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MiR-451a attenuates hepatic steatosis D
and hepatitis C virus replication by targeting
glycerol kinase
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Abstract

Background Lipotoxicity is one of the causes for the progression of fatty liver in chronic hepatitis (CH) towards end-
stage liver diseases. The role of miRNAs in the signalling pathways of lipid metabolism has been studied, but their
direct targets in this pathway have not been identified yet. Here, we have characterized a downregulated miRNA in
CH namely miR-451a, which has a direct impact on the lipid metabolism pathway.

Methods Liver tissue samples and blood were collected from CHC/CHB patients and normal individuals. Huh7

and SNU449 cell lines were used for in vitro assays. Expressions of miRNA/mRNAs and proteins were confirmed by
gRT-PCR and immuno-blot analysis. Oil Red O staining, Colorimetric, and Fluorometric assay kit were used to quantify
triglyceride (TG) and cholesterol from tissue and serum, respectively. Target prediction and pathway analysis were
performed using Targetscan, miRWalk, and DAVID respectively. 3'UTR-Luciferase assay and Co-immuno-precipitation
were conducted to determine direct interaction between miRNA-mRNA and protein-protein, respectively. Unpaired
two-tailed Student’s t-test and Mann-Whitney test were employed as required using GraphPad prism. P<0.05 was
considered as significant.

Results The miRNA, miR-451a was selected as one of the downregulated miRNAs in progressive liver disease stages
of CHC and CHB. Target identification and pathway analysis of this miRNA revealed that lipid metabolism pathway
gene, glycerol kinase (GK), could be the target of this miRNA. Subsequent 3'UTR Luciferase assay and immuno-blot
analysis confirmed the binding of miR-451a to GK. Though both hepatitis viruses, HCV and HBV, could alter the

lipid metabolism pathways, intracellular TG and cholesterol content were observed to be significantly higher upon
HCV infection only. It also suppressed the expression of miR-451a, resulting in overshooting of GK expression. GK
interacted positively with the transcription factor SREBP1, which led to overexpression of Fatty acid synthase, Acetyl-
CoA Carboxylase, and Stearoyl-CoA desaturase. As a result, intracellular fatty acids, TG, and cholesterol synthesis and
accumulation heightened but trafficking dropped, resulting in hypo-cholesterolemia in blood. While, restoration of
miR-451a impeded lipid accumulation, reduced steatohepatitis and suppressed HCV replication as well.
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Conclusion These findings suggest that the alteration in the hepatic lipid profile upon HCV/HBV infection is
attributed to the downregulation of miR-451a, which has the potential to restrict the expression of GK and SREBP1 in
the TG biosynthesis pathway, implying that supplementation of miR-451a may be a potential therapeutic strategy for

impeding CHC.
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Introduction

Chronic hepatitis C and B virus (HCV and HBV) infec-
tions remain one of the major global health burdens,
leading to liver cirrhosis (LC), liver failure, and hepato-
cellular carcinoma (HCC) [1, 2]. Despite the availability
of preventive vaccines for HBV and direct acting antivi-
rals (DAA) for both HBV and HCV, each day about 3,500
patients die from liver diseases caused by these viruses
worldwide [3]. Hence, an in-depth understanding of the
molecular mechanism of viral hepatitis and its progres-
sion towards endstage liver diseases such as LC and HCC
needs to be explored further. Host-virus interactions play
a pivotal role in successful viral replication and persis-
tence [4, 5]. Hence, identification of those pathways is
necessary for the selection of therapy and the discovery
of novel therapeutics.

The liver is the major organ for lipid metabolism includ-
ing fatty acid (FA) intake, lipid biosynthesis, FA oxidation
and lipoprotein secretion [6]. Disruption of FA trafficking
results in the storage of FA as triglycerides (TG) in the
liver, which is one of the consequences of chronic hepa-
titis [7, 8]. Both HBV and HCV can reprogram the host
FA metabolism [7-9]. HCV utilizes B-lipoproteins such
as very low density lipoprotein (VLDL) and low density
lipoprotein (LDL) to coat itself and hide from the host
immune system. HCV uses the LDL receptor (LDLR) for
entry into the hepatocytes [10]. Recent studies have dis-
covered that covalently closed circular DNA (cccDNA)
of HBV not only attributes to the continuous intrahe-
patic pool of HBV, the expression of large excess of small
surface antigen and its presence in the circulation within
non-infectious lipid vesicles contribute to the chronic
immune dysfunction in CHB patients [11].

