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microRNA-222 (miR-222) has been shown to initiate the activation of hepatic stellate cells, which plays
an important role in the pathogenesis of liver fibrosis. The aim of our study was to evaluate the role of
miR-22 in a mouse model of biliary atresia (BA) induced by Rhesus Rotavirus (RRV) infection. New-born
Balb/c mice were randomized into control and RRV infected groups. The extrahepatic bile ducts were
evaluated. The experimental group was divided into BA group and negative group based on histology.
The expression of miR-222, protein phosphatase 2 regulatory subunit B alpha (PPP2R2A), proliferating
cell nuclear antigen (PCNA) and phospho-Akt were detected. We found that the experimental group
showed signs of cholestasis, retardation and extrahepatic biliary atresia. No abnormalities were found
in the control group. In the BA group, miR-222, PCNA and Akt were highly expressed, and PPP2R2A
expression was significantly inhibited. Our findings suggest that miR-222 profoundly modulated the
process of fibrosis in the murine BA model, which might represent a potential target for improving BA
prognosis.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Biliary atresia (BA) is the leading cause of cholestasis in infants
younger than 3 months. The pathology of early BA includes the ab-
sence of patent extrahepatic bile ducts (EHBD) with inflammation
and fibrosis in the hepatic portal area. Patients with BA suffer from
progressive liver fibrosis and cirrhosis, who without treatment,
rarely survive over 2 years [1]. Although the Kasai procedure
significantly improves the prognosis of BA, most patients still re-
quire liver transplantation in their lifetime [2]. The etiology and
pathogenesis of BA remains largely unknown. Liver fibrosis is a
common clinical manifestation following loss of bile drainage,
which contributes to the poor prognosis for BA [3]. Understanding
the pathogenesis of liver fibrosis during the progression of BA is
critical for the development of therapies.

microRNAs (miRNAs) are endogenous non-coding small (�22
nucleotides) RNA molecules that are able to induce mRNA
degradation, inhibit translation and regulate many cellular
processes, including cell proliferation, differentiation, apoptosis
and embryogenesis [4]. Recent studies indicate that several miR-
NAs regulate the behavior of inflammatory cells and the deposition
of extracellular matrix proteins [5]. Hepatic stellate cells (HSCs)
mediate liver fibrosis and have been found to express microRNA-
221/222 (miR-221/222) [6]. The upregulation of miR-221/222
was observed in activated HSCs and were indicative of fibrotic pro-
gression in animal models [6]. The protein phosphatase 2A subunit
B (PPP2R2A) has been shown to be a miR-221/222 target [7]. Pro-
tein kinase B (Akt) is a protein serine/threonine kinase that plays a
key role in proliferation and migration of HSCs [8]. Full activation
of Akt requires the phosphorylation of both Thr-308 and Ser-473
[9]. PPP2R2A is known to negatively regulate Akt activity through
the dephosphorylation of Thr-308 of Akt [10].

The roles of PPP2R2A and miR-221/222 in liver fibrosis in a BA
model induced by rhesus rotavirus (RRV) have not been explored.
Using a computational algorithm, we predicted the PPP2R2A gene
(a component of protein phosphatase 2A (PP2A)) as a cellular
target of miR-221/222. We validated the association of miR-222
with the PP2A regulatory subunit B a isoform, PPP2R2A, by
reporter assays and immunoblots. Hepatic lobule localization of
positive immunostaining for pAKT, PCNA, and PPP2R2A was as-
sessed by immunohistochemistry (IHC). Our findings uncover a
pathway for the regulation of Akt signaling in BA and provide
the basis for considering the potential for miR22 and the Akt
pathway as molecular tools that can be used for the diagnosis
of patients with BA.
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2. Materials and methods

2.1. Animals

Adult, healthy Balb/c pregnant maternal mice were purchased
from SLAC Inc. (Shanghai, China) and isolated in laminar-flow
cages. Newborn Balb/c mice were randomized into 2 groups in pro-
portion of 2:1 (experimental group: control group). Pups in the
experimental group were inoculated intraperitoneally with 25 lL
minimum essential medium (MEM), containing 106 pfu of rhesus
rotavirus [11]. Control group received 25 lL 2% FCS-MEM. Pups
that died due to infection, did not feed or that were cannibalized
by their mothers were excluded from further analysis. All mice
were weighed every two days and observed for signs of cholestasis
(icterus of the non-fur-covered skin, color and quality of stools, and
the appearance of bilirubin in the urine) until 14 days when they
were euthanized. Each liver section was isolated, fixed in formalin
and imbedded in paraffin. Each block of paraffin was cut into
approximately 10 sections along the hepatoduodenal ligament.
All sections were stained with hematoxylin and eosin (H&E). Liver
tissues for PCR and western blot were stored at �80 �C. The Ethics
Committee at the Children’s Hospital of Fudan University approved
all studies.
2.2. RNA extraction and quantitative real-time RT-PCR (qRT-PCR)

