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Abstract

As one of the most important post-transcriptional regulators, microRNAs (miRNAs) participate in diverse biological processes, including the
regulation of cell proliferation. MiR-17~92 has been found to act as an oncogene, and it is closely associated with cell proliferation. However,
its role in liver regeneration is still unclear. We generated a hepatocyte-specific miR-17~92-deficient mouse and used a mouse model with 70%
partial hepatectomy (PH) or intraperitoneal injection of carbon tetrachloride to demonstrate the role of MiR-17~92 in liver regeneration. In
quiescent livers, the expression of the miR-17~92 cluster showed a gender disparity, with much higher expression in female mice. The expres-
sion of four members of this cluster was found to be markedly reduced after 70% PH. The ablation of miR-17~92 led to obvious regeneration
impairment during the early-stage regeneration in the female mice. Ovariectomy greatly reduced miR-17~92 expression but significantly pro-
moted liver regeneration in wild-type mice. In addition, early regeneration impairment in miR-17~92-deficient livers could be largely restored
following ovariectomy. The proliferation suppressors p21 and Pten were found to be the target effectors of miR-17~92. MiR-17~92 disruption
resulted in elevated protein levels of p21 and Pten in regenerating livers. MiR-17~92 functions as a proliferation stimulator and acts in an
oestrogen-dependent manner. The loss of this miRNA results in increases in p21 and Pten expression and therefore impairs liver regeneration
in female mice.
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Introduction

The adult liver is unique because of its mysterious intrinsic capacity
to regenerate by the proliferation of fully differentiated hepatocytes,
which are quiescent and normally divide only once or twice each year
in mice and even less frequently in humans [1]. However, these cells
are able to divide numerous times in response to liver tissue injury or
loss. Liver regeneration is a sophisticated process involving a com-
plex network of cytokine and growth factor signalling between hepa-
tocytes and other mesenchymal cells [2]. To date, 70% partial
hepatectomy (PH) in mice or rats is the most commonly used model
for studying liver regeneration. Remnant hepatocytes enter and pro-
gress through the cell cycle in a highly synchronized fashion, and the
entire process is completed within 7 days [3]. Carbon tetrachloride
(CCly) and other toxic agents have also been used to assess this
process in some studies [4, 5].
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MicroRNAs (miRNAs) are a class of small, non-coding RNAs that
silence target mRNAs by binding to their 3'-untranslated regions
(UTRs) [6]. They have emerged as important post-transcriptional reg-
ulators in liver physiology and regeneration and in various diseases [7,
8]. A large number of studies have demonstrated that many liver
pathophysiological processes are highly associated with miRNA dys-
regulation [9, 10]. Of the deregulated miRNAs, the miR-17~92 cluster
has attracted attention because of its paradoxical functions in different
tissues and cells [11]. MiR-17~92 functions as a tumour suppressor
by decreasing the E2F1 and cyclin D1 protein concentrations in tumour
cell lines [12, 13]. In contrast, this cluster is up-regulated to enhance
cell growth, promote angiogenesis and inhibit apoptosis in diverse
malignancies, including lung cancer and lymphoma [14, 15]. In addi-
tion, loss-of-function of the MiR-17~92 cluster results in a decrease in
embryo size and immediate postnatal death in all animals [16].

The miR-17~92 cluster encodes seven members, including miR-
17-5p, miR-17-3p, miR-18a-5p, miR-19a-3p, miR-19b-3p, miR-20a-
5p and miR-92-1 [17]. Recently, several independent studies have
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shown diverse roles for this cluster in the liver. The overexpression of
miR-17-5p, a novel prognostic marker for hepatocellular carcinoma
(HCGC), promotes the migration of HepG2 liver cancer cells. The
knockdown of this miRNA leads to a defect in the G1 to S transition
[18-20]. MiR-18a can accelerate cell proliferation by reducing the
oestrogen receptor alpha (ERa) protein level, and its high expression
is often observed in female liver cancer patients [21]. Moreover, miR-
19b inhibits hepatic stellate cell activation and decreases fibrogenesis
[22]. In accordance with the findings for HCC, the miR-17~92 level
has been found to be altered in the regenerating liver, suggesting its
potential role in the regulation of liver regeneration [23]. In the pre-
sent study, we examined the expression of the members of the miR-
17~92 cluster in quiescent and regenerating livers. We generated a
hepatic-specific miR-17~92 knockout mouse to investigate its role in
liver regeneration. Our findings show that this cluster displays a gen-
der disparity in the quiescent liver and that it is markedly reduced in
regenerating the livers of female mice. Loss of miR-17~92 increases
the protein levels of p21 and Pten in an oestrogen-dependent manner.
As a result of this loss, liver regeneration is impaired, specifically in
female mice.

