNA-IFI6
gRNA, or negative control transfected Huh7.5.1 cells

were selected for chromatin immunoprecipitation
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(ChIP) assays using the EZ-Magna ChIP A/G chro-
matin immunoprecipitation kit (Millipore, Burlington,
MA) according to the manufacturer’s instructions.
Briefly, cells were fixed with 1% formaldehyde for 10
minutes followed by quenching of the formaldehyde
with 10x glycine. The cells were then lysed in lysis
buffer. The nuclear fraction of cells was pelleted in
nucleus lysis buffer. The chromatin was ultrasonically
treated and immunoprecipitated with the following
antibodies: anti-H3K4me3 (Cat # 17-614), anti-
H3K27me3 (Cat # 07-449), anti-RNA Polymerase
IT (Cat # 05-623B), and immunoglobulin G con-
trol (Cat # 12-371B) (Millipore, Burlington, MA).
Elution of protein/DNA complexes and reverse cross-
links of protein/DNA complexes to free DNA were
performed using the ChIP Elution Buffer mixed with
proteinase K, and the Magna Chip magnetic device.
The DNA was purified for qRT-PCR to assess
the promoter level of IFI6 and glyceraldehyde
3-phosphate dehydrogenase expression.

SUBCELLULAR FRACTIONATION

Cytoplasmic and nuclear fractions of the cells were
separated by using the SurePre Nuclear or Cytoplasmic
RNA purification kit (Fisher Scientific, Waltham,
MA), in accordance with the manufacturer’s instruc-
tions. In brief, Huh7.5.1 cells were treated with IFN«
30 IU/mL for 24 hours. After washing the cells with
phosphate-buffered saline, cells were lysed with ice-
cold Lysis Solution, and the cell lysates were centri-
fuged at 18900 g for 15 minutes at 4°C, after which the
cytoplasmic RNA was located in the supernatant, and
the nuclear RNA located within the pellets. The cyto-
plasmic RNA fraction and nuclear RNA fraction were
individually bound to a column using a binding solu-
tion and washed three times. The cytoplasmic RNA
and nuclear RNA were eluted in RNA elution solution.

5-Aza-2-DEOXYCYTIDINE
TREATMENT

Cells overexpressing IncRNA-IFI6 gRNA, negative
(Neg) gRNA, plncRNA-IFI6, or pEmpty were treated
with or without 10 pM 5-Aza-2'-deoxycytidineDNA
(methyltransferase inhibitor decitabine [DAC]) (Sigma,
St Louis, MO) for 48 hours. Total RNA was isolated
using the Total RNA kit (Qiagen, MD). The mRNA
level of each sample was detected by qRT-PCR.

LIU, DUAN, ET AL.

SECRETE-PAIR DUAL
LUMINESCENCE ANALYSIS
(DETECTION OF ISG PROMOTER
ACTIVITY)

The Secrete-Pair Dual Luminescence Assay Kit
for parallel bioluminescence assays of Gaussia lucifer-
ase (Gluc) and secreted alkaline phosphatase (SEAP)
were provided by GeneCopoeia Inc (Rockville, MD).
Cells overexpressing plncRNA-IFI6 and IncRNA-
IFI6 gRNA were transfected with a pEZX-PG04-
IFI6-promoter and pEZX-PG04-OAS3-promoter,
respectively. Gluc and SEAP assays were performed
to detect IFI6 and OAS3 promoter activity.

STATISTICAL ANALYSIS

Data analyses were performed using a 2-tailed
Student # test. Data are expressed as mean * standard
deviation of at least three sample replicates, unless
stated otherwise. In all analyses, *P < 0.05; **P < 0.01;
**P < 0.001 for comparison of indicated treatments.

Note: Additional materials and methods are avail-
able in the Supporting Materials and Methods.

Results

IncRNA-IFI6 LOCALIZATION AND
EXPRESSION

We obtained 7,901 IncRNAs from RNAseq
(Supporting Table S1). We identified 1,062 IncRNAs
that were significantly dysregulated greater than
2-fold following IFNa treatment (Supporting Fig.
S1A). We selected five upregulated and five down-
regulated IncRNAs for further qRT-PCR validation
and characterization. We confirmed qRT-PCR results
for these IncRNAs were consistent with the RNAseq
data (Supporting Fig. S1B-K; Supporting Table S1).
IncRNA RP11-288L.9.4 was the most upregulated
gene following IFNa treatment. IncRNA RP11-
2881.9.4 is located on human chromosome 1 (p36,
11) (position: chrl: 27,669,468-27,670,276) and over-
laps with the antisense strand of IFI6 within intron
1 (Supporting Fig. S1L). We found that IncRNA
RP11-288L.9.4 expression in several human cell lines
(Huh7.5.1, Huh7, LX2, TWNT4 and HepG2) and
PHHs was highly induced following IFNa treatment
(Supporting Fig. SIM-R). These findings indicated
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that IncRNA RP11-288L.9.4 levels are stable among
our tested human hepatocytes and hepatic stellate
cells. We subsequently named IncRNA RP11-288L.9.4
as “IncRNA-IFI6” given its location within the IFI6

gene in the human genome.

