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Abstract

Recently, it is implicated that aberrant expression of microRNAs (miRs) is associated with insulin resistance. However, the role of miR-17 fam-
ily in hepatic insulin resistance and its underlying mechanisms remain unknown. In this study, we provided mechanistic insight into the effects
of miR-20a-5p, a member of miR-17 family, on the regulation of AKT/GSK pathway and glycogenesis in hepatocytes. MiR-20a-5p was down-
regulated in the liver of db/db mice, and NCTC1469 cells and Hep1-6 cells treated with high glucose, accompanied by reduced glycogen content
and impaired insulin signalling. Notably, inhibition of miR-20a-5p significantly reduced glycogen synthesis and AKT/GSK activation, whereas
overexpression of miR-20a-5p led to elevated glycogenesis and activated AKT/GSK signalling pathway. In addition, miR-20a-5p mimic could
reverse high glucose-induced impaired glycogenesis and AKT/GSK activation in NCTC1469 and Hep1-6 cells. P63 was identified as a target of
miR-20a-5p by bioinformatics analysis and luciferase reporter assay. Knockdown of p63 in the NCTC1469 cells and the Hep1-6 cells by trans-
fecting with siRNA targeting p63 could increase glycogen content and reverse miR-20a-5p inhibition-induced reduced glycogenesis and activa-
tion of AKT and GSK, suggesting that p63 participated in miR-20a-5p-mediated glycogenesis in hepatocytes. Moreover, our results indicate that
p63 might directly bind to p53, thereby regulating PTEN expression and in turn participating in glycogenesis. In conclusion, we found novel evi-
dence suggesting that as a member of miR-17 family, miR-20a-5p contributes to hepatic glycogen synthesis through targeting p63 to regulate
p53 and PTEN expression.
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Introduction

MicroRNAs (miRs), a group of small (approximately 22nt) non-cod-
ing RNA molecules which are found extensively in plants, animals and
some viruses, have been confirmed to participate in diverse cellular
phenotypes in the form of mRNA-miRNA interactions [1]. MiRs can
directly bind a group of mRNAs by pairing with their 30untranslated
regions (UTRs) [2]. Besides, miRs can be regulated by long non-cod-
ing RNA (lncRNA) or circular RNA (circRNA), consequently, directing
diseases development [3]. Recently, numerous investigations have
implicated that aberrant expression of miRs is associated with insulin
resistance. For example, miR-29 was highly up-regulated in diabetic
rats and overexpression of miR-29 in 3T3-L1 adipocytes resulted in
insulin resistance [4]. It was reported the central importance of miR-
103/107 to insulin sensitivity by regulating cavolin-1 expression [5].

Anti-miR-320 oligo was found to regulate insulin resistance in adipo-
cytes by improving PI3-K pathway [6]. In addition, miR-320 partici-
pated in insulin resistance in adipocytes through targeting p85, a
kinase subunit of PI3K [6]. Moreover, up-regulation of miR-126 in
hepatocytes led to a substantial reduction in IRS-1 protein expression,
and a consequent impairment in insulin signalling [7]. Recently, Yang
et al. unveiled a novel mechanism whereby miR-15b is linked causally
to the pathogenesis of hepatic insulin resistance in saturated fatty
acid-induced obesity [8]. In a previous study, we found that miR-200s
and miR-301a contributed to interleukin (IL)-6-induced hepatic insulin
resistance [9, 10]. Furthermore, we indicated that miR-19a regulated
PTEN expression to mediate glycogen synthesis in hepatocytes [11].

The miR-17/20 cluster was identified as a tumour suppressor in
human breast cancer by reducing the expression of AIB1 and cycling
D1 [12, 13]. Akt1 was needed to induce breast cancer cells apoptosis
by miR17/20 [14]. MiR-17 family consists of six distinct mature miRs,
including miR-20a-5p, miR-20b-5p, miR-106a-5p, miR-106b-5p, miR-
17-5p and miR-93-5p which possess the same ‘seed sequence’ (AAA-
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GUG). In addition, the members of miR-17 family were implicated in
myelodysplastic syndromes, Cisplatin-Resistant and Metastasis,
Lesch–Nyhan syndrome by targeting different associated genes [15–
18]. However, the role of miR-17 family in hepatic insulin resistance
and its underlying mechanisms remain unknown. In the present study,
we found novel evidence suggesting that as a member of the miR-17
family, miR-20a-5p might contribute to hepatic glycogen synthesis
through targeting p63 to regulate p53 and PTEN expression.

