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Abstract

Several reports suggest that circulatory miRNAs are deregulated in diverse diseases and used as markers for disease diagnosis
and prognosis. Here we show that miR-98-5p, that is down-regulated in the circulation during diabetes, regulates hepatic
gluconeogenesis and lipogenesis by targeting PPP1R15B. miR-98-5p overexpression significantly decreased the transcript
and protein levels of PPP1R15B in hepatic HepG2 cells and increased p-eIF2a expression and these were prevented in the
presence of its inhibitor. Two major hepatic hallmarks during diabetes i.e. hepatic lipid accumulation and glucose output
were explored towards physiological relevance. As compared to scramble, overexpression of miR-98-5p decreased the tran-
script levels of both gluconeogenic and lipogenic genes together with a significant reduction in hepatic glucose production
and fat accumulation in HepG?2 cells. Using PASTAA to detect common transcription factors regulating these altered genes,
CREB emerged as the most significantly enriched transcription factor. While miR-98-5p overexpression did not change the
transcript levels of CREB, there was a significant change in its protein levels. While similar effects on gluconeogenic and
lipogenic gene expression were detected using the PPP1R15B siRNA, the opposite was observed in the presence of miR-
98-5p inhibitor alone. All these suggest that by targeting PPP1R15B, miR-98-5p regulates hepatic steatosis and glucose
output; deregulation of which are characteristic hepatic features during diabetes. Therapeutic intervention of the miR-98/
PPP1R15B axis might offer a potential strategy to target aberrant hepatic metabolism during diabetes.
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Eukaryotic translation initiation factor 2a
Nonalcoholic fatty liver disease

Type 2 diabetic mellitus

cAMP response element-binding protein
Extracellular vesicles

Quantitative real time PCR
Phosphoenolpyruvate carboxykinase
Glucose 6 phosphatase

Fructose 1,6-bisphosphatase

Pyruvate carboxylase

Adipose differentiation-related protein
Acetyl CoA carboxylase

ATP citrate lyase

Fatty acid synthase

HydroxyMethyl glutaryl-CoA reductase

HMGCS HydroxyMethyl glutaryl-CoA synthase

CREB cAMP-responsive element-binding protein

HCC Hepatocellular carcinoma

DNL de novo lipogenesis

NIK Nuclear factor-kb-Inducing kinase

EZH2 Enhancer of zeste homolog 2

TAMs HCC-conditioned tumor-associated
macrophages

CAD Coronary artery disease

HBV-HCC HepatitisB virus-related hepatocellular
carcinoma

Introduction

Diabetes mellitus is a chronic, metabolic state attribut-
able to a combination of decreased insulin production
by pancreatic-p cells and insulin resistance in insulin-
target tissues (Hurtado and Vella 2019, Galicia-Garcia,
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Benito-Vicente et al. 2020). The liver, skeletal and cardiac
muscle, fat, and brain are among the tissues that contribute
to the maintenance of normal blood glucose levels. Liver is
the central metabolic tissue crucial in maintaining glucose
and lipid homeostasis that is affected by impaired insulin
action (Loria et al. 2013; Rui 2014). It accounts for approxi-
mately 80% of endogenous glucose production and during
starved states, it serves as the primary source of glucose
via glycogen mobilisation and hepatic gluconeogenesis.
However, abnormal activation of hepatic gluconeogenesis
and/or abrogation of insulin mediated inhibition of gluco-
neogenesis results in increased hepatic glucose production
and elevated hepatic de novo lipogenesis. Such abrogation
of insulin action or insulin resistance is a key component
in the development of Non-Alcoholic Fatty Liver Disease
(NAFLD) (Ota et al. 2007; Gaggini et al. 2013, Kitade et al.
2017).

In the past few years, microRNAs (miRNAs) have been
identified as regulators of gene expression that control bio-
logical processes by fine-tuning the levels of target mRNAs.
Altered signatures of miRNAs, especially in the circulation
are identified as promising biomarkers in various diseases
like obesity, cancer, neurodegenerative diseases, athero-
sclerosis and other metabolic disorders (Mori et al. 2019).
Circulatory miRNAs originate from tissues throughout the
body(Sapp and Hagberg 2019) and are released by cells into
the blood or other biofluids (Valadi et al. 2007) and remain
bound to proteins or are encapsulated in extracellular vesi-
cles (EVs). Such miRNAs on EVs may act as inter-organ
signalling mediators without being degraded by extracel-
lular/intracellular RNases during their transport (Y afez-Mé
et al. 2015, Huang, Huang et al. 2020). They are secreted
and taken up by recipient cells where they are biologically
active (Jansen et al. 2013) and exert their respective cellular
functions. Increased circulating levels of miR-15a lead to
the prediabetic state and impairs glucose tolerance (Kamal-
den et al. 2017). Circulatory miR-20b levels are increased
in T2D patients and this has been shown to correlate with
compromised insulin signaling and decreased muscle cells’
capacity to produce glycogen (Katayama et al. 2019).
Also, miR-103 levels are altered during insulin resistance
and NAFLD and it is identified as a molecular connection
between these states (Xu et al. 2015). A previous report from
our laboratory had shown that decreased circulatory levels of
miR-98-5p in T2D subjects affect apoptosis and proliferation
of keratinocytes within the skin (Khan et al. 2020). These
reports suggest that a correlation exists between circulatory
miRNAs and their action within tissues that determines the
fine-tuning of cellular pathways.

