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MicroRNAs (miRNAs) are involved in controlling hepatocyte proliferation during liver regeneration. In
this study, we established the miRNAs-expression patterns of primary hepatocytes in vitro under stimu-
lation of epidermal growth factor (EGF), and found that microRNA-21 (miR-21) was appreciably up-reg-
ulated and peaked at 12 h. In addition, we further presented evidences indicating that miR-21 promotes
primary hepatocyte proliferation through in vitro transfecting with miR-21 mimics or inhibitor. We fur-
ther demonstrated that phosphatidylinositol 3'-OH kinase (PI3K)/Akt signaling was altered accordingly, it
is, by targeting phosphatase and tensin homologue deleted on chromosome 10, PI3K/Akt signaling is acti-
vated by miR-21 to accelerate hepatocyte rapid S-phase entry and proliferation in vitro.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Primary hepatocytes constitute the foremost hepatic cell popu-
lation and are characterized by a unique stem-like capability for
growth [1,2]. This property protects the host from liver malfunc-
tion after extreme or continual loss in liver organ size via swift re-
growth and expansion. Within the regenerative course, an
abundance of growth factors, cytokines and signaling pathways
interplay at various levels [3]. Among the list of pathways, the
phosphatidylinositol 3’-OH kinase (PI3K)/Akt signaling pathway
plays a pivotal role in liver regeneration. Total or selective PI3K
blockage substantially reduces proliferation after partial hepatec-
tomy (PH) [4], while treating mice with activated Akt increased
liver size by 3- to 4-fold [5].

MicroRNAs (miRNAs) are a class of small, non-coding RNA
molecules that regulate gene expression post-transcriptionally.
Recently, various periodicals separately identified several
de-regulated miRNAs during liver regeneration (LR) in patients or
animal models [6-16]. One of the de-regulated miRNAs, miR-21,
was appreciably up-regulated during LR phases [6-8,11,14,15].
Prior researchers have revealed that miR-21 was involved in tumor
progression by activating Akt signaling [17,18]. It remains
ambiguous whether miR-21-mediated PI3K/Akt activation
explains primary hepatocyte proliferation.

In the present study, we sought to investigate the regulatory
role of miR-21 in hepatocyte proliferation in vitro. Our results
determined the miRNA profiles of primary hepatocytes that were
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cultured in vitro within the initial 12 h. Importantly, we deter-
mined a role of miR-21 and PI3K/Akt signaling in promoting hepa-
tocyte proliferation by gain- or loss-of function strategies.

2. Materials and methods
2.1. Mice

Animal experiments were approved by the West China School
of Medicine, Sichuan University, China Institutional Review Board.
Male C57BL/6 mice aged 6-8 weeks were purchased from the Sich-
uan University Laboratory Animal Center.

2.2. Two-thirds PH

Studies including 2/3 PH were performed on 25 mice in accor-
dance with a standardized protocol that was published previously
[19]. Another 25 sham hepatectomy (SH) mice were used as con-
trols. At time intervals of 2, 24, 48, 72 and 96 h after the operation,
liver tissue was harvested in 5 duplicates.

2.3. Hepatocyte isolation, culture and transfection

Primary mouse hepatocytes were isolated by a two-step in situ
collagenase perfusion technique derived from male C57BL/6 mice
as in [20] and cultured as in (Bailly-Maitre et al., 2007), supple-
mented with epidermal growth factor (EGF, 30 ng/ml). For all
hepatocyte transfection assays, 5 x 10° or 10,000 cells per well
were seeded onto 6- or 96-well plates (Corning), respectively. After
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cell attachment for 6 h, hepatocytes were transfected with miR-21
mimics, inhibitor, or the negative control (RiboBio) using Lipofect-
amine™ 2000 (Invitrogen). The miR-21 mimic and its negative
control, and the miR-21 inhibitor along with its negative control
are referred to as miR-21 and miR-con or anti-miR-21 and anti-
miR-con, respectively.

2.4. miRNA expression profiling

Mouse primary hepatocytes cultured in vitro were used to ana-
lyze miRNA expression changes. Cell samples were harvested at 0,
2, and 12 h after seeding into 6-well plates. A minimum of 3 dupli-
cates at every time point were harvested and pooled for RNA
extraction. miRNA expression profiling was performed at Exiqon.
Differentially expressed miRNAs were identified through Fold
Change filtering (Fold Change > 2.0). Hierarchical clustering was
performed using MEV software (v4.6, TIGR).