The role of 18-22 nucleotide long microRNAs (miR-
NAs) in the maintenance of TG homeostasis under
pathological condition has been documented [12]. Upon
HCYV infection, several miRNAs involved in FA synthe-
sis, oxidation and secretion are dysregulated [12, 13], but
miRNAs manipulating both lipid metabolism and viral
replication are limited. MiR-27a has been reported to
be suppressed in Huh7 cells infected with HCV, while it
has been shown to repress the major transcription fac-
tor, RXR-a and lipid transporter ABCA1 [14] along with
multiple genes from lipid metabolism pathways such as
FASN, SREBP1, SREBP2, PPARa, and PPARy, ApoAl,
ApoB100, and ApoE3, which are required for infectious
HCV particle production. MiR-27b has been shown to

restrict cholesterol biosynthesis in Huh7 cells by blocking
HMG-CoA reductase, which reduces hepatic TG deposi-
tion and HCV copy number [15]. Recently, we reported
that miR-c12 could impede FA accumulation and HCV
replication by targeting CEP350 and inducing PPAR«a
mediated transcription of FA (3-oxidation genes [16].

In this study, we have shown that the expression of
miR-451a dropped significantly in CHC, resulting in
the upregulation of its target gene Glycerol Kinase (GK)
of lipid metabolism pathway, following which cleaved
lipogenic transcription factor SREBP1 became enriched,
leading to the accumulation of excess FA, TG, and cho-
lesterol in the liver. Thus, restoration of miR-451a expres-
sion inhibited lipid deposition in the liver, exhibited its
potential as an antagonist of lipotoxicity and restricted
HCV replication as well.

Materials and methods

Details of the study subjects

This study was conducted with archived liver tissue sam-
ples and blood collected from treatment naive chronic
hepatitis patients mono-infected with either HCV (CHC)
or HBV (CHB) attending the Hepatology clinic of School
of Digestive and Liver Diseases, (IPGME&R),Kolkata,
India and Indraprastha Apollo Hospital, New Delhi,
India. Patients co-infected with HAV/HDV/HEV/HIV,
having co-morbidities like chronic alcoholism, diabetes
mellitus, autoimmune diseases and unwilling to enrol
in the study were excluded. Patients were categorized as
CHB or CHC, LC and HCC after detailed assessment
of clinical, biochemical, virological and histological evi-
dences. Both CHC and CHB patients (n =21, nycv,cuc=7,
Nypycup=14) were having high viral load, ALT >40IU/L
and with active necro-inflammation. Seventeen patients
diagnosed with esophageal or gastric varices, portal
hypertension, splenomegaly, ascites etc. were included
as decompensated LC (n=17, nycyc=7, Nypyc=10).
HCC patients (n=21, nycyncc=12, Nypymcc=9) were
confirmed with triphasic CT scan and/or AFP value
(>250ng/ml).

Normal liver biopsy tissue was collected from Gall
bladder carcinoma patients (n=11) during cholecys-
tectomy at Department of Gastro-Intestinal Surgery,
IPGME&R as routine evaluation of liver metastasis and
confirmed after assessment of histological, clinical and
biochemical records. Details of patient is presented in
Supplementary Table 1.
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Sample collection

Percutaneous biopsy and explanted liver tissues were col-
lected in RNA later (Merck, #R0901) and 10% formalin
immediately after biopsy or surgery. The tubes with RNA
later were kept for 24 h at 4 °C for proper penetration of
RNA later in the tissue and then preserved at -80 °C. For-
malin tubes were stored at room temperature for future
use.

Total RNA isolation and cDNA preparation

Total RNA was isolated from tissue and cell line using
TRIzol reagent (Thermo scientific) following manufac-
turer’s protocol. The isolated RNA was quantified using
Nanodrop (Thermo scientific). About 500ng/2.5 ug total
RNA was used for cDNA synthesis of miRNA/mRNA
using miScript PCR Starter Kit (Qiagen, catalog#218193).

Quantitative reverse transcriptase PCR (qRT-PCR)

cDNA was quantified using PowerUp™SYBR Green PCR
master mix (Thermo scientific) and gene specific prim-
ers in the QuantStudio 7 Flex RT-PCR machine (Thermo
scientific). miR-103a-3p and 18s rRNA were used as an
internal control for miRNA and mRNA respectively.
Log,2(Ct-gene-Ct-controly 103 a5 ysed as a fold change in
expression of genes.