In this study, we sought to explore the effects of miR-
98-5p on hepatic gluconeogenesis and lipogenesis, and cor-
relate the consequences of the altered circulatory levels of
this miRNA to aberrant hepatic physiology during diabetes.

Materials and methods
miRNA target prediction

Predicted targets of miR-98-5p were extracted from
miRDB (www.mirdb.org), TargetScan (www.targetscan.
org) and PicTar (www.pictar.mdc-berlin.de) and a con-
sensus list of targets common to all the three tools was
considered to prioritize the genes taken for validation.

Cell culture and transfection

Experiments were done in the human hepatic cell line
(HepG?2) obtained from the National Centre for Cell Sci-
ence, Pune, India and maintained in Dulbecco’s modi-
fied Eagle’s medium (Sigma, St. Louis, MO, USA) sup-
plemented with 10% fetal bovine serum and antibiotic/
antimycotic (GIBCO Laboratories, Grand Island, NY,
USA) in an atmosphere of 5% CO, at 37°C. HepG2 cells
were plated in six-well plates and at 40% confluence, they
were transfected with either the scramble or miR-98-5p
mimic (25 and 50 nM) with or without its inhibitor (75
nM) (Dharmacon, Lafayette, CO, USA) or miR-98-5p
inhibitor alone using Lipofectamine 2000 (Invitrogen, CA,
USA) and Opti-MEM (Invitrogen, CA, USA) according to
the manufacturer’s instructions. Cells were incubated for
48 h and on termination of incubation, total RNA was iso-
lated or cells were lysed for proteins as described below.
Also, cells were transfected with either the scramble or
PPP1R15B siRNA (25 and 50 nM) for 48 h and evaluated
for levels of gluconeogenic and lipogenic genes.

Quantitative reverse transcriptase (RT)-PCR

On termination of incubation, total RNA was isolated
using TRIzol (Ambion, Life Technologies, Germany) and
quantified using Infinite 200 PRO plate reader (Tecan,
MAENNEDOREF, Switzerland). The 260/280 ratio was
between 1.9 and 2.0. cDNA was synthesized by reverse
transcribing 1 pg of RNA using random hexamers and the
cDNA was subjected to Real-Time PCR (Applied Bio-
systems, CA, USA) using SYBR-Green PCR Master Mix
(Applied Biosystems, CA, USA) and transcript levels of
PPP1R15B, CREB, PCK1, G6PC, FBP, PC, ACC, ACLY,
FASN, ADRP, HMGCS, and HMGCR were quantified
using specific primers (Table 1). 18S rRNA was used as
the endogenous control. Relative gene expression was cal-
culated using the 2 — AACt method.
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Table 1 Primers for gRT-PCR Gene name Forward primer (5'-3") Reverse primer (5'-3")
and cloning

PPPIR15B tgaggattgggatgaggaag tctggcagcagtctgaattg

18 S rRNA agaaacggctaccacatcca agtgtgacgttgacatccgta

PPPIR15B 3’UTR
Mutant 3’UTR

ccgetcgaggagagaagtaatggeaaggee
gaatttttcatcagaagtgcttacagggttacg-
caatcagtttacaatctacctggtcattattttat

PCK1 ggttcccagggtgcatgaaa
G6PC tctacgtectettecceate
FBP tttctgtacceccgcetaacaag
PC gactctgtgaaactcgctaaac
ADRP ccctectgtccaacatccaa
FASN ggaggagtgtaaacagcgct
HMGCR agcctgggecagagaagata
HMGCS gactgtectttcgtggetca
ACC tgtccaaggggccatgttat
ACLY cactctggatggggtcaagt
CREB aaacagagtggcagtgcttg

ataagaatgcggcegegtgtgtgcectgtaatcecag
ataaaataatgaccaggtagattgtaaactgatt-
gegtaaccctgtaageacttctgatgaaaaatte

cacgtagggtgaatccgtcag
tcagtatccaaaacccaccag
tgaatgtctgtgggaatgacg
ctetgtgacegtgtgete
ggaggctgtcagacacttct
ttggcaaacacaccctcett
ggeacagttctagggccatt
geagtctccaggtetgtcac
ccccaagaaaageagtgace
ccttetcgggtggeatagat
agccagtccattttccacct

Western blotting

Transfected cells were lysed in RIPA lysis buffer (Sigma,
St. Louis, MO, USA) containing protease inhibitors (Cal-
biochem, Darmstadt, Germany) and 30-50 pg of protein
samples were resolved on SDS-PAGE, transferred to nitro-
cellulose membranes (Merck Millipore Limited, Ireland)
and probed with anti-PPPIR15B (1:1000; Abcam, Cam-
bridge, UK), anti-eIF2a (1:1000; CST), and anti-p-elF2a
(1:1000; CST), anti-CREB (1:1000; Santa Cruz) anti-
bodies. Subsequent detection was done with HRP-linked
appropriate secondary antibodies (Genei, Bangalore,
India), followed by detection with the ECL Western blot-
ting kit (GBiosciences, MO, USA). HSC70, vinculin or
B-actin was used as loading control. Densitometric analy-
ses of the blots were done using the AlphaEaseFC Imag-
ing Analysis software (Alpha Innotech Corporation, San
Leandro, CA). A rectangular box was drawn surrounding
each band and pixel intensity of each band was normalized
to the background intensity.