2.5. qRT-PCR

Total RNA was extracted with TRIzol® reagent (Invitrogen)
according to the manufacturer’s instructions. Phosphatase and
tensin homologue deleted on chromosome 10 (PTEN) and miR-
21 detection was carried out as described in [21]. Quantitative
normalization was performed on U6 or B-actin, for miRNA or
mRNA detection, respectively and the relative expression levels
calculated as in [22].

2.6. Cell cycle analysis

Single-cell hepatocyte suspension were collected 24 h after
treatment with miR-21 mimics, inhibitor or blank loading control.
The sample preparation was performed using a Cell Cycle Detec-
tion Kit (KeyGen) and analyzed with a FACSCan flow cytometer
(BD) according to the manufacturer’s instructions. The data were
analyzed using Mod Fit-LT v3.0 (Verity Software House Topsham).

2.7. Protein preparation and immunoblotting

Protein extracts were obtained using RIPA buffer [1% TritonX-
100, 0.1% SDS,1% sodiumdeoxycholate,150 mM NaCl, 50 mM
Tris-HCI (pH 7.2), 0.4 mM Na3VO,, 10 g/ml leupeptin, 4 g/ml pep-
statin, 0.1 TIU/mlaprotinin]. Immunoblotting performed as in [21].

2.8. Statistical analysis

Statistical significance was estimated using a 2-tailed Student’s
t-test. A P-value less than 0.05 was considered to be significant.

3. Results

3.1. Genome-wide miRNA changes and qRT-PCR validation during
hepatocyte proliferation

We analyzed genome-wide miRNA expression profiles at 0, 2,
and 12 h in freshly isolated hepatocytes that had been seeded into
6-well plates under stimulation of EGF. Based on the miRNA
expression levels, we grouped them into three sets and classified
them as up-regulated (>2-fold), down-regulated (<0.5-fold) and
unchanged (0.5- to 2-fold). Weighed against standard levels (0 h),
there were 68 and 107 up-regulated and 191 and 189 down-regu-
lated miRNAs at 2 and 12 h, respectively. To further depict the pat-
tern of miRNA changes, unsupervised hierarchical miRNA
clustering and the expression level change at the 3-fold threshold
were selected to generate the heat map (Fig. 1A and B). Using a

Venn diagram, only an integral miRNA subset demonstrated ex-
actly the same expression patterns at 2 and 12 h after the hepato-
cytes were seeded; 40 miRNAs were up-regulated, 76 miRNAs
were down-regulated and 228 miRNAs were unchanged (Fig. 1C).
miR-21 was among the first cluster and was substantially up-reg-
ulated by 3-fold after 2 h and by 4-fold after 12 h compared with
the Oh time point (Fig. 1B). Thus, we focused our analyses on
miR-21 in primary hepatocytes in vitro.

To validate miR-21 expression levels in hepatocytes in vitro we
performed qRT-PCR assays at 0, 2, 6, 12, 24, and 48 h after cultiva-
tion. We determined that miR-21 expression substantially in-
creased from 2h (1.91+0.14 vs. 0.26+0.02, P<0.001) to 48 h
(243+0.42 vs. 0.26+0.02, P<0.001), with a peak at 12h
(6.10+1.38 vs. 0.26 £ 0.02, P < 0.001) (Fig. 2A). The miR-21 expres-
sion pattern as detected by qRT-PCR during the first 12 h was in
good agreement with the microarray results.

3.2. miR-21 up-regulation during the early stages of LR

To determine the differentiated expression of miR-21 during LR,
we collected liver tissue after 2/3 PH at 2, 24, 48, 72, and 96 h for
qRT-PCR. We determined substantially altered expression follow-
ing 2/3 PH compared with the SH control (Fig. 2B). miR-21 up-reg-
ulation was induced 2 h after 2/3 PH (2.51 £ 0.24 vs. 1.59 £ 0.16,
P=0.005). Its expression consistently rose although it began
decreasing after 48 h (5.51+0.19 vs. 2.25 +£0.21, P<0.001), which
was immediately after most hepatocytes transitioned from the G1
to the S phase [23]. The miR-21 expression curve in regenerative li-
ver parenchyma, which peaked 48 h after PH, was distinct from the
results in hepatocytes in vitro, which peaked 12 h after cultivation.