IncRNA-IFI6 REGULATION OF
IFI6 EXPRESSION AND HCV
INFECTION

To further determine the regulatory effects
of IncRNA-IFI6 on the antiviral response to
HCV infection, we generated Huh7.5.1 cell lines

HEPATOLOGY, March 2019

stably expressing IncRNA-IFI6 gRNA by using the
pSpCas9 BB-2A-Puro PX459 all-in-one system
(Supporting Fig. S2A) and Huh7.5.1 cells stably
expressing full-length human IncRNA-IFI6. We
found that IncRNA-TFI6 gRNA significantly inhib-
ited IncRNA-IFI6 expression and IFNa-induced
IncRNA-IFI6 expression in Huh7.5.1 and JFH1 cells
(Fig. 1A). IncRNA-IFI6 gRNA or overexpression of
plncRNA-IFI6 did not significantly affect cell viabil-
ity (Supporting Fig. S2B,C). We confirmed that HCV
RNA levels increased over time from O to 72 hours
after inoculation with JFH1 virus, confirming HCV
infection in JFH1-infected Huh7.5.1 cells. However,
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FIG.1.IncRNA-IFI6 regulation of IFI6 expression and HCV infection. JFH1 HCV was inoculated into cells for 48 hours. At 24 hours
after infection, human IFNa was added at a final concentration of 30 IU/mL. Total RNA or protein lysates were harvested at 48 hours
after infection. (A) IncRNA-IFI6 gRNA decreased IncRNA-IFI6 levels in Huh7.5.1 or JFH1 cells compared with Neg gRNA with
or without IFNa, respectively. (B) IncRNA-IFI6 gRNA reduced HCV RNA levels in JFH1-infected Huh7.5.1 cells compared with
Neg gRNA. IFNa plus IncRNA-IFI6 gRNA further decreased HCV RNA levels. (C) IncRNA-IFI6 gRNA significantly increased
IFI6 mRNA expression in Huh7.5.1 and JFH1 cells compared with Neg gRNA with or without IFNa, respectively. (D) IncRNA-IFI6
gRNA increased IFI6 protein and reduced HCV core levels in Huh7.5.1 or JEH1 cells compared with Neg gRNA with or without
IFNaq, respectively. (E) IncRNA-IFI6 gRNA reduced HCV RNA levels in PHHs or JFH1-infected PHH cells compared with Neg
gRNA. IFNa and IncRNA-IFI6 gRNA further decreased HCV RNA levels. (F) IncRNA-IFI6 gRNA significantly increased IFI6
mRNA expression in PHH and JFH1-infected PHH cells compared with Neg gRNA with or without IFNa, respectively.
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IncRNA-IFI6 gRNA significantly inhibited HCV
RNA levels compared with Neg gRNA (Supporting
Fig. S3A).

We also found that both IncRNA-IFI6 gRNA and
IFNa treatment inhibited HCV RNA levels (Fig.
1B). IFNa plus IncRNA-IFI6 gRNA further reduced
HCV infection (Fig. 1B). Interestingly, we found that
IncRNA-IFI6 specifically regulated IFI6 expression
(Fig. 1C; Supporting Fig. S4A). In contrast, several
classical ISGs including OAS3, IFIT1, MX1, IFITS5,
ZAP, IRF7, ISG15, and ISG20 were not signifi-
cantly affected by IncRNA-IFI6 gRNA (Supporting
Figs. S4B-I, S5A-B). We found that IncRNA-IFI6
gRNA significantly enhanced IFI6 mRNA and pro-
tein expression levels compared with Neg gRNA
in both Huh7.5.1 and JFH1 cells at 48 hours after
HCV infection (Fig. 1C,D). In contrast, overexpres-
sion of plncRNA-IFI6 significantly increased HCV
RNA levels from 0, 12, 24, 36, 48, to 72 hours after
HCYV inoculation compared with pEmpty in JFH1-
infected Huh7.5.1 cells (Supporting Fig. S3B,C).
Overexpression of plncRNA-IFI6 rescued IFNa-
induced inhibition of HCV infection (Supporting
Fig. S3D). We also confirmed that overexpression
of plncRNA-IFI6 inhibited IFI6 mRNA and pro-
tein levels compared with pEmpty (Supporting Fig.
S3E,F). IFNa rescued IFI6 mRNA and protein
expression following overexpression of plncRNA-IFI6
in Huh?7.5.1 and JFH1 cells (Supporting Fig. S3E,F).
As with IncRNA-IFI6 gRNA, we also found that
classical ISGs were not significantly affected by over-
expression of plncRNA-IFI6 (Supporting Figs. 4]-R,
S5C,D). These findings indicate that IFI6 is specifi-
cally regulated by IncRNA-IFI6.

Because the Huh7.5.1 cell line is an immortalized
cell line with deficiencies in the RIG-I pathway,?") we
therefore validated our findings in PHHs. We con-
firmed that IncRNA-IFI6 gRNA inhibited IncRNA-
IFI6 expression, and IFNa induced IncRNA-IFI6
expression in uninfected and JFH1-infected PHHs
(Supporting Fig. S3G). IncRNA-IFI6 gRNA also
inhibited HCV infection and increased IFI6 expres-
sion in PHHs (Fig. 1E,F). As expected, overexpres-
sion of plncRNA-IFI6 significantly promoted HCV
infection and reduced IFI6 expression in PHHs
(Supporting Fig. S3H-]). In addition, we found that
HCYV infection increased IncRNA IFI6 (Fig. 1A) and
reduced IFI6 mRNA expressions (Fig. 1C). We also

LIU, DUAN, ET AL.

found that higher HCV RNA levels are associated
with lower IFN-induced IFI6 levels in liver biop-
sies from patients with chronic HCV infection (data
not shown). These findings indicate that IncRNA-
IFI6 is a specific regulator of the ISG IFI6 on HCV

infection.