Materials and methods

Human liver specimens

The human liver biopsies were performed with patient consent within

the diagnostic workup of NAFLD. The application of patient-derived

materials was approved by the Research Ethics Committee of Beijing
You-An Hospital, and written consent was obtained from all patients.

Cell culture

NCTC1469, a murine liver cell line, was cultured in DMEM supplemented

with 10% (v/v) Horse serum (Hyclone, Logan, UT, USA), 80 units/ml peni-

cillin and 80 lg/ml streptomycin (Life Technologies, Inc., Carlsbad, CA,
USA), at 37°C in a humidified atmosphere with 5% CO2.

Hep1-6, a cell line from mouse hepatoma, was cultured in DMEM con-

taining 10% (v/v) foetal bovine serum, 80 units/ml penicillin and 80 lg/
ml streptomycin, at 37°C in a humidified atmosphere with 5% CO2.

Transient transfection

Firstly, 6 9 105 cells were equally seeded in the 6-well plates with 2 ml

DMEM culture medium containing serum and antibiotics. At the same

time, miR-20a-5p mimic, inhibitor or miR-negative control (Gene-

pharma, Shanghai, China) were mixed with HiperFect transfection
reagent (Qiagen, Duesseldorf, Germany) and incubated at room temper-

ature for 10 min. The complex was then respectively transfected into

NCTC1469 cells and Hep1-6 cells for 48 hrs.

RNA extraction and real-time PCR

The total RNA from NCTC1469 cells and Hep1-6 cells was extracted with
Trizol (Invitrogen, Carlsbad, CA, USA) rigorously according to the manu-

facturer’s instructions. The concentration and the purity of the RNA sam-

ples were assayed by absorbent density analysis on OD260/OD280.

To get cDNA sequence of the specific miR, 2 lg of the total RNA
was reversely transcribed using Taq-Man MicroRNA Reverse Transcrip-

tion Kit (Applied Biosystems, Carlsbad, CA, USA) with specific primers

for miR-20a-5p and U6 (Shanghai Sangon Technology, Shanghai,

China). To quantify the miR-20a-5p, a quantitative real-time PCR assay
was performed with SYBR Green Supermix (Bio-Rad, Hercules, CA,

USA) in a BIO-RAD iCycleriQ real-time PCR detection system. The PCR

amplifications were performed in a 10-ll reaction system containing

5 ll SYBR Green Supermix, 0.4 ll forward primer, 0.4 ll reverse pri-
mer, 2.2 ll ddH2O and 2 ll template cDNA. The thermal cycling condi-

tions were a hot start step at 95°C for 10 min., followed by 40 cycles

at 95°C for 15 sec. and 60°C for 1 min. The relative level of miR-20a-

5p was determined using the 2-delta delta Ct analysis method. We
choose U6 as the endogenous control. Nucleotide primers used for

reverse transcription were as follows (50-30): miR-20a-5p, GTCGTATC

CAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTACC; U6, GTCGTAT
CCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAATATG.

The primers used for real-time PCR were as follows (50-30): miR-20a-5p

forward, GCGCTAAAGTGCTTATAGTGCA; U6 forward, GCGCGTCGTGAAGC

GTTC; Universal reverse primer, GTGCAGGGTCCGAGGT.

Protein extraction and Western blot analysis

Proteins were extracted from the NCTC1469 cells and hep1-6 cells in RIPA
buffer (1% TritonX-100, 15 mmol/l NaCl, 5 mmol/l ethylenediaminete-

traacetic acid, and 10 mmol/l Tris-HCl, pH 7.0) (Solarbio, Beijing, China)

supplemented with a protease and phosphatase inhibitor cocktail (Sigma-
Aldrich, St. Louis, MO, USA). The mixed protein from the cell lysates were

separated by 10% SDS-PAGE and transferred electrophoretically to a poly-

vinylidene fluoride (PVDF) membrane. After soaking with 8% milk in PBST

(pH 7.5) for 2 hrs at room temperature, the membranes were incubated
with the following specific primary antibodies: anti-p63, anti-p53, anti-

PTEN, anti-p-AKT (ser473), anti-p-GSK (ser9), anti-AKT, anti-GSK and

anti-GAPDH (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). After incu-

bating for 24 hrs, the corresponding HRP-conjugated anti-rabbit or mouse
IgG secondary antibodies (all at a 1:5000; Zhongshan gold bridg, Inc., Beij-

ing, China) were subsequently applied and immunodetection was achieved

using the ECL plus detection system (Millipore, Boston, MA, USA) accord-
ing to the manufacturer’s instructions. The house-keeping gene GAPDH

was used as the internal 1ontrol.