3.3. Impacts of miR-21 transfection on hepatocyte proliferation in vitro

To determine the mechanism by which miR-21 regulated hepa-
tocyte proliferation, we performed cell transfection assays. To as-
sess the transfection efficiency, we detected miR-21 expression
in hepatocytes after transfection with 40 nM miR-21 mimics,
miR-21 inhibitors or miR-21 negative controls (Fig. 3A). In miR-
21 mimic-treated hepatocytes, miR-21 expression levels were sig-
nificantly up-regulated 6 and 12 h after transfection compared
with the control (16.79+1.37 vs. 8.40+0.69, P=0.007;
40.84 +7.65 vs. 16.49 +2.30, P=0.006; respectively), while nor-
malized after 24 h (3.66 £0.38 vs. 2.91 £0.31, P=0.06). In miR-
21 inhibitor-treated hepatocytes, miR-21 expression levels were
significantly down-regulated at 6, 12, and 24 h compared with
the control (0.0031+0.002 vs. 8.40+0.69, P<0.001; 0.0089 +
0.002 vs. 16.49 +2.30, P<0.001; 0.0048 £0.003 vs. 2.91 +0.31,
P <0.001, respectively). These results indicated that miR-21 mim-
ics or inhibitors have been efficiently transfected into hepatocytes,
resulted in over-expression or deletion of miR-21 in hepatocytes.

Next, we performed cell cycle analysis by flow cytometry to
determine the role of miR-21 on hepatocyte proliferation 24 h after
infection (Fig. 3C-E). We determined that the proportion of S-
phase hepatocytes after miR-21 mimic or miR-21 inhibitor treat-
ment was appreciably enhanced or diminished, respectively, com-
pared with negative controls (19.90+3.36 vs. 10.342.10,
P=0.01; 5.16 £1.22 vs. 10.34 £ 2.10, P=0.02, respectively). These
results indicated that miR-21 mimics promoted hepatocyte rapid
S-phase entry and cell cycle progression, while miR-21 inhibitors
impeded S-phase entry and cell cycle arrest.

3.4. miR-21 suppresses PTEN and promotes hepatocyte proliferation
via PI3K/AKT signaling

PI3K/Akt signaling is a well-defined pathway that is directly
associated with cell growth, proliferation and survival. As an up-
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Fig. 1. Heatmaps of microRNA (miRNA) profiles and de-regulated miRNAs during the first 12 h of primary hepatocyte cultivation in vitro after EGF stimulation. (A)
Unsupervised hierarchical cluster analysis diagram based on 3100 probe sets at 2 h or 12 h after seeding hepatocytes into 6-well plates compared with freshly isolated
hepatocytes. The miRNA clustering tree is demonstrated on the left and the sample clustering tree is at the top. The rows represent individual probe sets. The columns
represent the experimental samples: 0, 2 and 12 h. Red bars indicate the relative expression level of the above mean. Green bars indicate expression lower than the mean. (B)
Heatmap of the miRNAs that were significantly de-regulated during hepatocyte proliferation in vitro. The de-regulated miRNAs were filtered at a 3-fold threshold (.. ....
represents other unlisted miRNAs). (C) Up-regulation (left), no-change (middle) and down-regulation (right) of miRNAs in hepatocytes in vitro were represented by Venn
diagrams based on 3-fold threshold expression compared with freshly isolated hepatocytes (0 h). Blue circles represent miRNAs that were detected at 2 h, yellow circles
represent those that were detected at 12 h. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

stream kinase, PI3K activity could be negatively regulated by PTEN,
a miR-21 target gene for which the expression could be post-trans-
criptionally inhibited in cancer cells [17,24-26]. However, whether
PTEN is involved in miR-21 regulation in hepatocyte proliferation
remains to be elucidated. To elucidate this, we first measured PTEN
expression in cultured hepatocytes. We determined that PTEN
expression was inhibited in hepatocytes from 6 h after cultivation
(Fig. 1C). miR-21 expression trends changed in a mirror opposite
pattern (Fig. 3C). Next, we used RT-PCR to determine the effects
of miR-21 on hepatocyte Pten mRNA expression after transfection.
We determined that hepatocyte PTEN expression was inversely
regulated by miR-21; miR-21 over-expression significantly re-
duced Pten mRNA expression, and reduced miR-21 expression sig-
nificantly increased Pten mRNA expression (Fig. 3B).

To determine whether PTEN is post-transcriptionally inhibited
by miR-21, we further measured PTEN protein levels in hepato-
cytes by immunoblotting. We determined markedly reduced PTEN

protein levels in hepatocytes that were transfected with miR-21
mimics as well as markedly enhanced PTEN levels in cells that
were treated with miR-21 inhibitors (Fig. 4A). These findings affirm
our speculation that PTEN is a direct target of miR-21 in cultured
primary hepatocytes.

