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Most chronic liver diseases progress to liver fibrosis, which,
when left untreated, can lead to cirrhosis and hepatocellular
carcinoma. MicroRNA (miRNA)-targeted therapeutics have
become attractive approaches to treat diseases. In this study,
we investigated the therapeutic effect of miR-155 inhibition
in the bile duct ligation (BDL) mouse model of liver fibrosis
and evaluated the role of miR-155 in chronic liver fibrosis using
miR-155-deficient (miR-155 knockout [KO]) mice. We found
increased hepatic miR-155 expression in patients with cirrhosis
and in the BDL- and CCl4-induced mouse models of liver
fibrosis. Liver fibrosis was significantly reduced in miR-155
KO mice after CCl4 administration or BDL. To assess the ther-
apeutic potential of miR-155 inhibition, we administered an
rAAV8-anti-miR-155 tough decoy in vivo that significantly
reduced liver damage and fibrosis in BDL. BDL-induced
protein levels of transforming growth factor b (TGF-b),
p-SMAD2/3, and p-STAT3 were attenuated in anti-miR-155-
treated compared with control mice. Hepatic stellate cells
from miR-155 KO mice showed attenuation in activation and
mesenchymal marker expression. In vitro, miR-155 gain- and
loss-of-function studies revealed that miR-155 regulates activa-
tion of stellate cells partly via STAT3 signaling. Our study sug-
gests that miR-155 is the key regulator of liver fibrosis and
might be a potential therapeutic target to attenuate fibrosis
progression.

INTRODUCTION
The burden of chronic liver disease is increasing globally. Liver
fibrosis is the final common pathway in progression of almost all
chronic liver diseases. Nonalcoholic fatty liver disease (NAFLD),
nonalcoholic steatohepatitis (NASH), hepatitis B or C infection,
alcohol abuse, autoimmune diseases, and cholestatic diseases are
the major contributing factors to fibrosis.1,2 If left untreated, persis-
tent and excessive liver damage leads to inflammation, fibrosis,
cirrhosis, and, ultimately, hepatocellular carcinoma (HCC).3,4

Initially, liver fibrosis is a healing response to injury; however,
when prolonged injury progresses to advanced fibrosis and cirrhosis,
it becomes irreversible, causes impaired liver function, and leads to
high morbidity and mortality.3 Independent of etiology, hepatic
fibrosis is an important predictor of prognosis in chronic liver dis-
ease.2,3 Despite this major clinical need, development of therapeutic
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approaches to attenuate liver fibrosis has been challenging, and to
date there is no treatment for liver fibrosis.5

Fibrogenesis is a complex mechanism involving different cell types
and cellular and extracellular signaling. This is a dynamic, complex
process that involves recruitment and activation of different cell
types, such as inflammatory cells, hepatic stellate cells (HSCs), and
other extracellular matrix (ECM)-producing cells, including portal fi-
broblasts, hepatocytes, cholangiocytes, and bone marrow-derived
cells.4–6 During liver injury, hepatocyte damage prompts inflamma-
tory signaling and aberrant activation of inflammatory pathways,
resulting in increased synthesis and altered deposition of ECM com-
ponents as well as impaired regeneration and wound healing
responses.4–6

HSCs are the main liver cells involved in fibrogenesis, and irrespective
of etiology, activation of HSCs is the common pathway leading to
fibrosis.7,8 Various factors are known to stimulate and inhibit activa-
tion of HSCs, and recently, microRNAs (miRNAs) have emerged as
new regulators of HSCs.9,10 miRNAs are small non-coding endoge-
nous RNAs that are involved in fine-tuning of cellular pathways. miR-
NAs regulate expression of genes by either mRNA degradation or
translational repression in normal physiological and disease mi-
lieus.11 In recent years, miRNA-based therapeutics have gained atten-
tion; various preclinical studies have been carried out to test their ef-
ficacy in vivo, and several miRNA-based therapeutics have been
advanced into the clinical phase.12,13

Various miRNAs, such as the miR-29 family, miR-34, and miR-21,
have been shown to regulate the liver fibrogenesis pathway.9,14

miR-155 is a multifactorial miRNA that regulates various cellular
processes, such as inflammation, metabolism, oncogenesis, and
metastasis; is uniquely expressed in non-parenchymal and paren-
chymal cells; and plays a key role in various diseases.11,15 Increased
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Figure 1. miR-155 KO mice exhibit attenuation of CCl4- or BDL-induced liver fibrosis

Hepatic miR-155 levels were increased in patients with alcohol-associated or chronic HCV infection-associated cirrhosis or control individuals (n = 10–12/group), as

determined by TaqManmiRNA qRT-PCR assay. RNU48 was used to normalize Cq values (A). C57BL/6 wild-type (WT) or miR-155 KOmale mice received either corn oil (n =

6) or CCl4 (n = 9) for 9 weeks or underwent either sham (n = 4) or bile duct ligation (BDL; n = 8) for 2 weeks. Hepatic miR-155 expression was analyzed by qRT-PCR, and

snoRNA-202 was used as an internal control (B and G). miR-155 KOmice showed a decrease in liver fibrosis markers. Representative Sirius red-stained (collagen fibers) liver

sections are shown (C and H), and the ImageJ-quantified stained area is presented (H) (n = 8). Total collagen amount was determined from liver by measuring hydroxyproline

(legend continued on next page)
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miR-155 expression has been reported in fibrotic disorders of the kid-
neys,16 lungs,17 and liver.11 miR-155 regulates various transcription
factors involved in metabolism and fibrogenesis, such as peroxisome
proliferator-activated receptor gamma (PPARg), liver X receptor
alpha (LXRa), CCAAT/enhancer-binding protein alpha (C/EBPa),
C/EBPb, and silent mating-type information regulation 2 homolog
(SIRT1).11,18–20

Because of the pleiotropic effects of miR-155, we hypothesized that
miR-155 targets various genes to regulate the fibrogenesis pathway,
which will have a synergistic effect on the liver fibrosis phenotype.
In this study, we investigated the therapeutic potential of miR-155 in-
hibition in a well-established mouse model of liver fibrosis, bile duct
ligation (BDL). Also, the role of miR-155 in advanced liver fibrosis
was evaluated using the miR-155 knockout (KO) mouse model sys-
tem after CCl4 treatment. Here, we demonstrated that either deletion
of miR-155 (miR-155 KO mice) or in vivo inhibition of miR-155
(rAAV8-miR-155 tough decoy [TuD]) results in attenuation of
CCl4- or BDL-induced chronic liver fibrosis. The results also revealed
that miR-155 regulates activation of HSCs.

