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Abstract. Liver regeneration (LR) is the result of a dynamic
balance between the increased proliferation and decreased
apoptosis of hepatocytes. However, the role of microRNA
(miR)-26a in regulating complex signalling networks involving
E3 ubiquitin-protein ligase Mdm?2 (mdm?2), p53, p21 and p27
in the process of LR is currently unclear. In the present study,
it was hypothesized that miR-26a may negatively regulate
the mdm?2/p53 signalling loop in response to LR. In vitro
experiments were performed, whereby mouse liver cells
were transfected with an miR-26a vector or an anti/miR-26a
vector. Cell proliferation was analysed using an MTS assay
and cell apoptosis, and cell cycle progression were analysed
by flow cytometry. In addition, the expression of mdm?2, p53,
p21 and p27 were assessed using western blotting and reverse
transcription-quantitative polymerase chain reaction analyses.
Dual-luciferase reporter assays were also used to examine
the association between mdm2 and miR-26a. A 70% partial
hepatectomy in C57BL/6J mice was then performed, which
was followed by injection with an mdm2-cDNA vector or
an mdm?2-small interfering RNA vector. The liver-to-body
weight ratio and liver function of mice were measured at 72 h
following vector administration. The results demonstrated
an increase in hepatocyte proliferation accompanied by
decreased hepatocyte apoptosis levels. In addition, inhibition
of miR-26a expression was associated with a marked increase
in mdm2 expression, while the expression of p53, p21 and
p27 was decreased when compared with negative controls.
The opposite effects were observed when miR-26a was over-
expressed. Notably, miR-26a was demonstrated to target the

Correspondence to: Dr Jian Zhou or Dr Xiaoshun He, Organ
Transplant Centre, The First Affiliated Hospital of Sun Yat-sen
University, 58 Zhongshan Er Road, Guangzhou, Guangdong 510080,
P.R. China

E-mail: puchuanbenz@163.com

E-mail: gdtrc@163.com

Key words: mdm2, p53, negative feedback loop, microRNA,
proliferation, apoptosis

3'-untranslated region of mdm?2 directly. The results of the
present study are the first to demonstrate as far as the authors
are aware that the mdm?2/p53 negative feedback loop may
be targeted by miR-26a directly in response to LR, and that
mdm?2 negatively regulates p53, p21 and p27 but not miR-26a.
miR-26a may therefore function as an important factor that
regulates the interaction between mdm?2 and p53.

Introduction

The primary function of mdm?2 is to negatively regulate
the expression and function of the p53 tumour suppressor
protein. As such, high mdm?2 levels decrease p53 protein
levels and attenuate p53 function. In addition, studies have
demonstrated that mdm?2 gene amplification and mutation of
p53 are mutually exclusive (1-5). mdm?2 and p53 proteins form
an autoregulatory feedback loop to tightly control proper
cellular responses to various stress signals and factors, such
as microRNAs (miRs). miRs are small noncoding RNAs that
serve a key role in the post-transcriptional regulation of gene
expression, and affect a number of cellular processes, such
as cell proliferation and apoptosis. A previous study demon-
strated that miR-26a serves a key role in regulating liver
regeneration (LR) via direct targeting of the 3'-untranslated
region (UTR) of cyclin E2 and cyclin D2 (6). In addition,
decreased miR-26a enhanced mouse hepatocyte proliferation,
which was accompanied by decreased levels of apoptotic
hepatocytes and p53 expression (7). However, emerging
evidence suggests that p53 may not be a target of miR-26a.
Therefore, the authors of the present study hypothesized that
additional intermediate factors may be involved in the regula-
tion of LR by miR-26a.

The current study presents evidence to suggest that mdm?2
may be an important potential target of miR-26a in LR, and
that miR-26a may regulate LR via the direct targeting of
the mdm?2 3'-UTR. This may result in the subsequent regu-
lation of hepatocyte apoptosis via the mdm?2/p53 negative
autoregulatory feedback loop. Under normal conditions,
p53 protein activity is maintained at low levels by mdm?2, as
mdm?2 negatively regulates the stability of p53 (8-10). Upon
DNA damage, the interaction between mdm?2 and p53 is
weakened by the rapid activation of pS3-mediated signalling
pathways, which leads to apoptosis or cell cycle arrest (11,12).
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However, recent studies have demonstrated that this network
may be more complex than previously thought and the current
understanding of this network may be incomplete (13-15). In
particular, the mechanism by which p53 escapes the mdm?2/p53
negative feedback loop and accumulates rapidly during LR is
unclear. It is possible that a third factor may function to serve
the mdm2/p53 negative feedback loop. The aim of the present
study was to investigate this further.