Target prediction and pathway analysis
Targets of the miRNA were retrieved using 2 Bioinfor-
matics tools namely TargetScan (www.targetscan.org)
and miRWalk (http://mirwalk.umm.uni-heidelberg.de).
Targets showing total context score 0.3 were considered
for validation. In search of the common targets between
these two bioinformatic tools, a Venn diagram was gen-
erated using Venny 2.1 (https://bioinfogp.cnb.csic.es/too
Is/venny/). Predicted 28 common targets were subjected
to the pathway analysis using DAVID (https://david.ncif
crf.gov/), KEGG (https://www.genome.jp/kegg/pathway.
html) and REACTOME (https://reactome.org/). Binding
of miRNA to the selected 3’'UTR is presented in Supple-
mentary Table 2.

AlphaFold2 machine learning approach was used
to determine protein structure and leveraging multi-
sequence alignment.

Cell lines and plasmid information
Huh7 and SNU449 cell lines were maintained in Dul-
becco’s Modified Eagle Medium (DMEM) (Himedia,
#AL111) with 10% FBS (GIBCO, #10082139) at 37°C
incubator. This cell line was authenticated by short tan-
dem repeat (STR) DNA profiling. Lipofectamine 2000
(Thermo scientific) was used for transfection in both the
cell lines.

The plasmid pS52/JFH1 consists of recombinant full-
length genome of HCV genotype2a/3 was a kind gift
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from Jens Bukh, Copenhagen University Hospital, Den-
mark [17] and pSVNeo2/HBYV, the head to tail dimer was
gifted by Prof. Chiaho Shih, University of Texas Medical
Branch, Galveston, USA [18] respectively.

Pre-miRNA and 3'UTR sequence of the gene were
retrieved from UCSC genome browser (GRCh37/
hgl9) and the sequence was amplified and cloned in
pRNAU6.1N® vector at BamH1/HindIII sites, and psi-
CHECK™.-2 (Promega) vector at Xhol/Not1 sites. The
enzyme sites were appended in the primers. pScramble-
pre-miRNA was a non-specific premiRNA sequence
(pre-miR-c12) cloned in pRNAU6.1N® vector. MiRNA
binding site mutant 3’'UTR clone was generated using
Site directed mutagenesis (SDM) kit (QuikChange II
Site-directed mutagenesis kit, Stratagene,#200521) fol-
lowing manufacturer’s protocol. Each primer is listed in
Supplementary Table 3.

Every in vitro experiment was performed thrice in
duplicate.

3'UTR luciferase assay

Huh7 cells were co-transfected with wild-type GK-
3UTR-Luciferase construct, and vector/pScramble
pre-miRNA/pPre-miR-451a/pPre-miR-451a + anti-miR-
451a oligo. One set was performed with miR-451a bind-
ing site mutated GK-3'UTR-Luciferase construct with
pPre-miR-451a. After 48 h of transfection, cells were
harvested and subjected to Renilla/Firefly Luciferase
assay using Dual Luciferase Reporter assay kit (Promega,
#E2920). Luciferase activity was normalized to the vec-
tor and scramble pre-miRNA control. Huh7 cells (2 x 10%)
were seeded on 24-well and transfected with 200ng of
wild-type-3’'UTR-Luciferase construct alone and with
various plasmids/oligonucleotides e.g., pScramble pre-
miRNA (300ng), pPre-miR-451a (100ng), pPre-miR-451a
(300ng) + scramble anti-miRNA (10-50nM), pPre-miR-
451a (300ng) + anti-miR451a oligo (10-50nM). One well
was transfected with mutated 3’'UTR-luciferase construct
(200ng) + pPre-miR-451a (300ng). After 36—48 h lucifer-
ase assay was performed using Dual Luciferase Reporter
assay kit (Promega,#E2920) in GloMax® 20/20 luminom-
eter (Promega). Luciferase activity was normalized to the
respective control. miRVana™ miRNA inhibitor, Nega-
tive Control#1 was used as scramble anti-miRNA oligo
(ThermoFisher, #4464076).

In vitro HCV RNA transcription

The plasmid S52/JFH1 was linearized by restriction
digestion with Xbal enzyme (NEB) and the 3’ single
strand overhang was removed with Mung Bean Nucle-
ase (NEB). The linearized plasmid DNA was precipi-
tated with ethanol and then in-vitro transcribed into
RNA using MEGAscript T7 Transcription kit following
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manufacturer’s protocol (Thermo scientific). RNA was
purified using Trizol (Thermo scientific).