Total RNA was isolated from liver tissues using Trizol reagent
(Ambion, USA) and 5 lg was reverse transcribed using the fist strand
RT kit (Thermo Scientific, Boston, USA). mRNA levels were quantified
by QuantiTect. SYBR Green reverse-transcription polymerase chain
reaction (RT-PCR) kit (TaKaRa Biotech Co., Dalin, China) was used
according to the manufacturer’s protocol. Quantitative real-time
RT-PCR (qRT-PCR) was performed using an ABI 7500 instrument
(Applied Biosystems 7500, ABI, Foster City, CA, USA). Serial dilutions
of sample RNA were also included to generate a standard curve that
was used to calculate the relative concentrations of transcripts in
each RNA sample. The sequences were as follows: (1) PPP2R2A:
50-CATACCAGGTGCATGAATACCTC-30 (forward) and 50-GGTTATGTC
TCGCTTTGTGTTT-30 (reverse); (2) PCNA: 50-TTGCACGTATATGCCG
AGACC-30 (forward) and 50-GGTGAACAGGCTCATTCATCTCT-30 (re-
verse); and (3) GAPDH: 50-ATGACATCAAGAAGGTGGTG-30 (forward)
and 50-CATACCAGGAAATGAGCTTG-30 (reverse). The GAPDH house-
keeping gene was used for normalization. All PCR reactions were
performed in triplicate.
2.3. Protein isolation and Western blot analysis

Three samples were randomly picked from each group. Frozen
tissue samples (20–90 mg) were homogenized in 200–900 lL of
ice-cold RIPA buffer (Beyotime, P0013C, China). After a 30 min
incubation on ice, samples were centrifuged at 21475 g for 5 min
at 4 �C and supernatants were collected. Protein concentrations
were determined by BCA kit (Beyotime, P0009, China). Protein
samples were electrophoresed on 10% denaturing sodium dodecyl
sulfate polyacrylamide gels and transferred to a polyvinylidene
difluoride (PVDF) membrane. The membrane was incubated with
primary antibodies (rabbit anti-mouse, Proliferating cell nuclear
antigen, PCNA; rabbit anti-mouse, PPP2R2A; rabbit anti-mouse,
p-Akt; rabbit anti-mouse, Akt, (Abcam, UK) 1:1000 in 5% (w/v)
non-fat dry milk overnight. After three 5 min washes with Tris-
Buffered Saline with Tween 20 (TBST), membranes were further
incubated with goat anti-rabbit IgG secondary antibodies conju-
gated to horseradish peroxidase (Santa Cruz, USA) (1:1000) for
one hour at room temperature. Following washing with TBST,
membranes were visualized with chemiluminescent substrate
(Immobilon Western HRP, Millipore) and imaged using a fusion
imaging system.
2.4. Immunohistochemistry

The liver sections were first deparaffinized with xylene and hy-
drated with 95% ethanol solution. After antigen heat retrieval in
citrate buffer (pH 6.0) for 10 min, the sections were allowed cool
to room temperature and then washed twice for 2 min in phos-
phate buffered saline (PBS). Sections were incubated with primary
antibodies (1:100) for 2 h at room temperature. Next, the mem-
branes were washed twice for 2 min in PBS and stained with
3,30-diaminobenzidine tetrahyochloride (DAB). The sections were
counterstained with hematoxylin. After washing again twice with
PBS, the sections were dehydrated, cleared and mounted. The
slides were viewed by Olympus microscope and Medical image
analysis software was used to determine the positive areas of
PPP2R2A staining and the image intensity. The intensity class in-
dex was defined as positive area � image intensity. Cell nuclei with
brown granules were positive for PCNA. Percentage of positive cells
was calculated for every slice.
2.5. Statistical analysis

Data were expressed as the mean ± standard error of the mean
(SEM). The Student’s t-test was used to determine statistically sig-
nificant differences between groups. p-values <0.05 were consid-
ered statistically significant. All analyses were performed using
the SPSS Version 13.0 software.
3. Results

3.1. Clinical manifestation

The control group consisted of 15 mice with one mouse being
excluded from analysis due to premature death. Thirty newborn
mice received RRV infection intraperitoneally, and 4 mice died
either due to infection, not feeding or cannibalized by their
mothers. The experimental group consisted of 26 pups. Fourteen
(53.8%) mice showed signs of cholestasis (Fig. 1A). Furthermore,
the experimental group was characterized by growth retardation
(Fig. 1B).
3.2. Histomorphological evaluation

