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ABSTRACT

Aims: Tamoxifen-induced liver-specific Dicerl deletion (iDicerl ~”~) in mature mice may provide clues de-
monstrating the genuine effects of acute loss of Dicer] and miRNAs in the liver regeneration process.

Main methods: In this study, mice with tamoxifen-induced Dicerl deletion through the Cre/LoxP system were
constructed and then underwent classic 70% partial hepatectomy or CCl4-induced liver injury. To rescue the
inhibitory effect of Dicerl ablation on liver regeneration, miR-21 agomir was injected into the tail vein of
iDicer1 ~/~ mice.

Key findings: Unlike constitutive embryonic deletion of Dicer1, tamoxifen-induced Dicerl deletion did not result
in severe liver injury or lesions, providing an ideal model for investigating acute loss of Dicerl and miRNAs in
liver regeneration. Dicerl deletion led to impaired liver regeneration through the inhibitory effect of miR-21 on
PTEN and Rhob expression.

Significance: In our previous study, we found that embryonic loss of Dicerl impairs hepatocyte survival and leads
to chronic inflammation and progenitor cell activation, while the role of Dicerl in liver regeneration remains
largely unknown. We clearly identified the promotion effect of Dicerl on liver regeneration by increasing miR-

21 expression, which inhibits the expression of two negative cell proliferation regulators, Pten and Rhob.

1. Introduction

The liver, the largest digestive organ in the human body, plays
critical roles in biological synthesis, metabolism and detoxication. As
one of the most mysterious organs, the liver maintains a unique self-
regeneration capacity in response to injury from trauma, drugs and
viruses [1,2]. This peculiarity of the liver is the clinical basis of liver
resection and liver transplantation, the only curative method for end-
stage liver diseases, and it is the theoretical basis of the treatment of
liver failure caused by various liver diseases. Although the liver pos-
sesses an enormous regenerative capacity, insufficient compensation for
the loss of liver function plagues the treatment of liver failure [3,4].
Persistent injury and insufficient regeneration are the main causes of
acute and chronic liver failure. Small-for-size syndrome caused by
living-donor transplantation and liver resection is a common clinical
example of insufficient regeneration [5]. Many HCC patients lose the
chance for surgery because of the lack of residual liver volume.
Therefore, studying the molecular mechanisms and regulatory factors

of liver regeneration and developing new methods for the treatment of
inadequate liver regeneration capacity are essential for clinical treat-
ment.

Hepatocytes, characterized by their complex function and active
metabolism, are the most efficient “stem cells” in liver regeneration,
during which a large number of genes precisely regulate physiological
activities [6]. MiRNAs are a class of small noncoding RNAs (18-24
nucleotides in length) that inhibit target genes' translation by binding to
their 3’ untranslated region. The generation of functional miRNAs is
precisely controlled. First, the pri-miRNA is cleaved by the Drosha-
Dgcr8 complex into a pre-miRNA (60-70 nucleotides in length) in the
nucleus, which is transported into the cytoplasm and then cleaved by
the Dicer1-TRBP complex into a mature miRNA [7,8]. Most miRNAs are
Dicerl-dependent and play critical roles in embryo development, pro-
liferation, apoptosis and signaling pathways [9].

It has been reported that >300 miRNAs are involved in liver re-
generation, of which >100 miRNAs are activated at the early stage of
liver regeneration [10,11]. Recently, increasing evidence has indicated
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that miRNAs are involved in liver regeneration, but their roles remain
unclear [12]. Embryonic deletion of Dicerl causes a global loss of
mature miRNAs, resulting in a lethality phenotype at E8 due to the loss
of stem cell pluripotency and proliferation [13]. Thus, the conditional
deletion of Dicerl using the Cre system has been used to evaluate
miRNA function in a range of organs, including the liver [14-16]. Liver-
specific ablation of Dicerl resulted in several consequences: Dicerl
depletion impaired hepatocyte survival and triggered long-lasting
compensatory proliferation; the loss of Dicerl induced robust ductular
reaction and fibrosis; and the Dicerl-deficient liver finally developed
HCC. Although these findings have revealed several functions of Dicerl
in the liver, its role in liver regeneration remains unknown, and the
mouse model adopted has displayed obvious limitations for the pre-
existing lesions caused by Dicerl ablation after birth. In our study, we
established tamoxifen-induced liver-specific Dicerl-deleted mice,
which helped us to explore the effect of Dicerl and the subsequent
deficiency of miRNAs on liver regeneration and metabolism.