HCV infection assay

HCV RNA was transfected in 4 x 10* Huh7 cells seeded
in a 24 well plate using lipofectamine 2000 (Thermo Sci-
entific). Mock transfected well was used as negative con-
trol. After 48 h, conditioned media (CM) containing virus
particles (HCVcc) was collected and filtered through
0.45-pm-pore-size cellulose acetate membrane and pre-
served at 4°C for future use. To determine the multiplic-
ity of infection (MOI), 1x10® Huh7 cells seeded on 96
well plate was infected with serially diluted media and
cell proliferation was determined using WST1 reagent
(Sigma-Aldrich). MOI at which more than 50% of cells
survived was selected for infection assay. Thus, 1x 10*
Huh?7 cells were seeded in 24 well plates and transfected
with pPre-miR-451a and vector control independently
and after 24 h, CM of HCVcc at a dilution of 1:1000 was
added. Total RNA was isolated after 72 h and HCV RNA
was quantified by X-Tail PCR [19].

Immuno-blot analysis

Total protein was isolated using RIPA buffer, and quanti-
fied using Bradford reagent (Merck). About 20-25 pg of
protein was subjected to 16% polyacrylamide gel electro-
phoresis (PAGE) after boiling at 90°C for 5 min with 2X
Laemmli buffer. Gel was transferred to PVDF membrane
(GE healthcare, #10600023) and blocked with 5% non-fat
milk (MP Biomedical, #902887) 2 h at room temperature.
The membrane was probed with a specific primary anti-
body overnight at 4°C with gentle agitation. Anti-rabbit-
horseradish peroxidase-conjugated secondary antibody
(SantaCruz) and enhanced chemiluminescence (ECL) kit
(Pierce, #SKU 34580) were used to detect specific pro-
teins in ChemiDoc imaging system (Bio-rad).

Co-Immuno-precipitation

Huh7 and SNU449 cells were transfected with required
plasmids or oligo and total protein was extracted using
RIPA buffer and the extract was incubated with antibody
and IgG separately after divided into two tubes. Tubes
were incubated at 4°C with gentle agitation. After 16 h,
prewashed Protein A/G agarose bead (Sigma) was added
and incubated for 1 h. Bead was washed with lysis buffer
3 times and protein was eluted by adding Laemmli buffer,
boiled and subjected to PAGE. All antibodies are enlisted
in Supplementary Table 4.

Oil red O staining and estimation of intracellular
triglyceride (TG) content

Huh7 and SNU449 cells transfected with Vector,
pPremiR-451a, and anti-miR-451a separately were fixed
with 10% formalin for 30 min. Cells were washed with
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PBS and incubated in 60% isopropanol for 5 min. Isopro-
panol was removed and stained with Oil Red O solution
(0.5 gm dissolved in 100% isopropanol and filtered) for
20 min and viewed under light microscope (EVOS XL
Core cell imaging system, Life technologies). The intra-
cellular stain was then extracted in isopropanol overnight
and quantified in a 96 well plate reader at 492 nm.

TG content in serum samples and intracellular Huh7
cells were quantified using Autozyme Triglyceride colo-
rimetric assay kit following manufacturer’s protocol
(Accurex Biomedical Pvt. Ltd.). The Huh7 cells were lysed
with RIPA buffer followed by incubated with the reagent
and the colorimetric reading was taken at 510 nm. The
data was normalized with the cellular protein content.

Cholesterol assay

Serum samples were diluted to 1:100 with assay diluent.
Diluted cholesterol standards or diluted serum samples
(50uL) were mixed with freshly prepared reagent (50uL)
in 96-well microtiter plate, and incubated for 45 min at
37 °C in the dark. Colorimetric reading was measured at
570 nm according to manufacturer’s protocol (Cell Bio-
labs, Inc.). Cellular cholesterol levels were assessed using
the Fluorometric Total Cholesterol Assay Kit (Cell Bio-
labs, # STA-390) following manufacturer’s protocol. In
brief, cells were washed with cold PBS and treated with
200uL of a solution composed of chloroform, isopropanol
(7:11) and 0.1% NP-40 for 30 min. The resulting extract
was vortexed, and centrifuged at 15,000 g for 10 min. The
organic phase was collected, dried and the lipid pellet
was reconstituted in 1X assay diluent, and quantified.

Statistical analysis

Statistical analysis was performed in excel or in the
Graphpad prism version 7. All the data were presented
as mean *standard deviation. Unpaired two-tailed Stu-
dent’s t-test or Mann-Whitney test was done for the data
with Gaussian and Skewed distribution respectively.
p-value<0.05 was considered as statistically significant.