Materials and methods

Animal studies

Hepatocyte-specific MiR-17~92 cluster knockout mice were generated
by crossing miR-17~92"/"% mice with mice expressing Cre recombi-
nase under the control of a rat albumin promoter, as previously
described [24]. The mice were maintained under alternating 12-h light/
dark cycles, fed regular chow and provided water ad /ibitum. Animal
procedures and care were conducted in accordance with the institu-
tional guidelines and in compliance with national and international laws
and policies. To assess the role of miR-17~92 in liver regeneration, we
performed 70% PH on 8-12-week-old miR-17~92 conditional knockout
(CKO) mice and their sex-matched wild-type (WT) littermates. Acute
toxic hepatic injury was induced by intraperitoneal injection of 10 ml/kg
body weight of a 10% solution of CCl, in olive oil. A single dose of 5-
bromo-2’-deoxyuridine (BrdU; Sigma-Aldrich, St. Louis, MO, USA) was
injected intraperitoneally at 50 mg/kg animal weight (10 mg/ml in PBS)
at 1 hr prior to sacrifice. Liver specimens were harvested at the indi-
cated time-points for histological analysis or nucleic acid and protein
isolation.

Reverse transcription and quantitative real-time
PCR

Total RNA was isolated from liver tissues using TRIzol reagent
(Invitrogen, San Diego, CA, USA), and cDNA was synthesized by following
the manufacturer's protocol (Bio-Rad, Hercules, CA, USA). Quantitative
real-time PCR (qRT-PCR) was performed with a standard SYBR green
PCR kit (Bio-Rad), and PCR-specific amplification was applied in the Bio-
Rad CFX96 real-time PCR machine. For miRNA quantification, Bulge-loop
miRNA gRT-PCR Primer Sets (one RT primer and a pair of qPCR primers
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for each set) specific for the miR-17~92 cluster were designed by RiboBio
(Guangzhou, China). The relative expression of genes, including U6, miR-
17-3p, miR-17-5p, miR-18a-5p, miR-19a-3p, miR-19b-3p, miR-20a-5p
and miR-92-1, was calculated with the 224 method.

Histology and immunohistochemistry

Haematoxylin and eosin staining and immunohistochemistry staining for
Ki-67 and BrdU were carried out on 5-um-thick paraffin sections of liver
tissues. The percentage of positive nuclei was counted in five consecu-
tive high-power fields.

Cell culture

The human liver cancer cell line HepG2 was maintained in DMEM
supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin. The cells were maintained at
37°C in a 5% (v/v) CO, atmosphere. When 60-70% confluent, oestro-
gen (E;) was added to the culture medium to a final concentration of
10 nM, and after 24 hrs stimulation, cells were harvested for further
investigation [25].

Luciferase assay

The 3'UTRs of mouse Pten and p21 were amplified from genomic DNA
using two primer sets (forward primer, 5'-GTGGAGACAGGCTGAT-3’;
reverse primer, 5'-ATGCCTTATTATTCGTG-3" for Pten; and forward pri-
mer, 5-CCCCAGCCCAAACAAAGA-3'; reverse primer, 5-GGGTTTCGGT
TGGTCCTCT-3' for p21), which contain binding sites for the miR-17~92
cluster and are conserved in humans. Mutagenesis of these binding
sites was carried out using a Quick Change XL mutagenesis kit (Agilent
Technologies, Santa Clara, CA, USA). The WT Pten and p21 3'UTRs, as
well as the mutated 3'UTR fragments, were each cloned downstream
from a firefly luciferase reporter. These firefly luciferase constructs con-
tained either a WT or mutated 3'UTR. Each construct was transfected
into a Hep1-6 cell line, together with a Renilla luciferase construct for
normalization control, 20/40 nM miRNA mimics (mix of mir-17-5p, mir-
19a-3p, miR-19b-5p and miR-20a-5p) or a control mimic, mir-1 respec-
tively. The luciferase activity of each construct was determined by dual
luciferase assay (Promega, Madison, WI, USA) at 48 hrs post-transfec-
tion.