2. Material and methods
2.1. Animal studies

Tamoxifen-induced liver-specific Dicerl knockout mice were gen-
erated by crossing Dicer1®°¥%°* mice with mice expressing Cre re-
combinase and mutated estrogen receptor (ER) under the control of the
albumin promoter, as previously described [17]. Tamoxifen manage-
ment followed the guidelines of Jackson Laboratory. Tamoxifen is dis-
solved in corn oil at a concentration of 20 mg/ml by shaking overnight
at 37 °C. For adult mice, a standard dose of 100 pl tamoxifen/corn oil
solution is effective for inducing recombination. Administer tamoxifen
via intraperitoneal injection once every 24 h for a total of 5 consecutive
days. Following the final injection, mice should be quarantined for 24 h
before returning to their normal animal room. For avoiding the side
effect of tamoxifen, there is a 7 day waiting period between the final
injection and necropsy/histological analysis. The mice were maintained
under an alternating 12-h light/dark cycle, fed regular chow, and
provided water ad libitum. Animal procedures and care were conducted
in accordance with the institutional guidelines and in compliance with
national and international laws and policies. To assess the role of Dicerl
in liver regeneration, we performed 70% PH on eight- to twelve-week-
old Dicerl conditional knockout (iDicer] /) mice and their sex-mat-
ched wild-type (WT) littermates one week after the last tamoxifen in-
jection. Acute toxic hepatic injury was induced by intraperitoneal in-
jection of 10 ml/kg body weight of a 10% CCl4 solution in olive oil. A
single dose of 5-bromo-2’-deoxyuridine (BrdU; Sigma, St. Louis, MO,
USA) was injected intraperitoneally at 50 mg/kg animal weight (10 mg/
ml in phosphate-buffered saline) 1h before sacrifice [18]. Serum was
collected for the biochemistry measurement. Liver specimens were
harvested at the indicated time points for histological analysis or nu-
cleic acid and protein isolation.

2.2. Reintroduction of miR-21 in the liver

The iDicer1 ™/~ mice were given a tail vein injection of miR-21
agomir (5 nmol/mouse) (n = 18) or miRNA negative control (Ribo-bio,
Guangzhou, China) six hours after 70% PH, and the liver samples were
collected at the indicated time points [19,20]. Agomirs are chemically
modified miRNAs that possess advantages such as increased serum
stability, improved cellular uptake and increased stability in cells and
are popular for in vivo applications.

2.3. Reverse transcription and quantitative real-time PCR
Total RNA was isolated from liver tissues using TRIzol reagent

(Invitrogen, CA, USA), and cDNA was synthesized by iScript™ cDNA
Synthesis Kits following the manufacturer's protocol (Bio-Rad, CA,
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USA). Quantitative real-time PCR (qRT-PCR) was performed using a
standard SYBR green PCR kit (Bio-Rad, CA, USA), and PCR-specific
amplification was done in the Bio-Rad CFX96 real-time PCR machine.
For miRNA quantification, Bulge-loop miRNA qRT-PCR Primer Sets
(one RT primer and a pair of qPCR primers for each set) specific for
miR-122-5p, miR-21a-5p and let7a-5p were designed by RiboBio
(Guangzhou, China). The relative expression of genes, including U6,
miR-122-5p, miR-21a-5p and let7a-5p, was calculated with the 244¢
method.

2.4. Histology and immunohistochemistry

Hematoxylin and eosin (H&E) staining and immunohistochemical
staining for Ki-67, BrdU, and CK19 were carried out on 5-um-thick
paraffin liver sections. The percentage of positive nuclei was counted in
five consecutive high-power fields.