RESULTS
Attenuation of fibrosis in miR-155 KO mice after chronic liver

injury

miR-155 is a multifunctional miRNA and plays important roles in
various cellular pathways.15 Here, we found an increase in hepatic
miR-155 levels in patients with alcohol-associated cirrhosis and in
Hepatitis C Virus (HCV) infection-associated cirrhosis (Figure 1A).
Therefore, to elucidate the precise role of miR-155 in advanced liver
fibrosis, we used well-established mouse models of liver injury: CCl4
and BDL. CCl4 causes hepatocyte damage, necrosis, inflammation,
fibrosis, and cirrhosis, whereas BDL is the most widely used experi-
mental model to explore special aspects of occlusive cholestasis.21

BDL stimulates proliferation of biliary epithelial cells and oval cells,
and continuous cholestasis leads to chronic inflammation, which
damages bile duct cells and liver cells and causes fibrosis.21 A signif-
icant increase of miR-155 expression was observed in the livers of
wild-type (WT) mice after 9 weeks of CCl4 treatment compared
oil-treated control mice (Figure 1B). miR-155 levels were undetected
in the livers of miR-155 KOmice. CCl4 treatment caused induction of
bridging fibrosis in WT, mice as indicated by Sirius red-stained
collagen fibers, whereas miR-155 KO mice exhibited attenuation of
bridging fibrosis (Figure 1C). Consistent with this finding, we found
increases in hydroxyproline content (Figure 1D) and procollagen 1a
transcripts (Figure 1E) in CCl4-treated WT mice, and a significant
attenuation of these parameters was observed in miR-155 KO mice.
CCl4-treated WT mice displayed an increase in alpha smooth muscle
actin (aSMA) protein levels that was significantly attenuated in miR-
155 KO CCl4 mice (Figure 1F).
content biochemically (D) (n = 6–8) and pro-collagen 1a expression by qRT-PCR (E). aSM

analysis, respectively. Western blot analysis of vimentin expression is shown in (K). Densit

after normalization with GAPDH (F and J–K, n = 6–8). 18S mRNA was used to norm

***p < 0.001, ****p < 0.0001 compared with oil-treated or sham WT mice.
Next, we measured expression of miR-155 in the BDL model and
found a significant increase in miR-155 levels in WTmice 14 days af-
ter BDL compared with shammice (Figure 1G), and no changes in its
levels were observed 2 days after BDL. To elucidate the role of miR-
155 in this model, WT or miR-155 KOmice underwent either BDL or
sham treatment for 14 days. WT mice displayed an increase in liver
fibrosis, as indicated by Sirius red-stained collagen fibers, and in
contrast, miR-155 KO mice showed significantly reduced fibrosis af-
ter BDL (Figure 1H). While expression of aSMA was increased at the
mRNA (Figure 1I) and protein (Figure 1J) levels in WT BDL mice
compared with sham controls, its expression was significantly atten-
uated in miR-155 KO BDL mice (Figures 1I and 1J). Vimentin, a
mesenchymal marker, was increased in WT mice after BDL, whereas
miR-155 KO BDL mice displayed a significantly decrease in its
expression (Figure 1K). These results suggest a regulatory role of
miR-155 in promoting liver fibrosis irrespective of etiology.

Increase in matrix metalloproteinases and attenuation of cell

death markers in miR-155 KO mice

Matrix metalloproteinases (MMPs) play a central role in fibrosis;22

therefore, we determined their expression and found increases in
MMP2, MMP9, and MMP12 transcripts in WT CCl4-treated mice,
and this increase in MMPs was further augmented in miR-155 KO
CCl4 mice (Figures 2A–2C). MMP2 protein expression was increased
to a similar extent in both genotypes (CCl4-treated WT or miR-155
KO mice) (Figure 2D). A further significant increase in active
MMP9 (active versus pro form) was observed in miR-155 KO mice
compared with WT mice after CCl4 treatment (Figure 2E). Because
we found increased transcription ofMMPs, next we checked the levels
of tissue inhibitors of MMPs (TIMP1) and found enhanced TIMP1
mRNA transcripts in miR-155 KO mice compared with WT mice af-
ter CCl4 treatment (Figure 2F). At the protein level, a similar increase
in serum TIMP1 levels was found between the genotypes (Figure 2G).

CCl4 treatment as well as BDL induce hepatocyte damage; therefore,
we evaluated the expression of caspase-3 because it is involved in cell
death.23 In CCl4- or BDL-treated mice, cleaved caspase-3 levels were
increased inWTmice, whereas miR-155 KOmice displayed either no
increase in CCl4-induced cleaved caspase-3 levels (Figure 2H), or
significantly attenuated levels were found in BDL-induced fibrosis
(Figure 2I). Further, BDL in WT mice resulted in robustly increased
serum alanine aminotransferase (ALT) levels that were significantly
attenuated in miR-155 KO BDL mice (Figure 2J). In obstructive
cholestasis, secretion of bile into the bile duct and intestine is
impaired, which causes accumulation of bile acids and bilirubin
into the circulation.24 Therefore, we checked bilirubin levels and
found an increase in bilirubin levels in the serum of WT mice after
BDL compared with sham controls, and miR-155 deficiency attenu-
ated its increase after BDL (Figure 2K).
AmRNA (I) and protein levels (F and J) were evaluated by qRT-PCR andwestern blot

ometry units are presented as fold change comparedwith either oil or shamWTmice

alize the Cq values. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01,
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Figure 2. Increase in MMPs and attenuation of cell death markers in miR-155 KO mice