Western blotting

Liver samples were homogenized in Radio Immunoprecipitation Assay
(RIPA) lysis buffer with phenylmethanesulfonyl fluoride (Beyotime,
Shanghai, China), incubated on ice for 1 hr and centrifuged for 15 min.
at 12,000 x g at 4°C. Supernatants were collected. The protein concen-
tration was measured by bovine serum albumin assay (Cowin Biotech,
Beijing, China). For western blotting, 100 pg total protein per lane was
used to examine the expression level of the target protein. Mouse anti-
p21 (Santa Cruz, Dallas, TX, USA), rabbit anti-Pten, cyclin D1, CDK1,
CDK2, CDK4, cyclin A, cyclin B and AKT (Abcam, Cambridge, CA, USA)
antibodies were used. ECL reagent was used for chemiluminescence
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detection. Signal intensities were quantified and normalized to the his-
tone H3 or GAPDH intensity using ImageJ software.1

Statistical analysis

All data were expressed as the mean 4+ S.D. SPSS statistical package
was used (version 13.0; SPSS Inc., Chicago, IL, USA) for statistical
analysis. Significance was determined with two-tailed Student’s t-test. A
P < 0.05 was considered significant.

Results

MiR-17~92 expression in quiescent and
regenerating livers

First, we examined miR-17~92 expression in the quiescent livers. Of
the seven family members, miR-92-1, miR-18a-5p and miR-17-3p
expression was quite low. We then focused on the other four mem-
bers, including miR-17~5p, miR-19a-3p, miR-19b-3p and miR-20a,
the expression of which differed between the genders, with higher
expression in the female mice (Fig. 1A). Notably, expression of miR-
17-5p, the most abundant member in liver tissue, was approximately
2.5-fold higher in the female mice than in their male counterparts.

To determine whether miR-17~92 participates in liver regenera-
tion, we examined the expression levels of these four members dur-
ing the early proliferating stage after PH. These miRNAs were found
to exhibit decreases in the expression of varying degrees in the mice
of both genders following 70% PH (Fig. 1B and C).

Generation of miR-17~92-deficient mice
We generated hepatocyte-specific miR-17~92 knockout mice, and

their genotypes were assessed by PCR analysis of tail DNA (Fig. 2A
and B). Each individual member of the miR-17~92 cluster displayed a
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70-90% reduction in expression in the mutant livers of the adult
mice. No expression changes were found in the other organs evalu-
ated (Fig. 2C, Fig. S1).

MiR-17~92 CKO mice were born at the expected Mendelian ratio,
and they were fertile and appeared healthy. All serum parameters
were within the normal ranges (Table S1). The mutant liver did not
exhibit any obvious histological abnormalities (Fig. 2D).

Loss of miR-17~92 impairs early liver
regeneration in female mice

To determine the role of miR-17~92 in liver regeneration, we per-
formed 70% PH on the miR-17~92 CKO mice and their gender-
matched littermates. No obvious differences were found between the
male mice with the different genotypes at each time-point, as indi-
cated by Ki67 immunoreactivity and BrdU incorporation (Fig. 3A and
B and Figs S2 and S3). In addition, immunoblotting of cell cycle
markers, including CDK1, CDK2, CDK4, cyclin A and cyclin E, revealed
few differences between the WT and mutant livers of the male mice
(Fig. 3C). Our data indicate that in male mice, miR-17~92 has little
effect on DNA synthesis or cell proliferation during liver regeneration.

