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The predictive function of miR-122-5p @
and its action mechanism by regulating PKM2
in metabolic syndrome

Xinglu Zhou'", Rui Wu?!, Guangfeng Tang?, Tongtong Shen* and Wei Li>"

Abstract
Background Obesity will cause metabolic syndrome (Mets) easily, and its pathogenesis is not completely clear.
Aim To probe into the predictive value of miR-122-5p and its regulatory mechanism in Mets.

Method The predictive effect of miR-122-5p on Mets was evaluated by constructing a Receiver Operating
Characteristic (ROC) curve. The target genes of miR-122-5p were predicted using the ENCORI/starBase and
TargetScanHuman databases, and pyruvate kinase M2 (PKM2), closely related to Mets, was screened by GO and KEGG
analysis. The roles of miR-122-5p/PKM2 in insulin resistance (IR) were explored by treating the human normal liver cells
(HLCs) with palmitic acid (PA) to induce the IR model. The effects of miR-122-5p/PKM2 on glucose metabolism (GM) of
HLCs were evaluated by detecting the production of pyruvic acid, lactic acid, and ATP.

Results MiR-122-5p was highly expressed in obese people and Mets patients, and its predicted AUC for Mets was
0.876. In HLCs transfected with wild-type PKM2 luciferase vector (PKM2-wt), luciferase activity was attenuated by the
miR-122-5p mimic and enhanced by its inhibitor. The expression of PKM2 was inhibited by the miR-122-5p mimic and
up-regulated by its inhibitor. The miR-122-5p mimic enhanced PA-induced IR and inhibited the GM of HLCs, which
were reversed by overexpression of PKM2. The miR-122-5p inhibitor exerted the opposite effects of its mimic, which
were also reversed by silencing of PKM2.

Conclusion MiR-122-5p, a risk factor for Mets, mediated the IR and abnormal glucose metabolism of HLCs by
negatively regulating PKM2.
Clinical trial number Not applicable.
Highlights
As an independent risk factor for Mets, miR-122-5p had a certain value in predicting Mets.
MiR-122-5p mediated the insulin resistance of HLCs by negatively regulating PKM2.
MiR-122-5p mediated the abnormal glucose metabolism of HLCs by negatively regulating PKM2.
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Introduction

The incidence of metabolic syndrome (Mets) is rising
worldwide. It is estimated that about one-third of the
European population and 27% of the Chinese popula-
tion have Mets [1]. Mets refers to a series of pathologi-
cal conditions of metabolic disorders in the human body,
including the metabolism of carbohydrates, fats, pro-
teins, and other substances, which is a risk factor leading
to diabetes and cardiovascular and cerebrovascular dis-
eases [2, 3]. The main manifestations of Mets are obesity,
hyperglycemia, hypertension, hyperlipidemia, hyperinsu-
linemia, and so on [4]. Obesity is a risk factor for Mets,
which tends to cause tissue stress and dysfunction, caus-
ing metabolic disorders [5]. Abnormal fat accumulation
will affect insulin sensitivity. The heart of the Mets patho-
physiology is insulin resistance (IR), which is manifested
by impaired fasting blood sugar or impaired glucose tol-
erance [6]. Although Mets is very common worldwide, its
cause has not been identified.

MicroRNAs (miRNAs) are evolutionarily conserved
non-coding RNA molecules with 18-24 nucleotides in
size that are known to be involved in post-transcriptional
regulation of protein synthesis [7]. The increasing evi-
dence displays that miRNA plays an important role in a
variety of diseases, including Mets. For example, miR-
122-5p, miR-21-5p, and miR-146a-5p were significantly
up-regulated in Mets patients [8]. Peng et al. demon-
strated that miR-377 can cause inflammatory response
and IR in obesity by targeting SIRT1 [9]. There were
2 miRNAs that expressed highly and 36 miRNAs that
expressed lowly in plasma samples from Mets patients
(compared to healthy volunteers), identified by Liu et al.
using high-throughput sequencing. Their RT-qPCR data
demonstrated that miR-526b-5p and miR-6516-5p were
down-regulated in Mets patients [10].