Expression of MMP2 (A), MMP9 (B), and MMP12 (C) was determined by qRT-PCR from the liver tissues. MMP2 (D) and MMP9 (E) protein levels were evaluated by western

blot analysis. mRNA (F) and serum (G) levels of TIMP1 were determined by qRT-PCR and ELISA, respectively. A decrease in cell death markers was found in miR-155 KO

mice. Caspase-3 protein levels were determined by western blot analysis (H and I). Densitometry units are presented as fold change compared with either WT oil-treated

(H) or sham (I) mice after normalization with GAPDH (n = 6–8). Serum ALT (J) and bilirubin (K) levels were evaluated using a biochemical assay. Data are presented as mean ±

SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with oil-treated or sham WT mice.
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rAAV-mediated in vivo inhibition of miR-155 results in reduction

of BDL-induced fibrosis

Because we found a reduction in liver fibrosis in miR-155 KO mice
after CCl4 treatment or BDL, we hypothesized that direct inhibition
of miR-155 in vivo will attenuate fibrosis. To inhibit miR-155 in vivo,
we developed an recombinant adeno-associated virus (rAAV8) vec-
tor system expressing either anti-miR-155 TuD or rAAV8-scramble
(control) (Figures S1A and S1B). AAV-mediated delivery of anti-
miR-TuD is an effective way to inhibit miRNA function in vivo.25

WT mice were treated with either rAAV8-scramble (rAAV control)
or rAAV8-anti-miR-155-TuD (rAAV miR-155 TuD) 4 days prior to
BDL (Figure 3A). We found a significant increase in primary (pri)
miR-155 levels in rAAV control-BDL mice after 14 days of treat-
ment, and this increase was prevented in rAAV miR-155 TuD-
treated mice (Figure 3B). BDL-induced mature miR-155 expression
was also attenuated in anti-miR-155 TuD-treated mice compared
with control mice (Figure 3C). Gaussia activity was checked for
transgene expression (Figure S1C). Consistent with miR-155 KO
findings, we found a reduction in liver fibrosis after inhibition of
miR-155 in vivo. Anti-miR-155 TuD-treated mice displayed attenu-
ation of BDL-induced Sirius red-stained collagen fibers compared
with control mice (Figure 3D). Further, mRNA (Figure 3E) and pro-
tein levels (Figure 3F) of aSMA were increased in BDL-rAAV con-
trol mice, and this increase in aSMA expression was significantly
attenuated in rAAV miR-155 TuD-treated mice after BDL
(Figures 3E and 3F). Vimentin expression was also increased in
BDL-rAAV control mice, while its levels were significantly reduced
in BDL-rAAV miR-155 TuD-treated mice (Figure 3F). Next, we
evaluated liver/hepatocyte damage markers, such as ALT (serum)
and caspase-3 levels (liver), and found significant attenuation of
BDL-induced ALT (Figure 3G), and a BDL-induced increase in
cleaved caspase-3 was prevented (Figure 3H) in rAAV miR-155
TuD mice compared with rAAV control mice.

miR-155 inhibition decreases activation of fibrotic genes in BDL-

induced fibrosis

Transforming growth factor b (TGF-b) is a master profibrogenic
cytokine known to induce fibrosis by activation of quiescent HSCs
through canonical (SMAD) or non-canonical (STAT3, c-Jun N-ter-
minal kinases [JNK], extracellular signal-regulated kinase [ERK],
etc.) pathways,26 andmiR-155 has been shown to target these genes.20

Therefore, we evaluated the effect of miR-155 inhibition and found
that BDL caused an increase in serum TGF-b levels in control
mice, which were significantly decreased in rAAV miR-155 TuD
mice (Figure 4A). A similar observation was made in miR-155 KO
mice, where WT mice showed a significant increase in serum TGF-
b levels, which was prevented in KO mice after BDL (Figure 4B).
Next, we checked SMAD expression and found a BDL-induced
SMAD2/3 expression in rAAV control BDL mice, whereas this in-
crease in SMADs was prevented in rAAV miR-155 TuD mice (Fig-
ure 4C). Because TGF-b induces phosphorylation of SMADs,26 we
next checked activation of SMAD2/3. BDL caused a significant in-
crease in phosphorylation of SMAD2/3 in rAAV control mice, which
was either prevented (p-SMAD2) or attenuated (p-SMAD3) in rAAV
miR-155 TuD mice (Figure 4D). STAT3 signaling plays an essential
role in liver fibrosis, and an increase in STAT3 expression has been
reported in humans and rodent models of fibrosis.27 miR-155 regu-
lates STAT3 signaling;28 therefore, we assessed hepatic STAT3 levels
and found an increase in phospho-STAT3 levels in rAAV control
BDL mice (Figure 4E). This increase in phospho-STAT3 was signifi-
cantly attenuated in rAAV miR-155 TuD mice (Figure 4E). Similarly
the BDL-induced increase in phospho-STAT3 was significantly
decreased in miR-155 KO mice compared with WT-BDL mice (Fig-
ure 4F). Altogether, these findings indicate that inhibition of miR-155
using an rAAV miR-155 TuD vector system can attenuate progres-
sion of liver fibrosis in a mouse model via the TGF-b-SMAD2/3
and STAT3 pathways. These results also mirror the findings observed
in miR-155 KO BDL or CCl4-treated mice and confirm an essential
regulatory role of miR-155 in liver fibrosis.