Materials and methods

Vector construction. Anti-miR-26a (5'-CGTGCAAGTAAC
CAAGAATAGGCGTGCAAGTAACCAAGAATAGGCGTG
CAAGTAACCAAGAATAGG-3") and pro-miR-26a (5'-AAG
GCCGTGGCCTCGTTCAAGTAATCCAGGATAGGCTGT
GCAGGTCCCAAGGGGCCTATTCTTGGTTACTTGCAC
GGGGACGCGGGCCTG-3"), mdm?2-cDNA (5'-GCCTCT
TGCTGCTGACCACACTCCTGGTA-3') and mdm?2-small
interfering (si)RNA (5'-CTGCTACCGTACAGTCTCAGG
CATGGACG-3'") sequences were individually introduced
(each, 0.6 ug/ul) into the pShuttle IRES vector (Agilent
Technologies, Inc., Santa Clara, CA, USA). Following linear-
ization with Pmel, the pAdEasy-1 (Agilent Technologies, Inc.)
and the pShuttle IRES vector were combined to generate a
pAdEasy-IRES vector. 293AD cells (Cell Biolabs, Inc., San
Diego, CA, USA; density, 1x10%) (16), were subsequently
transfected with the pAdEasy-IRES vector before the liquid
supernatant containing viral particles was isolated and
collected. The viral particles, including Ad5/anti/miR-26a,
Ad5/miR-26a, Ad5/mdm2-cDNA and Ad5/mdm2-siRNA
vectors were established individually.

Cell culture, transient transfection and transfection effi-
ciency assessment. The previously established, non-primary,
mouse liver cell line, nctc-1469 (American Type Culture
Collection, Manassas, VA, USA) (17), was obtained from
Suli biotech company (Guangzhou, China). nctc-1469 cells
were cultured in Dulbecco's modified Eagle's medium (Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with 10% foetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.) and maintained in a humidified atmosphere
containing 5% CO, at 37°C. Cells were transfected with
Ad5/anti/miR-26a vector (2.5x10'° TU/ml) or Ad5/miR-26a
vector (2.5x10'° TU/ml) using Lipofectamine 2000 reagent
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the
manufacturer's protocol. To assess transfection efficiency, at
3 days following transfection of each vector into nctc-1469
cells, 1x10° cells were collected and miR-26a expression was
analysed by reverse transcription-quantitative polymerase
chain reaction (RT-qPCR).

Cell proliferation analysis using the MTS assay. nctc-1469
cells were first transfected with the Ad5/miR-26a vector
(2.5x10" TU/ml) or Ad5/anti-miR-26a vector (2.5x10'° TU/ml)
in 24-well plates, and then re-seeded in 96-well plates at a
density of 1,000 cells/well at 48 h following transfection. At
72 h following re-seeding in 96-well plates, 10 ul MTS was
added to the culture medium and the cells were incubated for
a further 4 h. The absorbance of each sample at 490 nm was
read using a microplate reader (Thermo Fisher Scientific, Inc.).
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Cell cycle analysis by flow cytometry. nctc-1469 cells seeded in
6-well plates at a density of 2x10° cells/well, were transfected
with Ad5/miR-26a (2.5x10'"° TU/ml) or Ad5/anti/miR-26a
(2.5x10'° TU/ml). At 72 h following transfection, the cells were
collected and fixed in 70% ethanol for 30 min at -20°C, and then
washed twice with ice-cold PBS. The cells were centrifuged at
352 x g for 5 min at 4°C and resuspended in RNase-containing
PBS (dilution, 1:100) on ice before staining with propidium
iodide at 4°C for 30 min. The cells were subsequently anal-
ysed using a flow cytometer (FACSCalibur; BD Biosciences;
Becton, Dickinson and Company, San Jose, CA, USA) with
ModFit software (LT v3.3; Verity Software House, Inc.).

