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Steatosis prevention and treatment
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Highlights Lay summary
e Human and mouse fatty livers have elevated miR- This study examines the metabolic role of a tumor
22, but reduced FGF21, FGFR1, and PGC1o. suppressor, miR-22, that can be induced by metabolic

stimulators such as bile acids. Our novel data revealed
that the metabolic silencing effect of miR-22 occurs as
e MiR-22 inhibits FGF21 expression by reducing a result of reductions in metabolic stimulators, which
recruitment of PPARy and PGCla to their binding likely contribute to the development of fatty liver.
motifs. Consistent with this finding, an miR-22 inhibitor
effectively reversed both alcohol- and diet-induced
* Hepatic miR-22 silencing could be a novel approach  fatty liver; miR-22 inhibition is a promising thera-
to treat metabolic diseases including steatosis. peutic option which could be used in combination
with obeticholic acid.

e FGFR1 is a novel target of miR-22.

e miR-22 inhibitor improves the efficacy of FGF21
activators such as obeticholic acid.
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Background & Aims: Metabolism supports cell proliferation and growth. Surprisingly, the tumor suppressor miR-22 is
induced by metabolic stimulators like bile acids. Thus, this study examines whether miR-22 could be a metabolic silencer.
Methods: The relationship between miR-22 and the expression of fibroblast growth factor 21 (FGF21) and its receptor FGFR1
was studied in cells and fatty livers obtained from patients and mouse models. We evaluated the effect of an miR-22 inhibitor
alone and in combination with obeticholic acid (OCA) for the treatment of steatosis.

Results: The levels of miR-22 were inversely correlated with those of FGF21, FGFR1, and PGC1¢ in human and mouse fatty
livers, suggesting that hepatic miR-22 acts as a metabolic silencer. Indeed, miR-22 reduced FGFR1 by direct targeting and
decreased FGF21 by reducing the recruitment of PPARa and PGCla to their binding motifs. In contrast, an miR-22 inhibitor
increases hepatic FGF21 and FGFR1, leading to AMPK and ERK1/2 activation, which was effective in treating alcoholic steatosis
in mouse models. The farnesoid x receptor-agonist OCA induced FGF21 and FGFR1, as well as their inhibitor miR-22. An miR-
22 inhibitor and OCA were effective in treating diet-induced steatosis, both alone and in combination. The combined treat-
ment was the most effective at improving insulin sensitivity, releasing glucagon-like peptide 1, and reducing hepatic tri-
glyceride in obese mice.

Conclusion: The simultaneous induction of miR-22, FGF21 and FGFR1 by metabolic stimulators may maintain FGF21
homeostasis and restrict ERK1/2 activation. Reducing miR-22 enhances hepatic FGF21 and activates AMPK, which could be a
novel approach to treat steatosis and insulin resistance.

© 2020 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
miR-22 is highly conserved across vertebrate species and its
expression is ubiquitously expressed in various organs.'”> Our
published data revealed that miR-22 is a tumor suppressor
that silences Cyclin A2 and multiple protein deacetylases,
including histone deacetylase (HDAC) 1 and 4 as well as sirtuin 1
(SIRT1).%> miR-22 can be induced by chemicals that have both
anti-cancer and metabolic effects, such as bile acids, retinoic acid,
HDAC inhibitors including butyrate, propionate, valerate, and
suberanilohydroxamic acid.* ' Thus, miR-22 expression may be
linked to metabolic status. This study analyzes the potential role
of miR-22 in metabolism and metabolic disease treatment.
Fibroblast growth factor 21 (FGF21) is a master metabolic
regulator and treatment target for metabolic diseases, including
type 2 diabetes."" "' The action of FGF21 is mediated via its re-
ceptor FGFR1.'""'® FGFR1 has been identified as an obesity
candidate gene that regulates metabolism and controls food
intake.'>'”'® Deficiency in FGFR1 terminates the intracellular