IFI6 REGULATES HCV INFECTION

To confirm the effect of IFI6 on HCV infection,
we performed siRNA knockdown and overexpression
of IFI6 in JFH1-infected Huh7.5.1 cells. We found
that siRNA knockdown or overexpression of IFI6
did not significantly affect cell viability (Supporting
Fig. S6A,B). Furthermore, IFI6 siRNA significantly
increased HCV RNA and core protein levels in JFH1-
infected Huh7.5.1 cells (Supporting Fig. S6C-E). We
also generated IF16 knockout Huh7.5.1 cells by stably
transfecting IFI6 gRNA. We found that IFI6 gRNA
significantly increased HCV RNA and core protein
levels in JEH1-infected Huh7.5.1 cells compared with
Neg gRNA (Fig. 2A,B). However, we observed par-
tial impairment of anti-HCV activity with low-dose
IFNa treatment (30 IU/mL) with IFI6 knock down
(Fig. 2A,B; Supporting Fig. S6C-E). These findings
further confirm the anti-HCV effects of IFI6,(22’24)
and that IFNa likely induces many other ISGs, such
as IFITMs, RSAD2, ISG56, GBP-1, and CH25H,
that have been shown to have redundant effects against
HCV replication.(25’27) In contrast, overexpression of
pIF16 significantly decreased HCV RNA and protein
levels in JFH1 cells (Fig. 2C-E). These data further
confirmed that IFI6 regulates HCV infection.

IncRNA-IFI6 REGULATION OF HCV
INFECTION IS MEDIATED BY IFI6

To study the regulatory role of IncRNA-IFI6
and the association of IFI6 with IncRNA-IFI6, we
performed siRNA-mediated knockdown of IFI6 in
IncRNA-IFI6 gRNA stably transfected JFH1 cells,
while an IFI6 overexpression plasmid was transiently
transfected into IncRNA-IFI6 stably expressing
JFH1 cells. Cell viability was not affected by these
experimental conditions (Supporting Fig. S6F,G).
We demonstrated that RNAi-mediated knockdown
of IFI6 rescues HCV infection in IncRNA-IFI6
gRNA stably expressing JFH1 cells (Supporting
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FIG. 2. IF16 regulates HCV infection. Huh7.5.1 cells stably expressing specific IFI6 gRNA, Neg gRNA, pIFI6, and pEmpty were
generated. Total RNA or protein of the cells was harvested at 48 hours after JFH1 HCV (JFH1 at 0.2 multiplicity of infection)
infection, and 24 hours after IFNa treatment. The selected gene mRNAs were assessed by qRT-PCR. The protein levels were
monitored by western blot. Data are shown as means + standard deviation of three replicates. *P < 0.05; **P < 0.01; ***P < 0.001. (A)
IFI6 gRNA significantly increased HCV RNA level in JFH1-infected Huh7.5.1 cells compared with Neg gRNA with or without

IFNa, respectively. (B) IFI6 gRNA increased HCV core protein

level compared with Neg gRNA. (C) Overexpression of pIFI6

inhibited HCV RNA expression in JEH1-infected Huh7.5.1 cells compared with pEmpty with or without IFNa, respectively. (D)
Overexpression of pIFI6 increased IFI6 mRNA levels compared with pEmpty. (E) Overexpression of pIFI6 increased IFI6 protein
expression and reduced HCV core levels compared with pEmpty with or without IFNa, respectively.

Fig. S6H-J). Moreover, to avoid IncRNA-IFI6
gRNA off-target effects, we performed similar
experiments in IFI6 knockout Huh7.5.1 cells by
stably transfecting IFI6 gRNA. We confirmed that
IF16 knockout rescues HCV infection in IncRNA-
IFI6 gRNA transfected JFH1 cells (Fig. 3A,B).
IF16 knockdown or plncRNA-IFI6 overexpression
significantly increased HCV mRNA and core pro-
tein levels (Fig. 3C,D). We found that overexpres-
sion of IFI6 reversed the effects of plncRNA-IFI6
on increased HCV infection and inhibition of IFI6
expression (Fig. 3E,F; Supporting Fig. S6K). We