Cell apoptosis analysis by flow cytometry. nctc-1469 cells
were cultured in 6-well plates and were transfected with
Ad5/anti/miR-26a (2.5x10'"° IU/ml) or Ad5/miR-26a vector
(2.5x10" TU/ml). At 72 h following transfection, the cells
were collected for apoptotic analysis by flow cytometry.
An Annexin V detection kit (Fermentas; Thermo Fisher
Scientific, Inc.) was used to detect apoptotic cells. Data
acquisition and analysis were performed using a FACSCalibur
cytometer (BD Biosciences). A total of 1x10° cells were
scanned for each analysis.

Surgical procedures. A total of 100 C57BL/6] male mice
(age, 8 weeks; weight, 18-21 g) were purchased from the
Animal Experiment Center of Sun Yat-sen University
(Guangzhou, China) and raised in a pathogen-free environ-
ment maintained at 22.0+2.0°C with a relative humidity
of 40-70%. A 12 h light/dark cycle was implemented and
mice received free access to food and water. Animals were
randomly divided into 4 groups (n=20/group) as follows:
i) mdm2-siRNA group, 70% partial hepatectomy (PH) in
mice was performed according to the methods described by
Mitchell and Willenbring (18) before the vector harbouring
mdm2-siRNA (0.5 ml; 2.5x10'" IU/ml) was injected into
liver tissues via the portal vein; ii) mdm2-cDNA group,
following the 70% PH procedure, mice were injected with
the mdm2-cDNA vector (0.5 ml; 2.5x10'°TU/ml); iii) negative
control (NC) group, following the 70% PH procedure mice
were injected with a blank vector (0.5 ml; 2.5x10' TU/ml);
iv) control group, the PH surgical procedure was performed
but mice were not injected with any vectors. All mice were
sacrificed at 72 h following the surgical procedure, and the
residual liver tissues and blood samples (1.0-1.5 ml) were
collected for various analyses, including in vivo transfection
efficiency assessments.

Liver function tests. Following sacrifice, blood samples were
collected via the postorbital venous plexus. Blood serum
samples were analysed for alanine aminotransferase (ALT),
aspartate aminotransferase (AST) and total bilirubin (Tbil)
levels using methods described previously (19).

Liver-to-body weight ratio (LBWR). The mice were sacrificed
at 72 h following the PH surgical procedure. Total body
weights were first measured and then the liver tissues were
resected and weighed. The ratio is presented as a percentage
and calculated using the following formula: LBWR (%)=(liver
tissue/body weight) x100.
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Immunohistochemical staining and evaluation. Mouse
liver tissues (tissue size, ~0.5x0.5x0.2 cm?) were collected
at 72 h following the PH surgical procedure. Samples were
fixed in 4% paraformaldehyde at room temperature for 24 h,
embedded in paraffin and sliced to a thickness of 2 mm.
Immunohistochemical staining with Ki-67 antibodies
(1:200; cat. no. ab15580; Abcam) was performed to evaluate
the proliferation of hepatocytes according to the manufac-
turer's protocol (incubated at 4°C overnight). Horseradish
peroxidase-conjugated goat anti-rabbit IgG H&L Secondary
antibodies (1:500; cat. no. ab205718; Abcam) were then added
and incubated for 20 min at room temperature. Proliferation
index was defined as the percentage of Ki-67 positive cells
randomly counted in five high-power fields (light microscopy;
magnification, x200) of each specimen.

Western blot analysis. To obtain whole-cell protein extracts,
cells were first homogenised in RIPA lysis buffer (Promega
Corporation, Madison, WI, USA), incubated for 30 min on
ice and then centrifuged at room temperature for 15 min
at 14,000 x g. Prior to use, all buffers were treated with a
protease inhibitor cocktail (Konchem Co., Ltd.). A BCA
assay kit was used for protein determination (Beijing TDY
Biotech Co., Ltd.). Equal quantities (2 mg/ml) of protein
were separated discontinuously by 12-15% SDS-PAGE and
transferred to polyvinylidene fluoride membranes (Merck
KGaA, Darmstadt, Germany). Membranes were subsequently
blocked with 5% skimmed milk at room temperature for 1 h.
Antibodies (all, 1:1,000) included anti-p53 (cat. no. sc-71817),
anti-mdm?2 (cat. no. sc-13161), anti-p21 (cat. no. sc-53870),
anti-p27 (cat. no. sc-53906; all, Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) and anti-GAPDH (cat. no. KC-5G4;
Kangcheng, China). Immunoblots were developed using
horseradish peroxidase (HRP)-conjugated anti-rabbit
secondary antibodies (cat. no. Q2435; 1:2,000; Dako; Agilent
Technologies, Inc.), followed by detection with immobilon
western chemiluminescence HRP substrate (Merck KGaA).
GAPDH was used as a referenced gene.