The gender disparity in miR-17~92 expression prompted us to
speculate whether miR-17~92 ablation has an effect on liver regener-
ation in female mice. As expected, the proportion of mitotic hepato-
cytes in the CKO mice was reduced by approximately 80% at 36 hrs
and by 50% at 48 hrs after PH (Fig. 3A and B and Fig. S2). These
findings were confirmed by the delay in liver reconstitution, as
demonstrated by the lower liver weight/bw ratio (Fig. S2). Further-
more, immunoblotting analysis revealed substantial reductions in the
levels of cell cycle proteins in the female CKO mice at 24 and 36 hrs
(Fig. 3C and D).

We next assessed the liver repair rate in the female mice in
response to the acute toxic injury induced by CCl4 injection. The ratio
of Ki67-positive cells in the mutant liver was lower at 24 and 36 hrs,
in accordance with the results obtained with the surgery model. How-
ever, this ratio was higher at 72 hrs compared with that in the WT
liver (Fig. S4).
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Fig. 1 MiR-17~92 expression in quiescent and regenerating livers. (A) The expression levels of four members of the miR-17~92 cluster show notice-
able gender disparity in the quiescent liver. (B) The expression of each of the members is significantly reduced in the regenerating livers of mice of
both genders. The data represent the mean + S.D.; n = 5; *P < 0.05.
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Fig. 2 Confirmation of the hepatocyte-specific deletion of miR-17~92. (A) A brief schematic diagram of the construction of miR-17~92 conditional
knockout mice. (B) An electropherogram of PCR-amplified tail DNA. The Apo gene was used as a positive control for Cre recombinase. (C) Knockout
efficiency was determined by qRT-PCR. The expression level of each member of the miR-17~92 cluster was set at 1 in the control mice. The data
represent the mean + S.D.; n=5. (D) Haematoxylin-eosin staining of the liver tissues reveals no noticeable hepatic histological abnormalities in

adult miR-17~92~'~ mice, scale bar: 100 um.

MiR-17~92 promotes oestrogen-dependent liver
regeneration

The observation that miR-17~92 deficiency specifically delayed early
liver regeneration in the female mice prompted us to investigate the
association between miR-17~92 and oestrogen. Upon 17-B-estradiol
(E2) binding, ERs prime gene transcription by interacting directly or
indirectly with specific oestrogen response elements (EREs) located
in the promoter or enhancer regions of their target genes [25, 26]. To
elucidate whether the effect of miR-17~92 on liver regeneration is
regulated by oestrogen, we performed ovariectomy (OVX) on female
mice and examined the levels of the miR-17~92 members compared
with those in WT mice. To our surprise, the levels of all four members
were decreased by 30-40% at 1 month after OVX (Fig. 4A). The pro-
duction of these members was markedly increased in cultured HepG2
cells after 24 hrs of oestrogen stimulation (Fig. 4B).

We next examined the liver regeneration rate in the OVX mice. After
surgery, the mice with both genotypes displayed noticeably elevated
liver regeneration rates (Fig. 4C), indicating that oestrogen functions as
a proliferation inhibitor. Most intriguingly, the two groups of mice
showed similar regeneration rates, as indicated by Ki67 immunoreactiv-
ity and BrdU incorporation (Fig. 4D and E). Our data again suggest that
miR-17~92 plays an oestrogen-dependent role in liver regeneration.

MiR-17~92 reduces p21 and Pten
Oestrogen has been reported to enhance miR-17~92 expression and