Keywords: Steatosis; insulin sensitivity; alcoholic steatosis; non-alcoholic steatohe-
patitis; metabolic syndrome; obeticholic acid.
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transduction of FGF21 signaling in adipocytes, leading to reduced
fatty acid oxidation and energy expenditure.”>'” FGFR1 is
reduced in both liver and white adipose tissue of obese mice, and
an FGFR1-specific antibody ameliorates obesity and glucose
intolerance in diet-induced obese mice.'®-2°

Mechanistically, FGF21 activates AMPK and hepatic PPAR-
activated receptor-y coactivator-1a. (PGCla), a transcriptional
coactivator required for fatty acid oxidation and gluconeogenic
pathways, to improve metabolism and insulin sensitivity.*!
ERK1/2 activation is also a downstream effect of FGF21 activa-
tion. Thus, FGF21 has a regenerative capability and can repair the
liver.”?* Based on the significance of FGF21 in supporting both
metabolism and proliferation, it is crucial to understand the
regulation of FGF21 signaling. The mechanism by which the
expression of FGFR1 is regulated in the liver is largely unknown;
the regulation of FGF21 has been extensively studied. Hepatic
FGF21 expression is controlled by peroxisome proliferator-
activated receptor o (PPARx).*** In addition, many nuclear
receptors have been implicated in the regulation of hepatic
FGF21: farnesoid x receptor (FXR), retinoic acid receptor
B (RARB), retinoid-related orphan receptor o, and NUR77.26-%8
Interestingly, all the miR-22 inducers that we have studied,
including bile acids, retinoic acid, and butyrate, can induce he-
patic FGF21 as well.?®?729 Thus, we investigated whether miR-22
regulates FGF21 and FGFRI1.
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Our data revealed that miR-22 directly targeted FGFRI.
Additionally, miR-22 inhibited FGF21 expression by reducing the
occupancy of transcriptional factors to the FGF21 regulatory re-
gion. Adenoviral delivery of an miR-22 inhibitor induced hepatic
FGF21 and FGFR1, leading to AMPK and ERK1/2 activation, and
thus improved alcohol-induced steatosis. In addition, the miR-22
inhibitor was as effective as obeticholic acid (OCA) in steatosis
treatment. Moreover, the miR-22 inhibitor plus OCA induced the
greatest improvement in insulin sensitivity, glucagon-like pep-
tide-1 (GLP-1) release and reduced hepatic triglyceride levels in
mice with diet-induced obesity. Thus, miR-22 is a tumor sup-
pressor and a metabolic silencer. Inhibition of miR-22 is a po-
tential treatment for hepatic steatosis.

Materials and methods

Human liver specimens

Human fatty livers with fat content between 10% and 70%, as
well as normal livers with fat content of <5%, were obtained from
the Gastrointestinal Biorepository at UC Davis. The tissue pro-
curement process was approved by the UC Davis Institutional
Review Board (No. 856092) and informed consent was obtained
from all participants. The patients that enrolled in our study
consisted entirely of obese individuals with most having a his-
tory of alcohol consumption. Steatosis was graded by a pathol-
ogist from 0 to 3 based on fat content: grade 0 (normal) <5%,
grade 1 (mild) = 5%~33%, grade 2 (moderate) = 34%~66%, and
grade 3 (severe) 267% of hepatocytes having lipid.?° Because only
1 patient was grade 3, patients with grade 2-3 were grouped
together. The patient information is included in Table S1.