Given the negative regulation of PI3K/Akt signaling by PTEN, we
investigated whether PTEN inhibition was responsible for the ef-
fect of miR-21 on PI3K/Akt signaling. We used immunoblotting
to determine Akt protein levels and Ser473 phosphorylation (p-
Akt). As expected, Akt levels and activity were markedly elevated
in miR-21 mimic-treated hepatocytes but were markedly de-
creased after miR-21 inhibitor treatment (Fig. 4A and B). Certainly,
PI3K/Akt signaling activation is essential for the early phase of LR,
which ultimately triggers the subsequent phosphorylation of
downstream targets, induces cyclin E and inactivates CDK inhibitor
proteins p21 and p27, thereby promoting cell growth and survival
[4,5,27]. Additionally, while contemplating our findings above that
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Fig. 2. miR-21 up-regulation in primary hepatocyte proliferation in vitro and in vivo during LR, and its inverse correlation with the target gene PTEN. (A and B) miR-21
expression levels were examined by SYBR green RT-PCR at the indicated time points after primary hepatocytes were seeded in 6-well plates (A) or partial hepatectomy in
mice (B) during LR. (C) PTEN expression levels were examined by Tagman RT-PCR at the indicated time points after seeding primary hepatocytes in 6-well plates. (*P < 0.05 vs.
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Fig. 3. miR-21-regulated primary hepatocyte cell cycle progression in vitro after transfection. (A) Primary hepatocytes that were treated with miR-21 mimics (miR-21),
inhibitor (anti-miR-21) or negative controls (miR NC) were seeded in 6-well plates. miR-21 expression levels were examined at the indicated time points by SYBR green RT-
PCR. (B) Pten mRNA expression levels were examined at the indicated time points by Tagman RT-PCR. (C-E) Cell cycle analyses were performed by flow cytometry. Cell cycle
distribution data were presented as a percentage. (*P < 0.05 vs. miR NC group).

demonstrated an altered S-phase distribution of hepatocytes after
miR-21 transfection, we investigated whether over- or low-miR-21
expression affected cyclin E, p21 and p27 translation (Fig. 4C). We
determined that miR-21 over-expression in hepatocytes increased

cyclin E1 and decreased p21 and p27 protein levels. Although we
failed to notice increased p27 protein levels in miR-21 inhibitor-
treated hepatocytes, cyclin E expression was decreased and p21
expression was significantly increased.
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Fig. 4. miR-21 modulates hepatocyte proliferation-associated PI3K/Akt signaling by targeting PTEN, which facilitates cyclin E1 expression and represses p21 and p27
expression. (A and B) Immunoblotting revealed that miR-21 mimic (miR-21) transfection into primary hepatocytes decreased PTEN levels, increased Akt levels and activation
by enhancing its Ser473 phosphorylation (p-Akt), while miR-21 inhibitor (anti-miR-21) transfection increased PTEN expression, and decreased Akt expression and activation
by inhibiting Ser473 dephosphorylation. Negative control siRNA-transfected cells (miR-con, anti-miR-con) were used as controls. (C) Immunoblotting demonstrated that
miR-21 transfection into hepatocytes increased cyclin E1 and decreased p21 and p27 levels, while anti-miR-21 transfection decreased cyclin E1 and increased p21 levels.

4. Discussion

Several previous studies have characterized genome wide
miRNA expression patterns in the regenerative liver parenchyma
during LR [6,7,9,11,14,15]. However, very little is understood about
the role of miRNAs in primary hepatocytes in vitro. In the present
study, we investigated genome wide miRNA expression levels in
the first 12 h after cultivating purified primary hepatocytes. There
initially were 259 and 296 de-regulated miRNAs in the purified pri-
mary hepatocytes 2 and 12 h after cultivation, respectively, com-
pared with the baseline levels (0 h). The key finding was that
miR-21 was up-regulated by 3- to 4-fold during cultivation of
hepatocytes in vitro, which was the equivalent expression pattern
as the regenerative liver parenchyma in the early phase of LR [6-
8,11,14,15,28].

Recently, miRNA and LR research has been gradually changing
from identifying miRNA characteristics to identifying functional
miRNAs and their regulated mechanism such as miR-21 [28],
miR-23b [16] and miR-221 [29], which promote hepatocyte prolif-
eration, whereas miR-26a [30], miR-33 [31], miR-34a [9], miR-127
[32] inhibit hepatocyte proliferation.