to act as a tumour repressor in MCF-7 breast cancer cells [25]. In
contrast, in our study, miR-17~92 seemed to promote liver regenera-
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tion because its ablation impaired early liver regeneration in the
female mice. The potential target effector of miR-17~92 in this pro-
cess is still unknown. Using TargetScan and PicTar online software,
we found that cyclin D1, the tumour repressor gene Pten, and p21
(also known as the negative cell cycle regulator-cyclin-dependent
kinase inhibitor CDKN1A) were candidate targets of the miR-17~92
cluster (Fig. 5A). Luciferase reporter gene assay confirmed that the
miR-17~92 cluster directly targets the 3'UTRs of the Pten and p21
genes, as shown in Figure 5B and C in accordance with previous
reports [17, 27]. Our immunoblotting results revealed that the loss of
miR-17~92 caused slight changes in the levels of cyclin D1, Pten and
p21 levels in the male mice (Fig. 6A and B). In contrast, despite the
up-regulation of cyclin D1, which plays a positive role in accelerating
cell proliferation, the levels of both inhibitory Pten and p21 were dra-
matically increased in the mutant female mice (Fig. 6A and B). Previ-
ous studies have demonstrated that p21 inhibits DNA synthesis and
results in a delay in the G1-S transition in the regenerating liver [28,
29]. Meanwhile, Pten represses the AKT/PI3K signalling cascade,
functioning as a regeneration suppressor [30-32]. Indeed, we found
that the loss of miR-17~92 noticeably reduced AKT phosphorylation
in the female mice, particularly at 24 and 36 hrs post-operation
(Fig. 6C and D), suggesting that the inhibitory effects of Pten and p21
on liver regeneration overwhelmed the inductive effect of cyclin D1 in
association with miR-17~92 deficiency.

Discussion

In this study, we observed that the expression and function of
miR-17~92 were oestrogen dependent. In female mice, the miR-
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(A) Prediction of the binding sites of miR-
17~92 on the 3'UTRs of the Pten and p21
genes using the Targetscan online web-
site. (B) Schematic representations of the
3'UTRs of the Pten and p21 genes and
their WT miR-17~92 (red) and mutant
binding sites (blue triangle), which were
cloned downstream from a luciferase
reporter (Luc). (C) Specific repression of
the Luc-Pten and p21 3'UTR reporters
with miR-17~92 mimics. The mimic miR-
1 was used as a control, *P < 0.05.

counterparts. Furthermore, we have reported that miR-17~92
, both of which are well known proliferation
inhibitors. The disruption of miR-17~92 increases Pten and p21
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expression and reduces AKT phosphorylation, resulting in the
impairment of liver regeneration.

The role of oestrogen-regulated miRNA expression, the target
genes of these miRNAs, and the role of miRNAs in health and disease
is a ‘hot” area of research that will yield new insight into the molecular
mechanisms behind the relationship between oestrogen action and
miRNA. For miR-17~92, various research groups have found that
these miRNAs are regulated by oestrogen stimuli in vivo and in vitro
[25, 33-35]. The molecule basis of the phenomenon has been
described above for the co-regulation effects of activated ESa (oe-
strogen-binding ESo) and transcription factor c-myc [25, 36, 37].
Based on our results, we added new evidence that the expression of
miR-17~92 was modulated by oestrogen and then showed sex dis-
parity in the liver.

The regeneration process is precisely controlled by the tran-
scriptional and post-transcriptional modulation of various genes.

© 2016 The Authors.

As key post-transcriptional regulators, miRNAs have critical roles
in the regeneration process by regulating target genes [8]. The
decrease in miR-17~92 in the regenerating livers indicated that
this miRNA might act as a negative regulator of proliferation.
However, our finding that miR-17~92 deficiency markedly sup-
pressed early liver regeneration in the female mice but not in the
OVX mice or male mice suggests that this miRNA acts as a stim-
ulator of cell proliferation in an oestrogen-dependent manner. The
role of oestrogen in liver regeneration is still contradictory. It is
thought to decrease IL-6, which is a critical cytokine that activates
approximately one-third of the immediate early-phase genes after
PH and is fundamentally important for liver repair and hepatocar-
cinogenesis [38, 39]. The lower serum IL-6 concentration in the
presence of oestrogen might be responsible for the low regenera-
tion rate and low HCC incidence that have been reported in female
animals and humans. In contrast, other studies have reported that
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the serum oestrogen level and number of activated ERs in nuclei
are elevated after 70% PH in rats. Therefore, oestrogen is
regarded as a stimulating factor that promotes liver regeneration
by enhancing DNA synthesis [40-42]. These inconsistent findings
do not clarify the true function of oestrogen in liver regeneration.
In this study, we found that OVX significantly enhanced prolifera-
tion, regardless of whether the mice were WT or mutant. This
information provides new evidence that oestrogen slows liver
regeneration.