All mice were euthanized on day 14 and autopsies were con-
ducted. The 14 mice in the experimental group had occluded extra-
hepatic bile lumens with atrophy and fatty deposits in the liver
parenchyma, and these mice were classified as the BA group
(Fig. 2B). The remaining 12 mice in the experimental group were
classified as the negative group (Fig. 2C). No abnormalities were
observed in the control group (Fig. 2A). The extrahepatic bile ducts
(EHBDs) of mice in the BA group were replaced by fibrotic frame-
work. Sections revealed atresia with either total or interrupted
EHBD occlusion in the BA group (Fig. 2B), while the EHBD lumens
were patent in both the control (Fig. 2A) and negative groups
(Fig. 2C). Histologically, a severe diffuse proliferation of intrahe-
patic bile ducts (IHBDs) with focal necrosis in the lobuli could be
detected in both the BA group and the negative group (Fig. 2D).
The negative group had patent IHBD (Fig. 2F), and which were oc-
cluded in the BA group (Fig. 2E). The IHBD walls showed edema-
tous swelling with and contained leucocytes within (Fig. 2E).



Fig. 1. (A) Pups in the experimental group (a) were wasting and icteritious
compared with those in the control group (b). (B) Weight curves showed marked
growth retardation in the experimental group during the first fourteen days after
birth.
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3.3. Effects of microRNA on mRNA expression levels

Expression of miRNA and mRNA in the three groups was evalu-
ated. We found a significantly higher expression level of miR-222
in the BA group (1.99 ± 0.88, p < 0.05), while the negative group’s
value close to the control group (0.98 ± 0.25 vs. 1.11 ± 0.28,
p > 0.05). In contrast, PPP2R2A expression was decreased in the
BA group compared with the other two groups (0.63 ± 0.43,
p < 0.05), while the negative group was lower than the control
group (0.81 ± 0.37 vs. 1.12 ± 0.36, p < 0.05). PCNA expression was
elevated in the BA group (1.93 ± 0.96, p < 0.05), and the negative
group had the lowest levels of PCNA (0.87 ± 0.22 vs. 1.22 ± 0.48,
p < 0.05).
Fig. 2. (A–C) Histological section of the hepatic portal: ha, hepatic artery; PV portal vein;
EHBD occlusion due to biliary proliferation and fibro deposition. EHBD lumens can be o
shown in these sections (H&E, original magnification � 400). The IHBD wall shows biliary
the negative group (F) when compared with the control group (D). The negative group
3.4. Effects of microRNA on protein synthesis

Western blot analysis showed marked differences in protein
expression among the three groups (Fig. 3). When the BA group
was compared with the control group, there was decreased
PPP2R2A and increased PCNA and p-Akt (p < 0.05). When the BA
group was compared with the negative group, there was decreased
PPP2R2A levels and upregulation of p-Akt (p < 0.05). The endoge-
nous control GAPDH was stable among the three groups.

3.5. Expression levels of PPP2R2A and PCNA in liver tissue specimens

We then analyzed PPP2R2A and PCNA expression in the liver
sections (Fig. 4). PPP2R2A positive staining was detected in the
cytoplasm with brown staining in the liver sections. Intensity class
index of the control group was 23.93 ± 10.83, while the index for
the BA and the negative groups were 6.57 ± 1.65 and 9.73 ± 2.85,
respectively. The control group had a higher index (p < 0.05), while
the other two groups showed no difference. Higher cell prolifera-
tion with increased PCNA staining was observed in the BA group
(15.32 ± 2.42), while the percentage staining in the control and
negative groups were 7.66 ± 1.66 and 8.88 ± 2.94. The BA group
had a higher percentage of PCNA positive staining (p < 0.05), while
the other two groups showed no difference.
4. Discussion

In our study, we successfully utilized a BA murine model based
on methods first reported by Petersen [11]. The rate of BA in the
experimental group was 53.8%. This was relatively low due to
the exclusion of 6 pups that died prematurely following infection.
Histopathological changes in the BA group were consistent with
previous reports characterized by the ballooning of hepatocytes
and presence of giant cells, cellular and canalicular cholestasis,
portal tract infiltration, ductular proliferation, lobular necrosis
and fibrosis [11]. The negative group was characterized by mild
inflammation with patent bile ducts.

