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Abstract: Aim: This study was aimed to investigate the role of miR-124 in liver regeneration and its effect on hepa-
tocyte proliferation. Material and methods: The liver regeneration model was established in rats, and the expres-
sion of miR-124 was measured by quantitative reverse transcription-polymerase chain reaction (qRT-PCR). The 
proliferative capacity of hepatic L02 cells was examined by cell cycle analysis and the cell counting kit 8 (CCK8) 
assay, and SGK1 protein and mRNA levels were detected by western blot and qRT-PCR, respectively. A luciferase 
reporter assay was used to verify the expression of the target genes of miR-124. Results: Reduction in the miR-124 
levels was observed in regenerative livers 4 h and 24 h after partial hepatectomy. MiR-124 inhibited the prolifera-
tive capacity of hepatic L02 cells. The activation of ERK signaling pathways was suppressed and the expression of 
SGK1, a direct target of miR-124 involved in the proliferation of hepatic L02 cells, was down-regulated by miR-124. 
Interestingly, perturbation in the expression of SGK1 reduced the proliferation of hepatic L02 cells by inactivating 
ERK phosphorylation. Conclusion: Expression of miR-124 decreased significantly in the early proliferative phase of 
liver regeneration, and over-expression of miR-124 significantly inhibited the proliferation of hepatic L02 cells via 
targeting of SGK1 and inactivation of ERK signaling.
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Introduction 

The liver has the intrinsic ability of regenerating 
itself by a process called liver regeneration 
(LR). In rats that have undergone 70% partial 
hepatectomy (PH), the remaining liver regener-
ates and recovers its original mass and func-
tion within 7-10 days. LR after PH can be divid-
ed into three distinct phases, namely, initiation, 
proliferation, and termination [1-3], which are 
characterized by the activation of inflammatory 
cytokines, growth factors, and signaling path-
ways that participate in LR [4]. Although LR has 
been studied extensively, the regulatory mech-
anism of LR is still not fully understood.

MicroRNAs (miRNAs) are a class of small regu-
latory RNAs that modulate a variety of biologi-
cal processes, including cellular differentiation, 
metabolism, proliferation, and apoptosis. Re- 
cently, certain studies confirmed that miRNAs 
contribute to LR. Salehi showed that human 
liver regeneration is characterized by the coor-

dinated expression of distinct microRNAs that 
govern cell cycle fate [5]; others demonstrated 
that miR-382 promotes liver regeneration in 
vivo by targeting PTEN [6], and miR-26a inhibit-
ed  hepatocyte proliferation by targeting CCND2 
and CCNE2 [7]. A recent study confirmed that 
70% miRNAs are down-regulated in the early 
phases after PH, which indicated that miRNAs 
may play critical roles in the early phase of LR 
[8, 9]. A previous study reported that miR-124 
was involved in various cellular functions [10-
18]. Another study demonstrated that miR-124 
exhibited pro-apoptotic capacity in human liver 
cancer [19]. Furthermore, we showed that miR-
124 is down-regulated in liver ischemia reper- 
fusion injury, and that it protects the human 
hepatic L02 cells from hydrogen peroxide-in- 
duced apoptosis [20]. Taken together, it ap- 
pears that miR-124 may play a significant role 
in liver pathophysiology; however, the direct 
effect of miR-124 on hepatocyte proliferation 
remains to be investigated. 
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In the present study, we detected a change in 
miR-124 expression in a rat model of LR. We 
further studied the mechanism by which miR-
124 affects proliferation of human hepato- 
cytes.

Material and methods

Establishment of a rat model of 70% partial 
hepatectomy 

Male Sprague-Dawley (SD) rats (180-200 g) 
were purchased from the animal center of the 
Sun Yat-sen University (Guangzhou, China). All 
animal experiments were performed in accor-
dance with the institutional animal care instruc-
tions. The study protocol was approved by the 
Animal Ethics Review Committee, Sun Yat-sen 
University. The SD rats were randomly divided 
into PH and sham hepatectomy (SH) groups. 
The rats were anesthetized with chloral hydrate 
(3 mL/kg, intra-peritoneal route) and 70% par-
tial hepatectomy was performed as described 
by Higgins [21]. The rats underwent abdominal 
surgery without liver resection for the sham 
hepatectomy. At the indicated time points (4 h 
and 24 h) after hepatectomy, the animals were 
sacrificed and the regenerated liver tissues 
were collected.