Results

Expression pattern of miR-451a in liver tissue with
progressive diseases from normal liver to HCC through
chronic hepatitis and LC

The miRNA miR-451a was one of the most downregu-
lated miRNAs in HCV infected HCC liver tissue speci-
mens compared to controls as observed in our next
generation sequencing data [GSE140370] [16, 20]. Here,
we validated the data using liver tissue samples from pro-
gressive disease stages, including CHC, LC, and HCC,
and compared with normal by qRT-PCR. We observed
that the expression of miR-451a was significantly down-
regulated with disease progression (Fig. 1A). A significant
reduction in expression of miR-451a was also observed
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Fig. 1 miR-451a is downregulated in liver tissue of HCV and HBV infected patients. gRT-PCR analysis for the expression of miR-451a (A) and (B) in the
liver tissue specimens of progressive liver disease stages of HCV and HBV infection including chronic hepatitis C (CHC)/ chronic hepatitis B (CHB), liver
cirrhosis (LC) and hepatocellular carcinoma (HCC) along with normal liver, (C) Huh7 & SNU449 cells were either infected with HCVcc (HCV cell culture)
or transfected with HBV producing plasmids pSV2neoHBV2x (pHBV) and compared with mock. (D) miR-451a expression was validated using GSE74014
(HCV infected Huh7.5.1 cells vs. Control). p value was calculated using Mann-Whitney test for (A), (B), and (D). Unpaired student’s t test was used for (C).
* ** ***indicate p value <0.05, <0.01, and <0.001 respectively. ns means not significant

from CHB to HBV-LC and HBV-HCC, but no significant
alteration was noted between normal and CHB (Fig. 1B).
The data were also validated in Huh7 and SNU449 cell
lines, either infected with sub-genomic replicon of HCV
(HCVcc) or transfected with a plasmid carrying full-
length genome of HBV for 48h, respectively. A significant
downregulation of miR-451a expression was observed in
both the cell lines upon viral infection (Fig. 1C), suggest-
ing that miR-451a might have a protective role not only
in HCC but also in CHC and CHB. The data were verified
in GEO datasets (GSE74014), where we noted that miR-
451a was low in HCV-infected Huh7.5.1 cell line com-
pared to uninfected cells (Fig. 1D).

As we observed higher significant suppression of miR-
451a expression in CHC vs. normal than CHB vs. normal
and also in HCC cell lines infected with HCV, we aimed
to explore the role of miR-451a in CHC infection.

Identification of targets of miR-451a, pathway analysis and
functional validation

To understand the role of miR-451a in the development
and progression of CHC, the predicted targets (total
context score of >0.3) were identified using two bioin-
formatics tools such as Targetscan and miRWalk, and
28 common target genes were retrieved as presented
in the Venn diagram (Fig. 2A). KEGG pathway analy-
sis with these 28 common target genes revealed that
the ‘metabolic pathways’ was the most enriched path-
way, which could be impacted by the downregulation of
miR-451a (Fig. 2B). Glycerol kinase (GK) was selected
as a major target gene in this pathway. Thus, the expres-
sion of GK was verified in the liver tissues with progres-
sive liver disease stages by qRT-PCR and was noted that
it progressively enhanced from normal to HCV-HCC
through CHC, and HCV-LC (Fig. 2C). While upon HBV
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Fig.2 The miRNA, miR-451a targets metabolic pathway gene glycerol kinase (GK). (A) Venn diagram shows 28 common predicted targets retrieved from
TargetScan and miRWalk. (B) KEGG pathway analysis depicts the significantly altered pathways predicted using 28 direct target genes. gRT-PCR analysis
for expression of GK in (C, D) liver tissue specimens with progressive liver disease stages of HCV and HBV infection such as CHC/CHB, LC and HCC, (E)
Huh7 & SNU449 cells either infected with HCVcc (HCV cell culture) or transfected with HBV producing plasmid pSY2neoHBV2x (pHBV) and compared
with mock, (F) Huh7 and SNU449 cells transfected with empty vector, pScramble-pre-miRNA, pPre-miR-451a, pPremiR-451a+ scramble anti-miRNA, and
pPremiR-451a+anti-miR-451a. (G) Immune-blot analysis with anti-GK antibody and anti-GAPDH-HRP using lysates of Huh7 cells transfected with vector,
pScramble pre-miRNA, pPremiR-451a, and pPremiR-451a+anti-miRNA-451a. (H) 3'UTR-Luciferase reporter assay was performed in Huh7 cells co-trans-
fected with wild-type-3'UTR-Luciferase construct and either vector or pScramble-pre-miRNA or pPre-miR-451a or pPre-miR-451a+ scramble anti-miRNA
or pPremiR-451a+anti-miRNA-451a, and mutated-3'UTR-luciferase construct + pPre-miR-451a. p value was calculated using Mann-Whitney test for (C, D),
and unpaired student’s t test for (E-G).*, and *** indicate p-value <0.05, and <0.001 respectively. ns means not significant