2.5. Western blotting

Liver samples were homogenized in RIPA lysis buffer with phe-
nylmethanesulfonylfluoride fluoride (PMSF) (Beyotime, China), in-
cubated on ice for 1h and centrifuged for 15 min at 12,000 g at 4 °C.
Supernatants were collected. The protein concentration was measured
by BSA assay (Cowin Biotech, China). For western blotting, 60 ug total
protein per lane was used to examine the expression levels of target
proteins. Rabbit anti-Dicerl (Novus, Colorado, USA); rabbit anti-Pten,
anti-cyclin D1, anti-CDK1, anti-CDK2, anti-CDK4, anti-cyclin A, anti-
cyclin B, and anti-AKT (Abcam, CA, USA); and rabbit anti-p-AKT and
anti-Rhob (CST, MA, USA) antibodies were used. ECL reagent was used
for chemiluminescence detection. Signal intensities were quantified and
normalized to GAPDH intensity by ImageJ software.

2.6. Statistical analysis

All data are expressed as the mean * standard deviation
(mean = SD). The SPSS statistical package was used (version 21.0, SPSS
Inc., Chicago, IL, USA) for statistical analysis. Significance was de-
termined with a two-tailed Student's t-test. A P < 0.05 was considered
significant.

3. Results

3.1. The generation of tamoxifen-induced hepatocyte-specific Dicerl-
deficient mice

To investigate the role of Dicerl in liver regeneration and avoid the
preexisting lesions caused by embryonic deletion of Dicerl, including
robust ductular reaction, fibrosis and compensatory proliferation as
previously described [16] (Fig. 1A), we first generated tamoxifen-in-
duced hepatocyte-specific Dicer-deficient mice by crossing Dicer1°*
flox wyith Albumin-creERT transgenic mice as previously described [17],
and the construction strategy is shown below (Fig. 1B). The knockout
efficiency was measured by western blot (Fig. 1C). The serological
detection results showed that there was no significant difference be-
tween WT and iDicer] ~/~ mice, indicating that the acute depletion of
Dicerl did not cause obvious liver injury, which was similar to the
histological analysis of iDicer] ~/~ mouse liver (Fig. 1D, E), while the
Dicerl-dependent miRNAs were significantly reduced in iDicerl /™
mouse liver (Fig. 2A).

3.2. Acute loss of Dicerl impairs early liver regeneration in mice

To determine the role of Dicer1 in liver regeneration, we performed
classic 70% partial hepatectomy (pH) on iDicerl ~/~ mice and WT lit-
termates. Remnant livers were harvested at 24h, 36h, 48h, 72h,
5days, and 7 days after surgery. Although all the mice were able to
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Fig. 1. The construction of iDicer] ~/ — mice. (A) H&E, Masson, CK19 and Ki-67 staining reveal pre-existing lesions in Dicerl embryonic-deleted mouse liver. Scar
bars, 50 um, 200 um, 50 um and 50 pm, respectively. (B) Schematic diagram of the construction of iDicer] ~/~ mice. (C) Detection of Dicer1 protein in mouse liver.
(D) Results of biochemical tests of WT and iDicer] =/~ mice (n = 5). N.S., not significant. (E) H&E, CK19 and Ki-67 staining results indicate that no obvious liver

injury occurred in iDicer] ~/~ mouse liver. Scar bar, 100 ym.

approximately complete the liver regeneration process within 7 days
after surgery, in the early stage of regeneration, i.e., 36 h, 48 h, and
72h, the liver/body weight ratio of iDicer] ™/~ mice was lower than
that of WT mice (Fig. 2B), suggesting that the acute deletion of Dicerl
delayed the liver regeneration process.

