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Abstract

Background and Aims—Hepatitis C virus (HCV) often causes chronic infection in liver, 

cirrhosis, and in some instances, hepatocellular carcinoma (HCC). HCV encodes several factors 

those impair host genes for establishment of chronic infection. The long non-coding RNAs 

(lncRNAs) display diverse effects on biological regulations. However, their role in virus 

replication and underlying diseases are poorly understood. In this study, we have shown that HCV 

exploits lncRNA Linc-Pint in hepatocytes for enhancement of lipogenesis.

Approach and Results—We identified a lncRNA, Linc-Pint, which is significantly 

downregulated in HCV replicating hepatocytes and infected patient liver specimens. Using RNA-

pull down-proteomics, we identified serine/arginine protein specific kinase 2 (SRPK2) as an 

interacting partner of Linc-Pint. Subsequent study demonstrated that overexpression of Linc-Pint 

inhibits the expression of lipogenesis related genes, such as FASN and ACLY. We also observed 

that Linc-Pint significantly inhibits HCV replication. Further, HCV mediated enhanced 

lipogenesis can be controlled by exogenous Linc-Pint expression. Together our results suggested 

that HCV mediated downregulation of Linc-Pint enhances lipogenesis favouring virus replication 

and liver disease progression.

Conclusions—We have shown that SRPK2 is a direct target of Linc-Pint and depletion of 

SRPK2 inhibits lipogenesis. Our study contributes to the mechanistic understanding of the 

previously unexplored role of Linc-Pint in HCV associated liver pathogenesis.
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Hepatitis C virus (HCV) infection is an important factor in the etiology of fibrosis/cirrhosis 

and hepatocellular carcinoma (HCC), and 1.3 million new cases of HCV is estimated in 

2020 (1). HCV is a positive-strand RNA virus and does not integrate into the host genome. 
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Host immune system fails to clear the infection in ~80% of the HCV infected individuals 

(2). Current anti-HCV drugs reduce viremia at the undetectable level, however, they do not 

prevent reinfection. Since HCV infection is often asymptomatic, infected individuals are 

diagnosed much later and in most of the cases they develop chronic infection. The HCV 

encodes different structural and non-structural proteins and regulates different non-coding 

RNAs that favour viral replication, host cell proliferation, survival, inflammation, and 

metabolism (2–4). Thus, in-depth understanding of the HCV pathogenesis at the molecular 

level has high importance.

Transcriptome studies and genome tiling arrays suggested a large number of genome (more 

than 90%) transcribes non-coding RNAs (1–3). Long non-coding RNAs (lncRNAs) are >200 

nucleotides in length with no significant protein-coding potential. LncRNAs bind to DNA, 

RNA, or proteins and exert their functions in regulating different biological processes, like 

transcription, mRNA stabilization, and protein translation. Aberrant lncRNA expression has 

been observed in various cancers (4–6). The expression of lncRNAs were significantly 

different in cirrhosis and HCC as compared to preneoplastic tissues or adjacent non-tumor 

tissues (7).

Deregulation of cellular lncRNAs were seen in many types of viral infection like HBV, HIV 

and influenza in response to viral replication and pathogenesis (8). Similarly, transcriptome 

analysis of HCV infected hepatocytes revealed alteration in number of lncRNAs (8, 9). 

HCV-activated PKR induces lncRNA EGOT, which in turn decreases ISG expression, and 

favors HCV replication (9). LncRNA-GAS5 is induced by HCV, interestingly, this lncRNA 

inhibits HCV infection by binding with HCV NS3 protein (10), while IFN inducible 

lncRNA CMPK2 benefits HCV replication by negatively regulating ISGs (11). We recently 

observed that lncRNA NORAD is upregulated in HCV infected hepatocytes (12), although 

modulation of NORAD has no detectable effect on HCV growth.

From the published reports (9, 12), we initially selected serval lncRNAs to study their role in 

the context of HCV replication. Linc-Pint is the only lncRNA in our initial screening shown 

reduced expression in HCV infected hepatocytes and HCV infected liver specimens. Linc-

Pint is located at chromosome 7q32.3 region and trans-activated by p53 (13). The role of 

Linc-Pint in HCV infected hepatocytes and regulation of host response to liver disease 

progression remains largely unknown. In this study, we demonstrated that exogenous 

expression of Linc-Pint inhibits HCV replication and virus induced lipogenesis through 

interaction with RNA binding protein SRPK2.

Materials and Methods

Tissue samples

Chronic HCV infected liver tissue biopsy specimens and other (non-viral) chronic liver 

disease tissue samples were acquired from patients through IRB approval at the Saint Louis 

University (IRB protocol #27805). All tissue samples were preserved at −80°C until RNA 

extraction was performed. The study was approved by the Ethics Committee of Saint Louis 

University and the written informed consent was obtained from all patients.
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Cell culture, Transfection and Infection

Immortalized human hepatocytes (IHH) and Huh7 cells were maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 

1% penicillin/streptomycin at 37°C in a 5% CO2 atmosphere. IHH and Huh7 cells were 

seeded into 6-well plate at a density of 3×105 cells/well and transfected with 1μg/well of 

empty vector or pcDNA3 Linc-Pint plasmid DNA (Accession No.- BC130416) using 

lipofectamine (Invitrogen). Cells were harvested for RNA and protein analyses.

