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microRNAs (miRs) are small regulatory RNAs that are
frequently deregulated in liver disease. Liver fibrosis is charac-
terized by excessive scarring caused by chronic inflammatory
processes. In this study, we determined the functional role of
miR-132 using a locked nucleic acid (LNA)-anti-miR approach
in liver fibrosis. A significant induction in miR-132 levels was
found in mice treated with CCl4 and in patients with fibrosis/
cirrhosis. Inhibition of miR-132 in mice with LNA-anti-miR-
132 caused decreases in CCl4-induced fibrogenesis and inflam-
matory phenotype. An attenuation in collagen fibers, a SMA,
MCP1, IL-1b, and Cox2 was found in LNA-anti-miR-132-
treated mice. CCl4 treatment increased caspase 3 activity and
extracellular vesicles (EVs) in control but not in anti-miR-
132-treated mice. Inhibition of miR-132 was associated with
augmentation of MMP12 in the liver and Kupffer cells. In vivo
and in vitro studies suggest miR-132 targets SIRT1 and inflam-
matory genes. Using tumor cancer genome atlas data, an in-
crease in miR-132 was found in hepatocellular carcinoma
(HCC). Increased miR-132 levels were associated with fibro-
genic genes, higher tumor grade and stage, and unfavorable
survival in HCC patients. Therapeutic inhibition of miR-132
might be a new approach to alleviate liver fibrosis, and treat-
ment efficacy can be monitored by observing EV shedding.

INTRODUCTION
Liver homeostasis is crucial for normal liver function, and its disba-
lance leads to pathogenesis. Long-term alcohol use impairs liver func-
tion and results in alcoholic liver disease (ALD). ALD is a multifacto-
rial disease, the spectrum of which ranges from steatosis, hepatitis,
fibrosis, and cirrhosis to eventual hepatocellular carcinoma (HCC)
if left untreated.1,2 Studies suggest that ~50% of heavy drinkers even-
tually develop liver fibrosis/cirrhosis.3,4 Liver fibrosis is characterized
by excessive scarring, caused by chronic inflammatory processes acti-
vated during liver diseases of various origins such as alcohol use, non-
alcoholic steatohepatitis (NASH), and hepatitis C (HCV) infection.5–7

Liver fibrosis is an integral part in the progression of chronic liver
disease, ultimately leading to cirrhosis and HCC.8 Impairment in
pathways involved in inflammation, tissue repair, and deposition of
extracellular matrix can lead to the development of liver fibrosis.9
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Activation of quiescent hepatic stellate cells (HSCs), characterized
by HSC morphological transition to myofibroblast-like cells, is the
central event in the pathogenesis of hepatic fibrosis.10 Moreover,
epithelial-mesenchymal transition (EMT) in HSCs and liver paren-
chymal epithelial cells also contributes to fibroblast transition.9

microRNAs (miRs), a class of small non-coding RNAs, have emerged
as new crucial regulators of cellular processes.11 miR-132 is exten-
sively studied in the brain, and its dysregulation is found in several
neurological disorders.12,13 Emerging studies, including ours, suggest
a role of miR-132 in other organs.13 In our previous studies, we
showed induction of miR-132 in a mouse model of ALD both in iso-
lated Kupffer cells (KCs) and hepatocytes after chronic alcohol
feeding.14 Recent studies indicate a role of miR-132 in the pathogen-
esis of gastrointestinal cancers.15 Several miRs are shown to be
involved in liver fibrosis,16–18 though, to date, the functional roles
of only a few miRs were revealed in liver disease. Therefore, studying
the loss and gain of function for other miRs is necessary for further
mechanistic insight into miR-dependent regulation of liver function
and homeostasis. miR-132 and miR-212, for instance, are derived
from the same non-coding gene, share the same seed sequence, and
are similarly highly conserved among vertebrates;13 however miR-
132 is unique in its regulation of numerous chromatin-remodeling
factors involved in acetylation, deacetylation, and oxidative stress.19,20

As chronic alcohol abuse leads to liver fibrosis/cirrhosis, we postulate
that miR-132 has a causative role in this process. Consistent with our
hypothesis, we found a ~4-fold induction of miR-132 in the livers of
alcoholic patients with fibrosis/cirrhosis. A significant induction of
miR-132 was found in the livers of mice treated with CCl4, a long-es-
tablished inducer of liver fibrosis.21 CCl4-induced liver fibrosis was
found to be attenuated in mice given LNA (locked nucleic acid)-
anti-miR-132. Attenuation in pro-fibrotic gene expression and cas-
pase activation were observed in mice receiving LNA-anti-miR-132.
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Figure 1. Induction of miR-132 in liver fibrosis

(A) Liver tissues (10 mg) of control individuals and patients with either alcoholic fibrosis or cirrhosis (n = 8/group) were used for total RNA extraction using miRNeasy kit. The

levels of miR-132 and miR-212 were detected using TaqMan miR real-time PCR assay, and RNU48 was used as an internal control. (B) C57BL/6 male mice (n = 8) received

either corn oil or CCl4 for indicated times. Total RNA from the liver was used for miR-132 analysis as described in Materials and methods, and SnoRNA-202 was used as

internal control. Data represent mean ± SEM. Mann-Whitney test was employed for statistical analysis.
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At the cellular level, miR-132 was increased in both hepatocytes and
KCs isolated after CCl4 treatment. We also found higher levels of
miR-132 in HCC samples compared to controls. High miR-132 levels
were associated with higher tumor grade and stage and significantly
unfavorable survival in HCC patients. Our results suggest that anti-
miR-132-treated mice are protected from CCl4-induced liver fibrosis,
suggesting a role for miR-132 in fibrogenic processes.