infection, the expression of GK was amplified in HBV-  infection and the effect was more pronounced with
LC and HBV-HCC compared to CHB but no alteration =~ HCYV infection (Fig. 2E). Next, Huh7 and SNU449 cells
was seen between normal and CHB (Fig. 2D). A similar ~ were transfected with pPre-miR-451a and pPre-miR-
significant increase in expression of GK was observed  451a+anti-miRNA-451a and compared with the vector
in Huh7 and SNU449 cell lines upon HCV and HBV  or scrambled miRNA transfected cells. The expression of
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GK was decreased in presence of pPre-miR-451a, which
reverted back to control level upon anti-miRNA-451a
treatment in both qRT-PCR and immune-blot analysis
(Fig. 2F and G). To determine the physical association
between miR-451a and GK, 3'UTR luciferase assay was
performed. A significant decrease in luciferase activity
was seen upon co-transfection of GK-3'UTR-luciferase
construct and pPre-miR-451a in Huh7 cells compared to
vector or pScramble-miRNA treated cells. The luciferase
activity was returned to the control level in presence of
either anti-miRNA-451a or miR-451a binding site mutant
Luciferase construct (Fig. 2H). These data endorsed the
binding of miR-451a to the 3'UTR of GK.

GK might regulate intracellular triglyceride content and
HCV copy number

To determine the functional impact of GK overexpres-
sion on the deregulated metabolic pathways in the liver
during chronic progression of liver diseases, we explored
the triglyceride (TG) biosynthesis pathway. In this path-
way, phosphorylation of glycerol to glycerol-3phosphate
by GK is the key rate limiting step that makes the main
building blocks for TG. In this context, the expression
of FA biosynthesis pathway genes (ACACA, FASN and
SCD1) were verified and found to increase with progres-
sive disease stages of HCV infection i.e., CHC to LC and
HCC (Figure S1 A-S1C). In vitro HCV infection in Huh7
and SNU449 cells also showed similar higher expression
of ACACA, FASN and SCD1, while restoration of miR-
451a reduced their expressions (Figure SID-S1F).

Thus, the intracellular TG, FA, and cholesterol contents
were quantified in Huh7 and SNU449 cell lines treated
with 50nM of scrambled oligo and GK-anti-sense oligo
(ASO). The GK expression level was significantly reduced
in both Huh7 and SNU449 cells upon ASO treatment
as measured by qRT-PCR and immuno-blot analysis
(Fig. 3A and B). Intracellular TG content and expres-
sion of FA biosynthesis pathway genes (SCD1, ACACA
and FASN) were also significantly decreased in both
Huh7 and SNU449 cell lines treated with GK-ASO com-
pared to those treated with scrambled oligo, as quantified
after Oil Red O staining (Fig. 3C and D) and qRT-PCR,
respectively (Fig. 3E and F). Similarly, a reduced level of
TG content in Huh7 and SNU449 cells was seen upon
restoration of miR-451a and the level was reverted back
to normal when cells were treated with anti-miRNA-
451a (Fig. 3G and H). Intracellular cholesterol level cor-
roborated well with the above findings. It was lowered
in Huh7 and SNU449 cell lines treated with GK-ASO
and pPremiR-451a while anti-miRNA-451a treatment
restored high intracellular cholesterol level (Fig. 3I and J).

Serum TG and cholesterol levels were examined in the
HCV/HBV infected patients across the progressive liver
disease stages. While no significant variation was noted
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in TG level, serum cholesterol level was significantly
dropped with the advancement of the liver disease stages
in both CHC and CHB patients (Fig. 4A-D). Intracellu-
lar TG and cholesterol levels were determined in Huh7
and SNU449 cells after either infection with HCVcc or
transfection with pSVNeo2/HBV. Interestingly, a signifi-
cant enrichment of both TG and cholesterol was noticed
in presence of HCV only (Fig. 4E-H). Upon treatment of
Huh7 and SNU449 cells with miR-451a, the increased
intracellular TG and cholesterol level in presence of
HCV was diminished (Fig. 41 and J). As HCV utilizes
VLDL and LDL to form lipo-viral particles to evade host
immune response, the intracellular HCV copies (HCVcc)
were also measured by qRT-PCR and the data suggested
that the HCV copy number was significantly dropped
in both HCVcc infected Huh7 and SNU449 cells treated
with either miR-451a or GK-ASO compared to control
but it was restored back in presence of anti-miR-451a
(Fig. 4K-M). So, these data suggests that HCV infection
in the hepatocytes suppresses expression of miR-451a
which triggers expression of GK and accumulation of TG
and cholesterol intracellularly and it is used by HCV for
its replication within hepatocytes.