RT-gPCR. Total RNA was extracted from prepared liver cells
using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.).
Reagents and cDNA were synthesized according to the manu-
facturer's protocol (Fermentas; Thermo Fisher Scientific, Inc.).
The temperature protocol of RT was as follows: 16°C for 30 min,
42°C for 30 min and 85°C 5 min. RT-qPCR was performed
using a standard SYBR-Green PCR Master Mix (Toyobo Life
Science, Osaka, Japan) and PCR-specific amplification was
performed using the ABI7500 Applied Biosystems real-time
PCR machine (Applied biosystems; Thermo Fisher Scientific,
Inc.). The thermocycling conditions were as follows: 95°C for
5 min; 40 cycles at 95°C for 15 sec, 60°C for 15 sec and 72°C
for 32 sec. The expression of miR-26a, U6, mdm?2, p53, p21,
p27 and GAPDH in all groups were calculated using the 2444
method (20). The primers used are listed in Table I. GAPDH
was used as reference gene for mdm?2, p53, p21 and p27
expression, and U6 was used as referenced gene for miR-26a
expression. The expression of miR-26a or anti/miR-26a groups
were compared with their respective control groups, and the
mdm2-siRNA or mdm2-cDNA groups were compared with
their respective control groups.
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Table I. Primers used in reverse transcription and quantitative
PCR.

miRNA and genes Primers sequences

5'-ACACTCCAGCTGGGTTCAAG
TAATCCAGGATAGGC
5-CTCAACTGGTGTCGTGGA

miR-26a forward

miR-26a reverse

miR-26a RT 5'-CTCAACTGGTGTCGTGGAGTC
GGCAATTCAGTTGAGAGCCTATC

U6 forward 5'-CTCGCTTCGGCAGCACA

U6 reverse 5'-AACGCTTCACGAATTTGCGT

5'- GCAGAAGAAGGCTTGGATGT
5'- GGAAGTCGATGGTTGGGAAT
5'-GGCTCACTCCAGCTACCTGA

5'-TGCAGAGGCAGTCAGTCTGA

mdm?2 forward
mdm?2 reverse
p53 forward
pS3 reverse

p21 forward 5'-ATACCGTGGGTGTCAAAGCA
p21 reverse 5'-CAGGGAGGGAGCCACAATAC
p27 forward 5'-TTGGGTCTCAGGCAAACTCT
p27 forward 5'-AGCAGGTCGCTTCCTCATCC
GAPDH forward 5'-GTCAAGGCTGAGAACGGGAA
GAPDH reverse 5'-AAATGAGCCCCAGCCTTCTC

miR, microRNA.

Dual-luciferase reporter assays. To perform the miRNA
screen, the 293AD cells (Cell Biolabs, Inc.) were seeded in
96-well plates at a density of 5,000 cells/well. Following 24 h,
the cells were transiently transfected with 5 ng of pRL/CMV
(a Renilla luciferase reporter), 50 ng of either p-LUC or
p-LUC/mdm?2 UTR (firefly luciferase reporter; both, Promega
Corporation) together with 5 pmol of miRNA mimics using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.). Firefly and Renilla luciferase activities were measured
at 36 h following transfection using a dual-luciferase reporter
assay kit (Promega Corporation). Firefly luciferase activity
was normalized to Renilla luciferase activity. The pRL/CMV
Renilla luciferase reporter and small RNAs were simultane-
ously introduced into 293AD cells. These cells were collected
at 36 h following transfection and luciferase activity was
assayed using the aforementioned methods.

Statistical analysis. The results are expressed as the
mean + standard deviation of at least three independent
experiments. Statistical analysis was performed using one-way
analysis of variance (followed by a post-hoc LSD test) or an
independent-samples t-test. P<0.05 was considered to indicate
a statistically significant difference.

Results

Transfection efficiency of vectors. To evaluate the in vitro
transfection efficiency, miR-26a expression in nctc-1469
mouse liver cells transfected with the Ad5/miR-26a,
Ad5/anti/miR-26a or Ad5/blank vectors was first examined.
The results demonstrated that miR-26a expression in the
miR-26a group was significantly increased (3.27+0.25;
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Figure 1. Transfection efficiency and abundance determination of miR-26a in vivo and in vitro. (A) Transfection efficiency and abundance of miR-26a in vitro.
(B) Transfection efficiency of mdm2 in vivo. (C) Abundance of miR-26a and effect of mdm2 on miR-26a in vivo. “P<0.01 and "“P<0.001. miR, microRNA;
mdm?2, E3 ubiquitin-protein ligase Mdm?2; NC, negative control; si, small interfering; PH, partial hepatectomy.