Our in vivo and in vitro experiments revealed that oestrogen
induced miR-17~92 expression. It would be interesting to determine
why oestrogen inhibits liver regeneration while miR-17~92 promotes
this process in an oestrogen-dependent manner. Two EREs have
been identified in the miR-17~92 gene promoter, offering additional
evidence that oestrogen regulates miR-17~92. Most intriguingly,
high miR-17~92 expression can, in turn, suppress the oestrogen/
ERa signalling pathway by targeting ERa and its coupled protein,
AIB1 [25].

The interdependence of miR-17~92 and oestrogen in the control
of cell proliferation prompted us to investigate the target factors that
directly modulate cell cycle progression. We assumed that the inhi-
bitory effect of oestrogen on liver regeneration was at least partly
offset by the presence of miR-17~92. In our study, the ablation of
miR-17~92 increases the expression of regeneration inhibitors and
therefore impairs liver regeneration. Numerous studies have shed
light on the role of miR-17~92 in regulating cell proliferation by
modulating target gene translation. In this study, we identified cyclin
D, p21 and Pten as target genes of miR-17~92. Both the Pten and
p21 proteins were noticeably increased following miR-17~92 inacti-
vation, indicating that this miRNA might promote liver regeneration
and that this activity might be partly dependent on Pten and p21
degradation. MiR-17~92 has also been found to be tightly linked to
the E2F family members, critical transcription factors that drive the
G1/S phase transition in mitotic cells [36, 43]. Considering that the
loss of E2F1 has little effect on liver regeneration or hepatocarcino-
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genesis in mice [44], we did not examine E2F1 in response to miR-
17~92 ablation.

In summary, our study has demonstrated for the first time that
the miR-17~92 cluster promotes liver regeneration in an oestrogen-
dependent manner. As summarized in Figure 7, a high oestrogen level
slows liver regeneration. At the same time, oestrogen stimulates the
production of miR-17~92, which, in turn, enhances hepatocyte prolif-
eration through Pten and p21 degradation. As a result, the negative
effect of oestrogen on regeneration is partly offset by miR-17~92.
Our work provides new insights into the complicated roles of oestro-
gen and miRNAs in regulating liver regeneration. This information
may facilitate the development of novel strategies for intervening in
cases of aberrant liver regeneration.
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male mice of two genotypes at the indicated time-points (A

and B).

Figure S3 Proliferating liver sample slides were co-stained with

cell mitosis marker ki-67 (green), hepatocyte-specific marker
albumin (red) and DAPI (blue).

Figure $1 The expression of miR-17~92 cluster in heart, lung, kidney

and intestine was examined using qRT-PCR. The data represent the

mean + S.D.; n=3.

Figure S2 BrdU incorporation assay showed that there was
no significant difference of regeneration rate between the

References

1.

Lee LA. Advances in hepatocyte transplanta-
tion: a myth becomes reality. J Clin Investig.
2001; 108: 367-9.

Taub R. Liver regeneration: from myth to
mechanism. Nat Rev Mol Cell Biol. 2004; 5:
836-47.

Boyce S, Harrison D. A detailed methodol-
ogy of partial hepatectomy in the mouse.
Lab Animal. 2008; 37: 529-32.

Shukla V, Cuenin C, Dubey N, ef al. Loss of
histone acetyltransferase cofactor transfor-
mation/transcription domain-associated pro-
tein impairs liver regeneration after toxic
injury. Hepatology. 2011; 53: 954-63.

Lieu HT, Batteux F, Simon MT, ef al. HIP/
PAP accelerates liver regeneration and pro-
tects against acetaminophen injury in mice.
Hepatology. 2005; 42: 618-26.

Ambros V. The functions of animal micro-
RNAs. Nature. 2004; 431: 6.

Szabo G, Bala S. MicroRNAs in liver dis-
ease. Nat Rev Gastroenterol Hepatol. 2013;
10: 542-52.

Song G, Sharma AD, Roll GR, ef al. Micro-
RNAs control hepatocyte proliferation during
liver regeneration. Hepatology. 2010; 51:
1735-43.