GK might associate with SREBP1 and modifies the lipid
metabolism

As SREBPs play a crucial role in the de novo synthesis of
FAs, triglycerides and cholesterol and SREBP1 has a posi-
tive correlation with GK in different diseases [21-24],
the status of SREBP1 was verified in progressive liver
disease stages of HCV infection by qRT-PCR. A steady
increase in the expression of SREBP1 was observed with
the progression of the disease from normal to CHC and
also in CHC to LC and HCC (Fig. 5A). qRT-PCR and
immuno-blot analysis revealed upregulation of SREBP1
upon HCV infection in Huh7 and SNU449 cell lines,
particularly the processed active form of SREBP1 while
GK-ASO treatment suppressed expression of SREBP1in-
dicating a mutual regulation between GK and SREBP1
either directly or indirectly (Fig. 5B and C). Further, to
investigate the correlation between GK and SREBPI,
the SREBP1 was knocked down by treating both Huh7
and SNU449 cell lines with SREBP1-ASO and observed
SREBP1 was significantly decreased by qRT-PCR and
immune-blot analysis (Fig. 5D). In consistent with the
previous data, SREBP1-ASO treated Huh7 and SNU449
cells exhibited lesser TG and cholesterol content than
scramble oligo treated cells (Fig. 5E-G) and HCV copy
number was also noted relatively less in presence of
SREBP1-ASO (Fig. 5H). Next, Alphafold2 prediction tool
was used to determine a possible interaction between
GK and SREBP1 in presence of HCV in the liver and
observed that these two proteins possibly interacted at
697R-365Y, 625R-489P, 618Q-490Q and 885Y-492 N
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Fig. 3 Role of GK in maintenance of intracellular lipid content and HCV copy number. Both Huh7 and SNU449 cells were treated with 50nM of either
scrambled oligo or anti-sense oligo (ASO) specific for GK and the expression of GK was verified by (A) gRT-PCR and (B) Immune-blot analysis with anti-
GK antibody. Huh7 and SNU449 cells were treated with GK-ASO and (C) & (D) Oil Red O staining was performed to measure the intracellular triglyceride
content, (E) & (F) gRT-PCR analysis was performed to determine expression of fatty acid synthesis genes and (G) cholesterol content was measured using
kit. (H-J) Triglyceride and cholesterol content was also measured in Huh7 and SNU449 cells after pPre-miR-451a and pPre-miR-451a+anti-miRNA-451a
treatment. p value was calculated using unpaired student’s t test for (A-J).**, ***, **** indicate p value <0.01, <0.001, and <0.0001 respectively. ns means

not significant

(Fig. 5I). Physical interaction between GK and SREBP1
was confirmed by immune-precipitation of GK with
anti-GK antibody using Huh7 cell extract and immuno-
blotting with anti-SREBP1. In presence of HCV infection,
nuclear translocation of SREBP1 was found more than
mock and processed SREBP1 showed better interaction
with GK (Fig. 5]).

Thus, the overall data depicts that both HCV/HBV
infection reduce the expression of miR-451a which tar-
gets GK, one of the important kinases in TG biosynthesis
pathway. GK positively regulates SREBP1 transcription
factor in the liver, as a result TG, FA bio-synthesis and
cholesterol accumulated intracellularly and facilitates
HCV replication in the hepatocyte resulting disease pro-
gression towards end stage liver diseases.
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and <0.0001 respectively. ns means not significant

Discussion

In this study, we have characterized a downregulated
miRNA, miR-451a in CHC and CHB liver tissue samples
in comparison to normal liver suggesting this miRNA
might impart a beneficial role to restrict chronic hepa-
titis. Upon target identification of this miRNA and
pathway prediction using bioinformatics tools revealed
metabolism was one of the top deregulated pathways in