1010

observed similar results in JFH1-infected PHHs,
in which siRNA of IFI6 rescued HCV infection
in IncRNA-IFI6 gRNA-transfected JFH1-infected
PHHs (Supporting Fig. S6L,M). Furthermore,
overexpression of IFI6 reversed the effect of pln-
cRNA-IFI6 on HCV infection in JFH1-infected
PHHs (Supporting Fig. S6N,0). We found that
IncRNA-IFI6 mRNA levels were not significantly
affected by siRNA IFI6 knockdown or overex-
pression (Supporting Fig. S6P,Q). These findings
confirm that IncRNA-IFI6 regulation of HCV rep-
lication is mediated by IFI6.
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FIG. 3. IncRNA-IFI6 regulates HCV infection through IFI6. IFI6 gRNA or Neg gRNA were transfected into IncRNA-TFI6 gRNA

stably transfected cells. pIF16 or pEmpty were transfected into plncRNA-IFI6-overexpressing cells, respectively. Total RNA or protein
of the cells was harvested at 72 hours after vector transfection, 48 hours after JFH1 HCV (JFH1 at 0.2 multiplicity of infection) infection,
and 24 hours after IFNa treatment. (A) IF16 gRNA rescued HCV RNA reduction mediated by IncRNA-IFI6 gRNA in JFH1-infected
Huh7.5.1 cells compared with Neg gRNA. (B) IFI6 gRNA rescued HCV core protein reduction and depleted IFI6 protein expression
in JFH1-infected Huh7.5.1 cells compared with Neg gRNA. (C) Overexpression of plncRNA-IFI6 or IFI6 gRNA increased JFH1
HCV RNA levels in JFH1-infected Huh7.5.1 cells compared with Neg gRNA. (D) Overexpression of plncRNA-IF16 or IFI6 gRNA
increased JFH1 HCV core protein levels in JEH1-infected Huh7.5.1 cells compared with Neg gRNA. (E) Overexpression of pIFI6
inhibited plncRNA-IFI6 induction on HCV RNA levels compared with pEmpty in JEH1 cells. (F) Overexpression of pIF16 increased

IF16 protein and decreased HCV core protein levels in cells overe

IncRNA-IFI6 REGULATION OF
HCV INFECTION THROUGH IFIe6
IS INDEPENDENT OF JAK-STAT
SIGNALING

We found that IncRNA-IFI6 gRNA or overexpres-
sion did not significantly affect STAT1 mRNA and
protein expression levels compared with Neg gRNA
or pEmpty overexpression (Supporting Fig. S7A-D).
Moreover, STAT1, STAT2, or JAK1 siRNAs did not
significantly affect IncRNA-IFI6 expression levels
(Supporting Fig. S7E), despite confirmed adequate
STAT1, STAT2, and JAK1 mRNA knockdown by
their respective siRNAs compared with Neg siRNA
control (Supporting Fig. S7F-H). We found that siR-
NAs to STAT1, STAT2, or JAK1 did not affect cell

xpressing plncRNA-IFI6 compared with pEmpty.

viability (Supporting Fig. S7I). In addition, gRNA
or overexpression of plncRNA-IFI6 did not signifi-
cantly affect IFN-sensitive response element (ISRE)-
directed signaling (Supporting Fig. S8A,B), or cell
viability (Supporting Fig 8C,D) in Huh7.5.1 or JFH1
cells.

Previous studies have shown that IncRNA may
induce the production of certain cytokines.?® We
therefore tested whether IncRNA-IFI6 regulates IF16
through production of other cytokines. We found that
IFI6 mRNA expression was not significantly differ-
ent between Huh7.5.1 cells treated with cell culture
supernatants from Huh7.5.1 cells stably overexpress-
ing IncRNA-TFI6 gRNA and Neg gRNA control
cells (Supporting Fig. S8E-G). We confirmed that cell
culture supernatant treatment did not affect Huh7.5.1
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cell viability (Supporting Fig S8H,I). These results
demonstrate that IncRNA-IFI6 regulation of IFI6
and HCV infection does not occur through the JAK-
STAT and ISRE signaling pathways, or through other

secreted cytokines.

IncRNA-IFI6 REGULATES INITIAL
TRANSCRIPTION OF IFI6

We performed subcellular fractionation and found
that IncRNA-IFI6 mostly localizes in the nucleus
of Huh7.5.1 cells (Fig. 4A-D). IncRNAs have been
shown to regulate the transcription processes of cod-
ing genes through the maintenance of DNA meth-