PrimaryHSCs ofmiR-155KOmice display decreasedmarkers of

activation

Adipogenic transcription factors are central in driving fibrogenesis.7

Because we found attenuation of collagen fibers and HSC activation
markers (aSMA and vimentin) in miR-155 KO mice, we sought to
evaluate the expression of transcription factors involved in fibrotic
events, such as PPARg, LXRa, C/EBPa, and C/EBPb (miR-155
target genes). We found that PPARg transcripts were significantly
decreased in WT CCl4 mice, whereas miR-155 KO CCl4-treated
mice displayed a significant increase in its expression (Figure 5A).
Compared with control mice, a significant increase in LXRa
(Figure 5B), C/EBPa (Figure 5C), and C/EBPb (Figure 5D) tran-
scripts was found in miR-155 KO mice after CCl4 treatment
(Figures 5B–5D). Even oil-treated miR-155 KO mice displayed
an increase in baseline expression of C/EBPa and C/EBPb
(Figures 5C and 5D).

Next, we evaluated the potential role of miR-155 in HSCs using an
in vitro culture model system. WT HSCs showed a sustained robust
and time-dependent increase in aSMA (Figure 5E) and pro-collagen
1a (Figure 5F) mRNA transcripts over the course of activation in cul-
ture (days 2–5), and a further significant increase in aSMA and pro-
collagen 1a levels was observed after TGF-b treatment. In contrast, a
significant attenuation of aSMA and pro-collagen 1a levels was found
in miR-155 KO stellate cells with or without TGF-b treatment
(Figures 5E and 5F).

Quiescent HSCs highly express putative adipogenic transcription fac-
tors,7 and we found that miR-155 KO stellate cells exhibited increases
in LXRa, C/EBPb, and PPARg transcripts compared withWT stellate
cells (Figure 5G). The mesenchymal markers, snail1 and vimentin
transcripts, were significantly decreased in miR-155 KO stellate cells
(Figure 5G). Consistent with these findings, we found that miR-155
KO stellate cells contained more lipid droplets (BODIPY stained)
compared with WT stellate cells even after 5 days in culture (Fig-
ure 5H). All of these findings suggest attenuated HSCs activation in
the absence of miR-155 and indicate a role of miR-155 in HSC
activation.
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Figure 3. Attenuation of BDL-induced liver fibrosis in mice treated with rAAV8-miR-155 TuD

WT male mice received the control or miR-155 TuD rAAV8 vector, followed by sham or BDL treatment (n = 4–7) for indicated times (A). Primary (B) and mature miR-155

(C) expression was quantified by TaqMan qRT-PCR assay. GAPDH (pri) or snoRNA-202 (mature) was used to normalize Cq values. In vivo inhibition of miR-155 caused

attenuation of BDL-induced liver fibrosis. Representative Sirius red-stained (collagen fibers) liver sections are shown, and the ImageJ-quantified stained area is presented (D).

aSMAmRNA levels were quantified, and 18S mRNA was used to normalize the Cq (E). aSMA and vimentin protein levels were evaluated by western blot analysis (F). Serum

ALT levels were assessed using a biochemical assay (G). Protein levels of caspase-3 (H) were determined by western blot analysis. Densitometry units are presented as fold

change compared with respective controls after normalization with GAPDH (F and H, n = 4–7). Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001 compared with control vector sham-treated mice.
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miR-155 regulates activation of HSCs

Next, we evaluated expression of miR-155 in activated HSCs and
found an increase in miR-155 levels in WT cells after 5 days of
418 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
in vitro culture (Figure 6A). To elucidate the role of miR-155 in regu-
lation of HSC activation, we carried out in vitro gain- and loss-of-
function mechanistic studies using LX-2 cells, a human HSC cell
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line. miR-155 overexpression using a miR-155 mimic induced in-
creases in miR-155 expression with or without TGF-b treatment in
LX-2 cells (Figure 6B). miR-155 overexpression in TGF-b-naive cells
resulted in a significant increase in the mRNA (Figure 6C) and pro-
tein levels (Figure 6D) of aSMA compared with negative control-
treated cells. A further significant increase in aSMA expression
(mRNA and protein) was found after TGF-b treatment in miR-
155-overexpressing cells compared with negative control cells
(Figures 6C and 6D). In contrast, miR-155 inhibition using a
miRNA-155-specific inhibitor (Figure 6E) resulted in a significant
decrease in TGF-b-induced aSMA mRNA (Figure 6F) and protein
expression (Figure 6G) compared with negative control-treated cells.
Activation of STAT3 in HSCs is associated with fibrogenesis,29 and
we found attenuated STAT3 signaling after miR-155 inhibition or
deletion in vivo (Figure 4). Consistent with the in vivo findings, we
found that in vitro overexpression of miR-155 promoted (Figure 6H)
whereas inhibition of miR-155 inhibited (Figure 6I) phosphorylation
of STAT3 in LX-2 cells with or without TGF-b treatment. Further, to
evaluate the role of STAT3 in miR-155-mediated HSC activation, a
small inhibitor of STAT3, Stattic, was used.30 Stattic is known to
inhibit dimerization, activation, and nuclear translocation of
STAT3.31 Our results indicated that the miR-155 inhibitor or Stattic
alone decreases phosphorylation of STAT3 in naive or TGF-b-treated
cells (Figure 6J). Cells treated with the miR-155 inhibitor and Stattic
showed a further decrease in activation of STAT3. No significant
changes in total STAT3 were found (Figure 6J). The miR-155 inhib-
itor or Stattic caused significant inhibition of TGF-b-induced aSMA
expression (Figure 6J). Collagen 1 levels were significantly decreased
in naive or TGF-b-treated cells after miR-155 inhibitor or Sttatic
treatment (Figure 6K). No further decrease in aSMA and collagen
1 protein levels was found in cells treated with the miR-155 inhibitor
and Sttatic compared with Sttatic-only-treated cells (Figures 6J and
6K). Altogether, these findings suggest a role of miR-155 in regulating
HSCs activation, partly via STAT3.