P<0.001), whereas miR-26a expression in the anti/miR-26a
group was significantly decreased when compared with the
NC group (0.85+0.08 vs. 1.36+0.09; P<0.01). No significant
difference in miR-26a expression between the NC and control
groups were observed (1.40+0.15; Fig. 1A).

The expression of mdm2 in mice following induc-
tion of 70% PH and injection with Ad5/mdm2-cDNA,
Ad5/mdm2-siRNA or NC vectors in vivo was then anal-
ysed. The results demonstrated that mdm?2 expression in
the mdm2-siRNA group was significantly decreased when
compared with NC group (0.52+0.04 vs. 1.03+0.11; P<0.01).
By contrast, mdm?2 expression in the mdm2-cDNA group was
significantly increased (1.52+0.06; P<0.01), as determined by
RT-gPCR analysis. No significant difference in mdm?2 expres-
sion was observed in the NC group compared with the control
group (1.06+0.12; Fig. 1B). These results demonstrate that the
construction and transfection of the vectors in vitro and in vivo
were successful.

Effect of mdm2 on the relative expression of miR-26a and
detection of miR-26a abundance. To detect the abundance of
miR-26a in normal liver tissues and determine the effect of
mdm?2 vector transfection, the relative expression of miR-26a
was analysed in vivo and in vitro. The results indicated
that miR-26a expression was significantly increased in the
wild-type group (3.14+0.06; P<0.001) when compared with
the mdm2-cDNA group (1.08+0.06), mdm2-siRNA group
(1.12+£0.03), NC group (1.09+0.03) and the control group
(1.11+0.04) in vivo. In addition, no significant difference among
the four groups, apart from the wild-type group, was observed
(Fig. 1C). miR-26a expression in liver cells was considered as
the control group in Fig. 1A. The results demonstrated that the
transfection of the vectors had no effect on the expression of
miR-26a.

Effect of miR-26a on mouse hepatocyte proliferation. To
investigate the effect of miR-26a on mouse hepatocyte prolif-
eration in vitro, an MTS assay was used to detect hepatocyte
proliferation. The results demonstrated that transfection of
anti/miR-26a vectors significantly enhanced hepatocyte
proliferation at 72 h following transfection when compared

with the NC group (1.56+0.05 vs. 1.02+0.1; P<0.001). By
contrast, overexpression of miR-26a significantly inhibited
liver cell growth (0.58+0.07; P<0.001). No observable differ-
ence in cell proliferation between the NC and control groups
was observed (1.13+0.05; Fig. 2A). Cell cycle analysis revealed
that the percentage of cells in G1 phase in the miR-26a group
was significantly decreased compared with the NC group
(65.78+1.78% vs. 70.48+1.29%; P<0.05). By contrast, the
percentage of cells in G1 phase in the anti/miR-26a group was
significantly increased (83.81+2.47%; P<0.001). No difference
in the percentage of cells in G1 phase in the NC and control
groups were observed (71.1+1.75%; Fig. 2B-F). Cell apoptosis
analysis demonstrated that the number of apoptotic hepato-
cytes in the anti/miR-26a group was significantly decreased
when compared with the NC group (4.33+0.51 vs. 6.65+0.43;
P<0.01), whereas the number of apoptotic cells in the miR-26a
group was significantly increased (8.65+1.02; P<0.01). No
difference in the number of apoptotic cells in the NC and
control groups was observed (6.50+0.43; Fig. 2G-K). Overall,
these results indicate that miR-26a may serve a key role in
regulating liver cell proliferation and apoptosis.