ylation.(29) Our bioinformatic analysis found that a

HEPATOLOGY, March 2019

CpG island (304 base pair [bp] DNA) was present
between exon 2 and intron 2 (4,242-4,545 bp) of
the IFI6 gene (Supporting Fig. S9A). We introduced
the DNA methyltransferase inhibitor DAC in our
cells and found that DAC treatment increased IFI6
mRNA levels in IncRNA-IFI6 gRNA or overex-
pressing IncRNA-IFI6 Huh7.5.1 cells; however, the
expression of IFI6 was further increased in the pres-
ence of IncRNA-IFI6 gRNA. In contrast, overexpres-
sion of pIncRNA-IFI6 still demonstrated inhibition
of IFI6 (Fig. 4EF). Cell viability assays showed that
DAC, IncRNA-IFI6 gRNA, or overexpressed pln-
cRNA-IFI6 did not affect cell viability (Supporting
Fig. 9B,C). These results indicate that IncRNA-IFI6
is not associated with IFI6 DNA methylation.
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FIG. 4. IncRNA-IFI6 is a nuclear transcript. Huh7.5.1 cells were treated with IFNa (30 IU/mL) for 24 hours. Cytoplasmic and nuclear
fractions of the cells were separated. The RNA levels of IncRNA-IFI6 and IFI6 were assessed by qRT-PCR in nuclear and cytoplasmic
fractions from Huh7.5.1 cells. The total RNA was used as input control. Data are shown as percent (%) input. IncRNA-IFI6 gRNA,
Neg gRNA, pIncRNA-IFI6, and pEmpty stably overexpressing cells were treated with or without 10 pM 5-Aza-2'-deoxycytidineDNA
(methyltransferase inhibitor DAC) for 48 hours. Total RNA was isolated. IFI6 mRNA was assessed by qRT-PCR. (A) IFI6 mRNA
was detected in both nuclear and cytoplasmic fractions in Huh7.5.1 cells. (B) IncRNA-TFI6 is a nuclear transcript. The majority of
IncRNA-IFI6 was found in the nuclear fraction of Huh7.5.1 cells. (C) RNA levels of U6 (nuclear marker) were assessed by qRT-PCR
in nuclear and cytoplasmic fractions from Huh7.5.1 cells. Total RNA was used as input control. Data are shown as percentage input.
(D) RNA levels of GAPDH (cytoplasmic marker) were assessed by gRT-PCR in nuclear and cytoplasmic fractions from Huh7.5.1 cells.
(E) IncRNA TFI6 gRNA or DNA methyltransferase inhibitor DAC (15 pM) treatment increased IFI6 mRNA levels in Huh7.5.1 cells.
(F) Overexpression of plncRNA IFI6 blocked DAC treatment-induced IFI6 mRNA enhancement in Huh7.5.1 with or without IFNa,
respectively. Abbreviation: GAPDH, glyceraldehyde 3-phosphate dehydrogenase.



¥20¢/0T/90 uo

8/ +AUAOANDMM8eAAAAVO/PIAEIDPIASALLIAIPOOAEIEAHIDII/ADOA

UMY TXOMADUOINXZOHISABZIY T +eyNIOITWNOTZTABNHARSHINAYE Aq day/woo mm| sfeulnoly/:dny wouij pspeojumoq

HEPATOLOGY, Vol. 69, No.3, 2019

We designed specific primers to measure precur-
sor mRNA (pre-mRNA), which represents the initial
transcriptional level and mature IFI6 mRNA levels
in Huh7.5.1 and JFH1 cells (Supporting Table S2).
We found that IncRNA-IFI6 gRNA significantly
increased IFI6 pre-mRNA levels compared with Neg
gRNA control. As expected, overexpression of pln-
cRNA-IFI6 significantly reduced IFI6 pre-mRNA

LIU, DUAN, ET AL.

levels in Huh?7.5.1 cells (Fig. 5A,B; Supporting Fig.
SID,E). To further differentiate between initial
transcription and downstream posttranscriptional
modifications, including splicing and degradation in
the nucleus, we introduced the transcription inhibi-
tor actinomycin D for comparison. We found that
IncRNA-IFI6 gRNA or overexpression of pln-
cRNA-IFI6 did not significantly affect IFI6 mRNA
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FIG. 5. IncRNA-IFI6 regulates initial transcription of IFI6. IncRNA-IFI6 gRNA or plncRNA-IFI6 stably transfected Huh7.5.1 cells
were treated with or without ActD at 1 pg/mL. Total RNA was harvested at 0, 5, 10, and 15 hours after treatment. The mRNA level
of each sample was detected by qRT-PCR by using specific primers to measure pre-mRNA, which represents the initial transcriptional
level, and mature IFI6 mRNA levels in Huh7.5.1 or JEH1 cells. (A) IncRNA-IFI6 gRNA significantly increased IFI6 pre-mRNA
(pre-1F16-1) levels compared with Neg gRNA in Huh7.5.1 or JFH1 cells with or without IFNa, respectively. (B) Overexpression of
plncRNA-TFI6 significantly reduced IFI6 pre-mRNA (pre-IF16-1) levels compared with pEmpty in Huh7.5.1 or JFH1 cells with or
without IFNa, respectively. (C) ActD treatment inhibited IFI6 mRNA expression in IncRNA-IFI6 gRNA stably transfected Huh7.5.1
cells. The IFI6 mRNA values were normalized to GAPDH. (D) IncRNA-IFI6 gRNA did not significantly affect IFI6 mRNA half-life
compared with Neg gRNA in Huh7.5.1 cells. The mRNA level at 0 hours in each treatment in (C) was set to 100% of the fraction value.
The relative fraction values of each treatment at 5, 10, or 15 hours were obtained by normalization to the value at 0 hours, respectively.
The IF16 mRNA degradation half-life of Neg gRNA+ ActD is relatively equal to IncRNA-IFI6 gRNA+ ActD. (E) ActD treatment
reduced IFI6 mRNA expression levels in plncRNA-IFI6 stably transfected Huh7.5.1 cells. The IFI6 mRNA values were normalized to
GAPDH. (F) Overexpression of plncRNA-IFI6 did not significantly affect IFI6 mRNA half-life compared with pEmpty in Huh7.5.1
cells. The mRNA level at 0 hours in each treatment in (E) was set to 100% of the fraction value. The relative fraction values of each
treatment at 5, 10, or 15 hours were obtained by normalized to the value at 0 hours, respectively. The IFI6 mRNA degradation half-life
of IncRNA-TFI6 gRNA+ ActD is relatively equal to pEmpty+ ActD. Abbreviations: ActD, actinomycin D; GAPDH, glyceraldehyde
3-phosphate dehydrogenase.
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(Fig. 5C-F) or IFI6 pre-mRNA (Supporting Fig. regulates the promoter activity of IFI6, we constructed
S9F-I) half-life, indicating similar degradation rates a pEZX-PGO04-IFI6-promoter and pEZX-PG04-
between IncRNA-IFI6 gRNA treatment and overex- OAS3-promoter dual luminescence reporter vector.
pression of plncRNA-IFI6. These results suggest that  Because OAS3 is located in a different chromosome
the regulatory action of IncRNA-IFI6 on IFI6 occurs than IFI6 (chromosome 12 versus chromosome 11,