RESULTS
Induction of miR-132 in the fibrotic livers of alcoholic patients

and in CCl4-induced liver fibrosis mouse model

Previously, we showed induction of miR-132 in the liver, isolated
KCs, and hepatocytes after chronic alcohol feeding in mice.14 Chronic
liver injury caused by dietary intake (alcohol or NASH) or viral infec-
tions can lead to downstream fibrosis and cirrhosis;22 therefore, we
checked the levels of miR-132 in the livers of alcoholic patients
with fibrosis/cirrhosis. A significant induction in miR-132 expression
was found in the livers of alcoholic patients with fibrosis/cirrhosis, as
seen in Figure 1A. Since miR-132 and miR-212 are closely correlated
and encoded in the same intron of a small non-coding gene, we exam-
ined miR-212 levels in these samples. Although both miR-132 and
miR-212 were significantly increased in patients with alcoholic
cirrhosis (p < 0.05), consistent with previous reports13 we found a
higher induction of miR-132 compared to miR-212 (~2.5 fold) (Fig-
ure 1A). Additionally, a significant increase in miR-132 levels was
found in the cirrhotic livers of HCV patients (Figure S1A). Therefore,
we focused our mechanistic studies onmiR-132. Next, we checked the
levels of miR-132 in a CCl4-induced liver fibrosis mouse model. We
found a significant and sustained induction of miR-132 in the livers
of mice after administration of CCl4 for both 2 and 9 weeks
(Figure 1B).

Inhibition of miR-132 with LNA-anti-miR-132 attenuates CCl4-

induced liver fibrosis

To determine the role of miR-132 in liver fibrosis, we used a mouse
model of CCl4-induced liver fibrosis. Currently, there is no widely
accepted mouse model of ALD that represents the liver fibrosis/
cirrhosis observed in alcoholic patients. The CCl4-induced liver
156 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
fibrosis mouse model is widely used and has proven to be robust
and reproducible, able to mimic the histological, biochemical, and
molecular changes associated with the development of fibrosis.23

We inhibited miR-132 function in mice using miRCURY LNA inhib-
itor (LNA-anti-miR-132). The schematic of LNA-anti-miR-132 treat-
ment schedule and CCl4 administration is shown in Figure 2A.

CCl4 treatment increased the hepatic miR-132 levels in saline- or
scrambled-control-treated mice, and miR-132 was almost undetected
in the treatment group (LNA-anti-miR-132) across both oil- and
CCl4-treated mice (Figure 2B). CCl4-induced increase in miR-212
was prevented in mice treated with miR-132 inhibitor (Figure 2C).
Consistently, this effect was specific to LNA-anti-miR-132 and was
not observed in LNA-scrambled control. The liver damage assessed
by histological evaluation of H&E staining revealed fewer mononu-
clear cells (Figure S1B) and decreased ALT levels (Figure S1C) in
the livers of LNA-anti-miR-132-treated mice after CCl4 treatment.
Evaluation of Sirius Red-stained slides showed that administration
of LNA-anti-miR-132 attenuated the fibrosis phenotype of liver tissue
in CCl4 liver injury, as characterized by less fibrous tissue compared to
the controls (Figure 2D). CCl4 treatment was found to have induced
the expression of fibrogenic gene transcripts (collagen 1a, TIMP1,
and TGFb) in LNA-scrambled control-treated mice, whereas LNA-
anti-miR-132 treatment attenuated CCl4-induced increase in collagen
1a and inhibited the induction of TIMP1 and TGFb transcripts (Fig-
ure 2E). These findings were further corroborated via decreased a

smooth muscle actin protein levels in the livers of LNA-anti-miR-
132-treated mice compared with the LNA-scrambled control-treated
mice in CCl4-induced liver injury (Figure 2F).

LNA-anti-miR-132 attenuates CCl4-induced release of

extracellular vesicles and caspase 3 activity

It has been well established that upon induction of cell stress, cells
produce EVs,24,25 and here, consistent with those findings, we
observed increases in the total number of circulating EVs produced,
which ranged from exosomes (<200 nm) to larger microvesicles
(>200 nm) (Figure 3A). The mean diameters of EVs were 320 nm
for CCl4-treated mice and 117 nm for oil-treated mice (Figure 3A).
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Figure 2. LNA-anti-miR-132 delivery in mice

(A) C57BL/6 male mice (n = 8) were injected either with LNA-scrambled control or LNA-anti-miR-132 (15 mg/kg) or saline intraperitoneally (i.p.) as shown. Some mice

received either corn oil or CCl4 (i.p.; 0.6 mL/kg of body weight) for indicated times. (B and C) RNA isolated from the liver was used to determine miR-132 and miR-212

expression by quantitative real-time PCR using TaqMan microRNA assay. SnoRNA-202 was used as internal control. (D) Sirius Red staining of paraffin-embedded liver

sections. Left panel depicts representative slides observed under light microscopy (100�), and the right panel shows ImageJ quantification of the stained area. (E) RNA

isolated from the liver was used to determine the expression levels of collagen1a, TIMP1, and TGFb. (F) 20 mg of whole liver lysate protein was used to determine a smooth

muscle actin expression by western blot (left panel). b actin was used as a loading control. Densitometry units are shown as fold change compared to oil-saline-treated mice

after normalization (lower panel). Data represent mean ± SEM. Mann-Whitney test or one-way ANOVA was employed for statistical analysis. *p < 0.05 compared to oil-

scrambled control-treated mice. **p < 0.005, ***p < 0.0005, ****p < 0.0001. #p < 0.05 compared to LNA-scrambled control-treated mice after CCl4 treatment.
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Figure 3. miR-132 inhibition prevents CCl4-induced increase in EVs in the plasma