Cloning, mutagenesis, and luciferase assays

Although previously validated in keratinocytes (Khan
et al. 2020), here we attempted to validate the miR-98-
5p-PPP1R15B interaction in HepG2 cells. Luciferase
reporter constructs harboring the 3’ untranslated region
(UTR) of the human PPP1R15B gene spanning the bind-
ing sites for miR-98-5p were generated downstream of
Renilla luciferase in a psiCheck?2 vector (Promega Corpo-
ration, Madison, WI) using primers as in Table 1. Substi-
tution mutations (UACC to GCAA) were generated using
a site-directed mutagenesis kit (Agilent Technologies,
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Santa Clara, CA, USA) using mutation-specific primers
(Table 1). HepG2 cells were cultured in 12-well plates
and at 70-80% confluence, cells were transfected with
either the wild-type or mutated plasmid (100 ng) together
with either the miR-98-5p mimic and/or the miR-98-5p
hairpin inhibitor or the miR-98-5p inhibitor alone using
Lipofectamine™ 2000 (Invitrogen, CA, USA) and Opti-
MEM (Invitrogen, CA, USA). Cells were lysed after 48 h
of transfection and a dual luciferase assay was performed
(Promega Dual Luciferase Assay Kit, Madison, USA)
according to the manufacturer’s instructions and lumines-
cence was measured on an Infinite M200 Pro Multimode
Reader (TECAN, Minnedorf, Switzerland). Renilla lucif-
erase values were normalized to those of firefly luciferase.

Bodipy staining

HepG2 cells plated onto sterilized cover-slips placed on six-
well plates were transfected with either the scramble or with
the miR-98-5p mimic (50 nM) either alone or together with
its inhibitor (75nM) for 48 h as described above. On termina-
tion of incubation, cells were washed with PBS to remove
cell debris and fixed with 4% formaldehyde (Merck, Ger-
many) for 1 h. Staining with Bodipy (1:10,000) was carried
out for 15 min. Cells were then washed thoroughly, coun-
terstained with DAPI (Invitrogen, CA, USA) and viewed in
a fluorescence microscope (Tokyo, Japan) at 493/503 nm.
Similar lipid quantification was performed in cells trans-
fected with either the scramble or the PPP1R15B siRNA
(50 nM, 48 h). Quantification of the green fluorescence was
done using the online Image J software (https://imagej.nih.
gov/ij/).
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Glucose production assay

HepG2 cells were transfected with either the scramble or
with miR-98-5p mimic (25-50 nM) with or without its inhib-
itor (75 nM) for 48 h as described above. Also, cells were
transfected with either the scramble or PPP1R15B siRNA
(50 nM, 48 h). Prior to completion of incubation, cells were
serum starved for 2 h and then incubated in glucose produc-
tion media (DMEM-glucose free, 20 mM sodium lactate, 2
mM pyruvate, and 0.5% BSA) for 4 h. Glucose concentra-
tions in the media were measured using Glucose Colorimet-
ric/Fluorometric Assay Kit (Sigma, St. Louis, MO, USA)
and normalized to the total protein content of cells.

Analysis of transcription factors (TFs)

The TFs associated with a set of co-regulated gluconeo-
genic and lipogenic genes were predicted using the online
PASTAA tool (http://trap.molgen.mpg.de) (Roider et al.
2009). This tool utilizes the prediction of binding affinities
of a TF to promoters of a set of genes that determines coher-
ence in their regulation and expression. A p-value score of
>0.01 was used to find the top ranked TFs.

Statistical analysis

Statistical significance for all the experiments was calcu-
lated using Student’s t-test, and values are presented as
means + SEM; P <0.05 was considered to be statistically
significant.

Results
PPP1R15B is a target of miR-98-5p

A previous study from our laboratory showed that circula-
tory levels of miR-98-5p are significantly down-regulated
in diabetic individuals(Khan et al. 2020) and by targeting
PPP1R15B, this miRNA was shown to affect apoptosis and
proliferation within keratinocytes. miRNAs are known to
exhibit tissue specific gene targeting(Ludwig et al. 2016);
we, therefore, sought to explore this interaction in hepatic
HepG?2 cells since the liver is richly supplied with blood ves-
sels and therefore prone to be affected by altered circulatory
miRNAs and consequently study the effects of this axis in
hepatic metabolism.

From a consensus list of miR-98-5p target genes (293
genes) extracted using three miRNA prediction online
tools (miRDB, TargetScan and PicTar), PPP1R15B was
prioritised since it is implicated in diabetes and is identi-
fied as an underlying monogenic cause of maturity-onset
diabetes of the young (MODY)(Abdulkarim et al. 2015,