Effect of miR-26a on the expression of mdm2, p53, p21 and p27.
To investigate the mechanism by which miR-26a modulates
LR, the expression of mdm?2, p53, p21 and p27 was analysed
by RT-qPCR and western blotting. The results demonstrated
that mdm?2 expression was significantly decreased in the
miR-26a group when compared with the NC group (0.54+0.03
vs. 1.04+0.03; P<0.001), whereas mdm?2 expression was signif-
icantly increased in anti/miR-26a group (1.52+0.11; P<0.001).
No difference in mdm?2 expression between control (1.06+0.08)
and NC groups were observed (Fig. 3A). p53 expression was
significantly increased in the miR-26a group when compared
with the NC group (1.3+0.09 vs. 1.02+0.02; P<0.001), whereas
p53 expression was significantly decreased in the anti/miR-26a
group (0.53+0.09; P<0.001). No difference in p53 expression
between the control (1.03+0.07) and NC groups was observed
(Fig. 3B). p27 expression was significantly increased in the
miR-26a group when compared with the NC group (1.32+0.06
vs. 1.04+0.03; P<0.001), whereas the anti/miR-26a groups
exhibited significantly lower p27 expression levels (0.46+0.06;
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Figure 2. Effect of miR-26a on hepatocyte proliferation, cell cycle and apoptosis. (A) Cell proliferation was assessed by MTS assay at 72 h after transfection.
(B) Cell cycle was examined by flow cytometry at 72 h after transfection in the (C) miR-26a group, (D) anti/miR-26a, (E) control group and (F) NC group.
(G) Apoptotic cells was examined by flow cytometry at 72 h after transfection in the (H) miR-26a group, (I) anti/miR-26a group, (J) control group and (K) NC
group. "P<0.05, "P<0.01 and "“P<0.001. miR, microRNA; FITC, fluorescein isothiocyanate; NC, negative control; OD, optical density.

P<0.001). No difference between the control (1.02+0.07) and
NC groups was observed (Fig. 3C). p21 expression was also
significantly increased in the miR-26a group when compared
with the NC group (1.24+0.06 vs. 1.02+0.05; P<0.001),
whereas the anti/miR-26a group exhibited significantly lower

p21 expression levels (0.45+0.04; P<0.001). No difference
between the control (1.02+0.07) and NC groups was observed
(Fig. 3D).

To identify the presence of the mdm2/p53 negative feed-
back loop, mdm?2 and p53 expression changes were analysed.
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Figure 3. Effect of miR-26a on the expression of mdm2, p53, p21 and p27. (A) Relative expression of mdm?2 was assessed in the miR-26a group, anti/miR-26a
group, NC group and control group at 72 h transfection by reverse transcription-quantitative PCR. (B) P53 expression was assessed in the miR-26a group,
anti/miR-26a group, NC group and control group. (C) P27 was assessed in the miR-26a group, anti/miR-26a group, NC group and control group. (D) P21 was
assessed in the miR-26a group, anti/miR-26a group, NC group and control group. (E) Validation of mdm?2/p53 negative feedback loop in liver regeneration
by miR-26a. (F) Detection of protein levels of related genes regulated by miR-26a. GAPDH was used as loading control. ““P<0.001. miR, microRNA; mdm?2,

E3 ubiquitin-protein ligase Mdm2; NC, negative control.

The results indicated that increased expression of mdm?2 was
accompanied by decreased expression of p53 (P<0.001), and
conversely, a decrease in mdm?2 expression was associated
with increased expression of p53 (P<0.001). This suggests
that the mdm2/p53 negative feedback loop may be activated
in response to hepatocyte proliferation by miR-26a (Fig. 3E).
Similar results were observed following western blot analysis
(Fig. 3F). Collectively, these results verify the presence of the
mdm2/p53 negative feedback loop, which, together with p21
and p27, may be regulated by miR-26a. miR-26a may therefore
present a novel factor that regulates the mdm?2/p53 feedback
loop.

miR-26a targets mdm2 by directly binding to its 3'-UTR.
To elucidate the molecular mechanisms by which miR-26a
leads to an accumulation of p53, putative targets of miR-26a
were identified using miRanda, TargetScan and PicTar data-
bases (21-23). The results demonstrated that the 3'-UTR of
mdm?2, a negative regulator of p53, contains one predicted
miRNA-responsive element with regions that matched the
seed sequences of miR-26a. Full-length mdm2 mRNA 3'-UTR
fragments (containing wild-type and mutated miR-26a
binding site sequences) were generated and inserted imme-
diately downstream of the luciferase reporter gene. miR-26a
mimics or control RNA were then co-transfected into 293AD
cells with the different luciferase-3'-UTR constructs. The
seed sequences (both wild-type and mutant) of the mdm?2
3'-UTR are presented in Fig. 4A. A significant difference in
relative luciferase activity between the miR-26a mimics group

and normal control (NC) group in cells transfected with the
wild-type mdm?2 3'-UTR sequence was observed (4.08+0.85
vs. 7.08+0.28; P<0.001). By contrast, no difference in rela-
tive luciferase activity was observed between these groups
in cells transfected with the mutant mdm2 3'-UTR construct
(3.47£0.96 vs. 3.37+0.94; Fig. 4B). These results indicate that
miR-26a may target mdm?2 by directly binding to its 3'-UTR.