Mice received the treatments as described in Figure 2. Total number of extracellular vesicles (EVs) was measured from plasma using NanoSight as described in the Materials

andmethods (n = 5). (A) Size distribution of vesicles isolated from plasma after CCl4 treatment by NTA analysis. (B) Extracellular vesicles were isolated using ExoQuick solution

as described in the Materials and methods and used for electron microscopy. Representative picture is shown. (C) NTA analysis of extracellular vesicles after miR-132

inhibition. (D) Caspase 3 activity was determined from liver cell lysate using colorimetric assay as described in the Materials and methods . Fold change was calculated using

saline-oil-treated mice. (E) Expression of Foxo3 and Bim was quantified by real-time PCR, and 18S was used to normalize Ct values. Data are shown as mean ± SEM. Mann-

Whitney test or one-way ANOVA was employed for statistical analysis. *p < 0.05 compared to mice treated with oil and saline. #p < 0.05 compared to LNA-scrambled

control-treated mice after CCl4 treatment.
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The isolated EVs were visualized with electron microscopy and
showed the morphology of extracellular vesicles described before26

(Figure 3B) as well as exhibiting CD63 expression (Figure S1D).
Administration of LNA-anti-miR-132 significantly reduced produc-
tion of EVs in CCl4-treated mice compared to LNA-scrambled con-
trol as well as restored the production of exosomes to the level of base-
line oil-treated mice (Figure 3C). No change in the size of EVs was
observed in the plasma of LNA-anti-miR-132-treated mice. Caspase
158 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
3 is shown to play an important role in the promotion of fibrosis
and associated cell damage as well as the production of apoptotic
EVs.27,28 Thus, we hypothesized that LNA-anti-miR-132 can exert a
protective effect on caspase 3 activity. Interestingly, CCl4-induced
caspase 3 activity was significantly reduced after administration of
LNA-anti-miR-132 but not LNA-scrambled control (Figure 3D).
The pro-apoptotic genes Foxo3 and Bim were induced in LNA-
scrambled control CCl4-treated mice, whereas increases in these
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genes were inhibited after administration of LNA-anti-miR-132
(Figure 3E).

LNA-anti-miR-132 suppresses the expression of pro-

inflammatory and pro-fibrogenic genes

The inflammatory responses play an important role in fibrogenesis, as
persistent inflammation primes fibrotic events.6 An increase in CD68,
a macrophage inflammatory marker, and MCP1 chemokine was
found in LNA-scrambled control mice, and LNA-anti-miR-132 treat-
ment prevented an induction in these genes after CCl4 treatment (Fig-
ure 4A). Further, expression of inflammatory mediators IL-1b and
Cox2 was induced in LNA-scrambled CCl4-treated mice, and an
attenuation in these genes was observed after LNA-anti-miR-132
treatment (Figure 4A). Matrix metalloproteases (MMPs) are shown
to play a key role in repairing connective tissue damage. Macrophage
metalloelastase-12 (MMP-12) plays an active role in the turnover of
elastin,29,30 and we found substantially increased levels of MMP-12
transcripts in the liver after CCl4 treatment (Figure 4B). Furthermore,
mice treated with LNA-anti-miR-132 showed a significantly higher
induction of MMP-12 compared to mice treated with LNA-scram-
bled control after CCl4 treatment (p < 0.05) (Figure 4B). Consistently,
the active forms of MMP-12 were increased to a greater extent in the
livers of mice treated with LNA-anti-miR-132 as compared to mice
treated with LNA-scrambled control after CCl4 treatment (Figure 4C).
We also found enhanced levels of MMP2 transcripts in LNA-anti-
miR-132-CCl4-treated mice (Figure S1E). Further, protein levels of
vimentin, an inducer of EMT process, were attenuated in LNA-
anti-miR-132-treated mice compared to LNA-scrambled controls af-
ter CCl4 treatment (Figure 4D). SIRT1, a validated miR-132 target, is
involved in inflammatory and fibrotic pathways, and decreased
expression of SIRT1 was reported in liver fibrosis.31 Our results indi-
cated a decrease in SIRT1 expression after CCl4 treatment in LNA-
scrambled mice, and LNA-anti-miR-132 treatment rescued the
reduction in SIRT1 (Figure 4E).