HCV genotype 2a (clone JFH1) was grown in Huh7.5 cells as described previously (14). 

Culture supernatant containing released HCV particle was filtered through a 0.45μm pore 

size cellulose acetate membrane (Nalgene) to remove cell debris and quantitated in standard 

IU/mL. For infection, IHH and Huh7 cells were incubated with HCV JFH1, and cells were 

harvested for RNA and protein analyses.

To evaluate the role of Linc-Pint overexpression on HCV replication, Huh7 cells were 

transfected with control (empty vector pcDNA3) and pcDNA3-Linc-Pint plasmid DNA, and 

infected with HCV JFH1-GFP (15, 16). Cells were examined ~48 hr post-infection using a 

fluorescent microscope. Transfection of SRPK2 small interfering RNA (siRNA) into IHH 

and Huh7 cells was performed using lipofectamine RNAiMAX (Invitrogen). Briefly, IHH 

and Huh7 cells were transfected with 50 nM SRPK2 siRNA (sc-39237; Santa Cruz 

Biotechnology) or control siRNA. After 48 hr of transfection, cells were harvested for RNA 

and protein analyses.

Deletion mutant constructs of Linc-Pint

Linc-Pint gene fragments of the deletion mutant (Linc-Pint-A and Linc-Pint-B) were PCR 

amplified from pcDNA3 Linc-Pint plasmid (Accession No.- BC130416) using specific 

primers (Table 1). Fragments were digested with BamHI and XhoI restriction enzymes and 

cloned into pcDNA3 plasmid. Full length Linc-Pint plasmid and deletion mutant constructs 

were used for RNA Pull-down assay using sense or anti-sense RNA followed by Western 

blot analysis to examine the presence of specific protein in eluted samples as described 

below. Linc-Pint constructs were transfected into IHH and Huh7 cells for protein analysis.

RNA isolation and Quantitative Real-time PCR

Total RNA was isolated using TRIzol reagent (Invitrogen) from different conditions and 

complementary DNA (cDNA) was generated by reverse transcription with random hexamers 

and a Superscript III reverse transcriptase kit (Invitrogen). For quantification of gene 

expression, 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 ribosomal 

RNA (18s rRNA) was used as an internal control. HCV quantitation was performed as 

described previously (17). The relative gene expression was analysed by the 2−ΔΔCT formula 

(ΔΔCT = ΔCT of the sample – ΔCT of the untreated control).

Western Blot analysis

Mock-infected, HCV-infected, or control siRNA- or specific siRNA-treated cells, control 

empty vector or Linc-Pint overexpressed virus-infected cells were lysed in a sample buffer, 
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subjected to SDS-PAGE, and transferred onto a nitrocellulose membrane.. The membrane 

was blocked in 5% non-fat dried milk and incubated with specific primary antibody for 

overnight at 4°C followed by incubation with secondary antibody conjugated with 

horseradish peroxidase (HRP) for 1 hr. Proteins were detected by an enhanced 

chemiluminescence Western blot substrate (ThermoFisher Scientific). In a different set of 

experiment, IHH or Huh7 cells expressing Linc-Pint treated with vehicle or predetermined 

dose of MG132 (20 uM) for 6 hr. Cell lysates were analyzed by Western blot analysis for 

SRPK2 expression using specific antibody. Membranes were reprobed with HRP conjugated 

β-actin or tubulin antibody (Santa Cruz Biotechnology) to determine the protein load as 

internal control. Densitometric analysis of protein band images was performed using ImageJ 

software. Commercially available antibodies to SRPK2, (611118, BD bioscience), 

phosphoSRPK2 (Ser494, 07–1817, Millipore), pan phosphor-DR protein (MABE50, 

Millipore), fatty acid synthase (FASN) (A-5, Santa Cruz), ATP-Citrate Lyase (D1X6P, Cell 

signalling) were used for Western blot analysis.

RNA Pull-down and Mass Spectrometry

Linc-Pint sense or anti-sense RNA was in vitro transcribed from pcDNA3 Linc-Pint plasmid 

(500 ng) using biotin RNA labelling mix and T7 or SP6 RNA polymerase (AmpliScribe T7-

Flash Transcription kit, Lucigen) according to manufacturer’s instruction. Purified 

biotinylated sense or anti-sense RNA (20 pmol) was labelled with streptavidin magnetic 

beads (Pierce, ThermoFisher Scientific) for 1 hr in rotor at room temperature. Huh7.5 cells 

harbouring the genome-length HCV replicon (Rep2a) were lysed in IP buffer (25mM Tris-

HCL pH-7.5, 150mM NaCl, 1mM EDTA, 5% Glycerol, 1% NP40, 1x Protease Inhibitor, 

and 100U/ml RNase Inhibitor) and RNA-pull down assay was performed by Pierce 

Magnetic RNA-Protein Pull-Down Kit (Thermo Fisher Scientific). In brief, the cell lysates 

(5 mg) were incubated with the beads containing sense or anti-sense RNA for 3 hr at 4°C. 