during initial transcription. respectively) and is not affected by IncRNA-IFI6,

we therefore selected the pEZX-PG04-OAS3-pro-
IncRNA-IFI6 REGULATES IFI6 moter vector as a control. We observed that IncRNA-
THROUGH ITS PROMOTER IFI6 gRNA significantly increased 1FI6 promoter

activity compared with Neg gRNA control, whereas

IncRNAs have also been shown to regulate cod- plncRNA-IFI6 overexpression significantly inhib-
ing gene transcription through modulation of pro- ited IFI6 promoter activity compared with the
moter activity.(é) To determine whether IncRNA-IFI6  pEmpty control (Fig. 6A,B). However, we found
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o CIFN- B IFN + . C]FN- B PN+ H3Kdme3
;.<|.1 g & E E 4 . N [J Neg gRNA
w3 w3 B IncRNA-IFI6 gRNA
g8 S8 3
S8 4 =X s B
- Q P s
@ 5 od
4 % 3 2 E =
Eo 2 Eo =
Sz 6.2 1 s 15
S g2 =
5 [ & 10
(=]
wx 0 ge o =
i 5 5
Neg gRNA + - + - pEmpty + - + a 0
IncRNA-IFI6 . + - + pIncRNA-IFI6 - + - +
sty IFI6
Huh7.5.1 JFH1
Huh7.5.1 JFH1
D E F
H3K27me3 H3K4me3 H3K27me3
[ Neg gRNA [J Neg gRNA [ Neg gRNA
I IncRNA-FIE gRNA B IncRNA-IFI6 gRNA B IncRNA-IFI6 gRNA
U o 4 2.5
§ 40 g -
E E 3 @ 20
= = E
o 30 o <
£ = 32 o 15
& 20 8 E
Q c
z z , 5 10
g 10 2 S 0.5
0 0 *
0.0
IFI6 GAPDH GAPDH

FIG. 6. IncRNA-IFI6 regulates IF16 through its promoter. IncRNA-TFI6 gRNA, Neg gRNA, plncRNA-IFI16, and pEmpty stably
overexpressing cells were cotransfected with pEZX-PG04-1F16-promoter or pEZX-PG04-OAS3-promoter, respectively. Gluc assay
and SEAP assay were performed to detect the promoter activity. plncRNA-IFI6 overexpression, pEmpty, IncRNA-IFI6 gRNA, or
Neg gRNA-transfected Huh7.5.1 cells were subjected to ChIP analysis. The relative amounts of IFI6 DNA immunoprecipitated by
the H3K4me3 or H3K27me3 antibody were normalized to IFI6 DNA isolated by the control immunoglobulin G. (A) IncRNA-IFI6
gRNA increased pEZX-PG04-IF16 promoter-induced Gluc/SEAP activity compared with Neg gRNA in Huh7.5.1 or JFH1 cells
with or without IFNa, respectively. (B) Overexpression of plncRNA-IFI6 decreased pEZX-PG04-1FI6 promoter-induced Gluc/
SEAP activity compared with pEmpty in Huh7.5.1 or JFH1 cells with or without IFNa, respectively. (C) IncRNA-IFI6 gRNA
significantly increased the enrichment of H3K4me3 at IFI6 transcription start sites. (D) IncRNA-IFI6 gRNA significantly reduced
the enrichment of H3K27me3 of the IF16 gene. (E) ChIP analysis of H3K4me3 levels at the GAPDH locus in IncRNA-IFI6 gRNA
and Neg-gRNA control cells. (F) ChIP analysis of H3K27me3 levels at the GAPDH locus in IncRNA-IFI6 gRNA and Neg-gRNA
control cells. Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Gluc, Guassia luciferase.
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that IncRNA-IFI6 gRNA or plncRNA-IFI6 overex-
pression did not significantly affect OAS3 promotor
activity (Supporting Fig. S10A,B). We confirmed that
IncRNA-IFI6 gRNA, plncRNA-IFI6 overexpression,
or the Secrete-Pair Dual Luminescence Assay did
not significantly affect cell viability (Supporting Fig.
S10C-F). These findings suggest that IncRNA-IFI6 is
a specific negative regulator of IFI6 promoter activity.
However, similar to a previous report,® the GLuc and
SEAP dual luciferase-based promoter activity assay is
less sensitive compared with PCR-based mRNA assay
in monitoring response to IFN treatment.