To further evaluate the effect caused by Dicerl deletion in liver
regeneration, immunohistochemical staining of proliferating cell mar-
kers Ki-67 and BrdU was carried out. We quantified the number of Ki-
67-positive cells in WT and iDicer] =/~ mice at each time point (Fig. 2C,
D). At 36 h and 48 h after PH, the proportion of Ki-67-positive cells in
iDicer1 /™ mice was significantly lower than that in WT mice (20.05%
and 27.96%, respectively, for iDicer] ~/~ mice, 66.63% and 66.36% for
WT mice). These percentages were 3.32 and 2.37 times higher in the
WT mice than the iDicerl ™/~ mice at 36h and 48h, respectively.
Conversely, at 72h and 5 days after PH, the percentages of Ki-67-po-
sitive cells in iDicer] ~/~ mice were obviously higher than in WT mice
(Fig. 2D). Meanwhile, the results of the BrdU incorporation assay were
basically the same as those of Ki-67 staining. (Fig. 2E, F). These results
showed that the acute deletion of Dicerl inhibited liver regeneration in
mice, and the peak of hepatocyte proliferation was present at 72 h after
PH, compared to 36 h in WT mice.

We next assessed the liver repair rate in mice in response to the
acute toxic injury induced by CCl4 injection. The necrosis area in the
iDicer] ™/~ liver was larger than in WT 72h and 5days after CCl4
management, which was in accordance with the results obtained from
the surgery model (Fig. 2G).

Cell proliferation suppressor genes Pten and Rhob lead to PI3K/AKT
signaling pathway inactivation and cell cycle inhibition.

In quiescent liver, mature hepatocytes are maintained in GO phase,

and once the liver is damaged or injured, hepatocytes self-proliferate
and enter into the cell cycle. In response to classical 70% PH, mature
hepatocytes in the remnant liver will react immediately, and at the
early stage of regeneration, the elevated inflammatory cytokines,
growth factors and portal pressure will trigger the synthesis of key pro-
proliferation proteins, such as cyclins and cyclin-dependent kinases
(CDKs) [21]. The expression levels of cyclins and CDKs can reflect the
status of cell proliferation [22]. We examined and analyzed the ex-
pression of several cyclins and CDKs in both iDicer] ~/~ and WT mouse
liver, and the results are presented in Fig. 3A-C. According to the his-
tological results, Cyclin D1, Cyclin A, Cyclin B, Cyclin E, CDK1, CDK2
and CDK4 were all lower in iDicer1 /™ liver before 72 h after PH, while
the trend was reversed thereafter.

Among the seven cyclins and CDKs we examined, Cyclin D1 is most
critical to the cell cycle, and as the earliest cyclin expressed in the liver
regeneration process [23,24], the mRNA level of Cyclin D1 in the liver
rose to a peak 12 h after hepatectomy, several times higher than that in
the physiological state. Then, the Cyclin D1 protein steadily increased.
Cyclin D1 forms complexes with CDK4 and CDK6, whose activity begins
to rise in the middle of G1 phase, peaks in the late of G1 phase and acts
on the check point, facilitating the liver cells' entrance into S phase from
G1 phase [22,24]. In our study, Cyclin D1 was completely inhibited in
Dicerl-deficient mice until 36 h after surgery (Fig. 3A, B), and it has
been well documented that the silencing of Cyclin D1 can result in liver
regeneration abnormity. This finding seems to explain the delay of early
liver regeneration in iDicerl ™/~ mice.

We next investigated the reason why Dicerl deletion led to Cyclin
D1 inhibition. The PI3K/AKT/mTOR signaling pathway is widely re-
ported in various cells and is a key regulator of cell proliferation,
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Fig. 2. Liver regeneration is impaired in iDicer] ~/~ mice. (A) miR-122-5p, miR-21-5p and let7a-5p, representative microRNAs in liver, are dramatically decreased in
iDicer] ~/~ mouse liver. (B) Liver/body weight ratio at the indicated time points after 70% PH. (C-D) Ki-67 staining of liver sections and the statistical analysis of Ki-
67-positive cell ratios. Scar bar, 100 um. (E-F) BrdU staining of liver sections and the statistical analysis of BrdU-positive cell ratios. Scar bar, 100 um. (G) Liver
necrosis assessed by H&E staining of liver sections after CCl4 administration and the statistical analysis of necrosis area. Scar bar, 100 um. The data are presented as
the means + s.e.m.; the P value was determined by the two-tailed Student's t-test, *P<0.05, ** P<0.01, *** P<0.001.

survival and apoptosis. AKT, phosphorylated by PI3K, can activate the
mTOR signaling pathway, which is pivotal for the expression of Cyclin
D1 [25,26]. The tumor suppressors Pten and Rhob can inactivate this
PI3K/AKT/mTOR/Cyclin D1 axis [27].