DISCUSSION
Advanced liver fibrosis and cirrhosis (the end stage of fibrosis) are
major causes of morbidity and mortality worldwide, and liver trans-
plantation is the only effective therapy.4,6 Fibrosis is a healing
response to liver injury caused by different etiologies of chronic liver
injury. Because liver fibrogenesis is a complex phenomenon with dy-
namic interactions between cellular andmolecular processes, defining
common mechanisms of liver fibrosis is a prerequisite for innovation
of new therapeutic targets. miRNA-based therapeutics are an
emerging area of research, and variousmiRNA therapies are currently
undergoing clinical trials.
Figure 4. miR-155 inhibition decreases activation of fibrotic genes in BDL-indu

WTmale mice received the control or miR-155 TuD rAAV8 vector followed by sham or B

after miR-155 inhibition (A) or deletion (B), as determined by ELISA from the serum sa

phosphorylated) and activation of STAT3. The protein levels of SMAD2/3 (C), phospho

western blot analysis. Densitometry units are presented as fold change compared with th

(E and F). Data are presented as mean ± SEM (n = 4–7). *p < 0.05, **p < 0.01, ***p < 0
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In this study, we demonstrated the therapeutic potential of miR-155
inhibition in liver fibrosis and identified its role in HSC activation.
miR-155 is highly expressed in immune cells and upregulated in
various cancers and chronic diseases.15 Here, we found upregulated
miR-155 expression in human livers with cirrhosis as well as in
mice after CCl4- or BDL-induced liver fibrosis. miR-155 KO mice ex-
hibited attenuation of CCl4 -induced chronic liver fibrosis. This was
further confirmed in BDL-induced liver fibrosis, where we found
attenuation of the fibrotic phenotype in miR-155 KO mice and after
therapeutic inhibition of miR-155 with anti-miR-155 TuD.

During liver injury, damaged hepatocytes, inflammatory factors, and
cytokines trigger the various signaling pathways involved in hepatic
fibrogenesis, which causes activation of aSMA and increased collagen
synthesis in HSCs.4,22 Our results revealed decreases in BDL- or CCl4-
induced cell death (ALT and cleaved caspase-3 levels) and attenuation
of aSMA expression in miR-155 KO mice. Previously, we reported
diminished diet-induced (NAFLD)19 or alcohol-induced (ALD;
alcohol associatde liver disease)11 liver injury in miR-155 KO mice,
suggesting a role of miR-155 in liver injury irrespective of etiology.

ECM degradation and remodeling are controlled by a fine balance be-
tween MMPs and TIMPs, a crucial step in resolution of liver fibrosis.
Depending on the cell injury milieu, MMPs either promote or resolve
fibrosis.32 In the CCl4 mouse model, MMP2-deficient mice have been
found to exhibit augmentation of liver fibrosis and TIMP1.22 Also,
MMP2 has been shown to inhibit type I collagen synthesis in activated
HSCs.32 It has been demonstrated that Kupffer cell (KC)-derived
MMP9 plays a key regulatory role in matrix remodeling and architec-
tural repair during fibrosis regression, and increased MMP9 expres-
sion is associated with faster resolution of fibrosis.33

Consistent with these reports, we found an increase in the active form
of MMP9 protein in miR-155 KO mice upon induction of advanced
fibrosis with CCl4. This was associated with decreases in procollagen
1a levels, hydroxyproline content, and Sirius red-stained collagen fi-
bers in miR-155 KO mice. During fibrosis resolution, elevation of the
ratio of MMP9/TIMP1 has been reported to promote fibrosis resolu-
tion.33 In accordance with this study, we found increased TIMP1
expression in miR-155 KO CCl4-treated mice. miR-155 has been
shown to regulate MMP2 and MMP9 levels either directly or indi-
rectly.34 MMP9 is highly expressed in KCs,33 and previously we
have demonstrated a role of miR-155 in KCs/macrophages.35 It is
plausible that enhanced MMP9 expression in miR-155 KO mice
may promote fibrosis resolution and could be one of the factors of
the observed phenotype in our study.
ced fibrosis

DL treatment as indicated above. An increase in TGF-b protein levels was prevented

mples. miR-155 inhibition caused a reduction in BDL-induced SMAD2/3 (total and

-SMAD2/3 (D), and STAT3 (total and phosphorylated, E and F) were determined by

e respective controls after normalization with either GAPDH (C and D) or total STAT3

.001, ****p < 0.0001 compared with control vector sham or sham WT mice.
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Figure 5. miR-155 KO HSCs display decreased markers of activation

An increase in expression of adipogenic genes was found inmiR-155 KOmice after CCl4 treatment. The expression of PPARg (A), LXRa (B), C/EBPa (C), and C/EBPb (D) was

measured from the livers by qRT-PCR (A, n = 6–8). HSCs isolated from miR-155 KO mice showed a decrease in activation markers and increase in fat droplets. HSCs from

WT or miR-155 KO chow-fed mice were cultured in vitro for the indicated times, and expression of aSMA (E), procollagen 1a (F), and LXRa, C/EBPb, PPARg, snail1, and

vimentin (G) was determined by qRT-PCR (n = pool of 12–15mice). 18SmRNAwas used to normalize the Cq values. BODIPY staining of HSCswas performed after 5 days of

in vitro culture (H). Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with control WT mice (A–D) or WT cells (E–H).
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miRNA-based therapeutics have advantages over existing RNA-
based therapies because miRNAs are naturally occurring molecules
and act by targeting multiple genes in one pathway, causing a
wider specific response.36 Currently, various miRNAs delivery
methods are being used, such as lipid nanoparticles, polymers,
viral vector systems, and exosomes. rAAV-mediated miRNA deliv-
ery is a simple and efficient way to explore the potential of
miRNA-based therapeutics in mammals.25 Our approach to
inhibit miRNA-155 function in the liver using the AAV8-anti-
miR-155 TuD vector was effective to ameliorate BDL-induced liver
fibrosis. Markers of liver injury, such as ALT and cleaved
caspase-3, and mesenchymal markers, such as vimentin, aSMA,
and Sirius red-stained collagen fibers, were reduced in anti-miR-
155 TuD mice. Indeed, these findings mirrored the phenotype of
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miR-155 KO mice (BDL or CCl4), suggesting an imperative role of
miR-155 in liver fibrosis.