Immunofluorescence

NCTC1469 cells were cultured on 6-well plates with glass coverslips

and fix the samples in 4% paraformaldehyde for 30 min. at room

temperature. The samples were washed three times in PBS for 5 min.
per time. Then, the coverslips were incubated with the diluted anti-

body against p63, p53 and PTEN (1:50 diluted in PBS) in a humidi-

fied chamber overnight at 4°C. After washing with PBS for three
times (5 min. per time), the slides were incubated accordingly with

TRITC-conjugated anti-rabbit or mouse IgG (1:500 diluted in PBS)

mixed with DAPI (1:1000 diluted in PBS) for 20 min. at room temper-

ature. After decanting the secondary antibody solution and washing
three times with PBS in dark, coverslips were mounted with a drop

of mounting medium and coated to glass slides. The slides were

sealed at room temperature for about 1 hr in dark. The fluctuation of

fluorescence intensity was then examined using a fluorescence micro-
scope.

Glycogen content measurement

Glycogen levels were measured in cells or liver tissues incubated for

3 hrs in the presence of 1 nmol/l insulin (Usbio, Swampscott, MA,

USA), using a glycogen assay kit (Biovision, San Francisco, CA, USA).
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Fig. 1 Down-regulation of miR-20a-5p is

accompanied by reduced glycogen synthe-

sis. The levels of miR-20a-5p and other
five members of miR-17 family including

miR-20b-5p, miR-106a-5p, miR-106b-5p,

miR-17-5p and miR-93-5p were measured
in the liver of db/db mice (A). The level of

miR-20a-5p was detected in patients with

NAFLD (B). Murine NCTC 1469 and Hep1-

6 hepatocytes were stimulated with
33.3 mmol/l glucose for 48 hrs,

0.25 mmol/l palmitate for 24 hrs,

10 nmol/l IL-6 or 10 nmol/l TNF-a for

24 hrs respectively. The level of miR-20a-
5p was determined in both cells (C). The
changes of miR-17 family members were

detected in NCTC 1469 and Hep1-6 cells
stimulated with 33.3 mmol/l glucose for

48 hrs (D). Genes related to hepatic

glycogen synthesis, glycogen level (E and

F) and activation of AKT and GSK (G and
H) were analysed in NCTC 1469 and

Hep1-6cells treated with 33.3 mmol/l glu-

cose for 48 hrs. Data represent the

mean � S.D. N = 5 mice or N = 3 inde-
pendent experiments. *P < 0.05;

**P < 0.01 (versus control).
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Luciferase target assay

The 30UTR of p63 containing the predicted target site for miR-20a-5p
were cloned into the pmirGLO (Promega, Madison, WI, USA) luciferase

reporter vector which has been cleavage at SacI and XhoI sites. Details

of PCR procedures are described as follows: a hot start step at 95°C
for 10 min., followed by 40 cycles at 95°C for 15 sec. and 55°C for
45 sec., 72°C for 30 sec. The mutant was cloned using the Fast Muta-

genesis System (TransGen Biotech, Beijing, China).

Before conducting luciferase reporter assay, 5 9 104 cells per well

were seeded in 24-well plates in a 500-ll medium and cultured for
18 hrs. The cells were transfected with the modified firefly luciferase

vector (500 ng/ll) mixed with Vigofect transfection Reagent strictly

according to the manufacturer’s instruction. After continuous exposure
for 48 hrs, the luciferase activities from firefly and renilla were mea-

sured with the Dual-luciferase reporter assay system (Promega). We

used renilla activity as the normalized parameter.

Inhibition of p63 and p53 expression by RNA
interference

Before transfection, 1 9 105 cells per well were seeded in a 6-well plate

for application. The siRNA targeting p63/p53 or negative control which

was purchased from Genepharma was transfected into cells for 48 hrs
using HiperFect transfection reagent (Qiagen) as described above. The

siRNA sequences are listed as follows: sip63-1 sense: 50-GGAAUGAA-

CAGACGUCCAATT-30; sip63-2 sense: 50-GCUGAGCCGUGAGUUCAAUTT-
30; sip53 sense: 50-AAGUCUGUUAUGUGCACGUACTT-30.