Cell treatment and infection

Huh7 cells (Cat. JCRB0403) were obtained from Japanese
Collection of Research Bioresources in 2009 and authenticated
by short tandem repeat DNA profiling. Cells were maintained in
DMEM with 10% FBS (Atlanta Biologicals, Inc. Flowery Branch,
GA, USA). For OCA treatment, cells were treated with DMSO,
OCA (5 or 20 pM; Apexbio Technology LLC, Houston, TX, USA) in
serum-free media for 6 h. For adenovirus transduction, cells
were infected with adenovirus-GFP (negative control), adeno-
viral-miR-22-GFP, or adenoviral-miR-22 inhibitor-GFP (Applied
Biological Materials Inc., Richmond, BC, USA) in DMEM with 2%
FBS when the confluency reached 50%. The infection efficiency
was evaluated by the percentage of GFP-positive cells. At 48 h
post-infection, the infected cells were collected for RNA and
protein extraction or subjected to further treatment or lucif-
erase assay when the transduction efficiency was >80%. Primary
human hepatocytes (PHHs) (Sekisui XenoTech LLC; Cat. CHPOS,
Kansas City, KS, USA) were maintained in OptiCulture hepato-
cyte media (Sekisui XenoTech LLC). For OCA treatment, PHHs
were treated with DMSO, as a control, or OCA (5 or 20 uM;
Apexbio Technology LLC) for 6 h. For adenovirus transduction,
PHHs were infected by adenovirus-GFP (negative control), or
adenoviral-miR-22 inhibitor-GFP for 48 h. When the trans-
duction efficiency reached 80%, cells were subjected to DMSO or
OCA (5 pM, Apexbio Technology LLC) treatment in serum-free
media for 6 h, followed by RNA extraction.

Mice
C57BL/6 wild-type male and female mice (Charles River Labo-
ratories, Inc.,, Wilmington, MA, USA) were housed in regular

Research article

filter-top cages at 22°C with a 12 h:12 h light cycle. Animal ex-
periments were conducted in accordance with the National In-
stitutes of Health Guide for the Care and Use of Laboratory
Animals under protocols approved by the Institutional Animal
Care and Use Committee of the University of California, Davis.

Diet-induced steatosis models and treatments

Male mice were fed a Western diet (WD, 21% fat, 34% sucrose,
and 0.2% cholesterol, w/w) or control diet (5% fat, 12% sucrose,
and 0.01% cholesterol, w/w; Harlan Teklad, Indianapolis, IN, USA)
after weaning (3 weeks). To study the effect of miR-22 on hepatic
fat content, mice were fed with a WD after weaning to induce
steatosis. When WD-fed mice were 3 months old, they received 3
doses of adenovirus-GFP (negative control) or adenoviral-miR-
22-GFP (miR-22, 1x10° PFU; Applied Biological Materials Inc.) via
tail vein injection over 10 days. To study the effect of the miR-22
inhibitor and/or OCA on steatosis, mice were fed a WD after
weaning until they were 7 months old. Then, those WD-fed mice
were randomly assigned to receive one of the following treat-
ments: i) vehicle (0.5% carboxyl methyl cellulose sodium, Milli-
poreSigma, Burlington, MA, USA), ii) OCA (10 pg/gram body
weight, daily, oral gavage; Apexbio Technology LLC), iii)
adenovirus-GFP, iv) adenoviral-oligonucleotide miR-22 inhibitor-
GFP (miR-22 inhibitor, 1x10° PFU, tail vein injection, once a week;
Applied Biological Materials Inc.), or v) a combination of OCA and
miR-22 inhibitor for 3 weeks. Age- and sex-matched mice fed a
healthy control diet were included to compare the treatment
effect. WD feeding was continued during the interventions. All
the mice were euthanized 1 day after the last dose.

Alcohol-induced steatosis models and treatments
Three-month-old male mice were initially fed a control Lieber-
DeCarli diet (F1259SP, Bio-Serv, Flemington, NJ, USA) ad libitum
for 5 days followed by 5% alcohol supplementation for 21 days
(F1258SP, Bio-Serv). The alcohol-fed mice received adenovirus-
GFP (negative control), miR-22, or miR-22 inhibitor (1x10°
plaque-forming units [PFUs], tail vein injection, 3 times over 10
days). The same diet was given during the interventions. All the
mice were euthanized 1 day after the last viral injection.