Cell culture and transfection

Human hepatic L02 cells (purchased from the 
Shanghai Cell Band of the Chinese Academy of 
Sciences) were grown in Roswell Park Memorial 
Institute (RPMI)-1640 medium containing 10% 
fetal bovine serum (FBS), 1% streptomycin (100 
g/mL) and 1% penicillin (100 IU/mL) at 37°C 
and in an atmosphere of 5% carbon dioxide. 
The miR-124 mimics, SGK1 siRNA, and the 
negative control (NC) were obtained from 
RiboBio (Guangzhou, China). Cells were trans-
fected using a Lipofectamine RNAiMax kit 
(Invitrogen) according to the manufacturer’s 
protocol and harvested after 48 h.

Reverse transcription and quantitative real-
time PCR

Total RNA was isolated from prepared liver 
samples or transfected cells by Trizol (Life 
Technologies) according to manufacturer’s in- 
struction. Reverse transcription (RT) of liver 
samples was performed with 100 ng total RNA, 

multiplex RT human primer pools, and the 
TaqMan microRNA reverse transcriptase kit 
(Life Technologies). Quantitative real time poly-
merase chain reaction (qRT-PCR) was per-
formed with TaqMan universal PCR master mix, 
no AmpErase UNG (Life Technologies) using the 
LightCycler 480 system. The cDNA of the trans-
fected cells was synthesized following the man-
ufacturer’s protocol (Takara). qRT-PCR was per-
formed using a standard SYBR green PCR kit, 
and PCR-specific amplification steps were 
applied in the LightCycler 480 system real-time 
PCR machine. The relative expression of the 
target genes (miR-124, U6, IL6R, SGK1, and 
GADPH) was calculated using the 2-ΔΔCt meth-
od [22]. 

Western blot analysis

Transfected cells were lysed in lysis buffer 
(KeyGen, Nanjing, China) and equal amounts of 
protein were separated discontinuously by 
8-12% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE). The proteins 
were transferred to polyvinylidene fluoride 
(PVDF) membranes (Millipore, Boston, MA, 
USA), following which the membrane was in- 
cubated with primary antibodies against se- 
rum glucocorticoid-regulated kinase (SGK1) 
(Abcam), extracellular signal-regulated kinase 
(ERK), p-ERK (Cell Signaling Technology), β- 
actin (Santa Cruz) overnight at 4°C. The mem-
branes were washed thrice with Tris-buffered 
saline-Tween 20 (TBST) and incubated with a 
secondary antibody conjugated to horse radish 
peroxidase for 90 min at room temperature. 
After washing for 15 min, the membranes were 
treated with the enhanced chemiluminescence 
kit and recorded on Kodak films.

Cell counting kit 8 (CCK8) cell proliferation as-
say 

Hepatic L02 cells were transfected with miR-
124 mimics and corresponding NCs in 96-well 
plates at a density of 2,000 cells per well. At 
the indicated time points (0 h, 24 h, 48 h, 72 h, 
and 96 h) after transfection, 10 µL CCK8 was 
added to the cells and the proliferative ability of 
the cells was measured at 490 nm using an 
enzyme linked immunosorbent assay (ELISA) 
reader according to the manufacturer’s in- 
structions.
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Cell cycle analysis by flow cytometry

Hepatic L02 cells were cultured in 6-well plates 
and then transfected with miR-124 mimics and 
NC. After 48 h, the cells were collected, fixed 
with 70% ethanol overnight at 4°C and then 
washed with ice-cold phosphate buffered sa- 
line (PBS). The cell pellets were re-suspended 
in RNase A. Finally, the cells were stained with 
propidium iodide (PI) and analyzed by using a 
flow cytometer.