The expression curve of miR-21 in regenerative liver paren-
chyma, which peaked 48 h after PH, was similar to that obtained
from prior scientific studies [11,15,28] but was distinct from the
results in cultured hepatocytes in vitro, which peaked 12 h after
cultivation. This might be attributed to the data that was obtained
from the different material; the former was from regenerative tis-
sue homogenates, which consists of several cell types, while the
latter was from hepatocytes alone [3]. Because miRNA expression
patterns in vivo are a consequence of the integral regulation of
complicated signaling pathways and eventually interaction with
other non-parenchymal cells in the regenerative liver parenchyma
[3], we focused entirely on purified primary hepatocytes to filter
out unexpected confounders.

Lately, the analysis of miRNAs and LR is progressively trans-
forming from pinpointing miRNA characteristics to identifying
functional miRNAs and their regulatory mechanisms including
miR-21 [28], miR-23b [16], and miR-221 [29], which promote
hepatocyte proliferation, and miR-26a [30], miR-33 [31], miR-34a
[9], and miR-127 [32], which inhibit hepatocyte proliferation.

miR-21 is among the first recognized mammalian miRNAs, is
overexpressed in most tumor types, and is characterized by high
proliferative property [17,33,34]. Former research demonstrates

that miR-21 is also up-regulated in the early phase of LR after
PH, which regulates hepatocyte proliferation by targeting critical
genes such as Pelil [11], Btg2 [15], Rhob [28], among others. Our
present study mainly investigated the relationship between miR-
21 and PI3K/Akt signaling. This survival pathway is essential for
activating proliferation in normal LR after PH [35]. Our data dem-
onstrated that miR-21 overexpression in primary hepatocytes in-
creased Akt expression levels and activation (p-Akt); inversely,
low miR-21 expression decreased Akt expression and activation.

Our finding that miR-21 activated PI3K/Akt signaling in primary
hepatocytes encouraged us to investigate whether PTEN, a miR-21
target that inhibits Akt phosphorylation [24], was involved in this
process. We found that PTEN expression was inhibited in normal
primary hepatocytes from 6 h after cultivation, which was opposite
of miR-21 expression. After transfection with miR-21 mimic or
inhibitor, we determined that Pten mRNA and protein levels were
up- or down-regulated, respectively. Our findings suggested that
miR-21 promoted PI3K/Akt activation in a PTEN-dependent man-
ner in primary hepatocytes in vitro. Nevertheless, an extremely re-
cent publication by Ng et al. suggested that PTEN accumulation did
not inhibit Akt1 activation in normal LR [28]. They first described
that miR-21 knockdown impaired cyclin D1 translation by de-
repressing Rhob, which inactivates Akt1/mTORC1 signaling. How-
ever, it remains to be investigated whether miR-21 modulation
in vivo could also appreciably accelerate primary hepatocyte prolif-
eration in vitro in a similar pattern. miR-21 promotes cell prolifer-
ation via PTEN-dependent PI3K/Akt activation in cancer cells
[17,25,26]. miR-21 has numerous targeted genes, which coupled
with our results, suggests that miR-21 is a central regulator of
Akt signaling in hepatocyte proliferation.

Our results further revealed that miR-21 controlled the G1/S
phase transition of the cell cycle in primary hepatocytes in vitro.
In miR-21 mimic-treated hepatocytes, the proportion of hepato-
cytes in S phase was markedly enhanced compared with controls.
Cyclin E1 was increased and cyclin-dependent kinase inhibitors
(p21, p27) were decreased in these cells. In contrast, in miR-21
inhibitor-treated hepatocytes, the percentage of cells in S phase
was markedly decreased. Cyclin E1 and p21 protein levels changed
inversely compared with miR-21 mimic-treated cells. Within the
cell cycle regulatory machinery, cyclin E1 is essential for control-
ling cell cycle progression at several stages. The protein levels peak
near the G1/S checkpoint and are reduced following S-phase entry.
Cyclin E1 overexpression facilitates rapid cellular S-phase entry by
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specifically activating cyclin-dependent kinase Cdk2 as well as pro-
moting DNA synthesis and proliferation [36,37]. Moreover, cyclin
E-Cdk2 also inactivates p21 and p27 by phosphorylation during
G1 and S phases and accelerating cell cycle progression [38]. Thus,
our findings established that miR-21 controlled cell cycle S-phase
progression in primary hepatocytes in vitro.

In conclusion, we offer data detailing which de-regulated miR-
NAs regulate hepatocyte proliferation after cultivation with EGF
stimulation. By targeting PTEN, PI3K/Akt signaling is activated by
miR-21 to accelerate rapid S-phase entry by hepatocytes and pro-
liferation in vitro.

Conflict of interest declaration

The authors report no conflicts of interest. The authors alone are
responsible for the content and writing of this article.