Mouse hepatocytes and non-parenchymal cell isolation

Hepatocytes and non-parenchymal cells (NPCs) were isolated
from 5-month old C57BL/6 male mice fed either a control healthy
diet or a WD since they were 3-weeks old. Liver perfusion was
done using a two-step collagenase perfusion method described
below.>! Peripheral blood and cells were flushed from the liver in
Hank’s balanced salt solution followed by perfusion using the
collagenase digestion solution. Then, the liver was removed and
mechanically dissociated. The acquired cell suspension was
filtered through a 100 pm cell mesh followed by centrifugation at
50 x g for 5 min at 4°C to obtain hepatocytes. Mixed NPCs from
the supernatant were collected by centrifugation at 500 x g for 10
min at 4°C and further enriched by density gradient centrifuga-
tion with 20% iodixanol at 1,500 x g for 25 min at room tem-
perature. After washing, primary hepatocytes and NPCs that
contain different NPC types were harvested for RNA isolation. The
purity of the cells was validated using reverse-transcription PCR
(RT-PCR) to detect the expression of cell type-specific markers.
Those markers are albumin (Alb) and fatty acid binding protein 1
(Fabp1) for hepatocytes; c-type Lectin domain family 4, member F
(Clec4f), and CD5 molecule like (Cd5l) for Kupffer cells; platelet
derived growth factor receptor B (Pdgfrb) and collagen type 1o 1
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Fig. 1. Elevated miR-22 is accompanied by reduced CCNA2, FGF21, FGFR1, and PGC1x in human and mouse steatosis livers. (A) Hepatic miR-22, CCNA2, FGF21,
FGFR1, and PGC1a mRNA levels as well as serum FGF21 concentrations in healthy people and patients with fatty liver. Steatosis was graded by a pathologist based
on fat content: grade 0 (normal) <5%; grade 1 (mild) = 5%~33%; grade 2 (moderate) = 34%~66%; grade 3 (severe) 267%, n = 8-9 livers per group. Because only 1
patient had a steatosis score >3, the patients with steatosis grade 2 and 3 were grouped together. One-way ANOVA with Tukey’s t test. *p <0.05, **p <0.01, ***p
<0.001. (B) Relationships between the expression levels of indicated genes and hepatic fat content; (C) Hepatic miR-22, Ccna2, Fgf21, Fgfr1, and Pgc1a mRNA levels
as well as serum FGF21 concentrations in CD- or WD-fed male mice after 6 months of WD feeding. n = 8 mice per group. Two-tailed Student’s t test. *p <0.05, **p
<0.01, ***p <0.001. (D) Liver histology revealed that miR-22 promotes fat deposition in diet- and alcohol-induced fatty liver models. WD-fed mice (3-months old)
received adenovirus control, or miR-22 (1x10° PFU, via tail vein, 3 times in 10 days) after 10 weeks of WD feeding. For the alcoholic steatosis model, 3-month-old
male mice were fed a Liber DeCarli diet supplemented with and without 5% alcohol for 3 weeks. The mice received adenovirus control or miR-22 (1x10° PFU, via
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Fig. 2. The mechanisms by which miR-22 reduces FGFR1 and FGF21. (A) The levels of indicated proteins and mRNAs in Huh7 cells at 48 h post adenoviral-miR-
22 (miR-22) or negative adenoviral (control) infection. (B) miR-22, which is conserved between humans and mice, partially pairs with the 3’-UTR of the FGFR1
gene. Adenovirus negative control (control), adenoviral-miR-22 (miR-22), or adenoviral-miR-22 inhibitor (miR-22 inhibitor) were used to infect Huh7 cells for 48 h
before transfection with reporter constructs containing the 3’-UTR of the FGF21 or FGFR1 cloned into psiCHECK2. psiCHECK2 without the insert was used as a
negative control. Reporter assays revealed that miR-22 reduced the luciferase activity driven by the FGFR1 3’-UTR, but not by the FGF21 3'-UTR. Thus, miR-22
directly silences FGFR1 expression. (C) PPARx and PGC1a. protein levels in Huh7 cells at 48 h post-infection of control or miR-22. (D) There are 2 PPREs present in
the regulatory region of both the human and mouse FGF21 gene. (E) Huh7 cells were infected with miR-22 or control followed by chromatin isolation. Chromatin
immunoprecipitation was performed on cell lysates using the indicated antibodies followed by qPCR using FGF21-specific primers. Binding was expressed relative
to the IgG antibody that was used as a negative control. Chromatin immunoprecipitation-qPCR data revealed that miR-22 reduced the recruitment of PPARo and
PGCla to the PPREs. Data are presented as the mean + SD with **p <0.01; ***p <0.001. Two-tailed Student’s t test. 3’-UTR, 3’ untranslated region; PPREs,