Induction of miR-132 expression in KCs and hepatocytes after

CCl4 treatment

To determine the cellular source of the hepatic miR-132 upregulation,
we isolated KCs and hepatocytes after 2 weeks of CCl4 treatment. Our
results indicated an increase of miR-132 (Figure 5A) and miR-212
(Figure 5B) in isolated KCs after CCl4 administration. LNA-anti-
miR-132 treatment significantly reduced miR-132 levels in KCs (Fig-
ure 5A), whereas miR-212 expression was found to have decreased to
that of oil-treated mice (Figure 5B). miR-132 expression was
significantly increased in hepatocytes after CCl4 challenge, and
administration of LNA-anti-miR-132 decreased levels of miR-132
more than 20-fold (Figure 5C). CCl4-induced increase in miR-212
was prevented in hepatocytes isolated from LNA-anti-miR-132-
treated mice, suggesting a master regulatory role of miR-132 in liver
fibrogenesis (Figure 5D).

Upon discovering augmentation of MMP-12 in the livers of mice
treated with LNA-anti-miR-132, we evaluated MMP-12 expression
and found an increase in MMP-12 in isolated KCs after CCl4 treat-
ment (Figure 5E). CCl4-induced increase in MMP-12 was further
amplified in KCs isolated from LNA-anti-miR-132-treated mice
(Figure 5E).

To determine the mechanistic role of miR-132, we performed in vitro
studies using RAW 264.7 mouse macrophages. An induction in miR-
132 expression was observed in cells treated with 0.01% CCl4, and,
regardless of CCl4 treatment, miR-132 levels were induced in the
presence of miR-132 mimic and reduced in the presence of miR-
132 inhibitor (Figure 5F). Similarly, regardless of CCl4 treatment,
SIRT1 levels were shown to vary indirectly with miR-132 expression
(Figure 5G). miR-132 overexpression increased IL-1b mRNA (Fig-
ure 5H) and protein levels (Figure 5I) compared to negative control
mimic-treated cells with or without CCl4 treatment. A decrease in
IL-1b mRNA (Figure 5H) and protein levels (Figure 5I) was found
in cells treated with miR-132 inhibitor compared to negative control
inhibitor-treated cells after CCl4 treatment. Similar findings were
observed for TGFb, wherein miR-132 mimic induced TGFb levels
(Figures S2A–S2D). Further, in Hepa1.6 mouse hepatocytes, miR-
132 overexpression resulted in increases in TGFb, vimentin, and N-
cadherin expression (Figures S2E–S2H). No cellular toxicity after
CCl4 treatment was found. The findings of miR-132 regulating
SIRT1 were further confirmed by simulation experiments, wherein
miR-132 mimic-loaded exosomes were cultured with naive RAW
macrophages (Figures S3A–S3G). A reduction in SIRT1 expression
was found in cells treated with miR-132 mimic-loaded exosomes
compared to control mimic-loaded exosomes (Figure S3B).
Conversely, an induction in IL-1b (mRNA and protein), MCP1
(mRNA and protein), and TGFb mRNA was found in cells treated
with miR-132 mimic-loaded exosomes (Figures S3C–S3G).
miR-132 expression is induced in HCC and correlates with

fibrogenic and oncogenic genes

As liver fibrosis is one of the risk factors for HCC,32 we next assessed
the expression of miR-132 in HCC in the cancer genome atlas
(TCGA) data.We found higher expression of miR-132 in HCC tumor
tissue compared to the controls (p < 0.05) (Figure 6A). miR target
analysis was performed to identify mRNAs that are targeted by
miR-132, and our analysis showed implication of important media-
tors of fibrogenesis, carcinogenesis, and HCC pathogenesis (Figures
S4A and S4B). An association between miR-132 and fibrogenic genes
was performed in the TCGA data, and the analysis revelated miR-132
expression was inversely correlated with SIRT1 levels (Figure 6B) and
positively correlated with TGFb (Figure 6C), TMIP1 (Figure 6D),
COL41a (Figure 6E), AFP (Figure 6F), and LAMB1 (Figure 6G)
expression. TCGA analysis also revealed an inverse correlation be-
tween SIRT1 and several of fibrotic genes, such as TGFb, CALM2,
and TAF10 (Figure S3E).

Further, higher expression of miR-132 was associated with TP53mu-
tation in HCC (Figure 6H) and was also associated with higher tumor
grade and stage (Figures 6I and 6J). High expression of miR-132 in
HCC patients was associated with significantly lower survival
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 159
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Figure 4. miR-132 inhibition attenuates CCl4-induced increase in inflammatory and fibrogenic gene expression

Mice received the treatments as described in Figure 2. (A and B) Total RNAwas extracted and used for quantification of CD68, MCP1, IL-1b, Cox2, andMMP-12 by real-time

PCR, and 18S was used to normalize Ct values. (C and D) 20 mg of whole liver lysate was used to determine the protein levels of MMP-12 and vimentin, and b actin was used

as a loading control. Densitometry units are presented as fold change compared to oil-LNA-scrambled control-treated mice after normalization (right panels). (E) SIRT1

expression was quantified by quantitative real-time PCR. Data represent mean ±SEM.Mann-Whitney test or one-way ANOVAwas employed for statistical analysis. *p < 0.05

compared to oil-saline-treated mice. **p < 0.005, ***p < 0.0005, ****p < 0.0001. #p < 0.05 compared to LNA-scrambled control-treated mice after CCl4 treatment.
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compared to patients with low levels of miR-132 (p = 0.029)
(Figure 6K).