Another mechanism by which IncRNAs regulate
gene transcription is through histone modification of
transcription start sites.°” We performed ChIP to
assess histone 3 lysine 4 trimethylation (H3K4me3,
active mark) and histone 3 lysine 27 trimethyla-
tion (H3K27me3, repression signal) activity with
IncRNA-IFI6 gRNA and plncRNA-IFI6 overexpres-
sion in Huh7.5.1 cells. We observed that IncRNA-
IFI6 gRNA significantly increased the enrichment of
H3K4me3 at IFI6 transcription start sites but signifi-
cantly reduced the enrichment of H3K27me3 at the
IF16 gene locus (Fig. 6C-F). In contrast, the H3K4me3
enrichment at the IFI6 gene locus in plncRNA-IFI6
overexpression was significantly lower compared with
pEmpty overexpression, whereas plncRNA-IFI6 over-
expression significantly increased H3K27me3 enrich-
ment at the IFI6 gene locus compared with pEmpty
control in Huh7.5.1cells (Supporting Fig. S10G-K).
These results indicate that IncRNA-IFI6 affects the
transcription of IFI6 through histone modification.

IncRNA-IFI6 EXERTS ITS
REGULATORY FUNCTION ON
IFI6 PROMOTER ACTIVATION
AND HISTONE MODIFICATION
THROUGH ITS SPATIAL DOMAIN

The secondary structure and domain of IncRNAs
determine their regulatory function.®? To assess the
specific functional structure of IncRNA-IFI6, we used
the bioinformatic software RNAfold and Vienna
RNA to predict the secondary structure of IncRNA-
IFT6, which assigned four possible functional domains:
mutant 1 (large left arm), mutant 2 (large right arm),
mutant 3 (small left arm), and mutant 4 (central cir-
cle structure) (Fig. 7A). We found that overexpression
of full-length IncRNA-IFI6 or mutant 2 significantly

LIU, DUAN, ET AL.

increased HCV infection and decreased IFI6 mRNA
and protein levels in Huh7.5.1 cells. In contrast,
mutant 1, 3, and 4 overexpression did not significantly
affect HCV infection, IFI6 mRNA, or IFI6 protein
levels compared with the pEmpty in Huh7.5.1 and
JFH1 cells (Fig. 7B-D). We found that overexpres-
sion of full-length or each mutant IncRNA-IFI6
did not significantly affect cell viability (Supporting
Fig. S11A). We also confirmed that full-length and
mutant 2 IncRNA-IFI6 overexpression exerted com-
parable levels of HCV enhancement and IFI6 mRNA
inhibition in PHHs (Supporting Fig. S11B,C). These
results suggest that the large right arm structure
of IncRNA-IFI6 (mutant 2) is the key functional

domain.

Discussion

IncRNAs regulate a variety of biological processes
through modulation of transcription and posttran-
scriptional mechanisms. Most IncRNAs are tran-
scribed by RNA polymerase 11, and show tissue- and
cell type—specific expression. #1332 IncRNAs have
also been reported to be involved in epigenetic regula-
tion. For example, IncRNA HOX transcript antisense
RNA leads to altered histone H3 lysine 27 methyl-
ation through recruitment of Polycomb repressive
complex 2 to a specific region of chromatin.®¥ In
addition, IncRNA Kcnqglotl maintains the silencing
of imprinted genes via modulation of DNA methyla-
tion.””) A recent report demonstrated that the immu-
noregulatory IncRNA-EPS plays a role as a repressor
of inflammatory responses through restraining the
expression of immune response genes.** DDX5 and
its associated IncRNA Rmrp was also reported to
modulate T-helper 17 cell effector functions.®”
However, apart from the aforementioned studies,
characterization of the immunoregulatory functions
of most IncRNAs are largely lacking.

IFN-free combination DAA therapies are a highly
effective therapy for chronic HCV infection (>95%
cure rates) and are now widely used in clinical prac-
tice.®® Although DAAs directly inhibit specific HCV
proteins involved in the HCV replication cycle and
were not thought to be directly immunomodulatory,
recent studies have demonstrated that innate immune
profiles are altered during DAA therapy, including

improvement in natural killer cell function,®”%®) as
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FIG. 7. IncRNA-IFI6 exerts its regulatory function on promoter activation and histone modification of IFI6 through its spatial
domain. Huh7.5.1 cell lines stably expressing full-length plncRNA-IFI6, pMutant 1-4, and pEmpty were generated, respectively.
JFH1 HCV was inoculated into the cells for 48 hours. Each selected gene mRNA expression level was normalized to GAPDH mRNA
yielding arbitrary units (fold-change). Protein levels were detected by western blot. (A) The proposed IncRNA-IFI6 and 4 IncRNA
mutations’ secondary structure based on the analysis results of bioinformatics software RNAfold and Vienna RNA. The black circles
depict where the mutations are located. (B) Overexpression of wild-type or mutant 2 IncRNA-IFI6 significantly increased HCV
RNA levels compared with pEmpty in JFH1 cells with or without IFNa, respectively. (C) Overexpression of wild-type or mutant 2
IncRNA-IFI6 significantly reduced IFI6 RNA levels compared with pEmpty in JEH1 cells with or without IFNa, respectively. (D)
Overexpression of wild-type or mutant 2 IncRNA-IFI6 significantly reduced IFI6 protein and increased HCV core protein levels
compared with pEmpty in JEH1 cells. Lane 1: pEmpty, lane 2: plncRNA-IFI6, lane 3: pMutant 1, lane 4: pMutant 2, lane 5: pMutant
3, lane 6: pMutant 4. (E) PCR gel image of the similar IncRNA-IFI6 levels in Huh7.5.1 cells overexpressing full-length IncRNA-IFI6
or each mutant. (F) The relative equal amount of IncRNA-IFI6 levels in Huh7.5.1 cell overexpression with full-length IncRNA-IF16 or
each mutant. IncRNA-IFI6 levels were measured by qRT-PCR. Abbreviation: GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