Bala S, Petrasek J, Mundkur S, ef al. Gircu-
lating microRNAs in exosomes indicate hep-
atocyte injury and inflammation in alcoholic,
drug-induced, and inflammatory liver dis-
eases. Hepatology. 2012; 56: 1946-57.
Takahashi K, Yan I, Wen HJ, et al. mi-
croRNAs in liver disease: from diagnostics
to therapeutics. Clin Biochem. 2013; 46:
946-52.

Mendell JT. miRiad roles for the miR-17-92
cluster in development and disease. Cell.
2008; 133: 217-22.

Sylvestre Y, De Guire V, Querido E, ef al.
An E2F/miR-20a autoregulatory feedback
loop. J Biol Chem. 2006; 282: 2135-43.

© 2016 The Authors.
Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Figure S4 Disruption of miR-17~92 led to an obvious regenera-

tion impair in CCl4 treated female mice.

17~92—/— Mice.

Yu Z, Wang C, Wang M, ef al. A cyclin D1/
microRNA 17/20 regulatory feedback loop in
control of breast cancer cell proliferation. J
Cell Biol. 2008; 182: 509-17.

Hayashita Y, Osada H, Tatematsu Y, ef al.
A polycistronic microRNA cluster, miR-17-
92, is overexpressed in human lung cancers
and enhances cell proliferation. Cancer Res.
2005; 65: 9628-32.

Mu P, Han YC, Betel D, et al. Genetic dis-
section of the miR-17 92 cluster of micro-
RNAs in Myc-induced B-cell lymphomas.
Genes Dev. 2009; 23: 2806-11.

Ventura A, Young AG, Winslow MM, ef al.
Targeted deletion reveals essential and over-
lapping functions of the miR-17 through 92
family of miRNA clusters. Cell. 2008; 132:
875-86.

Wong P, Iwasaki M, Somervaille TC, ef al.
The miR-17-92 microRNA polycistron regu-
lates MLL leukemia stem cell potential by
modulating p21 expression. Cancer Res.
2010; 70: 3833-42.

Chen L, Jiang M, Yuan W, ef al. miR-17-5p
as a novel prognostic marker for hepatocel-
lular carcinoma. J Invest Surg. 2012; 25:
156-61.

Yang F, Yin Y, Wang F, ef al. miR-17-5p
Promotes migration of human hepatocellular
carcinoma cells through the p38 mitogen-
activated protein kinase-heat shock protein
27 pathway. Hepatology. 2010; 51: 1614—
23.

Connolly E, Melegari M, Landgraf P, et al.
Elevated expression of the miR-17-92 poly-
cistron and miR-21 in hepadnavirus-asso-
ciated hepatocellular carcinoma contributes
to the malignant phenotype. Am J Pathol.
2008; 173: 856-64.

Liu WH, Yeh SH, Lu CC, ef al. MicroRNA-
18a prevents estrogen receptor-alpha
expression, promoting  proliferation  of

23.

24,

25.

26.

27.

28.

29.

30.

Table S1 Liver-Specific Serum Markers in WT and miR-

hepatocellular carcinoma cells. Gastroen-
terology. 2009; 136: 683-93.

Lakner AM, Steuerwald NM, Walling TL,
et al. Inhibitory effects of microRNA 19b in
hepatic stellate cell-mediated fibrogenesis.
Hepatology. 2012; 56: 300-10.

Castro RE, Ferreira DM, Zhang X, ef al.
Identification of microRNAs during rat liver
regeneration after partial hepatectomy and
modulation by ursodeoxycholic acid. Am J
Physiol Gastrointest Liver Physiol. 2010;
299: 12.

Kellendonk C, Opherk C, Anlag K, ef al.
Hepatocyte-specific  expression of Cre
recombinase. Genesis. 2000; 26: 3.
Castellano L, Giamas G, Jacob J, ef al. The
estrogen receptor-alpha-induced microRNA
signature regulates itself and its transcrip-
tional response. Proc Natl Acad Sci USA.
2009; 106: 15732-7.

Hossain A, Kuo MT, Saunders GF. Mir-17-
5p regulates breast cancer cell proliferation
by inhibiting translation of AIB1 mRNA. Mol
Cell Biol. 2006; 26: 8191-201.