After washing the beads, the bound proteins were eluted by elution buffer at 37°C for 1hr 

with agitation. The eluted proteins were used for Mass spectrometric analysis. The mass 

spectrometer used for data acquisition is a Thermo Q-Exactive system. Peptides were 

separated on an EASYnLC system with a Thermo ES803 PepMap C18 column; data was 

acquired in DDA mode (data dependent acquisition; top10 m/z for MS2 per cycle). 

Candidate proteins were defined as those have at least 2-fold enrichment at sense strand as 

compared to anti-sense RNA pull-down. In another set of experiment, the beads containing 

RNA was incubated with extracts of IHH followed by the Western blot analysis to determine 

the presence of specific protein in eluted samples.

RNA Immunoprecipitation

IHH were transfected with pcDNA3 Linc-Pint plasmid and cells were lysed after 24 hr of 

transfection with specific IP buffer (25mM Tris-HCL pH-7.5, 150mM NaCl, 1mM EDTA, 

5% Glycerol, 1% NP40, 1x Protease Inhibitor, and 100 U/ml RNase Inhibitor). Cell lysate 

were centrifuged and incubated overnight with 1 μg of antibody against SRPK2 (sc-390534) 

or the isotype control antibody at 4°C. Cell lysates were incubated with protein G Sepharose 

beads (Amersham biosciences) for 2 hr. After washing, RNA was isolated from beads using 

TRIzol reagent and cDNA was synthesized and relative expression of Linc-Pint was 

examined by qRT-PCR as described above.
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Proliferation assay

IHH and Huh7 cells were seeded in a 35mm dish at a density of 104 cells/dish and 

transfected with 1μg/dish of control empty vector (pcDNA3) or pcDNA3 Linc-Pint plasmid 

DNA. Cells were harvested at different time points and cell number was counted by Trypan 

blue exclusion method. The proliferation assay was repeated at least three times.

Lipid Droplet staining

Huh7.5 cells were transfected with pcDNA3 vector (control) or pcDNA3 Linc-Pint plasmid 

and after 24 hrs, cells were stained with 2.5 μg/ml of BODIPY 493/503 (Invitrogen) for 1 hr. 

After washing, the cells were counter stained with Hoechst dye (5 μg/ ml) for nuclear 

staining. Lipid droplets were examined by using an inverted fluorescent microscope.

Statistical analysis

All the experiments were performed at least in triplicates and data were presented as mean ± 

standard deviation. Statistical analysis was performed by the Student’s t-test with a two-

tailed distribution. P value < 0.05 was considered statistically significant.

Results

Linc-Pint is downregulated in HCV infected hepatocytes

Huh7 cells were infected with HCV JFH1 (moi-1.0), and total RNA was isolated 60 hr post-

infection. RNA from mock treated cells were used as a negative control. Linc-Pint 

expression was significantly reduced in HCV infected hepatocytes as compared to mock 

treated control cells (Fig. 1, panel A). RNA from Huh7.5 cells or Huh 7.5 cells harbouring 

genome-length HCV (Rep2a) was also compared for Linc-Pint expression. A significant 

downregulation of Linc-Pint expression in Rep2a cells was observed (Fig. 1, panel B). To 

examine the status of Linc-Pint in another flavivirus, we examined Linc-Pint expression 

from RNA of keratinocytes and macrophages mock treated or infected with Zika virus. We 

did not observe an alteration of Linc-Pint, although Zika virus infection was established, as 

measured by qRT-PCR (data not shown). We further examined Linc-Pint expression from 

the chronic HCV infected human liver biopsy specimens and non-viral liver biopsy 

specimens and observed reduced expression of Linc-pint (Fig. 1, panel C).

Linc-Pint overexpression inhibits cell proliferation

Next, we examined the effect of Linc-Pint on cell proliferation. Control empty vector 

(pcDNA3) or Linc-Pint plasmid DNA was transfected into IHH or Huh7 cells, cell numbers 

were counted using Trypan blue exclusion method. We observed a significant inhibition of 

cell proliferation in both IHH and Huh7 cells transfected with Linc-Pint as compared to the 

vector transfected control cells (Fig. 1, panel D).