Effect of mdm2 on LR. To determine whether mdm?2 may
serve a key role in LR, the effect of Ad5/mdm2-siRNA,
Ad5/mdm2-cDNA and Ad5/negative control vector trans-
fection on LR and liver function was investigated in vivo.
The results demonstrated that the LBWR was significantly
increased in the mdm2-cDNA group compared with NC
group (2.83+0.27 vs. 1.46+0.06; P<0.001), whereas the LBWR
was significantly decreased in the mdm2-siRNA group
(1.05+0.16; P<0.05). No difference in LBWR was observed
between the control (1.55+0.15) and NC groups (Fig. 5A). At
the same time, the Ki-67 index was significantly increased
in the mdm2-cDNA group when compared with NC group
(76.96x1.6 vs. 56.86+1.56; P<0.001), whereas the Ki-67 was
significantly decreased in the mdm2-siRNA group (30.5+0.81;
P<0.001). No difference in Ki-67 was observed between the
control (56.9+1.05) and NC groups (Fig. 5B). AST levels were
significantly decreased in the mdm2-cDNA group compared
with the NC group (320+20 vs. 419+9; P<0.01), whereas AST
levels were significantly increased in the mdm2-siRNA group
(503+61; P<0.05). No difference in AST levels between the
control (412+11) and NC groups was observed (Fig. 5C). ALT
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levels were significantly decreased in the mdm?2-cDNA group
compared with the NC group (206+25 vs. 277+18; P<0.01),
whereas ALT levels were significantly increased in the
mdm?2-siRNA group (367+30; P<.01). No difference between
the control (268+21) and NC group was observed (Fig. 5SD).
Tbil was significantly decreased in the mdm?2-cDNA group
compared with the NC group (0.29+0.03 vs. 0.45+0.03;
P<0.01), whereas Tbil was significantly increased in the
mdm?2-siRNA group (0.53+0.04; P<0.05). No difference
between the control (0.42+0.03) and NC groups were observed
(Fig. SE). Collectively, these results indicate that mdm?2 serves
a key role in LR.

Effect of mdm2 on the p53 network and miR-26a expression.
To investigate the effect of mdm?2 on the p53 network and
miR-26a expression, the expression levels of p53, p21, p27
and miR-26a following transfection with Ad5/mdm?2-siRNA,
Ad5/mdm?2-cDNA vector or NC was examined in vitro. The
results demonstrated that p53 expression was significantly
decreased in the mdm2-cDNA group compared with the
NC group (0.58+0.08 vs. 0.84+0.04; P<0.001), whereas
increased p53 expression was observed in the mdm2-siRNA
group (1.3+0.11; P<0.001). No difference between the control
(0.88+0.06) and NC groups were observed (Fig. 6A). p21 expres-
sion was significantly decreased in the mdm2-cDNA group
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when compared with the NC group (0.55+0.08 vs. 0.99+0.02;
P<0.001), whereas a significant increase in p21 expression was
observed in the mdm?2-siRNA group (1.29+0.06; P<0.001). No
difference between the control (0.99+0.02) and NC groups was
observed (Fig. 6B). p27 expression was significantly decreased
in the mdm2-cDNA group when compared with the NC group
(0.62+0.11 vs. 0.94+0.07; P<0.001), whereas a significant
increase in p27 expression was observed in the mdm?2-siRNA
group (1.31+£0.02; P<0.001). No difference between the control
(0.95+0.09) and NC groups was observed (Fig. 6C). The
expression of miR-26a among all experimental groups was not
statistically different (Fig. 6D). Consistent with these observa-
tions, the same expression patterns were observed following
western blot analysis (Fig. 6E). Collectively, these results
suggest that mdm?2 exerts a negative regulatory effect on p53,
p21 and p27, but not miR-26a.