peroxisome proliferative-response elements.

depicting the mean + SD. Statistical significance between 2
groups was evaluated by a 2-tailed Student’s t-test. One-way
ANOVA followed by Tukey’s t-test was used to compare the

chain (Collal) for stellate cells; and tyrosine kinase with
immunoglobulin-like and EGF-like domains 1 (Tiel) and TEK re-
ceptor tyrosine kinase (Tek) for endothelial cells.>!~>3

Materials and procedures for gene expression quantification,
vector construction and luciferase reporter assay, hepatic and
serum biochemistry analysis, insulin tolerance test, chromatin

statistical difference among multiple groups. Associations were
analyzed by linear regression. A value of p <0.05 was considered
statistically significant.

immunoprecipitation-qPCR, Western blot, and immunohisto-
chemistry are described in detail in the supplementary
materials.

Results

The expression levels of miR-22 and FGF21, FGFR1, as well as
PGC1a are inversely correlated in fatty livers

The expression levels of miR-22, FGF21, FGFR1, and PGCla were
studied in human livers containing different amounts of fat to

Statistical analysis
Statistical analysis was performed using GraphPad Prism soft-
ware v8.2.1. Data are shown as individual points or bars

tail vein, 3 times in 10 days). The same diet was given during the interventions. Representative H&E-stained liver sections are presented. Scale bar indicates 100
um. (E) The expression levels of miR-22, Fgf21, Fgfr1, and Pgc1o mRNA levels in hepatocytes (Hepa) and NPCs of CD- or WD-fed male mice. Data = mean + SD, n =4.
One-way ANOVA with Tukey’s t test. *p <0.05, **p <0.01, ***p <0.001. CD, control diet; NPCs, non-parenchymal cells; PFUs, plaque-forming units; WD, Western diet.
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Fig. 3. The miR-22 inhibitor treats alcoholic steatosis by inducing FGF21-mediated AMPK activation. Three-month-old C57BL/6 male mice were fed a Liber
DeCarli diet supplemented with and without 5% alcohol for 3 weeks. The alcohol-fed mice were treated with miR-22 inhibitor (1x10° PFU, via tail vein, 3 times
over 10 days) or adenovirus serving as a negative control. All the mice were euthanized 1 day after the last viral injection. The same diet was given during the
interventions. (A) Representative H&E-stained liver sections; (B) steatosis scores; (C) hepatic cholesterol level; (D) hepatic triglyceride level; and (E) hepatic miR-
22 as well as the indicated mRNA and protein levels in each group. Hepatic fat content was scored as 0 (<5%), 1 (5-33%), 2 (34-66%), and 3 (>67%). Scale bar in the
micrograph of liver section indicates 100 um. Data are shown as mean * SD. One-way ANOVA with Tukey’s t est. *p <0.05, **p <0.01, ***p <0.001 (n = 4-12 for each

group).