Linc-Pint binds with SRPK2 protein

Linc-Pint is transcriptionally induced by p53, and by interacting with PRC2, it inhibits 

cancer cell migration and invasion (18). However, very little is known about interacting 

proteins of Linc-Pint, especially in context to virus infection. To identify the interacting 
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partners of Linc-Pint, we performed RNA pull down assay using biotin-labelled sense and 

antisense RNA of Linc-Pint, and the complex was analysed by mass spectrometry. To 

graphically represent our proteomics data, volcano plot–log10(P value) vs. log2(fold) 

change of sense/antisense spectrum counts was constructed to display the quantitative data 

(Fig. 2, Panel A-left panel). We identified that SRPK2 protein is one of the interacting 

partners with high spectral count in Linc-Pint sense strand as compared to anti-sense strand 

(11.8-fold) in mass spectrometric analysis (Fig. 2, Panel A-right). SRPK2 has been 

identified to phosphorylate the serine/arginine-rich (SR) proteins involved in splicing of pre-

mRNAs and thus regulating the pre-mRNA processing, maturation and stability (19). 

SRPK2 is highly expressed in many cancers, and plays also important role in tumor 

progression and metastasis (20, 21). We next verified the RNA-protein interaction using the 

biotinylated sense or antisense Linc-Pint RNA pulled down from IHH lysates, followed by 

Western blot analysis with SRPK2 antibody. We observed the association of SRPK2 protein 

with sense strand of Linc-Pint in hepatocytes (Fig. 2, Panel B). To further confirm the 

interaction between Linc-Pint and SRPK2, we performed reciprocal immunoprecipitation 

assay using SRPK2 antibody or the isotype control antibody in Linc-Pint overexpressing 

IHH followed by qRT-PCR using specific primers. A significant enrichment of Linc-Pint 

RNA was observed from the RNA of SRPK2 antibody immunoprecipitates using IHH or 

Huh7 cells, as compared to that of isotype control antibody (Fig. 2, Panel C). Together these 

data suggested that Linc-Pint interacts with SRPK2 protein.

Linc-Pint overexpression downregulates SRPK2 expression in hepatocytes

Next, we examined the status of SRPK2 in Linc-Pint overexpressing hepatocytes. For this, 

Linc-Pint or control plasmid DNA was transfected into IHH and Huh7 cells. Cell lysates 

were analysed by western blot using specific antibody. A significant downregulation in 

SRPK2 protein level was observed in Linc-Pint overexpressing cells (Fig. 2, Panel D). 

However, we did not observe an alteration of SRPK2 mRNA level in Linc-Pint 

overexpressing cells (Fig. 2, Panel E). We next examined whether Linc-Pint overexpression 

alters the stability of SRPK2. For this, Linc-Pint overexpressing IHH or Huh7 cells treated 

with vehicle (DMSO) or MG132 proteasome inhibitor. Our result showed the relieve of 

SRPK2 inhibition following MG132 treatment in the presence of Linc-Pint (Fig. 2, Panel F), 

indicating that Linc-Pint may downregulate SRPK2 expression at the protein level via 

proteasomal degradation, although further work is necessary to elucidate the mechanism.

We further identified the specific region on the Linc-Pint gene responsible for SRPK2 

interaction. The predicted protein binding site is within 651– 702 nt region of Linc-Pint 

using in silico catRAPID algorithm [tartaglialab.com]. We generated two deletion mutant 

constructs of Linc-Pint gene, Linc-Pint-A (position 635nt to 1157nt, fragment length- 522 

nt) and Linc-Pint-B (position 904nt to 1157nt, fragment length-253 nt) and cloned into 

pcDNA3 plasmid (Fig. 2, Panel G). RNA Pull-down assay followed by Western blot analysis 

using sense or antisense of deletion mutant constructs indicated that Linc-Pint-A interacts 

with SRPK2 (Fig. 2, panel G). We further observed that transfection of Linc-Pint-A inhibits 

SRPK2 expression like full length construct (Fig. 2, panel H), suggesting Linc-Pint-SRPK2 

interacting sites resides between 635–904 nt region.
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Linc-Pint inhibits lipogenesis pathway

The primary function of SRPK2 protein is to phosphorylate the serine/arginine rich proteins 

(SR proteins) involved in pre-mRNA splicing mechanism in mammalian cells (22, 23). 

SRPK2 induces the efficient splicing of different genes of lipogenesis pathway such as fatty 

acid synthase (FASN), ATP citrate lyase (ACLY) by phosphorylating SR proteins which 

results in an increase in the expression of these genes at both mRNA and protein levels (19). 

We therefore hypothesized that Linc-Pint inhibits the expression of lipogenesis genes by 

inhibiting SRPK2. For this, we examined the mRNA expression of FASN and ACLY in 

control empty vector or Linc-Pint overexpressed IHH and Huh7 cells by qRT-PCR. Our 

result indicated that Linc-Pint overexpression significantly downregulates FASN and ACLY 

mRNA levels in hepatocytes (Fig. 3, Panels A and B). We further observed a significant 

inhibition of FASN and ACLY protein levels in Linc-Pint overexpressed IHH and Huh7 cells 

(Fig. 3, Panels C and D). Reduced lipogenesis results in less lipid droplet (LD) 

accumulation. To examine the effect of Linc-Pint on LD formation, we labelled the control 

(empty vector) or Linc-Pint transfected cells with BODIPY and observed significant 

downregulation of LD formation in Linc-Pint overexpressed hepatocytes (Fig. 3, Panel E), as 

expected. Together these data suggested that Linc-Pint is inhibiting de novo lipogenesis in 

hepatocytes.