Acknowledgments

This research was supported by the Chengdu Academic
Achievement and transformation Program (Grant No. 11DXYB361)
and the Sichuan Provincial Science and Technology Support Pro-
gram (Grant No. 20125Z0017). The authors acknowledge support
from the Key Lab of Molecular Research, West China Hospital/West
China Medical School of Sichuan University.

References

[1] N. Fausto, Liver regeneration, J. Hepatol. 32 (2000) 19-31.

[2] G.K. Michalopoulos, M.C. DeFrances, Liver regeneration, Science 276 (1997)
60-66.

[3] G.K. Michalopoulos, Liver regeneration after partial hepatectomy: critical
analysis of mechanistic dilemmas, Am. ]. Pathol. 176 (2010) 2-13.

[4] LN. Jackson, S.D. Larson, S.R. Silva, P.G. Rychahou, L.A. Chen, S. Qiu, S.

Rajaraman, B.M. Evers, PI3K/Akt activation is critical for early hepatic

regeneration after partial hepatectomy, Am. ]. Physiol. Gastrointest. Liver

Physiol. 294 (2008) G1401-G1410.

L.K. Mullany, CJ. Nelsen, E.A. Hanse, M.M. Goggin, C.K. Anttila, M. Peterson, P.B.

Bitterman, A. Raghavan, G.S. Crary, J.H. Albrecht, Akt-mediated liver growth

promotes induction of cyclin E through a novel translational mechanism and a

p21-mediated cell cycle arrest, ]. Biol. Chem. 282 (2007) 21244-21252.

R.E. Castro, D.M. Ferreira, X. Zhang, P.M. Borralho, A.L. Sarver, Y. Zeng, C.J. Steer,

B.T. Kren, C.M. Rodrigues, Identification of microRNAs during rat liver

regeneration after partial hepatectomy and modulation by ursodeoxycholic

acid, Am. J. Physiol. Gastrointest. Liver Physiol. 299 (2010) G887-G897.

[7] L Chaveles, A. Zaravinos, 1.G. Habeos, D.D. Karavias, I. Maroulis, D.A. Spandidos,
D. Karavias, MicroRNA profiling in murine liver after partial hepatectomy, Int.
J. Mol. Med. 29 (2012) 747-755.

[8] X. Chen, M. Murad, Y.Y. Cui, LJ. Yao, S.K. Venugopal, K. Dawson, J. Wu, MiRNA
regulation of liver growth after 50% partial hepatectomy and small size grafts
in rats, Transplantation 91 (2011) 293-299.

[9] H. Chen, Y. Sun, R. Dong, S. Yang, C. Pan, D. Xiang, M. Miao, B. Jiao, Mir-34a is
upregulated during liver regeneration in rats and is associated with the
suppression of hepatocyte proliferation, PLoS One 6 (2011) e20238.

[10] B.T. Kren, P.Y.P. Wong, A. Shiota, X. Zhang, Y. Zeng, CJ. Steer, Polysome
trafficking of transcripts and microRNAs in regenerating liver after partial
hepatectomy, Am. J. Physiol. Gastrointest. Liver Physiol. 297 (2009) G1181-
G1192.

[11] RT. Marquez, E. Wendlandt, C.S. Galle, K. Keck, A.P. McCaffrey, MicroRNA-21 is
upregulated during the proliferative phase of liver regeneration, targets
Pellino-1, and inhibits NF-kappaB signaling, Am. J. Physiol. Gastrointest.
Liver Physiol. 298 (2010) G535-541.

[12] N. Raschzok, W. Werner, H. Sallmon, N. Billecke, C. Dame, P. Neuhaus, .M.
Sauer, Temporal expression profiles indicate a primary function for microRNA
during the peak of DNA replication after rat partial hepatectomy, Am. J.
Physiol. Regul. Integr. Comp. Physiol. 300 (2011) R1363-1372.

[13] S. Salehi, H.C. Brereton, M.]. Arno, D. Darling, A. Quaglia, J. O’Grady, N. Heaton,
V.R. Aluvihare, Human liver regeneration is characterized by the coordinated
expression of distinct microRNA governing cell cycle fate, Am. J. Transplant. 13
(2013) 1282-1295.

[5

(6

[14] ]J. Shu, B.T. Kren, Z. Xia, P.Y. Wong, L. Li, E.A. Hanse, M.X. Min, B. Li, J.H. Albrecht,
Y. Zeng, S. Subramanian, C,J. Steer, Genomewide microRNA down-regulation as
a negative feedback mechanism in the early phases of liver regeneration,
Hepatology 54 (2011) 609-619.