DISCUSSION
Liver fibrosis is an integral part of the progression of chronic liver dis-
ease, is a risk factor for HCC, and causes substantial morbidity and
160 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
mortality throughout the world.33 To date, there is no successful ther-
apy for the treatment of liver fibrosis, and themost effective treatment
remains removal of the causative agent, which is not always possible.
Because each miR can potentially regulate several hundred targets,34

pharmacological modulation of miRs has the potential to treat com-
plex diseases, including liver fibrosis, that are otherwise difficult to
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Figure 5. miR-132 increase in Kupffer cells (KCs) and hepatocytes after CCl4 treatment

Mice received the treatments as described in PFigure 2. (A–D) Total RNAwas extracted fromKCs and hepatocytes, and expression of miR-132 (A and C) andmiR-212 (B and

D) was quantified using TaqMan microRNA assay. SnoRNA-202 was used as internal control. (E) MMP-12 expression was measured from KCs using quantitative real-time

PCR, and 18S was used to normalize Ct values. Fold change was calculated using cells isolated from saline-oil-treated mice. (F–I) RAWmacrophages were transfected with

either control or miRNA-132 mimic or inhibitor, as described in the Materials and methods . For the last 24 h of transfection, cells were either treated or not with 0.1% CCl4,

and expression of miR-132 (F), SIRT1 (G), IL-1b mRNA (H), and protein (I) was analyzed by quantitative real-time PCR and ELISA. Data are shown as mean ± SEM (n = 3).

Mann-Whitney test or one-way ANOVA was employed for statistical analysis. *p < 0.05 compared to cells isolated from saline-oil-treated mice (A–E). **p < 0.005, ***p <

0.0005, ****p < 0.0001 (F–I). ns, non-significant.
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Figure 6. miR-132 is elevated in hepatocellular carcinoma (HCC)

(A) Level of miR-132 in HCC and normal liver tissue in TCGA data (n = 369 HCC; n = 49 normal). (BG) Correlation between miR-132 and fibrogenic genes in TCGA dataset,

SIRT1 (B), TGFb1 (C), TMIP-1 (D), COL4A1 (E), AFL (F), and LAMBI (G). (H) Levels of miR-132 in TP53mutant HCC and TP53 non-mutant HCC (n = 107, TP53mutant; and n =

260, TP53 non-mutant). (I) Levels of miR-132 in different stages of HCC. (J) Levels of miR-132 in different grades of HCC. (K) Kaplan-Meier survival curves of miR-132-high

tumors versus miR-132-low tumors. *p < 0.05. Correlation between miR-132 and mRNA was quantified with Pearson’s correlation coefficient, and correlation coefficients

with p value % 0.05 were considered statistically significant. The Mann-Whitney U test was used to compare expression between different groups of samples.

Molecular Therapy: Nucleic Acids
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cure using traditional small molecule approaches. Here, employing
miR-based therapy, we were able to attenuate the detrimental effects
of CCl4-induced liver fibrosis, a robust model in the study of fibrosis.
We found significantly decreased levels of liver fibrosis as character-
ized by both phenotypic and molecular expression. Importantly,
administration of LNA-anti-miR-132 produced a sustainable protec-
tive effect against induction of liver fibrosis. LNA-anti-miR-132
provided significant protection against the induction of pro-inflam-
matory and pro-fibrogenic genes in the CCl4-treated mice compared
to the LNA-scrambled control.

Though studies have suggested a role for miR-132 in fibrosis, to our
knowledge this is the first study that mechanistically addresses the
role for miR-132 in liver fibrosis. Previous studies have shown that
mice treated with an antagomir-132 had attenuation in cardiac
fibrosis35 as well as reduced renal myofibroblast proliferation, result-
ing in slowed progression of renal fibrosis.36 miR-132 is known to
have a broad regulatory role in the progression of hepatic steatosis,
with suppression of multiple miR-132 targets.37 In this study, we
used the CCl4-induced liver fibrosis mouse model to mimic the mo-
lecular and cellular features of liver fibrosis and evaluate potential
roles of miR-132 in liver fibrosis and subsequent miR-based treat-
ments. In vivo delivery of miRs is challenged by low bioavailability
and high sensitivity of RNA interference to enzymatic degradation.38

LNA includes a class of bicyclic RNA analogs in which the furanose
ring in the sugar-phosphate backbone is chemically locked in an
RNA mimicking N-type (C30 endo) conformation by the introduc-
tion of a 20-O,40-C methylene bridge.39 These modifications lead to
increased nuclease resistance and increased binding affinity of anti-
miR oligonucleotides to their target miRs.40,41 In the present study,
using LNA technology allowed us to introduce more robust, stable,
and specific inhibition of miR-132 in vivo, leading to a significant
reversal of fibrosis phenotype and associated molecular changes.