Inhibition of SRPK2 downregulates lipogenesis pathway

Next, we examined the role of SRPK2 protein on the expression level of genes involved in 

the lipogenesis pathway by depleting SRPK2 in hepatocytes. Control siRNA or siRNA to 

SRPK2 transfected cell lysates displayed a significant inhibition of SRPK2 expression at the 

protein level as compared to control cell lysates (Fig. 4, Panel A). Downregulation of FASN 

or ACLY protein expression in siSRPK2 transfected cells compared to control was also 

noted (Fig. 4, Panel A). We further observed a significant downregulation of FASN and 

ACLY mRNA expression in SRPK2 knockdown hepatocytes (Fig. 4, panel B). Our result 

demonstrated that SRPK2 is involved in the regulation of lipogenesis pathway in 

hepatocytes.

Effect of Linc-Pint on SRPK2 and FASN expression in HCV infected hepatocytes

We and others have shown that HCV infection induces de novo lipogenesis pathway in 

hepatocytes (16, 24, 25). We therefore hypothesized that Linc-Pint restricts HCV replication 

by downregulating lipogenesis pathway in hepatocytes. To test our hypothesis, control 

empty vector or Linc-Pint overexpressed IHH and Huh7 cells were infected with HCV JFH1 

(moi=1.0). Cell lysates were examined for expression of SRPK2 and FASN. Our result 

indicated that HCV infection enhances SRPK2 and FASN expression which are significantly 

downregulated in Linc-Pint overexpressed HCV infected cells as compared to control vector 

transfected HCV infected cells (Fig. 5, Panel A). We also observed the inhibition of FASN 

and ACLY in Linc-Pint transfected Huh7.5 cells harbouring full-length HCV genome 

(Rep2a) (Fig. 5, Panel B). Together these data suggested that Linc-Pint can downregulate 

HCV infection by inhibiting lipogenic pathway.

We further examined whether overexpression of Linc-Pint modulates SRPK2 kinase activity. 

Serine-arginine (SR) proteins are a family of functionally and structurally related splicing 
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factors that are involved in pre-mRNA splicing. The RS domain of SR proteins is 

predominantly phosphorylated by two families of protein kinases, namely the SRPKs and 

Cdc2-like kinases (26). SRPK2 utilizes the same docking groove for the interaction and 

phosphorylation of SR proteins. For this, we examined the SR-phosphoprotein expression 

using pan-phospho-SR antibody in Linc-Pint overexpressing cells. Our results showed that 

decreased phosphorylation of most of the SR-proteins in Linc-Pint overexpressing IHH or 

Huh7 cells (Fig. 5, Panel C). We further examined the status of phospho-SRPK 2 using 

specific antibody in Western blot analysis. As expected, we observed reduced 

phosphorylation of SRPK2 (Fig. 5, Panel C), since we also observed total SRPK2 

expression is lower in Linc-Pint overexpressing hepatocytes.

Overexpression of Linc-Pint limits HCV replication

We next examined whether overexpression of Linc-Pint influences HCV replication. For 

this, Huh7 cells were transfected with control empty vector or Linc-Pint expressing plasmid 

DNA and infected with HCV JFH1 (moi=1.0). Total RNA was isolated, and HCV 

replication was measured by qRT-PCR. We observed overexpression of Linc-Pint inhibits 

HCV replication (Fig. 5, Panel D). We next performed similar experiment using GFP-tagged 

HCV and observed lower GFP expression in Linc-Pint overexpressing Huh7 cells as 

compared to vector control transfected cells (Fig. 5, Panel E). We also depleted SRPK2 

using specific siRNA and observed inhibition of HCV replication in genome-length 

harbouring Huh7.5 cells (Fig. 5, Panel F), in agreement with earlier observation (27). 

Together these results suggested that exogenous expression of Linc-Pint restricts HCV 

replication.

Discussion

In this study, we observed that Linc-Pint expression is reduced in HCV infected hepatocytes 

and liver tissues of chronic HCV infected patients. We identified SRPK2 as an interacting 

partner of Linc-Pint and overexpression of Linc-Pint inhibits lipogenesis by inhibiting 

SRPK2 expression. We further demonstrated that HCV mediated enhancement of 

lipogenesis can be restricted by exogenous expression of Linc-Pint (Fig. 6).