Olive V, Bennett MJ, Walker JC, ef al. miR-
19 is a key oncogenic component of mir-17-
92. Genes Dev. 2009; 23: 2839-49.

Jaime M, Pujol MJ, Serratosa J, et al. The
p21(Cip1) protein, a cyclin inhibitor, regu-
lates the levels and the intracellular localiza-
tion of CDC25A in mice regenerating livers.
Hepatology. 2002; 35: 1063-71.

Albrecht JHPR, Ahonen CL, Rieland BM,
et al. Involvement of p21 and p27 in the
regulation of CDK activity and cell cycle pro-
gression in the regenerating liver. Oncogene.
1998; 16: 10.

Chen JS, Wang Q, Fu XH, ef al. Involvement
of PI3K/PTEN/AKT/mTOR pathway in inva-
sion and metastasis in hepatocellular carci-
noma: association with MMP-9. Hepatol
Res. 2009; 39: 177-86.

947



31.

32.

33.

34.

35.

948

Jackson LN, Larson SD, Silva SR, ef al.
PI3K/Akt activation is critical for early hep-
atic regeneration after partial hepatectomy.
Am J Physiol Gastrointest Liver Physiol.
2008; 294: G1401-10.

Nechemia-Arbely Y, Shriki A, Denz U, et al.
Early hepatocyte DNA synthetic response
posthepatectomy is modulated by IL-6
trans-signaling and PI3K/AKT activation. J
Hepatol. 2011; 54: 922-9.

Wang G, Wang Y, Shen C, ef al. RNA poly-
merase |l binding patterns reveal genomic
regions involved in microRNA gene regula-
tion. PLoS ONE. 2010; 5: e13798.

Maillot G, Lacroix-Triki M, Pierredon S, et al.
Widespread estrogen-dependent repression of
micrornas involved in breast tumor cell
growth. Cancer Res. 2009; 69: 8332-40.

Guo L, Xu J, Qi J, et al. MicroRNA-17-92a
upregulation by estrogen leads to Bim tar-

36.

37.

38.

39.

40.

geting and inhibition of osteoblast apopto-
sis. J Cell Sci. 2013; 126: 978-88.
0’Donnell KA, Wentzel EA, Zeller KI, ef al.
c-Myc-regulated microRNAs modulate E2F1
expression. Nature. 2005; 435: 839-43.
Santos GF, Scott G, Lee W, et al. Estrogen-
induced post-transcriptional modulation of
c-myc proto-oncogene expression in human
breast cancer cells. J Biol Chem. 1988; 263:
9565-8.

Naugler WE, Sakurai T, Kim S, et al. Gen-
der disparity in liver cancer due to sex differ-
ences in MyD88-dependent IL-6 production.
Science. 2007; 317: 121-4.

Cressman DE, Greenbaum LE, DeAngelis
RA, et al. Liver failure and defective hepato-
cyte regeneration in interleukin-6-deficient
mice. Science. 1996; 274: 1379-83.
Biondo-Simoes MdLP, Erdmann TR, loshii
S0, et al. The influence of estrogen on liver

41.

42.

43.

44

regeneration: an experimental study in
rats. Acta Cirurgica Brasileira. 2009; 24: 3
6.

Fisher B, Gunduz N, Saffer EA, ef al. Rela-
tion of estrogen and its receptor to rat liver
growth and regeneration. Cancer Res. 1984;
44: 2410-5.

Francavilla A, Eagon PK, DiLeo A, et al.
Sex hormone-related functions in regenerat-
ing male rat liver. Gastroenterology. 1986;
91: 1263.

Pickering MT, Stadler BM, Kowalik TF.
miR-17 and miR-20a temper an E2F1-
induced G1 checkpoint to regulate cell cycle
progression. Oncogene. 2008; 28: 140-5.
Lukas ER, Bartley SM, Graveel CR, ef al.
No effect of loss of E2F1 on liver regenera-
tion or hepatocarcinogenesis in C57BL/6J or
C3H/Hed mice. Mol Carcinog. 1999; 25:
295-303.

© 2016 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