understand the potential role of miR-22 in fatty liver. Hepatic
miR-22 levels were significantly higher in human fatty livers
compared to normal livers, whereas CCNA2, a target of miR-22,
was reduced in fatty livers (Fig. 1A). Furthermore, miR-22 levels
were positively associated with steatosis severity (R = 0.8360)
(Fig. 1B). In contrast to elevated miR-22, FGF21 and FGFR1 levels
were progressively lower with increased hepatic fat content
(Fig. 1A). Moreover, there was a significant inverse relationship
between the gene expression of FGF21 and FGFR1 and fat con-
tent (R = 0.7109 for FGF21, R = 0.7815 for FGFR1) (Fig. 1B). In
addition, PGC1a, the downstream regulator of mitochondrial
biogenesis, was also reduced in human fatty livers (Fig. 1).
Similar to the human data, WD-fed mice also had increased
hepatic miR-22 levels but reduced Ccna2, Fgf21, Fgfrl, and Pgcl
mRNA levels after 5 months of WD intake (Fig. 1C). Serum FGF21
levels in patients with fatty liver and WD-fed mice were also
studied as increased serum FGF21 level is a potential biomarker
for metabolic disorders.>*>> Consistent with published findings,
elevated serum FGF21 levels were found in both human patients
and obese mice with fatty livers (Fig. 1A and C).

JHEP Reports 2020 vol. 2 | 100093

To further analyze the role of miR-22 in regulating hepatic
metabolism, we studied the effect of miR-22 in treating diet- and
alcohol-induced steatosis in mice. Histological data revealed that
WD-fed mice developed mild steatosis when they were 3
months old and adenovirus-delivered miR-22 further increased
steatosis, revealing macrovesicular fat deposition (Fig. 1D, upper
panel). miR-22 delivery also increased hepatic steatosis in
alcohol-fed mouse models (Fig. 1D, lower panel). Together, miR-
22 overexpression leads to steatosis.

To determine if miR-22 was induced only in the hepatocytes,
mouse hepatocytes and NPCs were isolated from control diet-
and WD-fed mice when they were 5 months old. The purity of
the cells was validated by quantification of cell type-specific
markers by RT-PCR (Fig. S1). The data shows that hepatocytes
had enriched Alb and Fabpl mRNA levels, which were not
affected by WD intake; whereas NPCs had elevated stellate cell
markers Pdgrfb and Collal mRNA levels, which were further
increased due to WD intake. Moreover, Kupffer cell markers
Clec4f and Cd5l as well as endothelial cell markers Tiel and Tek
were predominantly expressed in NPCs. The results also
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human hepatocytes; RT-PCR, reverse transcription PCR.

showed that WD intake elevated miR-22 in both hepatocytes
and NPCs. Moreover, the induction of miR-22 was accompanied
by reduced Fgf21, Fgfr1l, and Pgclo mRNA in both hepatocytes
and NPCs.

FGFR1 is a direct target of miR-22

To establish the relationship between miR-22 and FGF21
signaling, human liver Huh7 cells were infected with miR-22 for
48 h. miR-22 infection reduced FGF21 and FGFR1 at both the
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mRNA and protein levels, leading to AMPK and ERK1/2 deacti-
vation without altering the level of total AMPK or ERK1/2
(Fig. 2A). Based on the ability of miR-22 to silence both FGF21 and
its receptor, these findings strongly suggest that hepatic miR-22
is a metabolic silencer.