Kernohan et al. 2015). PPP1R15B harbors a binding site
for miR-98-5p on its 3’UTR spanning across nucleotides
1433-1440. Towards validation, HepG2 cells were trans-
fected with miR-98-5p mimic (25 and 50 nM). After 48 h,
cells were lysed and the levels of PPP1R15B were evalu-
ated. There was a dose dependent decrease in the protein
and transcript levels of PPP1R15B with increasing doses of
miR-98-5p (Fig. 1A, B). This decrease in PPP1R15B levels
was significantly prevented in the presence of the miR-98-5p
inhibitor (75nM) (Fig. 1C, D). These suggest that miR-98-5p
targets PPP1R15B in HepG2 cells. Also, inhibiting endog-
enous levels of miR-98-5p using its specific inhibitor signifi-
cantly increased the endogenous PPP1R15B protein levels as
shown in Fig. 1E. To further substantiate this, a PPP1R15B
3’UTR luciferase reporter construct (wild-type) and a plas-
mid with mutations within the miR-98-5p binding site were
constructed (Fig. 1F). HepG2 cells were co-transfected with
either the wild-type or mutated 3’UTR reporter plasmids
along with miR-98-5p mimic and/or miR-98 inhibitor. As
compared to cells transfected with the scramble, luciferase
activity of the wild-type plasmid 3’UTR in cells transfected
with miR-98-5p was significantly decreased (Fig. 1G) sug-
gesting that miR-98-5p binds to the PPP1R15B 3’ UTR and
inhibits luciferase expression. Also, this decrease was pre-
vented in the presence of the miR-98-5p inhibitor and by
mutation in the miRNA binding site.

Taken together these results suggest that as in
keratinocytes(Khan et al. 2020), this microRNA regulates
PPPIR15B levels by binding to its 3' UTR and decreases
both, its mRNA and protein levels in hepatic HepG2 cells.

mir-98-5p overexpression increases p-elF2a levels
in HepG2 cells

PPP1R15B is a protein phosphatase and it functions to cata-
lyze the dephosphorylation of elF2a and maintains a balance
between p-elF2a and elF2a within the cell. Such a balance is
very crucial in maintaining the cellular homeostasis during
normal and stressed states. HepG2 cells were transfected
with miR-98-5p mimic at doses of 25 and 50nM, lysed and
the levels of p-eIlF2a and total eIF2a were evaluated. As
shown in Fig. 2A, there was a dose dependent increase in
the levels of p-eIF2a in the presence of miR-98-5p, although
the total levels of e[F2a remained unchanged. This increase
was prevented in the presence of miR-98-5p inhibitor
(Fig. 2B), suggesting that as miR-98-5p targets PPP1R15B
and decreases its levels, there occurs a concomitant increase
in the levels of p-elF2a. This flow of regulatory events by
miR-98-5p is shown in Fig. 2C where overexpression of
miR-98-5p targets PPP1R15B that induces p-elF2a accumu-
lation, possibly resulting in translational attenuation. eIF2a
is an eukaryotic initiation factor of translation and functions
by forming a ternary complex with GTP and initiator tRNA
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Fig. 1 miR-98-5p downregulates PPP1R15B levels in HepG2 cells.
(A) HepG2 cells were transfected with either the scramble or miR-
98-5p mimic (25 and 50nM) and after 48 h, total RNA was isolated,
reverse transcribed and subjected to qRT-PCR using primers for
PPPIR15B. 18 S rRNA was used as the loading control. (B) HepG2
cells transfected with either the scramble (Scr) or miR-98-5p mimic
(25 and 50nM) and were lysed after 48 h and 50ug nuclear lysate
was subjected to western blot analysis using anti-PPPIR15B anti-
body. p-actin was used as the loading control. (C) Cells were trans-
fected with either the scramble or miR-98-5p mimic and/or inhibitor
(75nM) and after 48 h, total RNA was isolated and the transcript lev-
els of PPPIR15B were assessed by qRT-PCR. 18 S rRNA was used
as the loading control. (D) Cells were transfected as in “C” and on
termination of incubation (48 h), the protein levels of PPP1R15B
were detected by Western Blot analysis. (E) Cells were transfected

during protein synthesis. This complex mediates ribosomal
recognition of the start codon during the scanning process by
the ribosomal complex to initiate protein translation. How-
ever, phosphorylation of el[F2a withdraws this regulatory
role of e[F2a on protein translation and consequently protein
synthesis is stalled.

mir-98-5p overexpression inhibits gluconeogenesis
in HepG2 cells

Results from the above suggest that increased levels of miR-
98-5p promote accumulation of p-eIF2a within the cells by
targeting PPP1R15B. To determine the consequent effects
of miR-98-5p-PPP1R15B interaction mediated p-elF2a
accumulation, we assessed the impact on two evident aber-
rant hepatic hallmarks during diabetes: gluconeogenesis
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with either the scramble or miR-98-5p inhibitor (75nM) and after
48 h, the protein levels of PPP1R15B were detected by Western Blot
analysis as in “B”. p-actin was used as the loading control. Densi-
tometric analyses are given along with the respective blots. (F) The
miR-98-5p binding site on the PPP1R15B 3'UTR and the mutation
incorporated in the binding site (red) is shown. (G) HepG2 cells were
plated in 12-well plates and transfected with the wild-type (WT) or
the mutated (mut) PPP1IR15B ‘UTR’ together with the miR-98-5p
mimic (50 nM) and/or its inhibitor (75 nM). Control cells were trans-
fected with the scramble sequence. After 48 h, cells were lysed and
luciferase activity was measured as described in the Materials and
methods section. Renilla luciferase plasmid was used as the transfec-
tion control and firefly luciferase values were normalised to its values.
All experiments were done in triplicates and values are presented as
means + SEM. ***p <0.001, **p <0.01 and *p <0.05