CHC and GK was the target gene of this miRNA from
the lipid metabolism pathway. Though, several miRNAs
have been reported to influence lipid metabolism path-
ways [12-14], miR-451a attributed a dual role in lipid
metabolism and in HCV replication as well. GK is one of
the rate limiting kinases for TG biosynthesis pathways.
Depletion of this kinase was found to be associated with
limited biosynthesis of TG, FAs and cholesterol which
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Fig. 5 GK interacts with SREBP1 and the interaction is essential for stabilization. (A) SREBP1 expression was verified in (A) progressive disease stages
of HCV infection that includes chronic hepatitis C (CHC), liver cirrhosis (LC), hepatocellular carcinoma (HCC), (B) in Huh7 and SNU449 cell lines infected
with HCVcc and (C) in Huh7 and SNU449 cell lines treated with GK-ASO (50nM) by gRT-PCR and Immune-blot analysis. (D) Expression of SREBP1 was
downregulated by SREBP1-ASO (50nM) treatment in Huh7 and SNU449 cells. (E, F) Triglyceride and (G) cholesterol content was determined in Huh7
and SNU449 cells after SREBP1-ASO treatment. (H) HCV copy number was quantified in HCVcc infected Huh7 and SNU449 cells after SREBP1-ASO treat-
ment. (I) Interaction between GK and SREBP1 was detected by using Alphafold2 and (J) confirmed by immuno-precipitation of HCVcc infected Huh7
cell extract with anti-GK antibody and immunoblotting with anti-SREBP1 antibody in compare with HCV uninfected cells. p value was calculated using
Mann-Whitney test for (A), and unpaired student’s t test for (B-H). *, **, *** indicate p value < 0.05, <0.01, and < 0.001 respectively. ns means not significant

restricted replication of HCV in the liver. The transcrip-
tion factor SREBPI, a central driver of lipogenesis, was
also noted to be altered with GK level in the hepatocytes.
Thus, our findings illustrated that low level of miR451a in
the liver could make individual more sensitive to high fat
diet induced hepatic steatosis and fibrosis.

Down regulation of miR-451a has been reported in
multiple cancers and a correlation with poor survival

of patients including HCC [25-27]. Kuwabara Y et al,,
had shown the role of miR-451a in cardiac hypertrophy
in type 2 Diabetes Mellitus patients without hyperten-
sion through suppression of the LKB1/AMPK pathways
[28]. Using NAFLD mice model and patients with NASH
it has been found that miR-451a negatively regulated
FA induced inflammation via AMPK/AKT pathway
[28]. Subsequently, Zheng N et al., had reported the low
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expression of miR-451a causing overexpression of its tar-
get gene, thyroid hormone responsive spot 14 (THRSP)
and high expression of FASN, SCDI1 in high fat diet
induced NAFLD mice leading to accumulation of TG in
the liver [29]. But none of the studies have identified the
direct target gene in lipid metabolism pathways. Here, we
are showing for the first time the direct impact of sup-
pression of miR451a on lipid metabolism and HCV rep-
lication in the hepatocytes. In both CHC/CHB patients
miR451a was noted to be downregulated and it inten-
sified the expression of GK. GK phosphorylated glyc-
erol into glycerol 3 phosphate, the building block of TG
biosynthesis pathway. GK has been shown to regulate
SREBPs (SREBP1a, 1c and SREBP2) which are the tran-
scription factors for genes involved in the biogenesis of
TG, FAs and cholesterol [21]. Both overexpression and
downregulation of SREBP1 has been noted in cancers
[22, 30-32], suggesting it might impart dual functions.
Loss of SREBP1 signalling exhibited enhanced lipotox-
icity in glioma cells [33] while gain of SREBP1 inhibited
apoptosis in pancreatic cancer [34]. In HCC, it induced
expression of the FA synthesis genes such as FASN,
ACACA, SCD], restricted FA oxidation, and promoted
favourable microenvironment for tumor growth [35].
During hepatic steatosis and fibrosis after HCV infection
[36, 37], the core protein of HCV positively regulated
the expression of SREBP1 and SREBP1 target genes [38].
Bioinformatics and co-immunoprecipitation analysis
revealed a direct interaction between GK and SREBP1.

HBYV infection has a direct impact on lipid profile [9].
A significant lower levels of serum TG, HDL, VLDL,
and cholesterol have been reported in CHB patients
than normal individuals [39]. Our cohort also showed a
diminishing trend in the serum TG and total cholesterol
level with disease progression though no alterations were
seen in HBV infected cell lines.

Hepatic steatosis, Dyslipidaemia and Cardiovascular
disease are not only common in CHC, increased level of
saturated and mono-unsaturated FA in liver and signifi-
cantly low level of LDL, HDL, and cholesterol in serum
have been also reported in CHB patients. This study
confirms the role of the downregulated miRNA, miR-
451a in lipid metabolism by direct targeting GK, one of
the essential kinases for TG biosynthesis pathway. Res-
toration of miR-451a reduces expression of FA genes by
limiting interaction between GK and SREBPI resulting
less TGs and cholesterol accumulation in the liver. Thus,
our data depicted that restoration of miR-451a may com-
bat hepatic lipotoxicity and HCV replication as well by
restricting accumulation of FAs, TG, and cholesterol in
the liver implying supplementation of this miRNA during
therapy of CHC patients may be beneficial.

Abbreviations

Page 11 of 12

ABCA1 ATP-binding cassette subfamily A member 1
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