In a systematic review of “microRNAs associated with
overweight and obesity in children,” miR-122-5p was
listed as a good candidate for a biomarker of childhood
obesity [11]. A descriptive cross-sectional study showed
that miR-122-5p was overexpressed in obese children
(compared to normal-weight children) [12], and another
study showed that the expression of miR-122-5p in the
blood of Mets subjects was significantly higher than that
of the healthy group [8]. In a weight-loss intervention
assay, circulating miR-122-5p level decreased as sub-
jects lost weight [13]. In a high-fat diet-induced obese rat
model of nonalcoholic fatty liver disease, the expression
of miR-122-5p in the liver was upregulated. Inhibition of
miR-122-5p, induced by swimming exercise and intermit-
tent fasting, could improve the lipid metabolism of the
liver in rats [14]. These studies suggest that miR-122-5p is

crucial in childhood obesity and may be a potential bio-
marker for Mets. Based on these, we explored the predic-
tive function of miR-122-5p in Mets, and further probed
into the pathogenesis of Mets by mining the downstream
genes of miR-122-5p.

Materials and methods

Volunteers and samples

All peripheral blood samples in this study were collected
from author’s institution, including 150 lean and 112
obese healthy volunteers, and 214 patients with Mets.
Body mass index (BMI) <24 kg/m? was considered to be
lean, and BMI>30 kg/m? was considered to be obese.
The basic information of them was shown in supplemen-
tary Table 1. Before the study, we received the informed
consent signed by all volunteers. This study was autho-
rized by the Ethics Committee of author’s institution.

Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted by the MirPremier MicroRNA
Isolation Kit (Sigma-Aldrich, USA), which was subse-
quently reversely transcribed into cDNA by the miR-
Quant TagMan microRNA c¢DNA Synthesis Kit (Baiao
Leibo, China) and the First-Strand cDNA Synthesis Kit
(APExBIO, USA), respectively. U6 and GAPDH were
used as internal reference genes for miR-122-5p and
PKM2, respectively. Primer sequences were shown in
supplementary Table 2.

The analysis of miR-122-5p in predicting Mets

The Statistical Package for the Social Sciences (SPSS)
software was used to construct the Receiver Operat-
ing Characteristic (ROC) curve of miR-122-5p to pre-
dict Mets, and perform the multifactorial binary logistic
regression analysis of clinical factors to evaluate the pre-
dictive value of miR-122-5p in Mets.

Bioinformatics analysis

The downstream genes of miR-122-5p were predicted
in the ENCORI/starBase database (https://rnasysu.com
/encori/index.php) and the TargetScanHuman database
(https://www.targetscan.org/). Bioinformatics (https://w
ww.bioinformatics.com.cn/), an online analysis platform,
was used for the GO and KEGG analysis.

Cell transfection

The cell density of RNA transfection was 30-50%, and of
DNA transfection was about 90%. The mimic and inhibi-
tor of miR-122-5p, the small interfering RNA (si-PKM2),
and the overexpressed plasmid (ov-PKM2) of PKM2 were
purchased from MedChemExpress Company (USA), and
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they were mixed with Lipofectamine 3000 reagent (Invi-
trogen, USA) and Opti-MEM medium (Invitrogen, USA)
according to the instructions and added to cells pre-
inoculated into a 6-well plate. After 8 h, the transfection
medium was removed.

Western blotting

Cells were cleaved by RIPA lysate for 30 min. The super-
natant (protein mixture) was obtained after centrifuga-
tion (4°C, 12000 rpm, 20 min), which then was mixed
with loading buffer to incubate for 10 min at 100°C.
SDS-PAGE was performed on 50 pg protein per well.
The protein was then electrically transferred to the PVDF
membrane. The PVDF membrane was incubated with
5% skim milk powder at room temperature for 1.5 h, and
then incubated with anti-PKM2 antibody (Abcam, UK)
at 4°C overnight. The next day, after incubation with the
second antibody (ZSGB-BIO, China), the protein was
checked using the chemiluminescent gel imaging system,
after the ECL color-developing solution was added. For
the convenience of presentation, only cropped images
were shown in the results, please see the supplementary
file 1 for the complete images.