Luciferase reporter assay

The 3’UTR of SGK1, containing the SGK1-
miR-124 response element, was cloned into 
the XhoI/BamHI site of a pLUC control lucifer-
ase vector (Hapk, Shenzhen, China). HEK293 
cells were seeded in a 96-well plate (2 × 104 
cells per well) and transfected with the SGK1-
UTR-pLUC/Mu-SGK1-UTR-pLUC reporter plas-
mid and the miR-124 mimics/NC using Fugene 
HD transfection reagent (Roche) according to 
the manufacturer’s instructions. After 48 h, 
luciferase activity was measured using the dual 
luciferase reporter assay system (Promega, 
Madison, WI, USA). 

Statistical analysis

A paired Student’s t-test was used and P<0.05 
was considered statistically significant.

Results

MiR-124 is down-regulated during the early 
phase of LR

We examined the miR-124 levels during the 
early stage of LR by qRT-PCR and found that 
miR-124 was down-regulated by at least 2-fold 

3.20% and 58.75% ± 1.81%, respectively, and 
the percentages of S-phase cells were 27.75% 
± 2.14% and 35.16% ± 2.58%, respectively. In 
addition, CCK8 cell proliferation analysis sh- 
owed that miR-124 markedly reduced hepatic 
L02 cell growth at 48 h, 72 h, and 96 h com-
pared to that in the NC group (Figure 2D). 

ERK activation was suppressed in hepatic L02 
cells transfected with the miR-124 mimic

Western blotting showed that the activation of 
the ERK pathway was reduced in the miR-124 
mimic group compared to that of the NC group 
(Figure 3). 

SGK1 is a target of miR-124

The expression of SGK1, a candidate target 
gene, was significantly reduced after treatment 
with miR-124 mimics compared to that of the 
NC group at both the mRNA and protein levels 
(Figure 4A-C). To further validate whether SGK1 
is a direct target of miR-124, we fused the 
3’UTR region of SGK1 to a luciferase reporter 
construct. As shown in Figure 4D, miR-124 sup-
pressed the luciferase activity of the construct 
harboring the 3’UTR of SGK1, but not that of 
the construct containing a mutant binding site 
(SGK1 3’UTR-MUT), compared to the NC group.

Targeting of SGK1 by RNA interference inhib-
ited the proliferation of hepatic L02 cells via 
the ERK pathway

To delineate the function of SGK1 in liver cell 
proliferation, hepatic L02 cells were transfect-
ed with SGK1 siRNA or control siRNA. The SGK1 
knockdown efficiency was verified by real-time 
PCR and western blotting (Figure 5A, 5C). Cells 
treated with the SGK1 siRNA or control siRNA 

Figure 1. MiR-124 is down-regulated during the early phase of LR. The ex-
pression of miR-124 during LR was measured by qRT-PCR analysis. miR-124 
levels were standardized to that of u6. *: P<0.05, **: P<0.01, compared 
with SH control at each time point.

in the regenerated livers after 
PH compared to that in the SH 
control group 4 h and 24 h 
after operation (Figure 1).

MiR-124 inhibits hepatic L02 
cell proliferation

Hepatic L02 cells were trans-
fected with miR-124 mimics or 
NC to alter miR-124 expres-
sion. As shown in Figure 2A-C, 
the percentages of cells in the 
G1 phase in miR-124 mimic 
and NC groups were 72.05% ± 
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were re-seeded in 96-well plates and the CCK8 
cell proliferation assay was performed. As 
shown in Figure 5B, the SGK1 siRNA strongly 
repressed hepatic L02 cell proliferation. We 
further confirmed that SGK1 down-regulation 
repressed hepatocyte proliferation via the ERK 
pathway (Figure 5C).

Discussion

During liver regeneration after partial hepatec-
tomy, normally quiescent hepatocytes undergo 
one or two rounds of replication to restore the 
liver mass by a process of compensatory hyper-
plasia. A large number of genes are involved in 
liver regeneration, especially during the first 
few hours after PH (the “priming phase”). 
During this period, quiescent hepatocytes enter 
the cell cycle and the peak of DNA replication 
occurs at 24 h after PH [23]. Evidence shows 
that several miRNAs are involved in LR [24, 25]. 

is a potential target for therapeutic intervention 
in hepatocellular carcinoma (HCC) and hepatic 
ischemia reperfusion injury, which indicated 
that miR-124 may play an important role in LR.