[15] G. Song, A.D. Sharma, G.R. Roll, R. Ng, A.Y. Lee, R.H. Blelloch, N.M. Frandsen, H.
Willenbring, MicroRNAs control hepatocyte proliferation during liver
regeneration, Hepatology 51 (2010) 1735-1743.

[16] B. Yuan, R. Dong, D. Shi, Y. Zhou, Y. Zhao, M. Miao, B. Jiao, Down-regulation of
miR-23b may contribute to activation of the TGF-betal/Smad3 signalling
pathway during the termination stage of liver regeneration, FEBS Lett. 585
(2011) 927-934.

[17] F. Meng, R. Henson, M. Lang, H. Wehbe, S. Maheshwari, J.T. Mendell, ]. Jiang,
T.D. Schmittgen, T. Patel, Involvement of human micro-RNA in growth and
response to chemotherapy in human cholangiocarcinoma cell lines,
Gastroenterology 130 (2006) 2113-2129.

[18] D. lliopoulos, S.A. Jaeger, H.A. Hirsch, M.L. Bulyk, K. Struhl, STAT3 activation of
miR-21 and miR-181b-1 via PTEN and CYLD are part of the epigenetic switch
linking inflammation to cancer, Mol. Cell 39 (2010) 493-506.

[19] C. Mitchell, H. Willenbring, A reproducible and well-tolerated method for 2/3
partial hepatectomy in mice, Nat. Protocols 3 (2008) 1167-1170.

[20] J.E. Klaunig, P.J. Goldblatt, D.E. Hinton, M.M. Lipsky, J. Chacko, B.F. Trump,
Mouse liver cell culture. I. Hepatocyte isolation, In Vitro 17 (1981) 913-925.

[21] FY. Meng, R. Henson, H. Wehbe-Janek, K. Ghoshal, S.T. Jacob, T. Patel,
MicroRNA-21 regulates expression of the PTEN tumor suppressor gene in
human hepatocellular cancer, Gastroenterology 133 (2007) 647-658.

[22] K. Livak, T.D. Schmittgen, Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method, Methods 25 (2001)
402-408.

[23] G.K. Michalopoulos, Liver regeneration, J. Cell Physiol. 213 (2007) 286-300.

[24] V. Stambolic, A. Suzuki, J.L. de la Pompa, G.M. Brothers, C. Mirtsos, T. Sasaki, J.
Ruland, ].M. Penninger, D.P. Siderovski, T.W. Mak, Negative regulation of PKB/
Akt-dependent cell survival by the tumor suppressor PTEN, Cell 95 (1998) 29-
39.

[25] A. Di Cristofano, P.P. Pandolfi, The multiple roles of PTEN in tumor suppression,
Cell 100 (2000) 387-390.

[26] H. Bai, R. Xu, Z. Cao, D. Wei, C. Wang, Involvement of miR-21 in resistance to
daunorubicin by regulating PTEN expression in the leukaemia K562 cell line,
FEBS Lett. 585 (2011) 402-408.

[27] M. Borowiak, A.N. Garratt, T. Wustefeld, M. Strehle, C. Trautwein, C.
Birchmeier, Met provides essential signals for liver regeneration, Proc. Natl.
Acad. Sci. USA 101 (2004) 10608-10613.

[28] R. Ng, G. Song, G.R. Roll, N.M. Frandsen, H. Willenbring, A microRNA-21 surge
facilitates rapid cyclin D1 translation and cell cycle progression in mouse liver
regeneration, J. Clin. Invest. 122 (2012) 1097-1108.

[29] Q. Yuan, K. Loya, B. Rani, S. Mobus, A. Balakrishnan, J. Lamle, T. Cathomen, A.
Vogel, M.P. Manns, M. Ott, T. Cantz, A.D. Sharma, MicroRNA-221
overexpression  accelerates hepatocyte  proliferation  during liver
regeneration, Hepatology 57 (2013) 299-310.

[30] J. Zhou, W. Ju, D. Wang, L. Wu, X. Zhu, Z. Guo, X. He, Down-regulation of
microRNA-26a promotes mouse hepatocyte proliferation during liver
regeneration, PLoS One 7 (2012) e33577.

[31] D. Cirera-Salinas, M. Pauta, RM. Allen, A.G. Salerno, C.M. Ramirez, A.
Chamorro-Jorganes, A.C. Wanschel, M.A. Lasuncion, M. Morales-Ruiz, Y.
Suarez, A. Baldan, E. Esplugues, C. Fernandez-Hernando, Mir-33 regulates
cell proliferation and cell cycle progression, Cell Cycle 11 (2012) 922-933.