Statistical analysis

Data were presented as mean � S.D. from three independent experi-

ments or five mice. Statistical analysis was carried out with Student’s t-

test. P < 0.05 was considered as statistically significant difference.

Results

Down-regulation of miR-20a-5p is accompanied
by reduced glycogen synthesis

In previous study, hepatic miR profiles of db/db mice (a diabetes
model) and C57/BL mice were analysed by miR microarray. The
results showed decreased expression of miR-20a-5p in the liver of
db/db mice compared in that of C57/BL mice. To confirm the chip
results, the changes of miR-20a-5p and other five members of miR-
17 family including miR-20b-5p, miR-106a-5p, miRNA-106b-5p,
miR-17-5p and miR-93-5p were examined using real-time PCR. As
shown in Figure 1A, miR-20a-5p, but not miR-20b-5p, miR-106a-5p,
miR-106b-5p, miR-17-5p and miR-93-5p, was significantly

Table 1 Clinical and biochemical characteristics of healthy controls and patients with nonalcoholic fatty liver disease1 n (%)

Characteristic Control (n = 10) NAFLD (n = 10) P value

Gender (males/females) 5/5 5/5 –

Age (year) 43.8 � 9.4 44.6 � 9.0 0.847736

BMI (kg/m2) 22.5 � 3.2 27.0 � 3.0 0.004389

Smoking No No –

Waist circumference (cm) 77.4 � 9.6 93.1 � 8.6 0.001175

Diabetes mellitus No No –

Metabolic syndrome No No –

Hypertension No 2 (20) –

Systolic blood pressure (mmHg) 110.6 � 9.6 114.4 � 7.5 0.336856

Diastolic blood pressure (mmHg) 73.4 � 7.2 77.5 � 5.1 0.159605

AST median (min-max, U/l) 15.5 (14–24) 18.5 (12–26) 0.460403

ALT median(min-max, U/l) 11 (6–22) 18.5 (12–26) 0.460402

Total cholesterol (mmol/l) 4.6 � 0.5 5.2 � 1.0 0.131255

HDL-cholesterol (mmol/l) 1.5 � 0.3 1.3 � 0.2 0.045348

LDL-cholesterol (mmol/l) 2.6 � 0.4 2.9 � 1.3 0.477027

Triglycerides (mmol/l) 0.9 � 0.3 2.5 � 1.6 0.005397
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Fig. 2MiR-20a-5p contributes to glycogenesis in hepatocytes. The levels of miR-20a-5p (A), glycogen synthesis (B and C) and phosphorylation of

AKT and GSK (D and E) were analysed in NCTC1469 cells and Hep1-6 cells transfected with miR-20a-5p inhibitor. The transfected efficiency of

miR-20a-5p mimic was measured in NCTC1469 cells and Hep1-6 cells (F). Moreover, miR-20a-5p mimic was transfected in NCTC1469 cells and
Hep1-6 cells treated with 33.3 mmol/l glucose for 48 hrs. The levels of glycogen synthesis (G and H) and phosphorylation of AKT and GSK (I and
J) were measured. Data represent the mean � S.D. N = 3 independent experiments. *P < 0.05; **P < 0.01;***P < 0.001 (versus control).
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down-regulated. The expression of miR-20a-5p significantly
decreased as well in human with NAFLD combined with insulin resis-
tance (Fig. 1B). The clinical and biochemical characteristics of the
healthy controls and NAFLD patients are demonstrated in Table 1. The
age and gender distribution were similar in both groups. The charac-
teristics including BMI, waist circumference and triglyceride level were
obviously higher in the NAFLD patients. To further analyse the
changes of miR-20a-5p in a cellular model of insulin resistance, mur-
ine NCTC 1469 and Hep1-6 hepatocytes were stimulated with
33.3 mmol/l glucose for 48 hrs, 0.25 mmol/l palmitate for 24 hrs,
10 nmol/l IL-6 or 10 nmol/l tumour necrosis factor (TNF)-a for 24 hrs
respectively. The results showed that glucose, but not palmitate, IL-6
and TNF-a, could down-regulate miR-20a-5p expression in both cells
(Fig. 1C). To confirm the connection between miR-20a-5p and high
glucose, the changes of miR-20a-5p and other five members of miR-
17 family including miR-20b-5p, miR-106a-5p, miRNA-106b-5p, miR-
17-5p and miR-93-5p were analysed in murine NCTC 1469 and Hep1-
6 hepatocyte stimulated with 33.3 mmol/l glucose for 48 hrs
(Fig. 1D). Moreover, high-glucose treatment led to decreased expres-
sion of genes (UPG2, G6PC and GBE1) related to hepatic glycogen
synthesis, impaired glycogen synthesis (Fig. 1E and F) and activation
of AKT and GSK (Fig. 1G and H). These data indicated that down-regu-
lation of miR-20a-5p is accompanied by reduced glycogen synthesis.