LncRNA is an emerging field of investigation due to their active involvement in cellular 

proliferation, regulation of gene expression and development of different types of disease 

progression. Expression of Linc-Pint is found to be deregulated in different types of cancer 

including gastric cancer, non-small cell lung cancer and renal cancer (28–30). However, very 

little is known about role of Linc-Pint in the context to HCV infection and HCV associated 

disease. We observed that Linc-Pint expression is reduced in HCV infected hepatocytes and 

virus infected liver tissue specimens. Although Linc-Pint expression was not altered in Zika 

virus infected cells, it will be interesting to examine the status of Linc-Pint in hepatitis A or 

hepatitis B virus infected cells in future study. To identify the interacting partner of Linc-

Pint in presence of HCV, we performed RNA- pull down and proteomics in HCV replicating 

hepatocytes. SRPK2 is identified as one of the Linc-Pint interacting proteins. SRPK2 is a 

key regulator of RNA-binding SR proteins. SRPK2 is overexpressed in different types of 

cancers including acute myeloid leukaemia, colon and lung cancer (20, 31, 32). The major 
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function of SRPK2 is to efficiently phosphorylate at the arginine/serine (RS) domains 

present in serine/arginine (SR) proteins involved in splicing of pre-mRNAs. It can also 

regulate splice site selection, spliceosome assembly and cellular redistribution of SR 

proteins and thus is involved in active splicing and maturation of mRNAs (23, 33, 34). 

SRPK2 regulates the expression of lipogenic enzymes by inducing efficient splicing of their 

mRNAs (19). RNA binding function of SRPK2 was reported earlier (35), although the 

binding domain was not mapped. By in-silico analysis [catRAPID fragments algorithm; 

http://service.tartaglialab.com] we predict that the 276–402 region of SRPK2 contains 

interaction propensity with Linc-Pint and need verification from further study.

Linc-Pint is positively regulated by p53, and inhibits cancer cell migration and invasion by 

interacting with PRC2 (18). PRC2 was present in our proteomics dataset, however, spectrum 

count of PRC2 with antisense strand of Linc-Pint was high, suggesting non-specific 

association in our system. Further there is no report discussing the role of PRC2 in HCV 

replication or pathogenesis.

Since we observed significant downregulation of SRPK2 in Linc-Pint overexpressed 

hepatocytes, we examined the genes involved in lipid metabolism pathway in IHH and Huh7 

cells. Linc-Pint overexpression also significantly inhibited FASN and ACLY expression both 

at the mRNA and protein levels. As expected, knockdown of SRPK2 in IHH or Huh7 cell 

lines inhibits FASN and ACLY expression. Lipogenesis is altered in many cancers. Highly 

proliferative cancer cells consume high levels of substrates for their growth which leads to 

induced lipogenesis in cancer cells (34). FASN is the key enzyme of this pathway which is 

found to be highly expressed in many cancers (36, 37). Inhibition of this enzyme can be a 

therapeutic option for treatment of cancer (38, 39).

Several reports suggested that lipid biosynthesis plays an important role in HCV replication 

(25, 40–42). Furthermore, HCV induced lipogenesis contributes to the increased 

accumulation of lipid droplets (LDs) in cell which facilitates virus assembly and secretion 

(16, 43). In this study, we showed that HCV RNA replication was significantly 

downregulated upon Linc-Pint overexpression. On the other hand, Linc-Pint overexpression 

significantly reduced the de novo lipogenesis and LD accumulation in hepatocytes. Together 

our results indicated that Linc-Pint may modulate at different stages of HCV life cycle by 

downregulating de novo lipogenesis in hepatocytes.

HCV enhances its replication by modulating lipid metabolism in host cells. Increased 

lipogenesis may also contribute to HCV induced liver damages by inducing liver steatosis 

due to enhanced lipid accumulation in liver (44–46). Linc-Pint overexpression significantly 

reduced the LD accumulation in hepatocytes. HCV mediated enhancement of SRPK2 and 

FASN can be controlled by overexpression of Linc-Pint. HCV life cycle is also found to be 

dependent on host RNA processing machinery including phosphorylation by SR protein and 

their regulators such as SRPKs. In fact, overexpression of SRPK2 leads to significant 

augmentation of HCV replication whereas knockdown of SRPK2 results in downregulation 

of HCV replication (27). Therefore, we postulate that Linc-Pint and SRPK2 form complex 

in regulating hepatic lipogenesis.
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It is intriguing to consider that HCV infection downregulates Linc-Pint-SRPK2 axis 

resulting in dysregulated lipid metabolism. We observed that Linc-Pint is downregulated in 

HCC from non-alcoholic fatty liver disease (data not shown). Therefore, exogenous delivery 

of Linc-Pint alleviates a promising avenue for developing interventional strategies in 

prevention of not only HCV associated HCC, also from other etiology.

In conclusion, we identified lncRNA Linc-Pint is downregulated in HCV infected 

hepatocytes. We identified SRPK2 is an interacting partner of Linc-Pint which plays an 

important role in lipogenesis. Our data strongly suggested that HCV mediated 

downregulation of Linc-Pint enhances SRPK2 which enhances lipogenesis and exogenous 

expression of Linc-Pint limits HCV mediated enhancement of SRPK2 and lipogenic 

molecules. How HCV downregulates Linc-Pint is yet to be determined. Linc-Pint is a p53 

regulated lncRNA (13). One possibility is that HCV inhibits Linc-Pint expression in 

hepatocytes by impairing p53 signalling, although other transcription factors may also have 

roles and will be examined in future studies. Together our study contributes to the 

understanding of the previously unexplored role of Linc-Pint in HCV associated liver 

carcinogenesis.
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Figure 1: HCV infection downregulates Linc-Pint expression.
(A) Huh7 cells were infected with HCV-JFH1 (moi=1.0). Total RNA was isolated from 

mock treated or infected cells, and Linc-Pint and 18s rRNA were measured by real-time 

PCR. (B) RNA from Huh7.5 cells and Huh7.5 cells harbouring genome-length HCV 

replicon (Rep2a) were also isolated, and Linc-Pint expression was examined by real-time 

PCR. (C) Linc-Pint expression was examined in RNA from HCV infected liver biopsy 

specimens (n=11) and compared with non-viral liver biopsy specimens (n=8) by qRT-PCT. 