The Sanger miRBase database (http://microrna.sanger.ac.uk)
predicts the presence of a highly conserved site for miR-22 to

bind to the 3’ untranslated region (3'-UTR) of the FGFR1 gene
(Fig. 2B). In vitro functional assays were performed using the
luciferase reporter containing the miR-22 recognition sequence
found in the FGFR1 gene. miR-22 infection decreased luciferase
activity, whereas the miR-22 inhibitor increased it (Fig. 2B). To
test whether miR-22 targets FGF21, the entire 3’-UTR of the FGF21
gene (105 bp) was cloned and assayed. The data showed that
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neither miR-22 nor miR-22 inhibitor changed the luciferase ac-
tivity (Fig. 2B), indicating FGF21 is not a direct target of miR-22.
Thus, miR-22 reduces FGF21 expression through a different
mechanism.

miR-22 reduces FGF21 via decreased recruitment of PPARqa
and PGC1a to the FGF21 regulatory region

miR-22 overexpression reduced PPARy and PGCla in Huh7 cells,
which further indicates its metabolic silencing effect (Fig. 2C).
Because PPARu is a key transcription factor for hepatic FGF21, we
tested whether inhibition of FGF21 expression by miR-22 might
in part be due to PPARa and PGCla reduction. Indeed, a chro-
matin immunoprecipitation-qPCR assay revealed that the occu-
pancy of PPARa and PGCla in both the peroxisome proliferative-
response elements (PPREs) located in the regulatory region of
the FGF21 was substantially reduced because of miR-22 over-
expression in Huh7 cells (Fig. 2D, E).

Inhibiting miR-22 reverses alcoholic steatosis

The effect of the miR-22 inhibitor in treating alcoholic steatosis
was studied. Morphological data showed that alcohol-fed mice
developed steatosis (Fig. 3A, B). In addition, alcohol increased
hepatic cholesterol and triglyceride content by about 50%
compared to pair-fed control mice (Fig. 3C, D). Strikingly, the miR-
22 inhibitor effectively eliminated alcohol-induced fat deposition
and normalized hepatic cholesterol and triglyceride levels
(Fig. 3A-D), indicating its effectiveness in treating steatosis.

An miR-22 inhibitor induces hepatic FGF21 signaling and
facilitates lipid metabolism

In alcohol-induced fatty livers, miR-22 was induced and CCNA2
protein level was decreased compared with healthy livers.

Moreover, hepatic Fgf21 and Pgc1 mRNA levels were reduced, but
Fgfr1 mRNA level was modestly increased in the fatty livers. This
inverse relationship between miR-22 and Fgf21 expression is
consistent with the data generated in human fatty livers.
Importantly, the miR-22 inhibitor increased both FGF21 and
FGFR1 at the mRNA and protein levels, leading to AMPK and
ERK1/2 activation (Fig. 3E). Consistent with our histological data,
the miR-22 inhibitor also reduced hepatic CD36 and FASN, thus
showing a beneficial treatment effect (Fig. 3E).

The miR-22 inhibitor is non-toxic and has no effect on hepatic
proliferation in healthy mice

Because miR-22 expression is reduced in both liver and colon
cancer,* we studied the potential cell proliferative effect of the
miR-22 inhibitor in healthy mice. After 4 months of adenovirus or
miR-22 inhibitor treatment, there was no difference in body
weight gain or liver-to-body weight ratio between the 2 experi-
mental groups in both sexes (Fig. S2A). Moreover, miR-22 inhibitor
delivery did not alter serum alkaline phosphatase (ALP), alanine
aminotransferase (ALT), and lipopolysaccharide (LPS) (Fig. S2A).
However, the miR-22 inhibitor reduced the fasting blood glucose
level in male mice, suggesting a metabolic benefit even under
healthy conditions (Fig. S2A). In addition, the miR-22 inhibitor did
not promote liver cell proliferation as revealed by Ki-67 staining
(Fig. S2B). Together, these data show that the miR-22 inhibitor did
not induce hepatocyte proliferation or toxicity.

OCA simultaneously induces the metabolic silencer miR-22 as
well as FGF21 and FGFR1

As a metabolic silencer, miR-22 is ironically induced by the FXR
agonists GW6046 and chenodeoxycholic acid.* Consistent with
this, OCA induced miR-22 expression within 6 h in Huh7 cells.
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Moreover, this induction was accompanied by increased mRNA
and protein levels of FGF21 and FGFR1 as well as PGC1a, leading
to activated AMPK and ERK1/2 (Fig. 4A,B). The simultaneous
induction of miR-22 and FGF21 due to FXR activation may restrict
FGF21-mediated ERK1/2 over-activation, thereby maintaining
FGF21 homeostasis.