MiR-20a-5p contributes to glycogenesis in
hepatocytes

To investigate the role of miR-20a-5p in glycogen synthesis, miR-
20a-5p inhibitor was transfected into NCTC1469 cells and Hep1-6
cells. As shown in Figure 2A, miR-20a-5p was down-regulated by
nearly 53% in both cells transfected by miR-20a-5p inhibitor. Inhibi-
tion of miR-20a-5p in NCTC1469 cells and Hep1-6 cells led to
decreased genes expression related to hepatic glycogen synthesis,
reduced glycogen synthesis (Fig. 2B and C). Considering that insulin
can active the insulin signalling, as assessed by enhanced phosphory-
lation of AKT and GSK, we analysed the effect of miR-20a-5p on the
phosphorylation of AKT and GSK under insulin stimulation. As shown
in Figure 2D and E, inhibition of miR-20a-5p impaired phosphoryla-
tion of AKT and GSK. As shown in Figure 2F, miR-20a-5p was signifi-
cantly up-regulated in both cells. Moreover, miR-20a-5p mimic was
transfected in NCTC1469 cells and Hep1-6 cells treated with
33.3 mmol/l glucose for 48 hrs. Overexpression of miR-20a-5p sig-
nificantly reversed high glucose-induced reduced glycogenesis
(Fig. 2G and H) and impaired AKT/GSK activation in NCTC1469 and
Hep1-6 cells (Fig. 2I and J).

P63 is identified as a target of miR-20a-5p

We next sought to identify the potential target of miR-20a-5p involv-
ing in glycogen synthesis through computational miRNA target pre-
diction databases. Analysis from TargetScan revealed that there is a
binding site of miR-20a-5p on the 30UTR of p63 (Fig. 3A). The 30UTR
of p63 containing the predicted binding site was then cloned into
pGLOmiR vector. Dual-luciferase reporter assay showed that overex-
pression of miR-20a-5p could significantly reduce the luciferase
activity in the 293T cells transfected with pmirGLO-p63-30UTR, indi-
cating that p63 is a target of miR-20a-5p (Fig. 3B). Moreover, up-reg-
ulation of miR-20a-5p significantly suppressed p63 expression in
NCTC1469 cells and Hep1-6 cells (Fig. 3C and D), while inhibition of
miR-20a-5p obviously elevated the protein level of p63 (Fig. 3E and
F). In addition, immunofluorescence assay showed that the fluores-
cence intensity of p63 was attenuated in the NCTC1469 cells treated
with miRNA-20a-5p mimic for 48 hrs (Fig. 3G). Together, these data
suggest that p63 is a target of miRNA-20a-5p.

Knockdown of p63 improves glycogen synthesis

To explore the role of p63 in glycogenesis, two specific siRNAs tar-
geting p63 (sip63-1 and sip63-3) were selected (Fig. 4A). As shown
in Figure 4B and C, knockdown of p63 increased the expression of
genes related to hepatic glycogen synthesis and glycogen content in
the NCTC1469 cells and the Hep1-6 cells transfected with siRNA tar-
geting p63. Moreover, inhibition of p63 expression in NCTC1469 cells
and Hep1-6 cells led to enhanced phosphorylation levels of AKT and
GSK (Fig. 4D and E). Most importantly, p63 knockdown could reverse
miR-20a-5p inhibition-induced reduced glycogenesis and activation
of AKT and GSK (Fig. 4F and G), suggesting that p63 participated in
miR-20a-5p-mediated glycogenesis in hepatocytes.