According to our western blot assay, we found that Pten and Rhob
were highly expressed in iDicer] ~/~ mouse liver, while p-AKT was lower,

at 24 h and 36 h after 70% PH (Fig. 3D, E). Therefore, we speculated that
deletion of Dicerl caused miRNA-mediated inhibition of Pten and Rhob to
diminish or disappear, elevating the expression of Pten and Rhob, which
finally resulted in PI3K/AKT signaling pathway and Cyclin D1 inhibition
at the early stage of liver regeneration. However, which miRNA is the
primary cause of this phenomenon remains unknown.



T. Lv, et al.

A 0h

Life Sciences 232 (2019) 116656

w

12h 24 h 36 h 48 h 72 h 5D
WT iDicer1* WT iDicer1* WT iDicer1* WT iDicert* WT iDicer1” WT iDicer1* WT iDicer1* - Cychn D1
Cyclin D1 — R e c T mwr _
g 204 [ iDicert
%]
I
Cyclin A LS L B el 3
(0]
[
=
, s
Cyclin B - - . s i S &
Cyclin E1 - . — e — —
C CDK2
CDK1 —“— . Sy — 25
- wT
5 2.0 1 iDicer1*
- = = —| ¢t
CDK2 - — o < o S— 5
o
o
2
CDK4 — — Sy g EUN - o 2
o
GAPDH ~--——---—-———d R RS
PR R AV o

D WT iDicer1™

24h 36h 48h 72h 24h 36h 48h 72h

AKT | oo ot S cmm s ce—" S

P-AKT | — - — B K
Pten

P e L

Rhob — —— — — D C— -
GAPDH

E Pten

Rhob

IS
1

w
1

- wT
[ iDicer1™

w
L

Relative expression
- N
2 N

Relative expression

0- 0-

A X AN AN A o ) O
P R A P R A
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Pten and Rhob at the indicated time points after 70% PH. The data are presented as the means =+ s.e.m.; the P value was determined by the two-tailed Student's t-test,

*P<0.05, ** P<0.01.

3.3. miR-21 rescues the liver regeneration delay caused by Dicer] deletion

Considering that the biological function of Dicer1 is mainly involved
in miRNA maturation, we wondered whether the transfusion of one
miRNA into Dicerl-deficient mice could restore the liver regeneration
ability. According to a literature review and website prediction
(TargetScan and miRBase), we found that both Pten and Rhob are
target genes of miRNA-21 [21,28,29], which plays a pivotal role in liver
regeneration. Then, we investigated the changes in liver regeneration
by transfusing its analog (miRNA-21 agomir).

The iDicer] ™/~ mice were given a tail vein injection of miR-21
agomir at 6 h after 70% PH, and livers were harvested at the indicated
time points (Fig. 4A). To our surprise, there was no significant differ-
ence in liver/body weight ratio between iDicer] ~/~ and WT littermates
(Fig. 4B). Although the proliferation index of iDicer] ~/~ mice given
miR-21 agomir was still slightly lower than that in WT mice, no obvious
disparity was found according to the Ki-67 and BrdU im-
munohistochemical staining results (Fig. 4C, D).

We also analyzed the expression levels of cyclins, CDKs and the key
proteins identified above (Pten, Rhob and p-AKT) (Fig. 5A, B). The

results showed that the expression disparity of those proteins, especially
Pten, Rhob and p-AKT, was almost eliminated after miR-21 agomir
transfusion (Fig. 5A, B). According to the histological results, no overt
difference was found between the two groups, which further confirmed
that the effect of Dicerl on liver regeneration was miR-21 dependent
(Fig. 50).