TGF-b/SMAD signaling plays an essential role in fibrosis. Smad2/3
are the intracellular mediators of the TGF-b signal transduction
pathway, and activation of SMAD2/3 signaling promotes fibrosis by
regulating expression of various profibrotic genes.3 Our results re-
vealed attenuation of Smad2/3 expression (total and phosphorylated)
after therapeutic inhibition of miR-155 in vivo, which was associated
with reduced fibrosis.

HSCs play a pivotal role in development of liver fibrosis. During fibro-
genesis, HSCs are activated and differentiated into myofibroblasts, re-
sulting in increased amounts of ECM.7 Adipogenic transcription fac-
tors, such as PPARg, LXRa, C/EBPa, and C/EBPb, are highly
expressed in quiescent HSCs.7 Transcriptional silencing of the
PPARg gene is required for conversion of HSCs into myofibroblasts,
and we have demonstrated previously that miR-155 directly regulates
the PPARg gene.11 A decrease in hepatic PPARg levels has been re-
ported in fibrotic livers, and PPAR agonists have been shown to
improve liver fibrosis.37 Consistent with these studies, we found a
reduction in PPARg levels in WT mice, whereas miR-155 KO mice
exhibited a significant increase in its expression after CCl4 treatment.
Also, an increase in LXRa, C/EBPa, and C/EBPb transcripts was
observed in miR-155 KO mice. Because quiescent HSCs express
high levels of adipogenic factors, and miR-155 has been shown to
regulate them, we hypothesized that miR-155 regulates activation
of HSCs.

Our results revealed that miR-155 KO stellate cells are less fibrogenic
because expression of aSMA and procollagen 1a was decreased in
culture-activated miR-155 KO cells with or without TGF-b treatment.
Also, an increase in adipogenic transcription factors and decrease in
mesenchymal markers (vimentin and snail1) were detected in cul-
ture-activated miR-155 KO stellate cells. Consistent with these find-
ings, an increase in the number of quiescent HSCs was found in cul-
ture-activated miR-155 KO stellate cells. Collectively, our findings
suggest that miR-155 KO stellate cells are less activated, suggesting
a role of miR-155 in HSC activation.

The role of miR-155 in HSCs was further elucidated using LX-2 cells,
a human HSC cell line, and our in vitro results suggest that miR-155
regulates activation of stellate cells because overexpression of miR-
155 resulted in an increase in aSMA expression with or without
TGF-b treatment. Consistent with in vivo findings, where absence
of miR-155 (KO mice, CCl4 or BDL) or miR-155 inhibition in vivo
(anti-miR-155 TuD) caused a reduction in aSMA levels, in vitro in-
Figure 6. miR-155 regulates activation of HSCs

miR-155 expression was increased in WT- HSCs after in vitro culture. miR-155 levels we

cells caused an increase (C and D) or attenuation (F and G) of aSMA levels, respectively

Sttatic, a small inhibitor of STAT3, was used to inhibit activation of STAT3 (J). The prote

(K) were determined by western blot analysis. Densitometry units are presented as fold

STAT3 (n = 3–4). Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.0
hibition of miR-155 in LX-2 cells resulted in a decrease in aSMA
expression after TGF-b treatment. Our in vitro findings suggest
that miR-155 regulates STAT3 signaling because overexpression of
miR-155 in LX-2 cells induced STAT3 phosphorylation and vice
versa. Further, Stattic-mediated inhibition of STAT3 phosphorylation
caused attenuation of TGF-b-induced activation of LX-2 cells. These
findings corroborated previous studies, where activation of STAT3 in
HSCs has been shown to be associated with fibrogenesis.29,38 Our re-
sults further indicate a role of miR-155 in HSC activation via its ability
to modulate various genes of fibrogenesis.

The STAT3 signaling pathway integrates several profibrotic signals
and is a key mediator of liver fibrosis, and miR-155 has been shown
to activate STAT3 signaling.27,39 STAT3 overexpression has been
found in liver fibrosis, and its activation can have an anti- or pro-in-
flammatory effect because of its model-dependent and cell-specific
functions.27,29,38 Pharmacological inhibition of STAT3 has been
shown to attenuate development of liver fibrosis, suggesting that it
promotes fibrogenesis.27,30,38 In accordance with this, we found that
therapeutic inhibition of miR-155 (anti-miR-155 TuD mice) or defi-
ciency of miR-155 (KOmice) caused attenuation of the BDL-induced
increase in STAT3 phosphorylation and reduction in fibrosis.

Besides HSCs, KCs are core mediators in the pathogenesis of
chronic liver disease, and we have shown previously that macro-
phage miR-155 contributes to liver inflammation,35 and increased
miR-155 in KCs and hepatocytes is associated with steatohepatitis.11

The anti-miR-155 TuD vector is under control of the U6 promoter,
a strong ubiquitous promoter that should express in all/or most of
the cells.25 Considering the complexity of the in vivo system, it is
likely that the fibrotic phenotype we observed in the absence of
miR-155 (KO mice) or its inhibition (anti-miR-155 TuD) is a result
of its synergistic effects on different liver cell types (such as KCs,
HSCs, and hepatocytes), and on various genes (such as STAT3,
TGF-b/SMAD signaling, PPARg, LXRa, C/EBPa, C/EBPb,
MMPs, and aSMA) directly or indirectly. The role of miR-155 in
liver fibrosis seems to be independent of etiology because we have
shown previously that miR-155 KO mice exhibit attenuation of
early (alcohol)11 or mid-stage (diet; NASH20 or NAFLD19) liver
fibrosis, underscoring the hierarchy of miR-155 regulation. These
important criteria should be taken into consideration for miR-
155-based therapeutics.