Discussion

It is known that miRs bind to partially complementary sites in
the 3'-UTRs of target genes, which leads to the translational
repression of target genes. To date, several miRs that target
mdm?2 have been identified, including miR-25, miR-605,
miR-32, and miR-143/145 (24-26). miR-605 has also been
identified as a transcriptional target of p53, and it was demon-
strated that overexpression of miR-605 directly reduces
mdm?2 levels and enhances p53 function (26). The results of the

current study also demonstrate that overexpression of miR-26a
directly decreases mdm?2 levels and promotes p53 function.
Therefore, these miRs form feedback loops with mdm2/p53
to decrease mdm?2 protein levels and promote p53 function.
Although each cellular response, including cell cycle arrest,
apoptosis, DNA repair and senescence, has its own detector
and signalling pathway, each involves a common factor; the
mdm?2 protein. Positive or negative regulation of the mdm?2
protein in turn regulates p53 levels.

To investigate the importance of mdm?2 activation in LR
in the current study, a 70% PH mouse model was gener-
ated and mice were injected with Ad5/mdm?2-siRNA or
Ad5/mdm2-cDNA vectors. The results demonstrated that
mdm?2 serves a key role in promoting LR. mdm?2 was origi-
nally identified in a spontaneously transformed mouse 3T3 cell
line (27). Its role has become central to its putative function
as an oncogene. mdm?2 has been extensively described as a
physiologic antagonist of p53, as it binds the N-terminal of
p53 and blocks the transactivation domain required for p53
transcriptional activity (8,28). When activated, p53 positively
regulates mdm?2 gene expression (11). However, mdm?2 appears
to exert a broader biological role. A number of recent studies
investigating the effect of mdm2 overexpression in cell lines
have demonstrated that mdm?2 may be antiproliferative under
certain circumstances (29,30).

It is well established that multiple cellular stresses can
disrupt the mdm2/p53 interaction. Proteins involved in the
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DNA damage response enhance p53 stability and activation
through a series of post-translational modifications on mdm?2
and p53 (31,32). mdm?2 is encoded by genes that are respon-
sive to p53 transactivation (33-35) and promotes the growth
of normal cells to maintain sufficient cell numbers in specific
adult tissues by inhibiting p53 activity. Several transfection
studies have revealed that the mdm?2 protein binds to the p53
transcription factor and sequesters it from p53 target gene
promoters in vitro (8,36,37). The present study investigated the
effect miR-26a on mdm?2 and p53 and subsequent hepatocyte
proliferation, and the results indicated that the mdm?2/p53
negative feedback loop was activated in response to hepato-
cyte proliferation by miR-26a.

Studies have demonstrated that p53 regulates the growth
of mammalian cells by altering the expression of numerous
genes that affect cellular proliferation, apoptosis, metabolism
and senescence (38,39). Given that p53 affects a number of
different cellular functions directly and indirectly involved
in cell growth, p53 has been termed the ‘guardian of the
genome’, as it functions as a tumour suppressor and prevents
the transmission of mutations to subsequent generations of
cells (40-42). p21, a potent cyclin-dependent kinase (CDK)
inhibitor, is one of the most well-studied downstream target
genes of p53 (43), It was reported that enhanced expression of
p21 and p27 proteins leads to cell cycle arrest in the G1 phase
by inhibiting CDK1, CDK2 and CDK4/6 (44-47). Cell cycle
progression is primarily controlled by activation of several
CDKs, which is also modulated by p21, p27 and p53 (48). In
addition, increased expression of p53 enhances p21 expres-
sion (49). The results of the present study demonstrated that
p53, p21 and p27 expression was positively correlated with
miR-26a expression in LR, but negatively correlated with
mdm?2 expression. In addition, mdm?2 negatively regulates p53,
p21 and p27, but not miR-26a.

There are two limitations of the current study. Firstly,
primary hepatocytes were not used for the in vitro experi-
ments. Secondly, only one cell line was used in the present
study. Results from several hepatocyte cell lines would
increase the current understanding of the effects of miR-26a
on hepatocyte proliferation. However, it should be noted that
all in vivo results were consistent with the major in vitro
observations.

In conclusion, the results of the current study are the first
to demonstrate that the mdm?2/p53 negative feedback loop may
be targeted by miR-26a directly in response to LR, and mdm?2
exerts a negative regulatory effect on p53, p21 and p27, but not
miR-26a. miR-26a may present a novel factor that regulates
the mdm?2/p53 feedback loop. These results provide a novel
insight into the role of miR-26a in p53-mediated regulation
of LR.
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