Knowledge of the participation of EVs in pathogenesis of liver disease
has expanded greatly in recent years.42,43 Production of EVs can be
induced by many factors, including extracellular stimuli such as mi-
crobial attack, cellular injuries, and other stress conditions.44 Oxida-
tive stress has been linked to increased levels of miR-132 as well as
production/release of EVs.45,46 In this study, we found increased
numbers of EVs after induction of liver injury in the mouse model.
Administration of LNA-anti-miR-132 attenuated EV production in
CCl4-treated mice, highlighting the efficacy of miR-132 therapy in
ameliorating cellular injury and preventing unwanted downstream
activity of released EVs. Ethanol-associated activation of caspase 3
and subsequent EV release have been linked to the pro-inflammatory
transition of liver macrophages,47 and here we show that CCl4-asso-
ciated inhibition of caspase 3 in LNA-anti-miR-132-treated mice re-
sulted in decreased production of EVs, indicating a mechanistic role
of CASP3 in injury-induced production of EVs. Sirois et al.28,48

demonstrated a caspase 3-dependent formation of MVBs and the
release of apoptotic exosomes in endothelial cells. These data indicate
the utility of EVs as potential biomarkers for diagnosis of liver fibrosis
as well as monitoring response to therapy.
MMP-12 is highly expressed in macrophages and contributes to
elastin degradation.30 It plays a protective role in liver fibrosis, as
MMP-12-deficient mice exhibited more liver fibrosis.30 We found
enhanced expression of MMP-12 in the liver and KCs after LNA-
anti-miR-132 treatment and overall protection from liver fibrosis.
The regulation of MMPs is complex, and MMP12 is regulated at
various levels.49 miR-132 does not target MMP-12 directly, so it is
likely that miR-132 is exerting secondary effects on MMP-12 either
via modulating transcription factors or regulation of genes involved
in MMP12 regulation. Our TCGA analysis revealed a positive corre-
lation of miR-132 and TIMP1, and we found no increase in TIMP1
transcripts in LNA-anti-miR-132-treated mice, suggesting a role for
miR-132 in the fine tuning of fibrotic gene expression.

Our in vitro and in vivo studies suggest that miR-132 regulates genes
involved in fibrogenesis, such as SIRT1, TGFb, IL-1b, and MCP1.
Others have demonstrated a role of miR-132 in promoting inflamma-
tion.50,51 SIRT1, a validatedmiR-132 target, is shown to be involved in
EMT via regulation of mesenchymal markers vimentin and N-cad-
herin,52 and we found decreased SIRT1 and vimentin levels after
LNA-anti-miR-132 treatment in mice. Further, induction in vimentin
and N-cadherin was found in miR-132-overexpressed hepatocytes.

Our results suggest that TGFb treatment caused induction in miR-
132 expression in LX2 cells (human HSC cell line) (Figure S5). Our
finding is similar to studies where upregulation of miR-132 was re-
ported in activated human and rat HSCs.53,54 miR-132 was shown
tomodulate TGFb and immune signaling,34,43 and our in vitro studies
suggest a regulation of TGFb, IL-1b, andMCP1 bymiR-132. Based on
these findings, it is likely that miR-132 concurrently regulates multi-
ple regulatory genes involved in inflammatory and fibrotic changes.
The contribution of miR-132 at the cellular level (KCs, hepatocytes,
or HSCs) would be an upcoming area of research.

Intriguingly, miR-132 inhibition in CCl4-treated mice also prevented
induction of miR-212. One study has suggested a role for miR-212 in
liver fibrosis,55 though further studies are needed to decipher the
contribution of miR-132 and/or miR-212. As liver fibrosis is an estab-
lished risk factor for HCC, and miR-132 targets many important
genes that play roles in carcinogenesis,56 we found increased levels
of miR-132 in the HCC tumor tissue as compared to the control,
and high levels of miR-132 were associated with higher-grade and
-stage tumors. HCC patients with high tumoral levels of miR-132
had significantly lower survival compared to the patients with low
levels of miR-132. These data indicate a possible role for miR-132
in HCC pathogenesis and highlight the utility of miR-132 as an
HCC biomarker. Interestingly, miR-132 expression showed correla-
tion with genes related to fibrogenesis. In concordance with our
finding of increased miR-132 and decreased SIRT1 in liver fibrosis,
an inverse correlation between miR-132 and SIRT1 expression was
found in HCC samples in the TCGA database. Others have shown
decreased SIRT1 levels in mouse models of liver fibrosis, in patients
with cirrhosis, and in activated HSCs, as well as a role in the liver
fibrosis.31 Our in vivo data suggest that anti-miR-132 treatment
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reversed the inhibition of SIRT1 and caused an overall improvement
in liver fibrosis phenotype. Further, our in vitromechanistic data indi-
cated that overexpression of miR-132 reduced, while miR-132 inhibi-
tion increased, SIRT1 expression in RAW macrophages, signifying a
role for miR-132 in the regulation of SIRT1.

Overall, our data suggest that miR-132 targets multiple genes
involved in liver fibrogenesis, and it is likely that the anti-fibrotic
phenotype we found in our mouse model is due to the synergistic
multitarget effect of miR-132 rather than its effect on a single gene.
This is advantageous from a therapeutic point of view for the treat-
ment of complex diseases, including liver fibrosis. In support of our
findings, a recent study demonstrated miR-132 as a potential thera-
peutic target for the treatment of NASH, as anti-miR-132 treatment
was effective in ameliorating inflammatory and fibrotic genes and re-
sulted in an overall improvement in steatohepatitis and fibrosis in
mouse models of NASH.57 Dissecting the role of miR-132 at the
different stages of liver fibrosis (early, mid, and late) would be the
area of growing research in coming years.