[32] C. Pan, H. Chen, L. Wang, S. Yang, H. Fu, Y. Zheng, M. Miao, B. Jiao, Down-
regulation of MiR-127 facilitates hepatocyte proliferation during rat liver
regeneration, PLoS One 7 (2012) e39151.

[33] S. Volinia, G.A. Calin, C.G. Liu, S. Ambs, A. Cimmino, F. Petrocca, R. Visone, M.
lorio, C. Roldo, M. Ferracin, R.L. Prueitt, N. Yanaihara, G. Lanza, A. Scarpa, A.
Vecchione, M. Negrini, C.C. Harris, C.M. Croce, A microRNA expression
signature of human solid tumors defines cancer gene targets, Proc. Natl.
Acad. Sci. USA 103 (2006) 2257-2261.

[34] P.P. Medina, M. Nolde, FJ. Slack, OncomiR addiction in an in vivo model of
microRNA-21-induced pre-B-cell lymphoma, Nature 467 (2010) 86-90.

[35] S.Haga, M. Ozaki, H. Inoue, Y. Okamoto, W. Ogawa, K. Takeda, S. Akira, S. Todo,
The  survival pathways  phosphatidylinositol-3 kinase  (PI3-K)/
phosphoinositide-dependent protein kinase 1 (PDK1)/Akt modulate liver
regeneration through hepatocyte size rather than proliferation, Hepatology
49 (2009) 204-214.

[36] V. Dulic, E. Lees, S.I. Reed, Association of human cyclin E with a periodic G1-S
phase protein kinase, Science 257 (1992) 1958-1961.

[37] D. Resnitzky, M. Gossen, H. Bujard, S.I. Reed, Acceleration of the G1/S phase
transition by expression of cyclins D1 and E with an inducible system, Mol.
Cell Biol. 14 (1994) 1669-1679.

[38] N.P. Malek, H. Sundberg, S. McGrew, K. Nakayama, T.R. Kyriakides, J.M.
Roberts, A mouse knock-in model exposes sequential proteolytic pathways
that regulate p27Kip1 in G1 and S phase, Nature 413 (2001) 323-327.


http://refhub.elsevier.com/S0006-291X(13)02106-2/h0005
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0010
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0010
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0015
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0015
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0020
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0020
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0020
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0020
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0025
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0025
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0025
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0025
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0030
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0030
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0030
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0030
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0035
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0035
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0035
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0040
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0040
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0040
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0045
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0045
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0045
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0050
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0050
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0050
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0050
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0055
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0055
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0055
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0055
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0060
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0060
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0060
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0060
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0065
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0065
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0065
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0065
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0070
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0070
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0070
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0070
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0075
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0075
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0075
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0080
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0080
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0080
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0080
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0085
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0085
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0085
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0085
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0090
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0090
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0090
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0095
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0095
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0100
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0100
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0105
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0105
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0105
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0110
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0110
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0110
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0115
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0120
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0120
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0120
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0120
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0125
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0125
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0130
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0130
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0130
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0135
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0135
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0135
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0140
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0140
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0140
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0145
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0145
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0145
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0145
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0150
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0150
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0150
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0155
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0155
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0155
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0155
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0160
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0160
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0160
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0165
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0165
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0165
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0165
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0165
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0170
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0170
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0175
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0175
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0175
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0175
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0175
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0180
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0180
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0185
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0185
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0185
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0190
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0190
http://refhub.elsevier.com/S0006-291X(13)02106-2/h0190

	MicroRNA-21 accelerates hepatocyte proliferation in vitro via PI3K/Akt signaling by targeting PTEN
	1 Introduction
	2 Materials and methods
	2.1 Mice
	2.2 Two-thirds PH
	2.3 Hepatocyte isolation, culture and transfection
	2.4 miRNA expression profiling
	2.5 qRT-PCR
	2.6 Cell cycle analysis
	2.7 Protein preparation and immunoblotting
	2.8 Statistical analysis

	3 Results
	3.1 Genome-wide miRNA changes and qRT-PCR validation during hepatocyte proliferation
	3.2 miR-21 up-regulation during the early stages of LR
	3.3 Impacts of miR-21 transfection on hepatocyte proliferation in vitro
	3.4 miR-21 suppresses PTEN and promotes hepatocyte proliferation via PI3K/AKT signaling

	4 Discussion
	Conflict of interest declaration
	Acknowledgments
	References