Cell culture and treatment

Human normal liver cells (HLCs) purchased from Shang-
hai Tongwei Biotechnology Co., LTD (China), were
cultured with RPMI-1640 medium (10% FBS and 1%
penicillin/streptomycin), in a 37°C sterile incubator with
5% CO,. The cells, with a density of 80%, were treated
with palmitic acid (PA) (0.25 mmol/L, MedChemExpress,
USA) for 24 h to build the IR cell model. At 0 and 24 h,
the glucose concentration of cell media was measured
using the Glucose Oxidase Assay Kit (Applygen, China).
The cells were treated with 20 mM of 2-Deoxy-D-glucose
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(2-DG) (MedChemExpress, USA) for 24 h to inhibit the
glycolysis.

Detection of cell GM

The pyruvate concentration of cells was detected by a
Pyruvate Assay Kit (Abcam, UK). The lactic acid level
in the cell supernatant was determined by a Lactic Acid
Detection Kit (KeyGen Biotech, China). The content
of ATP was detected by an ATP Assay Kit (Beyotime,
China).

Statistical analysis

The results were analyzed by one-way ANOVA or Stu-
dent’s t-test. All results were expressed as mean + stan-
dard deviation (SD), and pvalues below 0.05 were
considered statistically significant. All statistical analy-
ses were performed using GraphPad Prism statistical
software.

Results

MiR-122-5p was a risk factor for Mets

MiR-122-5p was an up-regulated gene in obese individu-
als (Fig. 1A). Similarly, miR-122-5p expressed highly in
Mets patients (compared to healthy people) (Fig. 1B).
ROC analysis showed that miR-122-5p predicted Mets
with an AUC of 0.876 (sensitivity=73.8%, specific-
ity=88.2%) (Fig. 1C). Multifactorial binary logistic
regression analysis confirmed miR-122-5p as an indepen-
dent risk factor for Mets (p<0.001), and each unit aug-
ment of miR-122-5p level elevated the risk of Mets by
2.020-fold (Table 1).

Regulation of PKM2 by miR-122-5p

The downstream genes of miR-122-5p were predicted
using the ENCORI/starBase database and the Tar-
getScanHuman database, respectively, among which 104
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Fig. 1 MiR-122-5p was a risk factor for Mets. The expression of miR-122-5p in obese individuals (A), and patients with Mets (B). (C) The ROC curve of miR-

122-5p in predicting Mets. AUC, area under curve. ***p <0.001
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Table 1 Multifactorial binary logistic regression analysis of
factors predicting Mets

Group OR 95% ClI pvalue
Lower Upper

miR-122-5p 2.020 1.670 2443 <0.001

Gender 1.156 0.754 1.772 0.507
Age 1.190 0.723 1.960 0.494
BMI 1.060 1.025 1.096 0.010
Smoking 1.074 0.703 1.640 0.743
Drinking 1.333 0.870 2.041 0.187
Family history 2.055 0.943 4478 0.070
Hypertension 1.666 1.066 2.604 0.025
Hyperglycemia 1.997 1.255 3.180 0.004

Notes: Mets, Metabolic Syndrome; OR, Odds Ratio; Cl, Confidence Interval; BMI,
Body Mass Index

genes were shared (supplementary Fig. 1A). The GO
analysis displayed that PKM2 was widely involved in the
biological processes related to cell metabolism, such as
canonical glycolysis, glucose catabolic process to pyru-
vate, glycolytic process through glucose-6-phosphate,
glucose catabolic process, and so on (Fig. 2A and supple-
mentary Table 3). Moreover, PKM2 was enriched in car-
bon metabolism, glycolysis/gluconeogenesis, and other
metabolism-related signaling pathways (Fig. 2B and sup-
plementary Table 4).