In conclusion, the data presented in this study support miR-132 as a
crucial player in liver fibrosis. miR-132 was elevated in livers of pa-
tients with fibrosis/cirrhosis as well as in a CCl4-induced liver fibrosis
mouse model. Administering LNA-anti-miR-132 attenuated liver
fibrosis induced by CCl4 as well as significantly downregulating in-
flammatory and pro-fibrotic pathways. We found decreased numbers
of EVs and decreased caspase 3 activity after injecting LNA-anti-miR-
132 in CCl4-induced liver fibrosis. We also found association of high
levels of miR-132 with SIRT1, and fibrogenic genes with HCC and
poor survival outcomes in HCC patients. Collectively, our study sug-
gests a crucial, previously unappreciated role of miR-132 in liver
fibrosis. miR-132 could be an interesting candidate with which to
develop RNA-RNA interference therapies for the prevention or treat-
ment of liver fibrosis.

MATERIALS AND METHODS
Animal studies

Eight week-old male C57BL/6 wild-type (WT) mice were obtained
from Jackson Laboratory (Bar Harbor, ME, USA) and maintained
in the animal facility. The study was approved by the University of
Massachusetts Medical School Institutional Animal Use and Care
Committee (Worcester, MA, USA). Mice were injected intraperitone-
ally (i.p.) with either miRNA inhibitor scrambled oligonucleotides
(LNA-scrambled control) or miRCURY LNA miRNA inhibitor
(LNA-anti-miR-132) (15 mg/kg; Exiqon, Woburn, MA, USA) as
shown in Figure 2A (n = 8 per group). The number of mice was deter-
mined based on previous reports that used in vivo delivery of LNA-
anti-miRs in other disease models.58,59 The inhibitors were injected
24 h prior to the CCl4 regimen every week. Throughout, the experi-
ment, mice received either corn oil (vehicle) or CCl4 (0.6 mL/kg;
i.p. diluted in corn oil at 1:3 ratio) twice a week for a total of 2 weeks,
and mice were sacrificed 72 h following the final injection. At the end
of treatment, blood was collected frommouse facial veins, and plasma
was separated and stored at �80�C for further analyses. Liver tissue
164 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
was immediately either snap frozen in liquid nitrogen for protein an-
alyses or stored in RNAlater (QIAGEN, Valencia, CA, USA) for sub-
sequent RNA analysis.

Some mice were perfused to isolate hepatocytes and KCs using estab-
lished protocols,14,60 and one lobe of the liver was dissected out before
proceeding for profusion. Briefly, livers were perfused with Hank’s
balanced salt solution (HBSS) containing EGTA and CaCl2 (buffer
1) for 10 min followed by in vivo digestion with HBSS containing
collagenase (buffer 2) (Sigma-Aldrich, St. Louis, MO, USA) for
5 min. Liver cells were released from perfused livers in buffer 2 by
separating the liver lobes via scalpel under sterile conditions before
being filtered through a cell strainer (100 mm). To separate hepato-
cytes from non-parenchymal cells, the cell suspension was centri-
fuged at 200� g for 5 min at room temperature. The pellet containing
hepatocytes was washed 2 times with buffer 1 and lysed in Qiazole
lysis buffer (QIAGEN, Valencia, CA, USA). To isolate KCs, the super-
natant was layered on Percoll gradient (added 25% Percoll in 50 mL
tube and underlayer with 50% Percoll) and centrifuged at 1,600 � g
for 30 min. The inter-cushion layer was collected carefully and
washed with PBS two times, and the resulting cells were cultured in
low-glucose Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and antibiotics. The
free-floating cells were removed after two sessions of 3–4 h of plating
with PBS, and new medium was then added. The following day, cells
were lysed in Qiazole lysis buffer (QIAGEN, Valencia, CA, USA).

TCGA data analysis

The UALCAN platform was used to analyze HCC tumor transcrip-
tome miR data and plot survival information.61 TP53mutation status
was obtained from TCGA whole-exome sequencing data. Mutation
Annotation Format (MAF) files (VarScan2) were used for mutation
calling. Our analysis included the TCGA liver cancer dataset. The
following data are available at https://gdc.cancer.gov/node/977 miR
expression and mRNA gene expression. Only samples with both
miR expression profiling andmutation ormRNA expression profiling
were considered. The specific TCGA dataset applied for this study is
provided in Table S1. Correlation between miR-132 and mRNA was
quantified with Pearson’s correlation coefficient, and correlation co-
efficients with p value% 0.05 were considered statistically significant.
The Mann-Whitney U test was used to compare expression between
different groups of samples. We generated survival curves of HCC
cases in the TCGA cohort according to the expression status of the
miR-132, and the Kaplan-Meier curve was plotted.

Patient samples

Human liver samples were obtained from the National Institutes of
Health Liver Tissue Cell Distribution System (Minneapolis, MN,
USA). Liver tissues were from control subjects and alcoholic patients
with fibrosis/cirrhosis (n = 8).