To evaluate the role of miR-124 in human hepa-
tocytes, the hepatic L02 cells were transfected 
with miR-124 mimics, following which miR-124 
increased the percentage of cells in the G1 
phase, whereas the percentage of cells in the 
G2 phase decreased. These data indicated 
that miR-124 suppressed the proliferation of 
hepatic L02 cells by inducing G1-phase cell-
cycle arrest, which was consistent with the 
results of a previous study showing that miR-
124 suppressed HepG2 cell proliferation by 
inducing cell cycle arrest in the G1 phase [26].

We analyzed the early hepatic regenerative sig-
naling pathways to further elucidate the mech-
anism by which miR-124 suppressed the prolif-

Figure 2. MiR-124 inhibits hepatic L02 cell proliferation. Hepatic L02 Cells treated with miR-124 mimics and mimics 
nc was analyzed by flow cytometry for cell cycle distribution analysis (A-C). After transfected with miR-124 mimics 
and mimics nc, the proliferation of the treated cells was measured by CCK8 assay at 490 nm (D). *: P<0.05.

Figure 3. MiR-124 suppressed the activation of ERK by western-blot analysis 
compared with control group.

However, little is known about 
the mechanisms utilized by 
these miRNAs for regulating 
their target gene expression 
during hepatocyte prolifera-
tion of LR. In the present 
study, we determined that 
miR-124 was down-regulated 
4 h and 24 h after PH. Recent 
studies showed that miR-124 
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eration of hepatocytes. Previous studies sh- 
owed that the early hepatic regenerative reac-
tion was characterized by the induction of ERK 
and c-Jun amino-terminal kinase (JNK) activity 
[27, 28]. Interestingly, we found that miR-124 
suppressed ERK phosphorylation, which is a 
downstream player in growth factor signaling 

during the process of liver regeneration [29]. 
We used Targetscan and miRBase to delineate 
the targets of miR-124, and identified that the 
reduced hepatocyte proliferation in the pres-
ence of miR-124 was partially due to the post-
transcriptional regulation of the SGK1 mRNA by 
miR-124. SGK1 belongs to a family of serine/

Figure 4. SGK1 is a target gene of miR-124. A. miR-124-binding sequences in the 3’-UTR of SGK1 and mutated sites 
in 3’-UTR of SGK1. B, C. The expression of SGK1 was significantly down-regulated at the protein and mRNA levels 
based on Western blotting and qRT-PCR, respectively, after treatment with miR-124 mimics compared with the 
mimics nc. D. MiR-124 suppressed the luciferase activities of constructs containing the 3’-UTR segment of SGK1. 
**: P<0.01.

Figure 5. The down-regulated expression of SGK1 repressed hepatocyte proliferation through ERK pathway. A, C. He-
patic L02 cells were transfected with SGK1 siRNA or a negative control (siRNA NC), the levels of mRNA and proteins 
were analyzed by qRT-PCR and Western blotting respectively. B. Down-regulation of SGK1 suppressed hepatocyte 
proliferation were detected at the indicated time by using CCK8 assay. C. The expression of phosphorylated ERK in 
hepatic L02 cells was suppressed after treatment with SGK1 siRNA by Western blotting.
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threonine kinases, which has been implicated 
in diverse cellular activities such as cellular pro-
liferation [30-32], and is known to have a posi-
tive regulatory role on ERK function during the 
early phase of liver regeneration [33, 34]. 
Furthermore, several studies have reported the 
inhibitory effect of SGK1 on proliferation of var-
ious cell types [35, 36]. Interestingly, here we 
showed that the siRNA-mediated knockdown of 
SGK1 suppressed the proliferation of hepatic 
L02 cells by inhibiting the activation of ERK, 
which implies that SGK1 contributes to the 
miR-124-mediated suppression of prolifera-
tion. Importantly，the luciferase reporter assay 
confirmed that SGK1 was the direct target of 
miR-124 at the post-transcriptional level.

In conclusion, miR-124 is highly down-regulat-
ed in the early phase of LR after PH. Over-
expression of miR-124 suppressed hepatocyte 
proliferation via the ERK pathway by targeting 
SGK1, which suggests that miR-124 might be 
an “initiation” signal during LR.
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