P63 regulates expression of PTEN by directly
binding to p53

To gain further insights into the mechanisms by which p63 partici-
pated in miR-20a-5p-mediated glycogenesis in hepatocytes, we anal-
ysed the possible downstream proteins of p63. It was reported that a
wide interaction appeared between the members of p53 family [19].
As a key member of p53 family, whether p63 could directly bind to
p53 has not been validated. Thus, we observed a direct interaction
between p63 and p53 by co-immunoprecipitation. The result showed
that p63 could directly bind to p53 (Fig. 5A). Moreover, as shown in

Fig. 3 P63 is identified as a target of miR-20a-5p. A binding site of miR-20a-5p on the 30UTR of p63 was analysed by TargetScan (A). The 30UTR of

p63 containing the predicted binding site was cloned into pGLOmiR vector. The luciferase activity in the 293T cells transfected with pmirGLO-p63-

30UTR or pmirGLO-p63-30UTR mutant and miR-20a-5p mimic was tested by Dual-luciferase reporter assay (B). The p63 expression was measured
in NCTC146 cells and Hep1-6 cells transfected with miR-20a-5p mimic (C and D) or miR-20a-5p inhibitor (E and F). In addition, the fluorescence

intensity of p63 was attenuated in the NCTC1469 cells treated with miR-20a-5p mimic for 48 hrs, as shown by immunofluorescence assay (G).
Scale bar represents 20 lm. Data represent the mean � S.D. N = 3 independent experiments. *P < 0.05; **P < 0.01(versus control).
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Fig. 4 Knockdown of p63 improves glyco-

gen synthesis. Two specific siRNA target-

ing p63 was selected (A). Genes related to

hepatic glycogen synthesis, glycogen con-
tent (B and C) and phosphorylation levels

of AKT and GSK (D and E) were measured

in the NCTC1469 cells and the Hep1-6

cells transfected with siRNA targeting p63.
Moreover, p63 knockdown could reverse

miR-20a-5p inhibition-induced reduced

glycogenesis and activation of AKT and
GSK (F and G). Data represent the

mean � S.D. N = 3 independent experi-

ments. *P < 0.05; **P < 0.01(versus

control).
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Fig. 5 P63 regulates expression of PTEN by directly binding to p53. A direct interaction between p63 and p53 was observed by co-immunoprecipita-

tion (A). The levels of p63, p53 and PTEN protein were measured in the liver of db/db mice (B), NCTC1469 cells (C) and Hep1-6 cells (D) treated
with high glucose as well as NCTC1469 cells (E) and Hep1-6 cells (F) transfected with siRNA targeting p63. Overexpression of miR-20a-5p led to

decreased protein levels of p53 and PTEN (G and H), whereas inhibition of miR-20a-5p increased the expression of p53 and PTEN (I and J). Trans-
fection of miR-20a-5p mimic significantly decreased the fluorescence intensity of p53 and PTEN, as shown by immunofluorescence assay (K). More-

over, overexpression of miR-20a-5p in NCTC1469 cells and Hep1-6 cells could reverse high glucose-induced increased expression of p63, p53 and

PTEN (L and M). Moreover, p53 knockdown could reverse miR-20a-5p inhibition-induced reduced expression of genes related to hepatic glycogen
synthesis such as UPG2, G6PC and GBE1 (N) and hepatic glycogen synthesis (O), and activation of AKT and GSK (P) in the NCTC1469 cells treated

by miR-20a-5p inhibition. Scale bar represents 20 lm. Data represent the mean � S.D. N = 5 mice or N = 3 independent experiments. *P < 0.05;

**P < 0.01 (versus control).
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Fig. 5 Continued.
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Figure 5B, up-regulation of p63 was accompanied by increased levels
of p53 and PTEN protein in the liver of db/db mice. Similarly,
NCTC1469 and Hep1-6 cells treated with high glucose displayed up-
regulation of p63, p53 and PTEN expression (Fig. 5C and D). Impor-
tantly, the protein levels of p53 and PTEN were significantly
decreased in the NCTC1469 and Hep1-6 cells transfected with siRNA
targeting p63 (Fig. 5E and F). As expect, overexpression of miR-20a-
5p led to decreased protein levels of p53 and PTEN (Fig. 5G and H),
whereas inhibition of miR-20a-5p increased the expression of p53
and PTEN (Fig. 5I and J). Immunofluorescence assay showed that
transfection of miR-20a-5p mimic significantly decreased the fluores-
cence intensity of p53 and PTEN (Fig. 5K). Notably, overexpression
of miR-20a-5p in NCTC1469 cells and Hep1-6 cells could reverse high
glucose-induced increased expression of p63, p53 and PTEN (Fig. 5L
and M). Most importantly, as shown in Figure 5N–P, p53 knockdown
could reverse miR-20a-5p inhibition-induced reduced expression of
genes related to hepatic glycogen synthesis such as UPG2, G6PC and
GBE1 and hepatic glycogen synthesis, and activation of AKT and GSK
in the NCTC1469 cells treated by miR-20a-5p inhibition. These results
suggest that p63 might directly bind to p53, thereby regulating PTEN
expression and in turn participating in glycogenesis.