The expression of PKM2 was deficient in obese peo-
ple and patients with Mets (Fig. 2C-D). According to
the binding sequence of miR-122-5p and PKM2 mRNA
(supplementary Fig. 1B), wild-type and mutant PKM2
luciferase vectors (PKM2-wt/-mut) were constructed.
The miR-122-5p mimic (Fig. 2E) reduced the lucifer-
ase activity of HLCs transfected with PKM2-wt and
inhibited PKM2 expression (Fig. 2G and I), whereas the
miR-122-5p inhibitor (Fig. 2F) had the opposite effects
(Fig. 2H and J), indicating that miR-122-5p negatively
regulated PKM2 by targeting its mRNA.

The miR-122-5p/PKM2 axis mediated IR

Glucose content in cell cultures was measured to assess
IR level. HLCs were treated with 0.25 mmol/L PA for
24 h to induce IR (Fig. 3A). Overexpression of PKM2
weakened PA-induced IR, which was strengthened by the
silence of PKM2 in HLCs (Fig. 3B-D). The miR-122-5p
mimic enhanced IR induced by PA in HLCs, which was
whittled by down-regulation of miR-122-5p (Fig. 3E). Co-
transfection of PKM2 plasmid reversed the enhancement
effect of miR-122-5p mimic on IR (Fig. 3F). Silencing of
PKM2 eliminated the effect of miR-122-5p inhibitor on
IR (Fig. 3G).

The miR-122-5p/PKM2 axis mediated GM

The GM of HLCs was evaluated by measuring the con-
tent of pyruvate, ATP, and lactic acid. Overexpression
of PKM2 promoted the production of pyruvic acid and
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lactic acid in HLCs, and its knockdown worked oppo-
sitely (Fig. 4A and D). Consistent with the effect of 2-DG
(the inhibitor of glycolysis), miR-122-5p mimic inhibited
the production of pyruvic acid and lactic acid, which
was reversed by the overexpression of PKM2 (Fig. 4B
and E). The miR-122-5p inhibitor promoted the produc-
tion of pyruvic acid and lactic acid, which were reversed
by the silence of PKM2 (Fig. 4C and F). In addition, the
effects of miR-122-5p and PKM2 on ATP production of
HLCs were consistent with pyruvic acid and lactic acid
(Fig. 4G-1).

Discussion

Mets manifests as a complex set of abnormal metabo-
lisms with extremely complex morbidity. World Health
Organization (WHO) defines Mets as: impaired glucose
tolerance, impaired fasting blood glucose, or IR; hyper-
tension, blood pressure>140/90 mmHg; dyslipidemia,
triglycerides (TG)21.695 mmol/L and high-density lipo-
protein cholesterol (HDL-C)<0.9 mmol/L (male) or 1.0
mmol/L (female); central obesity, waist - hip ratio>0.90
(men) or 0.85 (women), or BMI>30 kg/m% microalbu-
minuria, urinary albumin excretion ratio>20 pg/min or
albumin/creatinine > 30 mg/g [15].

There is evidence that miRNA can target the liver,
which is a potential target involved in the pathogenesis
of Mets. MiR-125b has an anti-inflammatory effect in
the liver, which protects the liver from ischemia/reper-
fusion injury (IRI) by inhibiting the TRAF6 and NF-«xB
pathways [16], while the up-regulation of miR-22 and
miR-450b-5p contributes to the development of hepatic
IRI [17, 18]. The circulating miR-122-5p in the blood has
been shown to be a biomarker for diagnosis and prog-
nosis of diseases, such as atherosclerosis and cardio-
genic shock [19, 20]. In this study, we investigated the
predictive value of miR-122-5p in Mets. The ROC curve
showed that circulating miR-122-5p was an effective
marker of Mets (AUC=0.876), and it is an independent
risk factor for Mets. We further probed into the regula-
tory mechanism of miR-122-5p in Mets by screening its
downstream genes. Our results demonstrated that miR-
122-5p promoted the occurrence of IR and blocked the
GM in HLCs, by inhibiting the expression of PKM2.