and lipogenesis. HepG2 cells were transfected either with
the scramble or with miR-98-5p mimic alone or together
with its inhibitor for 48 h and upon completion of incuba-
tion, transcript levels of the gluconeogenic genes (PC, FBP
PCK1 and G6PC) were evaluated by qRT-PCR. As shown in
Fig. 3A-D, miR-98-5p decreased the mRNA levels of all glu-
coneogenic genes and such effects of miR-98-5p on gluco-
neogenic genes’ expression were prevented in the presence
of the miR-98-5p inhibitor. Since we observed changes in
the status of gluconeogenic genes, we investigated the effects
on hepatic glucose production (HGP). The liver maintains
glucose levels by a complex balance between endogenous
glucose synthesis and glucose absorption through coordina-
tion of both gluconeogenesis and glycogenolysis. HepG2
cells were cultured as mentioned in “Materials and Meth-
ods” section and transfected with the miR-98-5p mimic
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Fig.2 miR-98-5p induces p-eIF2a in HepG2 cells. (A) HepG2 cells
transfected with either the scramble (Scr) or miR-98-5p mimic (25
and 50nM) and were lysed after 48 h and 50ug lysate was subjected
to western blot analysis using anti-eIF2a and anti-p-elF2a antibodies.
HSC70 was used as the loading control. (B) Cells were transfected
with either the scramble or miR-98-5p mimic and/or inhibitor and
after 48 h, cells were lysed and lysates (50ug) were subjected to west-
ern blot analysis as mentioned in “A”. HSC70 was used as the load-
ing control. (C) Diagrammatical representation of the possible cel-
lular consequences of miR-98-5p overexpression. miR-98-5p targets

alone or together with its inhibitor. As shown in Fig. 3E,
as compared to cells transfected with the scramble, hepatic
glucose production was significantly ameliorated in the pres-
ence of miR-98-5p. This decrease in glucose production was
abrogated in the presence of the miR-98-5p inhibitor. These
suggest a significant role of this miRNA in altered glucose
metabolism in HepG2 cells.

mir-98-5p overexpression inhibits Lipogenesis
in HepG2 cells

To determine the effects of miR-98-5p-PPP1R15B inter-
action, we assessed the impact on another major hepatic
hallmark during diabetes i.e. lipogenesis as mentioned
previously. HepG2 cells were transfected either with the
scramble or with miR-98-5p mimic alone or together with
its inhibitor for 48 h and upon completion of incubation,
transcript levels of the lipogenic genes (FASN, ACC, ACLY,
ADRP, HMGCR, and HMGCS) were evaluated. As shown
in Fig. 4A-F, miR-98-5p decreased the transcript levels of
lipogenic genes. Also, such effects were prevented signifi-
cantly in the presence of the miR-98-5p inhibitor suggesting
a possible role of this miRNA in altered hepatic lipid metab-
olism. Since we observed changes in the status of lipogenic

PPPIR15B and this increases p-elF2a levels. elF2a is a component
of the trimeric eIF2 protein that upon GTP binding, interacts with the
ribosomal complex to initiate translation. However, phosphorylation
of the elF2a subunit at Ser51 prevents GTP exchange and the bind-
ing of the ribosomal initiator complex to the GDP-bound p-elF2
complex is impaired and this stalls translational initiation and halts
protein synthesis. Densitometric analysis of the blot is given below.
Experiments were performed in triplicate and values are presented as
means + SEM. ***P <0.001, **P <0.01 and *P <0.05

genes, we probed the effects on hepatic lipid accumulation.
HepG2 cells were cultured as mentioned in “Materials and
Methods” section and transfected with the miR-98-5p mimic
alone or together with its inhibitor. As shown in Fig. 4G, as
compared to cells transfected with the scramble, lipid accu-
mulation (as visualised by Bodipy staining) was significantly
decreased in the presence of miR-98-5p at 48 h post transfec-
tion. This decrease in cellular lipid content was abrogated
in the presence of the miR-98-5p inhibitor, suggesting that
miR-98-5p targets PPP1R15B and prevents lipid accumula-
tion in HepG?2 cells.

PPP1R15B inhibition prompts p-elF2a accumulation
and decreases gluconeogenesis and lipogenesis
in HepG2 cells

Since PPP1R15B was validated as a target of miR-98-5p and
this interaction was associated with altered lipid and glu-
cose metabolism in HepG2 cells, we attempted to explore
if PPP1R15B inhibition alone was sufficient to exert similar
effects as miR-98-5p over-expression. HepG2 cells transfected
with the scramble or PPP1R15B siRNA at 25 and 50nM dose
for 48 h and this led to significant inhibition of PPP1R15B
at the transcript and protein level (Fig. SA, B). Similar to
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Fig.3 miR-98-5p reduces gluconeogenesis in HepG2 cells. Cells
were transfected with either the scramble or miR-98-5p mimic and/or
inhibitor and after 48 h, total RNA was isolated, reverse transcribed
and subjected to qRT-PCR using gene-specific primers of PC (A),
FBP (B), PCK1 (C), and G6PC (D). 18 S rRNA was used as the load-
ing control. (E) HepG2 cells were transfected as in “A” and on termi-

miR-98-5p effects, this was accompanied by a dose dependent
increase in the levels of p-e[F2a in the presence of the siRNA
without any change in the total levels of elF2a (Fig. 5C).
Interestingly, PPP1R15B inhibition alone was enough to sig-
nificantly down-regulate the transcript levels of gluconeogenic
genes (Fig. SD-F) at a dose of 50 nM; however, FBP transcript
levels remained unchanged (Fig. 5G). Also, hepatic glucose
output decreased significantly in the presence of PPP1R15B
siRNA (Fig. 5H). Moreover, mRNA levels of lipogenic genes
such as FASN, ACC, ACLY, ADRP, HMGCR, HMGCS
(Fig. 6A-F) and lipid accumulation (Fig. 6G) were signifi-
cantly decreased upon PPP1R15B inhibition at 48 h post
transfection.