well as normalization of intrahepatic ISG expression
in liver and restoration of intrahepatic type I IFN
responses 1n patients with HIV-1 with acute HCV
infection®” and in patients with chronic HCV.®? In
addition, DAA therapy has also been reported to par-
tially improve adaptive immune cell function. (37,38,40)
Therefore, type I IFN and ISG responses are modu-
lated and remain relevant during DAA therapy.

In order to study the regulatory mechanisms of

IncRNAs on type I IFN response or ISGs in the

1016

context of HCV infection, we identified thou-
sands of IFNa-induced IncRNAs, one of which was
IncRNA-IFI6. We found that IncRNA-IFI6 regu-
lated IFI6 with or without IFNa treatment. Type 1
interferons (IFNa/f) have been reported to induce
over 300 ISGs. Many of these ISGs inhibit HCV
replication. (2223:4142) However, some ISGs, such as
1SG15 and USP18, promote HCV replication.*?™*
The expression of many IncRNAs is strongly depen-
dent on the cell type and cellular state and is tightly
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controlled by various cellular signals. IncRNAs have
been reported to play important roles in the reg-
ulation of the IFN response and ISG induction
in HCV infection.?” For example, the IncRNA
EGOT has been shown to increase HCV replica-
tion by suppressing the antiviral response through
the NF-xB pathway 46) HCV infection in turn acti-
vates PKR and induces NF-xB, EGOT, and, sub-
sequently, ISG15 transcription to block the RIG-I
pathway, inhibiting the expression of several ISGs
to enhance HCV replication.?”**”)  IncRNA-
CMPK2/NRIR (Negative Regulator of the IFN
Response) inhibits HCV replication through tran-
scriptional down-regulation of several ISGs in a
Jak-Stat-dependent manner. IncRNA NEAT1 con-
trols Hantavirus infection through the RIG-I/IRF7
pathway.“®) In this study, we found that IFN induces

LIU, DUAN, ET AL.

both IncRNA IFI6 and IFI6 expression, the latter of
which exerts major inhibitory effects on HCV infec-
tion. IncRNA-IFI6 affected histone modification to
regulate IFI6 through the enrichment of H3K4me3
(active mark) and H3K27me3 (repressive mark) to
regulate HCV infection. We also determined that
IncRNA-IFI6 regulated IFI6 independent of the
JAK-STAT signaling pathway and DNA methyla-
tion (Fig. 8A). The regulatory function of IncRNA
can be determined by their specific secondary struc-
ture. For example, the tumor-suppressing function
of IncRNA MEG?2 is determined by conservation
of the secondary structure rather than its primary
sequence. (6,40) Therefore, we designed four deletion
mutants of IncRNA-IFI6 to investigate its func-
tional structure and found that the large right arm

structure of IncRNA-IFI6 (mutant 2) is the key

IncRNA-IFI6

DNA
methylation

Promoter
activity
inhibition

Histone
modification

JAK-STAT
signaling

pathway

\,\ //

IF16
Promoter
— CpG island
*1

Coding gene —

Intron 1

Intron 2 Intron 3 Intron 4

FIG. 8. Proposed model for IncRNA-IFI6 regulation of HCV infection. IncRNA-IFI6 is an IFN-induced IncRNA, which regulates
HCYV infection through negative regulation of the antiviral gene IFI6. IncRNA-IFI6 regulates IFI6 through histone modification and
negatively regulates its promoter. IncRNA-IFI6 has no effect on DNA methylation and is independent of the JAK-STAT signaling

pathway.
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functional domain. This study demonstrates that
IFN-induced IncRNA-IFI6 regulates histone mod-
ification of the IFI6 promoter through its spatial
domain (large right arm) to affect HCV infection.

HCV replication has been shown to inhibit the
expression of several ISGs including IFI6 in Huh7
HCYV replicon cells.?® Tn this study, we confirmed that
HCYV infection reduced IFI6 and increased IncRNA
IF16 expression in JFH1-infected Huh7.5.1 cells. We
found that IncRNA-IFI6 regulation of HCV infec-
tion through IFI6 is independent of Jak-Stat signal-
ing. IncRNAs have been reported to play important
roles in regulation of the IFN response and ISGs in
HCYV infection.®” We previously have demonstrated
that HCV infection regulated ISGs through the Jak-
Stat pathway.?*?"*#"°0 We therefore speculate that
HCV’s effects on IncRNA IFI6 and IFI6 expression
are mediated through innate immune signaling path-
ways. These results further add to our understanding
of the regulatory mechanisms of noncoding RNAs in
the context of chronic HCV and the exhausted ISG
phenotype, and will assist the development of appli-
cations that may prevent the establishment of per-
sistent HHCV infection, as well as potentially other
viral infections.
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