IR refers to the attenuated physiological effects of
insulin in the body, which is the typical characteristic of
Mets. MiRNAs are considered “key regulators” of mul-
tiple biological processes. By regulating gene expression
at the post-translational level, miRNAs can broadly regu-
late cell functions [21]. MiRNA mediates the regulation
of IR. MiR-183-5p was over-expressed in PA-treated
HepG2 cells and the livers of obese mice fed with a high-
fat diet (HFD), and it can directly target the 3'UTR of
insulin receptor substrate-1 (IRS-1) to inhibit its expres-
sion, restraining insulin signaling and glycogen synthesis
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in hepatocytes [21]. MiRNAs are also important play-
ers in GM. MiR-130a, miR-130b, and miR-152 inhibited
glycolysis and the production of ATP by decreasing the
levels of glucokinase (GCK) and pyruvate dehydrogenase
E1 subunit-al (PDHA1), and reduced the synthesis and
secretion of insulin, in islet f-cells [22]. Pan et al. dem-
onstrated that miR-4431, which expressed highly in the
serum of patients with type 2 diabetes, blocked the glu-
cose uptake of HepG2 and L02 cells by down-regulating
thyroid hormone receptor interactor 10 (TRIP10) and
protein kinase D1 (PRKDI1) [23]. Liver and systemic
IR are at the heart of Mets. In addition, the liver is an

important organ of GM, which can synthesize glucose
into liver glycogen which can be broken down into glu-
cose under certain conditions, thereby regulating blood
sugar concentration [24]. The exploration of the molecu-
lar mechanisms of IR and GM (such as glycolysis) in liver
cells is of great significance for understanding the patho-
genesis of Mets. Here, we demonstrated that miR-122-5p
mediated the obstacle of glucose uptake in HLCs induced
by PA, and hindered the glycolysis of HLCs, by negatively
regulating PKM2.

PKM2, a key rate-limiting enzyme of glycolysis, can
transfer the phosphate group from phosphoenolpyruvate
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to adenosine diphosphate in glycolysis, producing ATP
and pyruvate. Pyruvate is subsequently reduced to lac-
tic acid in the cytoplasm by lactate dehydrogenase, or it
is completely oxidized in the mitochondria, producing
large amounts of ATP [25]. PKM2 has been shown to
play a major role in the development of human diseases
and in biological processes through the regulation of
metabolism. PKM2 is a key regulator of Warburg effect
in tumor cells. Yu et al. showed that OTUB2, a deubiq-
uitinating enzyme, inhibited the ubiquitination of PKM2

by competitively binding to it with Parkin (ubiquitin E3
ligase), which enhanced the activity of PKM2 and pro-
moted glycolysis, promoting the development of colon
cancer [26]. Diabetic nephropathy is the second cause
of end-stage kidney disease, the activation of PKM2
enhanced the glycolysis process in podocytes, thereby
reversing the hyperglycemia-induced elevation of toxic
glucose metabolites and mitochondrial dysfunction
[27]. The nuclear translocation of PKM2 will lead to a
loss of neuronal function, and the inhibition of nuclear
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in HLCs. **pand *p <0.01, **pand *p <0.001

translocation reversed the changes of specific gene
expression in Alzheimer’s disease, by restoring neuronal
metabolism, which contributed to neuronal activity [28].
PKM2 can coordinate platelet function by promoting the
production of lactic acid and metabolic reprogramming

[29]. In this study, expression levels of PKM2 in the
peripheral blood of patients with Mets, characterized by
a range of metabolic disorders, were significantly lower
than those in healthy volunteers. In polycystic ovary syn-
drome (PCOS), which is also characterized by metabolic
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disorders, resveratrol alleviated PCOS symptoms in rats
by up-regulating PKM2 [30]. These data suggest that
PKM?2 is a key gene in Mets pathogenesis and may be an
important target for Mets treatment.

In conclusion, we revealed the role of miR-122-5p/
PKM2 axis in Mets, which will help to understand the
pathogenesis of Mets. Circulating miR-122-5p may be
able to monitor Mets as a valuable biomarker, and the
miR-122-5p/PKM2 axis may be an effective molecular
target for Mets treatment.
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