Discussion

As a miR-17 family member, up-regulation of miR-20a-5p was asso-
ciated with advanced clinical stages of astrocytoma, indicating the
potential of serum miR as the novel diagnostic and prognostic
biomarkers for human astrocytoma [20]. Comparing Sprague–Dawley
with low and Wistar rats with high 11beta-HSD2 activity revealed
miR-20a-5p to be differentially expressed, suggesting that miR-
dependent mechanism seems to modulate 11beta-HSD2 dosage in
health and disease states [21]. The fact that miR-20a-5p was signifi-
cantly overexpressed in the HBV-positive HCC patients compared with
the HBV-positive cancer-free controls in both the training and valida-
tion sets indicated miR-20a-5p as a blood-based early detection bio-
marker for HCC screening [22]. MiR-20a-5p that was differentially
expressed in gestational diabetes mellitus could serve as one of the
non-invasive biomarkers [23]. In this study, down-regulation of miR-
20a-5p was found in the liver of db/db mice, and NCTC1469 cells and
Hep1-6 cells treated with high glucose, accompanied by reduced
glycogen content and impaired insulin signalling. These data suggest
that miR-20a-5p might be involved in high glucose-induced hepatic
insulin resistance.

Next, we sought to investigate the potential role of miR-20a-5p in
hepatic insulin resistance. It was reported that miR-20a-5p functions
as a central hub targeting about 500 genes, many of which play a role
in signalling and T-cell activation, and have transcription factor activ-
ity [24]. MiR-20a-5p could alter cell proliferation and differentiation
by down-regulating the mitogen-activated protein kinase (MAPK) sig-
nalling pathway [25]. In addition, miR-20a-5p participated in autopha-
gic process by targeting ATG16L1 mRNA, which might be a critical
adapting mechanism for ischaemic kidney injury [26]. Moreover,
miR-20a-5p was involved in many types of tumours, such as gastric
cancer, colon cancer, breast tumours and nasopharyngeal carcinoma

[25, 27–29]. However, the potential role of miR-20a-5p in hepatic
insulin resistance remains unknown. In the present study, we sug-
gested that miR-20a-5p contributes to glycogenesis in hepatocytes.
Inhibition of miR-20a-5p significantly reduced glycogen synthesis
and AKT/GSK activation, while overexpression of miR-20a-5p led to
elevated glycogenesis and activated AKT/GSK signalling pathway.
Notably, miR-20a-5p mimic could reverse high glucose-induced
impaired glycogenesis and AKT/GSK activation in NCTC1469 and
Hep1-6 cells.

We further identified the target genes of miR-20a-5p. Based on
bioinformatics analysis, we found that p63 is a potential target for
miR-20a-5p. Luciferase reporter assay revealed that miR-20a-5p
could directly bind to the 30UTR of p63, which then further inhibit its
translation. Western blot analysis showed that overexpression of
miR-20a-5p inhibited the expression of protein p63, while inhibition
of miR-20a-5p elevated the protein level of p63. These data suggest
that p63 is a target gene of miR-20a-5p. P63 is located on chromo-
some 3q27-29, and shares three domains that are indispensable for
their functions: transactivation domain, DNA binding domain and
oligomerization domain [30]. P63 protein is implicated in many physi-
ological processes including transformation of induced pluripotent
stem cells, oocyte death, non-small-cell lung carcinoma, autophagic
cell death and epidermal morphogenesis [31–34]. In human ker-
atinocytes, RUNX1 functions as an important transcription factor in
the transition from proliferation to differentiation depending on the
functional interplay between p63 and p53 controls [35]. Fatt et al.
found that p63 and p73 co-regulated p53-dependent neural precursor
cell apoptosis versus senescence, whereby determining appropriate
adult neurogenesis [36]. The studies of p63 in more aggressive,