(D) Hepatocytes (Huh7 or IHH) were transfected with control (pcDNA3 vector) or 

pcDNA3-Linc-Pint plasmid DNA. Cell numbers were counted at indicated time points. 

Values represent data from three independent experiments, mean ± SD. Statistical 

significance was analysed using a two-tailed Student’s t test; *P < 0.05, ***P < 0.001.
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Figure 2: Linc-Pint interacts with SRPK2 protein.
(A) The left panel shows a volcano plot from the mass spectrometry data demonstrating 

magnitude and significance of the proteins interacted with sense strand of Linc-Pint 

compared with the antisense strand of Linc-Pint. The x-axis is the log2 -fold change value 

and y axis is −log10 p-value showing statistical significance. Horizontal dashed line showing 

p =0.05 (−log10(0.05) = 1.3) and vertical dashed line shows the fold change at 2 (log2(2) = 

1). The absolute 2-fold change and p-value 0.05 is used as the threshold cut-off. The right 

panel shows spectrum counts of anti-sense or sense Linc-Pint RNA for SRPK2 from MS. 

(B) Western blot analysis was performed from sense or anti-sense Linc-Pint RNA pulled-

down IHH lysates using specific antibody, and presence of SRPK2 is shown. (C) Cell lysates 

from Linc-Pint plasmid DNA transfected cells were immunoprecipitated using isotype 

control or SRPK2 antibody. RNA was isolated from the immunoprecipitates for Linc-Pint 

expression by qRT-PCR. (D) IHH or Huh7 cells were transfected with control (empty 

vector) or pcDNA3-Linc-Pint plasmid DNA. Cell lysates were analysed for SRPK2 

expression by Western blot using specific antibody. The blot was reprobed with antibody to 

tubulin for comparison of protein load. Densitometric scanning results are presented as fold 

in bar diagram. (E) RNA from similar conditions was analysed for SRPK2 expression and 

normalized by 18s RNA. (F) Linc-pint overexpressing Huh 7 or IHH cells were treated with 

vehicle (−) or MG132 (20 uM) for 6 h. Cell lysates were analyzed by Western blot using 
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specific antibody. The blot was reprobed with antibody to tubulin for comparison of protein 

load. Densitometric scanning results are presented as fold in bar diagram. Statistical 

significance was analyzed using a two-tailed Student’s t test; *P < 0.05. (G) Schematic 

diagram of full length Linc-Pint gene (1173 nt) and deletion mutant constructs Linc-Pint-A 

(522 nt) and Linc-Pint-B (253 nt) cloned into pcDNA3 plasmid. Linc-Pint-A, Linc-Pint-B 

anti-sense or sense RNA pulled-down IHH lysates using specific antibody showed that Linc-

Pint-A interacts with SRPK2 (right panel). (H) IHH or Huh7 cells were transfected with 

control (empty vector), Linc-Pint, Linc-Pint-A, or Linc-Pint-B plasmid DNA. Cell lysates 

were analysed for SRPK2 expression by Western blot using specific antibody. The blot was 

reprobed with antibody to tubulin for comparison of protein load. Densitometric scanning 

results are presented as fold in bar diagram. Statistical significance was analysed using a 

two-tailed Student’s t test; *P < 0.05, **P < 0.01, ***P < 0.001.

Khatun et al. Page 16

Hepatology. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: Linc-Pint overexpression in hepatocytes inhibits expression of FASN and ACLY.
IHH and Huh7 cells were transfected with control empty vector (−) or pcDNA3-Linc-Pint 

plasmid DNA (+). Total RNA was examined for (A) FASN and (B) ACLY expression by 

qRT-PCR using specific primers. 18s rRNA was used as an internal control. (C and D) IHH 

and Huh7 cells were transfected with control (empty vector) or Linc-Pint plasmid DNA. Cell 

lysates were analysed for FASN or ACLY expression by Western blot using specific 

antibody. The blot was reprobed with antibody to actin for comparison of protein load. 