@ Springer

nation of incubation, glucose output in the media was measured as
described in the “Methods” section. Total protein content from whole
cell lysates was used for normalization. Experiments were performed
in triplicate and values are presented as means + SEM. **P < (.01 and
*P<0.05

p-elF2a mediated effects of miR-98-5p-PPP1R15B
interaction on gluconeogenic and lipogenic gene
expression is possibly through CREB

Deregulated hepatic gluconeogenesis and lipogenesis is
almost always due to altered expression of gluconeogenic
and lipogenic genes which is mediated by a complex inter-
play of transcription factors (TFs) and other regulators.
To investigate the presence of such transcription factors
we explored the enrichment of transcription factors on the
altered genes using PASTAA tool that utilizes the prediction
of binding affinities of a TF to a set of gene promoters. Using
a cut-off p-value score of >0.01, CREB_Q3 was found to
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Fig.4 miR-98-5p impedes lipogenesis in HepG2 cells. Cells were
transfected with either the scramble or miR-98-5p mimic and/or
inhibitor and after 48 h, total RNA was isolated, reverse transcribed
and subjected to qRT-PCR using gene-specific primers of FASN (A),
ACC (B), ACLY (C), ADRP (D), HMGCR (E) and HMGCS (F).
18 S rRNA was used as the loading control. (E) HepG2 cells were
grown on cover-slips placed on 24-well plates transfected as in “A”.
After 48 h, cells were fixed with 4% formaldehyde and stained with

be the most over-represented (Fig. 7A). Towards validation,
HepG2 cells were transfected either with the scramble or
with miR-98-5p mimic alone or together with its inhibitor
for 48 h and upon completion of incubation the transcript
and protein levels of CREB were assessed by qRT-PCR and
Western Blot, respectively. While the transcript levels of
CREB showed no change as shown in Fig. 7B, there was
a significant decrease in protein levels in the presence of
mimic miR-98-5p that was rescued in the presence of miR-
98-5p inhibitor (Fig. 7C) suggesting that CREB might be an
upstream regulator of gluconeogenesis and lipogenesis that
is governed by altered levels of p-eIF2a in the presence of
miR-98-5p. Also, inhibition of PPP1R15B using a specific
siRNA decreased the protein levels of CREB without affect-
ing its transcript levels (Fig. 7D, E).

mir-98-5p inhibition alone increases gluconeogenic
and lipogenic genes’ transcription

Circulatory levels of miR-98-5p are decreased during
diabetes(Khan et al. 2020) and to decipher a physiological
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Bodipy for 15 min. Nuclei were stained with DAPI. After thorough
washing, cells were visualised in a fluorescent microscope. Quantifi-
cation of the green fluorescence was done using the ImageJ software
and is represented in the lower panel. Experiments were performed
in triplicate and values are presented as means + SEM. ***P <0.001,
**P<0.01 and *P<0.05 as compared to scramble transfected cells
(Scr)

relevance within the liver, we mimicked this state in HepG2
cells by inhibiting the miRNA levels using a specific inhibi-
tor. As shown in Fig. 7F-G, miR-98-5p inhibition significantly
increased the transcript levels of gluconeogenic (G6PC, PC,
PCK and FBP) and lipogenic (FASN, ACC, ACLY, ADRP
and HMGCR) genes. Also, corroborating with Fig. 7E, as
compared to scramble, there was a significant increase in
CREB protein levels in the presence of the miR-98-5p inhibi-
tor (Fig. 7H).

Collectively, our data show that miR-98-5p targets
PPP1R15B and the miR-98-5p-PPP1R15B axis increases
p-elF2a levels which stalls CREB translation and the result-
ing decreased CREB protein levels facilitate a decrease in the
levels of lipogenic and gluconeogenic genes. As opposed to
this, when the levels of miR-98-5p are decreased as in the
presence of the miRNA inhibitor, the levels of PPP1R15B
are increased and this leads to increased levels of CREB, that
consequently elevates gluconeogenic and lipogenic gene tran-
scription (Fig. 8).
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Fig.5 PPPIRI5B inhibition induces p-elF2a accumulation and
decreases gluconeogenesis and hepatic glucose output in HepG2
cells. (A) HepG2 cells were transfected with either the scramble
(Scr) or PPP1R15B siRNA (25 and 50nM) and after 48 h, the lev-
els of total RNA were isolated, reverse transcribed and PPPIR15B
transcript levels were quantified by qRT-PCR using specific primers.
18 S rRNA was used as the loading control. HepG2 cells transfected
as in “A” were lysed and lysates (50ug) were subjected to western
blot analysis using anti-PPP1R15B (B) and p-elF2a/elF2a (C) anti-
bodies. Vinculin was used as the loading control. Cells were trans-