4. Discussion

Increasing evidence has shown that miRNAs play pivotal roles in
liver physiological and pathological conditions, including liver re-
generation [30]. Because of the complex regulatory relationship be-
tween miRNAs and target genes and the co-regulatory effect of different
miRNAs regarding one target gene, the role of a single miRNA in liver
regeneration cannot be accurately reflected in liver regeneration. The
general effect of all miRNAs in liver regeneration has not been reported.
In this study, by deleting the Dicerl gene in mature mouse liver, we
ablated almost all miRNAs in the liver and observed alterations in liver
regeneration. Although the role of Dicerl in liver has been reported
previously [14-16], the preexisting lesions caused by embryonic
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Fig. 4. MiRNA-21 analog rescues the inhibition effect caused by Dicerl deletion. (A) Schematic diagram for transfusing miRNA-21 agomir. (B) No obvious disparity
in liver/body weight ratios was found between Dicer] ~/~ and WT mice after transfusing miR-21 agomir. (C-D) Ki-67 immunohistochemical staining and statistical
analysis after 70% PH. (E-F) BrdU incorporation assay and statistical analysis. Scale bar, 100 um.

deletion of Dicerl make it unsuitable for evaluating the role of Dicerl in
liver regeneration. In our mouse model, acute loss of Dicerl caused by
tamoxifen administration successfully knocked down Dicerl protein
and related miRNAs without obvious liver injury, providing an ideal
model for investigating the role of Dicerl and miRNAs as a whole in
liver regeneration.

MiRNA-21 is generally regarded as an oncogene because of its role
in the occurrence, development and metastasis of multiple tumors
[31,32]. Increasing evidence has proven that miRNA-21 plays a very
important role in liver pathology. MiRNA-21 was elevated in the sera of
HBV and HCV patients, regardless of whether it was associated with
liver cancer or cirrhosis [33]. In addition, miRNA-21 can inhibit the
expression of the negative regulatory protein SMAD7, an important
factor in hepatic fibrosis (TGF-f). However, if overexpressed, miRNA-
21 can lead to the activation of the TGF-f signaling pathway and pro-
mote the occurrence of hepatic fibrosis [34]. MiRNA-21 is highly ex-
pressed in hepatocellular carcinoma, and it inhibits the expression of
PTEN and activates the PI3K/AKT signaling pathway, promoting the

occurrence of hepatocellular carcinoma [29]. In liver regeneration,
miR-21 is elevated at early stage of liver regeneration, which may be
partly due to the activation of IL/Stat3 signaling pathway with 6 h after
hepatectomy [35]. The role of miRNA-21 is controversial. Song et al.
found that miRNA-21 and miRNA-378 play an important role in liver
regeneration by specifically downregulating the Dgcr8 gene in liver
cells, and they had a reinforcing effect on each other [30]. Ng et al.
found that CylinD1 levels declined after miRNA-21 was knocked out
after hepatectomy, which made it difficult for cells to enter the S phase
[4,31]. As a result, liver regeneration is inhibited, and miRNA-21 in-
creases cyclin D1 levels by activating Aktl/mTOR. In ethanol-fed rats,
inhibition of miRNA-21 facilitates liver regeneration, revealing the in-
hibiting effect of miRNA-21 in liver regeneration [36]. In our study, we
observed that the effect of Dicerl on liver regeneration was mainly
dependent on miR-21 (Fig. 5C). Although the inhibitory effect of Dicerl
deletion on liver regeneration was not completely rescued by miRNA-
21 agomir transfusion, which was also consistent with the theoretical
notion of multiple miRNAs regulating liver regeneration, the situation
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was greatly improved in iDicer] ~/~ mice.