Overall, our findings highlight miR-155 as an important regulator of
liver fibrosis via its ability to modulate multiple targets/cell types of
the fibrogenesis pathway. In conclusion, our results establish a role
of miR-155 in activation of HSCs and in promoting liver fibrosis.
re quantified using qRT-PCR (n = 6) (A). miR-155 overexpression or inhibition in LX-2

. miR-155 (B and E) and aSMA mRNA (C and F) levels were quantified by qRT-PCR.

in levels of aSMA (D, G, and J), STAT3 and phospho-STAT3 (H–J), and collagen 1

change compared with respective control cells after normalization with GAPDH or

01, ****p < 0.0001 compared with respective control cells.

Molecular Therapy: Nucleic Acids Vol. 33 September 2023 423

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
Therefore, therapeutic inhibition of miR-155 might be an effective
approach to ameliorate liver fibrosis.

MATERIALS AND METHODS
Mice and liver injury models

Eight- to twelve-week-old male C57Bl/6 WT or miR-155-deficient
(KO, total body) mice were used to carry out in vivo CCl4 studies.
The study was approved by the University of Massachusetts Medical
School (UMMS; Worcester, MA, USA) and Beth Israel Deaconess
Medical Center (BIDMC; Boston, MA, USA) institutional animal
use and care committees. The breeding pairs of miR-155 KO and
C56BL/6 WT control mice were obtained from the Jackson Labora-
tory (Bar Harbor, ME, USA). The colonies were maintained in the an-
imal facility of UMMS and BIDMC as described previously.11 To
induce chronic liver fibrosis, WT or miR-155 male KO mice (n =
6–9) were treated either with corn oil (vehicle control) or CCl4
(0.6 mL/kg intraperitoneally [i.p.]) twice weekly for 9 weeks. Mice
were sacrificed 72 h after the last CCl4 injection. For BDL, 10- to
14-week-old male mice (WT or miR-155 KO, n = 4–8) were used,
and the surgical procedure was performed as described previously.24

Briefly, mice were anesthetized with isoflurane, placed on the oper-
ating pad, and shaved. Shaved skin was disinfected with 70% ethanol,
a midline incision was made in the upper abdomen, and the common
bile duct was identified, isolated, and ligated with two surgical knots.
After irrigating the abdomen with 0.9% NaCl, the abdomen and peri-
toneum were closed with a running suture. Sham treatment was per-
formed similarly but without ligation of the bile duct. Animals were
monitored during recovery, and to reduce the depressant effects of
surgery on food and water consumption, they were treated with the
systemic analgesic agent buprenorphine (1.2 mg/kg).

At the conclusion of the experiment, blood was collected by cheek
bleeding, and mice were sacrificed. Liver tissues were harvested and
snap frozen for proteins and in RNAlater (QIAGEN, Germany) for
RNA extraction. All samples were stored at�80�C until further anal-
ysis. For AAV-mediated inhibition of miR-155 in vivo, 10- to
12-week-old male mice (WT, n = 4–7) were used, and 6 � 1011 viral
particles of rAAV8 containing either anti-miR-155 TuD or rAAV8-
scrambled (control) were administered intravenously 4 days prior
to initiation of BDL surgery (Figures S1A and S1B).25 Mice were sacri-
ficed 14 days after surgery.

Histopathology

A portion of the liver tissue was fixed in 10% phosphate-buffered
formalin, embedded in paraffin blocks, and processed for histological
analysis. Sections were stained with Sirius red using standard proto-
cols. The slides were observed under light microscopy at 4� magni-
fication. Quantification of Sirius red staining was performed using
ImageJ software.40

Human samples

Human liver samples were obtained from the National Institutes of
Health Liver Tissue Cell Distribution System (Minneapolis, MN,
USA). Liver samples were from patients with alcohol-associated
424 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
cirrhosis (n = 10), HCV patients with cirrhosis (n = 12), and respec-
tive controls.

Cell culture and transfection

LX-2 cells were cultured in DMEM low-glucose medium containing
2% fetal bovine serum (FBS) and 1% antibiotics as described previ-
ously.41 LX-2 cells were kindly gifted by Dr. Scot Friedman (Mount
Sinai School of Medicine, New York, NY, USA). For transfection
studies, cells were transfected either with miRNA mimic negative
control #1 (negative control) or miR-155 mimic at 6 pmol or miRNA
inhibitor negative control #1 (negative control) or miR-155-inhibitor
at 30 pmol for 24 h using Lipofectamine RNAi Max reagent (Thermo
Fisher Scientific). The concentrations of the miRNA mimic and in-
hibitors were used according to the manufacturer’s recommendations
(Thermo Fisher Scientific). 24 h after transfection, cells were treated
with 10 ng/mL TGF-b for 48 h or left untreated. At the end of treat-
ments, the medium was removed, and cells were washed with 1� PBS
twice and lysed with Qiazol for total RNA or whole-cell protein
extraction. For STAT3 inhibition, 24 h after transfection with the
miR-155 inhibitor or negative control (30 pmol), LX-2 cells were
treated with 10 mM Stattic (a small-molecule inhibitor of STAT3 acti-
vation)30 with or without TGF-b for 48 h or left untreated, and cells
were lysed and used for western blot analysis.