Discussion

In this study we present evidence to show that miR-98-5p,
whose levels are down-regulated in the circulation during
diabetes, regulates hepatic gluconeogenesis and lipogenesis
by targeting PPP1R15B. In the recent years, deregulated lev-
els of circulatory miRNAs have been shown to induce aber-
rant gene expression patterns in metabolic diseases including
diabetes (Mori et al. 2019; Pordzik et al. 2019). It is well
established that circulatory miR’s are potential biomarkers
in the diagnosis and prognosis of several diseases (Mori
et al. 2019). Glucose intolerance and insulin resistance was
induced in lean mice by injecting circulating extracellular
vesicles (EVs) packed with miRNAs from obese mice (Ying
et al. 2017, Castaiio et al. 2018) and a similar effect was seen
with synthetic EVs (Castafio et al. 2018); conversely when
EVs from lean mice were induced into obese mice, there was
an alleviation in insulin resistance (Ying et al. 2017). These
indicate that miRNAs loaded onto EVs and present in the
circulation have major roles in the regulation of metabolism
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siRNA (nM)

fected as described in “A” and on termination of incubation, total
RNA was isolated, reverse transcribed and subjected to qRT-PCR
to assess the transcript levels of G6PC (D), PC (E), PCK1 (F) and
FBP (G). 18 S rRNA was used as the loading control. (H) Cells were
transfected with either the scramble or PPP1R15B siRNA (50nM)
and on termination of incubation (48 h), glucose output in the media
was measured as described in the “Methods” section. Total protein
content from whole cell lysates was used for normalization. Experi-
ments were performed in triplicate and values are presented as
means + SEM. ***P <(.001, **P <0.01 and *P <0.05

within the cell and therefore harbor potential to serve as pos-
sible therapeutic agents.

A study from our laboratory demonstrated that circula-
tory levels of miR-98-5p, a member of miR let-7 family, are
decreased in diabetic patients (Khan et al. 2020). Circulatory
miR-98-5p levels are reported to be downregulated during
diabetes and in other diseases like CAD(Pordzik et al. 2018;
Sheikh 2021), diabetic nephropathy (Eroglu et al. 2020),
neurological disorders(Yang et al. 2021). Also, miR-98 lev-
els are downregulated in liver fibrotic models (Wang et al.
2020; Ma et al. 2022). The miR let-7 family codes for 9
mature miRNAs and collectively, they control stemness,
metabolism, apoptosis, and cell proliferation. Several inves-
tigations have implicated let-7 in the control of glucose
metabolism in a variety of tissues (Jiang 2019) and its tar-
get genes have been linked to T2D in human GWAS (Jiang
2019). Among a set of four clusters on the X-chromosome,
miR-98 together with let-7f locates to the fourth cluster. In
HCC patients, miR-98 acts as a tumor suppressor by regulat-
ing the Wnt/-catenin signaling through direct suppression of
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Fig.6 PPP1R15B inhibition reduces lipogenesis and hepatic stea-
tosis in HepG2 cells. HepG2 cells were transfected with either the
scramble (Scr) or PPP1R15B siRNA (25 and 50nM) and after 48 h,
total RNA was isolated, reverse transcribed and subjected to qRT-
PCR using primers for FASN (A), ACC (B), ACLY (C), ADRP (D),
HMGCR (E) and HMGCS (F). 18 S rRNA was used as the load-
ing control. (E) HepG2 cells were grown on cover-slips placed on

EZH2 expression (Zhang et al. 2017). By targeting IL-10,
miR-98 prevents HCC from spreading in HCC-conditioned
tumor-associated macrophages (TAMs) (Li et al. 2018) and
by targeting NIK, miR-98-5p prevents HBV-HCC cells from
proliferating, migrating, and invading (Fei et al. 2020). Our
data shows that miR-98-5p targets PPP1R15B by binding
to its 3’UTR and regulates its levels. PPP1R15B, a protein
phosphatase that dephosphorylates elF2a is associated with
MODY (Abdulkarim et al. 2015, Kernohan et al. 2015) and
two patients from a consanguineous family with homozy-
gous missense mutation in PPP1R15B had juvenile onset
diabetes, low height (Abdulkarim et al. 2015) and micro-
cephaly, cerebral impairment, intellectual disability (Ker-
nohan et al. 2015). Deficiency of PPP1R15B is associated
with infantile cirrhosis, growth impairment, and neurodevel-
opmental anomalies(Mohammad et al. 2016).

However, little information is available regarding deregu-
lated PPP1R15B expression and the relevance within the
liver. A previous study from our laboratory demonstrated
that in keratinocytes, miR-98-5p increased p-elF2a lev-
els by targeting PPP1R15B (Khan et al. 2020). Knockout
studies reveal that PPP1R15B plays a prominent role in
elF2a dephosphorylation during mammalian development
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24-well plates transfected as in “A”. After 48 h, cells were fixed with
4% formaldehyde and stained with Bodipy for 15 min. Nuclei were
stained with DAPI. After thorough washing, cells were visualised in a
fluorescent microscope. Quantification of the green fluorescence was
done using the ImagelJ software and is represented in the lower panel
Experiments were performed in triplicate and values are presented as
means + SEM. ***P <0.001, **P <0.01 and *P <0.05