Fig. 6 Proposed mechanisms by which miR-20a-5p contributes to

glycogenesis in hepatocytes. MiR-20a-5p targets p63 to regulate p53

and PTEN expression, in turn contributes to glycogenesis in hepato-

cytes.
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metastatic tumours indicated that p63 loss accelerated tumour
genesis as well as metastatic spread [37, 38]. These researches
revealed p63 function as a crucial metastasis suppressor involving an
adhesion programme, also emphasized that its interaction with the
different isoforms of all p53 family members contributed to the
tumour phenotype finally [39–41]. It was proposed that p53 mutants
derived by a variety of tumour physically interact with p63 and p73,
the members of p53 family, and negatively regulate their proapoptotic
function [42]. Moreover, the research showed that the deficiency of
p63 induced cellular senescence and accelerated ageing phenotypes
[43]. Recently, the correlation between p63 protein and metabolic dis-
orders is slowly revealed [44]. However, despite its wide expression
of p63 in various tissues, little study has been done on association
between p63 and insulin signalling pathway. In the present study, we
found that inhibition of p63 expression in NCTC1469 cells and Hep1-6
cells by transfecting with siRNA targeting p63 elevated glycogen con-
tent and phosphorylation levels of AKT and GSK. Most importantly,
p63 knockdown could reverse miR-20a-5p inhibition-induced reduced
glycogenesis and activation of AKT and GSK. These data for the first
time indicate the adverse effect of p63 on insulin signalling pathway.

As a family member of p53, a common binding domain exists
between p63 and p53. It has been revealed that p53 could repress
p63 transcription [39, 40]. Here, we analysed a direct interaction
between p63 and p53 by co-immunoprecipitation. The result showed
that p63 could directly bind to p53. Base on it was reported that p53
could strongly initiate the transcription of PTEN in various cells [45,
46], we proposed that p63 mediated PTEN expression by binding to
p53. Chen et al. indicated that the cooperative tumour suppression
happened between p53 and PTEN in which p53 acts as an important
failsafe protein of PTEN-deficient tumours and acute inactivation of
PTEN causes growth arrest through the p53-dependent cellular
senescence pathway no matter in vitro or in vivo [47]. It is reported
that PTEN plays a role in maintenance of high p53 acetylation in
response to DNA damage and such acetylation promotes p53
tetramerization which is required for the PTEN-p53 interaction [19].
Although these two proteins are functionally distinct, reciprocal inter-
action and combined action has been confirmed [48]. PTEN and p53
were known to regulate each other both at the transcription and pro-

tein levels. The PTEN and p53 compound enhances p53 DNA binding
and transcriptional activity [49]. One way p53 to suppress the expres-
sion of PIP3 is by inducing the expression of PTEN indirectly [50]. Li
et al. provided a molecular explanation for their previous observation
that PTEN controls p53 protein levels independent of its phosphatase
activity [19]. In addition, PTEN could reverse chemotherapy resis-
tance mediated by MDM2 by the way of interacting with p53 in Acute
Lymphoblastic Leukemia Cells [51]. Moreover, the research showed
that oroxylin A could promote the stabilization of p53 by PTEN-
mediated negative regulation of MDM2 transcription [45]. In the pre-
sent study, we found that inhibition of p63 could directly inhibit the
expression of protein p53 and PTEN, which then activate insulin signal
pathway and facilitate the synthesis of glycogen. Importantly, miR-
20a-5p mimic reduced protein levels of p53 and PTEN, whereas inhibi-
tion of miR-20a-5p up-regulated the expression of p53 and PTEN.
These results suggest that p63 might directly bind to p53, thereby reg-
ulating PTEN expression and in turn participating in glycogenesis.

In summary, as shown in Figure 6, our findings provide mecha-
nistic insight into the effects of miR-20a-5p on the regulation of AKT/
GSK pathway and glycogenesis in hepatocytes. MiR-20a-5p might
contribute to hepatic glycogen synthesis through targeting p63 to
regulate p53 and PTEN expression. However, we need to further
investigate the effects of miR-20a-5p overexpression in the liver of
db/db mice on glucose metabolism.
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