Histopathological analysis

Formalin-fixed liver sections were stained with Sirius Red stain using
standard protocols. The slides were analyzed under light microscopy
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at 100� and 200�, and quantification was performed using ImageJ
software.
NanoSight/nanoparticle tracking analysis (NTA)

The amounts and diameters of EVs from plasma were determined us-
ing the NanoSight NS300 system (NanoSight, UK) as described.26

NTA post-acquisition settings were kept constant for all samples,
and each video was analyzed to give the mean, median, and mode
vesicle size as well as concentration estimates. Each sample was
measured three times. The concentration of particles (particles/mL)
and size distribution (in nanometers) were evaluated using the
included NTA software.
Electron microscopy

For electron microscopy, EVs were isolated using the ExoQuick
method (System Biosciences, Palo Alto, CA, USA), as described
earlier.62 Briefly, plasma was passed through a 0.8 mm filter, and Exo-
Quick was added as described by the manufacturer. Purified EVs were
re-suspended in PBS then placed on a formvar-coated copper grid
and incubated for 30 min as described.63 The grid was washed with
1� PBS 3 times, and samples were fixed for 10 min by placing the
grid onto 2% paraformaldehyde. Fixation was followed by several
washes with deionized water, and samples were contrasted by adding
2% uranyl acetate for 15 min. Samples were embedded by adding a
drop of 0.13% methyl cellulose and 0.4% uranyl acetate for 10 min
before subsequent examination in a Philips CM10 transmission
electron microscope and imaging via Gatan CCD digital camera.
The purity of EVs was determined by western blot analysis for
CD63 expression as described.41
Biochemical analysis

Caspase 3 activity was measured from whole liver cell lysates using a
caspase 3 activity assay (R&D, Minneapolis, MN, USA), following the
manufacturer’s suggested protocol.
In vitro transfection studies

RAW 264.7 macrophages were cultured and maintained in high-glu-
cose DMEM (Thermo Fisher Scientific, Waltham, MA, USA) con-
taining 10% FBS (HyClone Laboratories, Logan, UT, USA) at 37�C
in a 5% CO2 atmosphere, as described previously.50,52

For overexpression of miR-132, cells were seeded in 24-well plates,
and on the next day cells were treated either with a negative control
mimic #1 or miR-132 mimic (150 pmol); for inhibition of miR-132,
cells were treated either with negative control inhibitor #1 or miR-
132 inhibitor (150 pmol) for 24 h (Applied Biosystems, Foster City,
CA, USA) using lipofectamine RNAi max reagent (Thermo Fisher
Scientific, CA, USA), as described previously.50,52 Some cells were
either treated or not with 0.1% CCl4 for the last 24 h of the experi-
ment, as described previously.64 Cells were washed with 1� PBS
two times and lysed in RNA lysis buffer for total RNA extraction or
radioimmunoprecipitation assay buffer for protein extraction and
stored at �80�C for further analysis.
Enzyme-linked immunosorbent assay (ELISA) assay

Cell lysates were used to measure IL-1b protein levels using ELISA as
described by manufacturers (BioLegend, San Diego, CA, USA).

RNA analysis and qPCR

10–20 mg of liver tissue was homogenized in QIAzol lysis reagent
(QIAGEN, Valencia, CA, USA) using stainless steel beads via Tissue-
Lyser II (QIAGEN, Valencia, CA, USA). Total RNA was extracted us-
ing themiRNeasy kit (QIAGEN, Valencia, CA, USA) as recommended
by the manufacturer.60 For mRNA analysis, cDNA was transcribed
with the iScript reverse transcription system kit (Bio-Rad, Hercules,
CA, USA), and quantitative real-time PCR was performed via
CFX96 iCycler (Bio-Rad, Hercules, CA, USA). Quantitative analyses
of genes were performed using gene-specific primers as presented in
Table S2 and as described previously.65 Cq value was normalized to
18S or b actin mRNA, and differential expression fold changes were
calculated using the delta-delta Ct method. For miR analysis, TaqMan
miR assays (Applied Biosystems, Foster City, CA, USA) were used as
described earlier.14,60 SnoRNA-202 (mouse samples) or RNU48 (hu-
man samples) were used to normalize the technical variations between
the samples.

Western blot analysis

Whole-cell lysates were extracted from livers as described.65 Briefly,
10 mg of liver tissue was homogenized in radioimmunoprecipitation
assay buffer containing protease and phosphatase inhibitors via Tis-
sueLyser II (QIAGEN, Germany). Homogenized samples were centri-
fuged, and resulting clear lysates were stored at �80�C. Protein mass
was quantified via Bradford assay using Bio-Rad protein assay dye re-
agent (Bio-Rad, Hercules, CA, USA). Equal amounts of protein
(20 mg) were separated in 10% SDS polyacrylamide gel, transferred
to nitrocellulose membrane overnight, and blocked for 1 h in blocking
buffer. Blot was incubated overnight at 4�C in blocking buffer with
primary antibodies for a smooth muscle actin (Abcam cat. no.
ab205718) and MMP12 (Abcam, Cambridge, MA, USA), and subse-
quently washed with 1� Tris-buffered saline with Tween 20 three
times. For detection, anti-mouse secondary horseradish peroxidase
(HRP)-linked antibodies (Santa Cruz Biotechnology, Dallas, TX,
USA) were used for 1 h at room temperature, followed by washing
three times with 1� Tris-buffered saline with Tween 20. The immu-
noreactive bands were detected by chemiluminescence using Pierce
ECL western blotting substrate (Pierce Biotechnology, Rockford, IL,
USA) and LAS-4000IR (Fujifilm, Valhalla, NY, USA). The same
blot was probed with loading control antibody b-actin (Abcam, Cam-
bridge, MA, USA).

Statistical analysis

Statistical significance was determined using the non-parametric
Mann-Whitney U test or two-tailed Student’s t test for pairwise com-
parisons based on the underlying data distribution. Non-parametric
Kruskal-Wallis or one-way analysis of variance (ANOVA) was used
for comparison between more than two groups. Data are presented
as mean ± standard error and considered statistically significant at
p < 0.05.
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