(Harding et al. 2009). elF2a phosphorylation is a master
regulator that controls selective translation of mRNAs nec-
essary for adaptive functions of the cell and also represses
global translation in response to various stresses. Mice with
homozygous mutation of elF2a (S51A) died immediately
after birth due to accompanying hypoglycaemia as a result
of defective gluconeogenesis (Scheuner et al. 2001). Con-
versely, adult mice that are heterozygous for the identical
elF2a S51A mutation are more likely to be obese, have
insulin resistance, and glucose intolerance (Scheuner et al.
2005). Studies in PERK-null mice and in the human disease
Wolcott-Rallison syndrome, a rare infantile-onset insulin-
requiring diabetes caused by a loss-of-function mutation in
the PERK gene, revealed the involvement of UPR and more
specifically, the PERK-elF2a pathway (Delépine et al. 2000,
Zhang, Feng et al. 2006). These reports suggest that correla-
tion between metabolic control and eIF2a phosphorylation is
well established. Our data presented here demonstrates that
miR-98-5p by targeting PPP1R15B promotes an accumula-
tion of p-elF2a in HepG2 cells which possibly decreases
CREB protein levels that might be associated with aberrant
hepatic metabolism. Using PASTAA, CREB emerged as the
most enriched transcription factor and it is known to regulate
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Fig.7 CREB mediates deregulated Gluconeogenesis and Lipogenesis
in HepG2 cells. (A) Using the online tool, PASTAA, CREB emerged
as the most over-represented transcription factor common to both
gluconeogenic and lipogenic genes. (B) Cells were transfected with
either the scramble or miR-98-5p mimic and/or inhibitor (75nM)
and after 48 h, total RNA was isolated, reverse transcribed and sub-
jected to qRT-PCR using primers for CREB. 18 S rRNA was used as
the loading control. (C) Cells were transfected as in “A” and lysates
(50 pg) were subjected to Western Blot analyses to detect the levels
of CREB. HSC70 was used as the loading control. HepG2 cells were
transfected with either the scramble (Scr) or PPP1IR15B siRNA (25

PC, PCK1, and G6PC transcriptionally through recruitment
of coactivators (Herzig et al. 2001, Oh, Han et al. 2013).
CREB pathway has also been shown as an early signal in
NAFLD progression in high-fat fed rats (Awaad et al. 2020).
Moreover, fatty liver and increased hepatic TAG content
were phenotypes observed in mice liver with dominant-
negative CREB expression (Herzig et al. 2003). In fact, our
data shows that there is decreased transcription of CREB-
regulated gluconeogenic and lipogenic genes together with
decreased glucose output and lipid accumulation in the pres-
ence of miR-98-5p; all suggestive of a crucial role of the
miR-98-5p/PPP1R15B/elF2a axis in deregulated hepatic
metabolism as is evident in obesity, insulin resistance and
diabetes. Since an earlier report from our laboratory had
demonstrated decreased circulatory levels of miR-98-5p in
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and 50nM) and after 48 h, total RNA was isolated from cells and sub-
jected to qRT-PCR to detect the transcript (D) and protein (E) levels
of CREB. Cells were transfected with either the scramble or miR-
98-5p inhibitor (75nM) and after 48 h, transcript levels of gluconeo-
genic (F: G6PC, PC, FBP and PCK1) and lipogenic (G: FASN, ACC,
ACLY, ADRP and HMGCR) genes were evaluated by qRT-PCR.
(H) HepG2 cells transfected as in “F” were lysed and the levels of
CREB were detected by Western Blot analysis as in “E”. 18 S rRNA
and HSC70 were used as the loading controls. Experiments were
performed in triplicate and values are presented as means+ SEM.
###P <0.001, **P <0.01 and *P <0.05

diabetic subjects (Khan et al. 2020), we think that by modu-
lating the PPP1R15B/elF2a axis, decreased miR-98-5p lev-
els might increase hepatic gluconeogenesis and lipogenesis,
two evident hallmarks of aberrant hepatic physiology. This
was apparent in the presence of miR-98-5p inhibitor alone
where there was increased transcription of gluconeogenic
and lipogenic genes in HepG2 cells. Increased hepatic glu-
coneogenesis, lipogenesis and glucose output are major con-
tributors of the diabetic phenotype and these are elevated in
diabetic animal models and diabetic subjects (Dorn et al.
2010, Eissing, Scherer et al. 2013, Zhang, Xu et al. 2013).
To conclude, our data identifies the miR-98-5p/
PPP1R15B axis as a significant regulator of hepatic glu-
coneogenesis and lipogenesis and offers a possible path
to explore the therapeutic potential of this axis to target
deregulated hepatic metabolism during metabolic diseases.
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Fig.8 A schematic representa-
tion depicting the comparison
of cellular consequences of mir-
98-5p and its inhibitor. While
our data using HepG2 cells

in vitro demonstrate a reduc-
tion in gluconeogenesis and
lipogenesis due to miR-98-5p
overexpression; under in-vivo
states where the circulatory lev-
els of miR-98-5p are decreased,
because PPP1R15B would

not be targeted and inhibited,
p-elF2a levels would decrease
with a concomitant increase in
total elF2a levels that possibly
will increase gluconeogenic
and lipogenic protein synthesis,
consequently increasing hepatic
glucose output and hepatic lipid
accumulation, prominent pheno-
types of diabetes
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