HSC isolation

HSCs were isolated from WT and miR-155 KO chow-fed mice by in
situ liver perfusion using 0.075% collagenase as described previ-
ously.42 Briefly, after cannulation of the portal vein, livers were
perfused in situ with 1� EGTA perfusion buffer for 5 min at 37�C
at a flow rate of 5.5 mL/min and perfused with digestion buffer I
(0.075% collagenase in GBSS) for �10 min. The perfused liver was
removed, placed into a sterile Petri dish in digestion buffer II
(0.009% collagenase in GBSS), and further disintegrated with sterile
scissors. The suspension was transferred to a 50-mL conical tube con-
taining digestion buffer II and incubated at 37�C in a rotating incu-
bator (150–200 rpm) for 20–30 min. After incubation, the suspension
was filtered using a 70-mm cell strainer (BD Biosciences), and the
filtrate was diluted with GBSS to 50 mL and centrifuged at 500 rpm
for 5 min at room temperature. The supernatant was transferred to
a new tube and centrifuged, and this step was repeated twice to re-
move hepatocytes. The last centrifugation step was performed at
2,000 rpm for 10 min at 4�C. The supernatant was discarded, the
cell pellet was suspended in GBSS and transferred to a new 15-mL
tube, and then centrifugation was performed at 1,600 rpm for
10 min at 4�C. HSCs were purified via differential centrifugation us-
ing OptiPrep density gradients (Sigma, USA). The supernatant was
removed carefully, and the cell pellet was suspended in 15%
OptiPrep andmixed gently (layer 1). After this, 11.5%OptiPrep (layer
2) was added very slowly to layer 1 so that the two layers did not mix.
On the top of layer 2, GBSS washing buffer was added (layer 3), and
the tubes were centrifuged at 3,000 rpm for 17 min at 4�C. The cell
fraction at the interface of layer 2 and layer 3 was gently transferred
to a new 15-mL tube. The cell suspension was diluted in GBSS
washing buffer and centrifuged at 1,600 rpm for 10 min at 4�C, and
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this step was repeated twice. After the second wash, the cell pellet was
suspended in culture medium in a laminar hood and plated at a den-
sity of 5 � 104 cells/well onto 6-well plates in RPMI 1640 medium
containing 10% FBS, 10% horse serum (Gibco, 26050-088), and 1%
antibiotics for indicated times. The cells were harvested on day 1,
day 3, and day 5 for total RNA isolation. On day 3 and day 5, cells
were either treated with 5 ng/mL TGF-b or left untreated.

BODIPY staining

For staining of neutral lipids, primary HSCs were isolated from WT
and miR-155 KO chow diet-fed mice and cultured for 5 days as
described above. On day 5, cells were washed with 1� PBS twice
and incubated with BODIPY 493/503 reagent (Thermo Fisher Scien-
tific, catalog number D3922) at a concentration of 1 mM for 20 min.
Cells were stained with DAPI for nuclei (1: 10,000) and observed un-
der a microscope at 20� magnification (Evon).

Enzyme-linked immunosorbent assay (ELISA)

Protein levels of TIMP1 and TGF-b were measured from serum sam-
ples using ELISA according to the manufacturer’s instructions (R&D
Systems).

Biochemical analysis

ALT levels were measured from serum samples using a kinetic
method (TECO Diagnostics, catalog number A560-240) according
to the manufacturer’s instructions. Bilirubin levels were determined
from serum using the Bilirubin Colorimetric Assay Kit (Sigma, cata-
log number MAK126) according to the manufacturer’s instructions.

Hydroxyproline assay

The collagen content was evaluated by quantification of the hydroxy-
proline amount from the liver tissues as described previously.11

Briefly, liver tissues were homogenized in water, and 12 N HCl was
added to hydrolyze the samples in a glass tube at 120�C for 3 h, fol-
lowed by measurement according to manufacturer’s instructions
(BioVision, K555-100). Hydroxyproline levels were calculated against
standard curves of 4-hydroxy-L-proline and expressed as micrograms
of hydroxyproline per gram of liver tissue.

Western blot analysis

Whole-cell lysates were extracted from the frozen liver tissues or cells
as described previously,20 and an equal amount of protein was used
for western blotting. The denatured samples were separated in poly-
acrylamide gel, transferred onto a nitrocellulose membrane, and
probed with specific primary antibodies, followed by horseradish
peroxidase (HRP)-labeled secondary antibodies. Primary antibodies
for a smooth muscle actin (Abcam, MA, USA, catalog number
ab15734), MMP2 (Abcam, catalog number 92536), MMP9 (Abcam,
catalog number 38898), caspase-3 (Cell Signaling Technology, MA,
USA), vimentin (CST, catalog number 5741S), STAT3 (CST, catalog
number 12640), phospho-STAT3 (CST, catalog number 9145),
SMAD2/3 (CST, catalog number 8685), p-SMAD2/3 (CST, catalog
number 8828), collagen 1 (Abcam, catalog number ab138492), and
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Proteintech,
catalog number 60004-1-Ig) were used.

RNA extraction and quantitative reverse-transcriptase

polymerase chain reaction (qRT-PCR)

Total RNA was extracted from the livers or cells using the Direct-zol
RNAMiniPrep Kit with on-column DNA digestion (Zymo Research,
CA, USA) as described previously.11 For mRNA analysis, cDNA was
transcribed from total RNA using iScript Reverse Transcription
Supermix for qRT-PCR (Bio-Rad, Hercules, CA, USA). Quantitative
real-time PCR was performed using iCycler (Bio-Rad). The mean of
the quantification cycle (Cq) of all samples was normalized to 18S
mRNA expression, and relative expression was calculated by the
DDCt method. Primer sequences were the same as we have described
previously.11 For miRNA quantification, cDNA synthesis and qRT-
PCR were performed from total RNA using TaqMan miRNA assays
(Applied Biosystems, USA). Cq of the target miRNA was normalized
either with small nucleolar RNA (snoRNA)-202 (mouse) or RNU48
(human) Cq. For detection of pri-miR-155, cDNA was generated us-
ing iScript Reverse Transcription Supermix for qRT-PCR (Bio-Rad),
and TaqMan primers and probes specific for mmu-pri-miR-155-
FAM and mouse GAPDH-fluorescein (FAM) (control) were used
(Applied Biosystems, USA). The qPCR, western blot, and in-vitro ex-
periments were performed with independent replicates.

Statistical analysis

Statistical significance was determined using either Mann-Whitney
test or one-way ANOVA. Data are shown asmean ± SEM and consid-
ered statistically significant at p < 0.05. GraphPad Prism software v.7
or v.8 was used for analysis.
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