Recent studies have demonstrated that miR-29, miR-199 and
miR-200 families have important roles in the pathogenesis of liver
fibrosis [12,13]. HSCs and hepatic fibrosis have been demonstrated
to be associated with elevated miR-221/222 levels. miR-221/222
was upregulated in the liver in a fibrosis progression-dependent
gb, gall bladder (H&E, original magnification � 100). EHBD in the BA group (B) shows
bserved in both the control group (A) and the negative group (C). (D–F) IHBD are
proliferation and edematous swelling with leucocytes in both the BA group (E) and

maintained patency of IHBD (F), while IHBD was occluded in the BA group (E).



Fig. 3. Three liver samples were randomly chosen from each group for Western blotting. Western blot analysis shows clear differences among the three groups. PPP2R2A has
lower expression in the BA group compared to the other similar groups (p < 0.05). p-Akt displays the opposite pattern with higher expression in the BA group compared to the
other groups (p < 0.05). There was no difference in the total Akt among all the three groups. The PCNA protein level was significantly increased in the BA group compared to
the control group (p < 0.05), while there is no difference between the BA group and the negative group. (⁄p < 0.05, ⁄⁄p < 0.01).

Fig. 4. Representative immunohistochemical staining of PPP2R2A (A–C) and PCNA (D–F). PPP2R2A is expressed in the cytoplasm of liver cells. The control group (A) had a
larger positive area with relatively higher intensity compared with the BA group (B) and the negative group (C). For PCNA staining, the BA group (E) had the highest positive
rate, while the control group (D) and the negative group (F) had moderately lower levels. (H&E, original magnification � 200).
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manner in both human livers and mouse liver fibrosis models [6].
The Akt signaling pathway has been shown to be regulated by miR-
222 [7]. Wong and colleagues demonstrated that expression of
PPP2R2A 30untranslated region (UTR) in Hep3B cells was charac-
terized by inhibition of luciferase activity through a miR-222-dep-
dendent mechanism [7]. PPP2R2A protein expression levels were
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negatively regulated by miR-222 [7]. PPP2R2A is a regulatory sub-
unit of PP2A, which is essential in the control of Akt activity, and it
forms a regulatory link between miR-222 and the Akt signaling
pathway [10]. As miRNAs and their biogenesis pathways are highly
evolutionarily conserved, our research’s aim was to evaluate miR-
222’s effect on fibrosis in a BA murine model.

In our study, miR-222 was significantly elevated in the BA
group when compared with the control and negative groups. In-
creased miR-222 expression levels were observed in the BA model,
which was similar to the expression levels observed in other liver
fibrosis models [6]. Through its action on the 30UTR, miR-222
caused a posttranscriptional decrease in PPP2R2A expression.
While the PPP2R2A mRNA level was higher in the control group
compared to the negative group, the PPP2R2A protein levels were
similar between both groups because of the post transcriptional
regulation. Elevated miR-222 expression levels resulted in lower
expression levels of PP2R2A resulting in activation of the Akt path-
way. The total Akt levels were equal among the three groups. How-
ever, the Akt pathway activity, as measured by the level of p-Akt,
was higher in the BA group than in the other two groups.

The Akt/PKB pathway plays a central role in regulating signaling
of growth factors, cytokines and other cellular stimuli and func-
tions to inhibit apoptosis. Akt phosphorylates and inactivates Bad
preventing the release of mitochondrial cytochrome-c and active
caspase-9 [14,15]. Research has shown that the Akt signaling path-
way inhibited apoptosis in HSC [16] and stimulated HSC prolifera-
tion [17]. Our findings indicate that increasing miR-222 levels
results in the activation of the Akt pathway and the subsequent
activation of HSCs, which play an important role in liver fibrosis.

PCNA is involved in a wide range of cellular functions including
DNA replication, repair and epigenetic maintenance [18]. It is often
used as a diagnostic marker for cells in S phase cells and undergo-
ing DNA synthesis. Bravo et al. showed that PCNA is a stable
protein, which could be detected in quiescent cells for at least
24–48 h after the cells have stopped dividing [19]. The fibrotic liver
contained cells that had undergone regeneration. We observed
highest mRNA and protein levels of PCNA in the BA group. The duc-
tular proliferation and lobule regeneration seen in H&E sections
were consistent with activation of the Akt pathway.

In the current study, we present the finding that miR-222 is
overexpressed in mice with BA. The targeting of the 30UTR of
PPP2R2A mRNA by miR-222 resulted in inhibition of PPP2R2A
expression levels which consequently led to the loss of dephospho-
rylation and increased Akt activation. Increasing mir-222 levels as
well as upregulation of the downstream Akt pathway profoundly
modulated the process of fibrosis, which might represent a poten-
tial target for improving BA prognosis.
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