Densitometric scanning results are presented as fold in diagrams. Values represent data from 
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three independent experiments, mean ± SD. (E) Huh7.5 cells were transfected with control 

(empty vector) or pcDNA3-Linc-Pint plasmid DNA, and cells were stained with BODIPY 

493/503 after 24 hr of transfection. LDs were visualized in green colour (BODIPY) and 

nucleus in blue (Hoechst) by fluorescent microscopy examination in individual and merged 

image panels. A representative image is shown (40×). Quantitation (measured by ImageJ) of 

the BODIPY staining is shown in the bar diagram (right panel). Five random fields were 

counted for LD (green color) +ve cells in 100 cells (blue color). Statistical significance was 

analysed using a two-tailed Student’s t test; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4: Depletion of SRPK2 downregulates FASN and ACLY expression in hepatocytes.
IHH and Huh7 cells were transfected with control or siRNA to SRPK2. (A) Cell lysates 

were analysed for SRPK2, FASN and ACLY expression by Western blot using specific 

antibodies. The blot was reprobed with antibody to tubulin for protein load. Densitometric 

scanning results are presented as fold in bar diagram. (B) Total RNA was examined for 

FASN or ACLY expression by qRT-PCR using specific primers. 18s rRNA was used as an 

internal control. Values represent data from three independent experiments, mean ± SD. 

Statistical significance was analysed using the two-tailed Student’s t test; *P < 0.05, **P < 

0.01, ***p<0.001.
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Figure 5: Linc-Pint overexpression limits HCV induced lipogenic molecules and virus 
replication.
(A) IHH or Huh7 cells were transfected with empty vector control (middle lane) or Linc-Pint 

plasmid DNA (last lane), and then infected with HCV-JFH1. Mock infected cell lysates were 

used as control. Cell lysates were analysed for SRPK2 and FASN expression by Western 

blot using specific antibodies. The blot was reprobed with antibody to tubulin for protein 

load. Densitometric scanning results are presented as fold in bar diagram. (B) Rep2a cells 

(HCV replicon) were transfected with control (empty vector) or Linc-Pint plasmid DNA. 

Cell lysates were analysed for FASN or ACLY expression by Western blot using specific 

antibody. The blot was reprobed with antibody to actin for comparison of protein load. 

Densitometric scanning results are presented as fold in bar diagram. (C) Western blot 

analysis for phospho-SR-proteins using specific antibodies in Huh7 or IHH cell lysates 

transfected with control (empty vector) or pcDNA3-Linc-Pint plasmid DNA. Blot was 

reprobed with antibodies to phopso-SRPK2 and total SRPK2. The blot was reprobed with 

antibody to Tubulin for comparison of protein load. Densitometric scanning results are 

presented as fold in bar diagrams. (D) Huh7 cells were transfected with empty vector control 

(−) or Linc-Pint plasmid DNA (+), and infected HCV-JFH1. Virus replication was measured 

by qRT-PCR. Values represent data from three independent experiments, mean ± SD. (E) 
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Control (empty vector) or Linc-Pint overexpressed Huh7 cells were infected with GFP-

tagged HCV genotype 2a (JFH1-GFP), and virus replication was visualized at 48 hr post 

infection by fluorescent microscopy. Green color represents the HCV infection (left panel) 

and bright field is shown (right panel). (F) Rep2a cells (genome length HCV harbouring 

Huh7.5 cells) were transfected with control siRNA (control) or siRNA to SRPK2 

(siSRPK2). Total RNA was examined for HCV RNA expression by qRT-PCR using specific 

primers. 18s rRNA was used as an internal control. Values represent data from three 

independent experiments. Statistical significance was analyzed using a two-tailed Student’s t 

test; *P < 0.05, **P < 0.01.
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Figure 6: A proposed model of HCV-Linc-Pint-SRPK2 association and lipogenesis.
(A) Linc-Pint physically interacts with SRPK2 and downregulates its expression in the 

protein level as well as phosphorylation of SR proteins, which leads to decrease expression 

of FASN and ACLY. (B) HCV infection results in downregulation of Linc-Pint expression, 

resulting in upregulation SRPK2 expression. Upregulation of SRPK2 expression results in 

increased de-novo lipogenesis by enhancing FASN and ACLY.
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Table 1.

List of primes

Primers (PCR) Sequences

Hs-Linc-Pint Forward- 5’-CGTGGGAGCCCCTTTAAGTT-3’

Reverse- 5’-GGGAGGTGGCGTAGTTTCTC-3’

Hs-FASN Forward - 5′- GCAAGCTGAAGGACCTGTCT-3′

Reverse - 5′- TCCTCGGAGTGAATCTGGGT-3′

HS-ACLY Forward - 5′-GACTTCGGCAGAGGTAGAGC-3’

Reverse - 5′-TCAGGAGTGACCCGAGCATA-3’

Hs-18s Forward - 5′-GTCATAAGCTTGCGTTGATT-3’

Reverse - 5′-TAGTCAAGTTCGACCGTCTT-3’

Primers (cloning)

Linc-Pint-A Forward 5’- CCTCCCCTGGATCCGAGTGCAC -3’

Linc-Pint-B Forward 5’- ACGAGGCAAGGATCCAAAGCAGC-3’

Linc-Pint Reverse 5’- TCTTCCTGGCTCGAGCCTTCCAC -3’
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