Cyclins and CDKs are key regulators of the cell cycle and pro-
liferation. Cyclin D1, CDK4, and CDK6 form a complex whose activity
begins to increase in the middle of G1, reaches a peak in late G1, and
plays an important role in cell cycle selective differentiation by acting
on the restriction point [22]. The Cyclin D1-CDK4 complex can promote
the phosphorylation of Rb1 such that it dissociates from the Rb1/E2F1
complex, promoting the expression of cell cycle genes downstream of
E2F1 and achieving the G1/S transition [37]. Cyclin D1 is a critical
cycle protein that promotes the G1/S transition and enables cells to
enter the cell cycle and complete cell division. CCND1, the gene en-
coding cyclin D1, is located on chromosome 11q13 and is regulated by
miRNAs such as miRNA-33 and miRNA-489. The downregulation or
deletion of Cyclin D1 leads to severe liver regeneration inhibition.

Liver regeneration was significantly improved in Dicer]l knockout
mice by transfusing miRNA-21 analogs, reaching a nearly wild-type
liver regeneration status. Most miRNAs suffer from maturation disorder
after Dicerl knockout, and the liver regeneration process is affected
after hepatectomy, together with the decrease in cyclin D1. The overall
result can be summarized as follows: Liver regeneration was inhibited
by Dicerl knockout, and the peak of regeneration was delayed.
microRNA-21 analogs both compensated for all missing miRNA func-
tions and increased the expression of Cyclin D1 via the activation of the
PI3K/AKT pathway. The possible reasons involved are as follows: There
are many changes in miRNAs in normal mice after liver resection, and
the changes can be divided into two types, up- and downregulation, and
interconversion occurs in the process of liver regeneration. In the case
of Cyclin D1, in the early stage of liver regeneration, the positive reg-
ulators miRNA-21 and miRNA-489, are upregulated, while negative
regulator miRNA-33 is downregulated; at the end of liver regeneration,
miRNA-33 is upregulated to lower the level of Cyclin D1, while miRNA-
21 is downregulated. The levels of both miRNA-21 and miRNA-33 are
decreased after Dicerl deletion, and the major discrepancy with the
control group is the positive regulator miRNA-21. This disparity was
compensated by transfusing microRNA-21 analogs, which can com-
pensate for Cyclin D1 reduction after Dicerl knockout, such that he-
patocytes could enter the cell cycle smoothly, thereby rescuing the in-
hibition of liver regeneration caused by Dicerl deletion.

Gene modification and analog transfusion not only provide new
ideas for study but also provide clues for clinical diagnosis and treat-
ment. Because miRNAs have great stability in plasma and serum, the

miRNAs in the blood have a very high potential value for the diagnosis
and treatment of clinical diseases [38]. Chronic hepatitis C infection
causes elevation of miRNA-155 in serum and peripheral blood mono-
nuclear cells [39], and liver injury can lead to elevated miRNA-122 in
plasma, which is even more sensitive than enzyme tests [40,41]. In the
treatment regimen, there has been clinical success in reducing the level
of HCV by inhibiting miRNA-122, and anti-miRNA-122 LNA inhibitors
have been used in clinical trials. The initial results show that HCV re-
sistance does not develop. With the advantages of specific amplification
effects, long half-lives and low-toxicity side effects, miRNA-targeted
drugs have wide application prospects. It has been demonstrated that
miRNA-21 plays an important role in liver regeneration [20]. For cases
of hepatic failure caused by clinical regeneration disorder, the in-
troduction of miRNA-21 analogs is undoubtedly a bold therapeutic
strategy and innovation, but its actual therapeutic effect and clinical
value need to be verified by further clinical trials.

5. Conclusion

In summary, we demonstrate that acute loss of Dicerl leads to liver
regeneration inhibition compared with that in WT littermates. Although
the Dicerl deletion reduces the levels of almost all Dicerl-dependent
miRNAs, the introduction of miRNA-21 restores the expression of
Cyclin D1 by inhibiting Pten and Rhob, which facilitates the activation
of the PI3K/AKT/mTOR axis and then rescues the inhibition effect of
liver regeneration caused by Dicerl deletion. Our study has clarified the
role of miRNA-21 in the promotion of liver regeneration, providing a
theoretical basis for the use of miRNAs in the treatment of clinical liver
regeneration disorders.
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