To analyze the potential effect of miR-22 in regulating meta-
bolism and growth, the miR-22 inhibitor was used in conjunction
with OCA treatment. Western blot data revealed that the miR-22
inhibitor and OCA had the same effects on increasing FGF21,
FGFR1, P-AMPK, and P-ERK1/2. Additionally, when the miR-22
inhibitor and OCA were used together, the levels of all those
proteins were further increased compared to single reagent
treatment (Fig. 4C).

The effects of OCA and the miR-22 inhibitor on FGF21
signaling were further validated in PHHs. Consistent with the
data generated from Huh7 cells, OCA induced miR-22 expression
as well as increasing FGF21, FGFR1, and PGC1x mRNA levels in a
dose-dependent manner within 6 h in PHHs (Fig. 4D). Like OCA,
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the miR-22 inhibitor also increased FGF21, FGFR1, and PGCla
mRNA levels. Moreover, the combination treatment led to the
greatest increase compared to single reagent treatment (Fig. 4E).

The effect of an miR-22 inhibitor and OCA in treating diet-
induced steatosis

The metabolic beneficial effects of OCA and an miR-22 inhibitor
were studied in WD-induced obese mice. Both OCA and the miR-
22 inhibitor alone reduced hepatic fat accumulation and the
combination of both had improved efficacy over either single
treatment (Fig. 5A, B). Additionally, OCA and the miR-22 inhibitor
alone had similar effects on normalizing insulin sensitivity and
the combination treatment further improved the insulin sensi-
tivity (Fig. 5C). OCA and the miR-22 inhibitor also stimulated the
release of GLP-1, which improves insulin sensitivity. A better
outcome was also noted with the combined treatment (Fig. 5D).
Additionally, elevated serum FGF21 levels in WD-fed mice were
reduced by OCA and the miR-22 inhibitor, and the combination
treatment normalized serum FGF21 levels to the baseline found
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Fig. 8. Metabolic disease development and treatment controlled by miR-22
silenced and FXR activated FGF21 and FGFR1. Left panel: Overexpressed miR-
22 likely contributes to the development of steatosis, but it also has a tumor-
suppressive effect by limiting ERK1/2 activation. Right panel: Activation of
FXR facilitates metabolism and treats steatosis as well as improves inulin
sensitivity, but it also induces miR-22, a metabolic inhibitor that silences FGF21
and FGFR1. The induction of miR-22 restricts FGF21-driven growth controlled
by ERK1/2 activation. It also maintains FGF21 homeostasis. The miR-22 in-
hibitor can be used to increase FGF21 and FGFR1 signaling under metabolically
compromised conditions.

in control diet-fed mice (Fig. 5E). Furthermore, treatment with
OCA and the miR-22 inhibitor individually reduced hepatic
cholesterol levels but did not significantly reduce hepatic tri-
glyceride levels. However, a combination of both significantly
reduced hepatic triglycerides in WD-fed mice (Fig. 5F). Moreover,
neither OCA nor the miR-22 inhibitor changed serum ALT, ALP,
and LPS levels (Fig. 6A). In addition, neither stimulated hepato-
cyte proliferation as indicated by Ki-67 staining (Fig. 6B). These
results indicated that the miR-22 inhibitor did not cause liver
toxicity or cell proliferation in diet-induced obese mice.

The effect of OCA and the miR-22 inhibitor on regulating
FGF21 signaling was also studied in diet-induced fatty liver mice.
WD intake reduced hepatic FGF21, leading to reduced P-AMPK
and P-ERK1/2 (Fig. 7A). In contrast, OCA and/or miR-22 inhibitors
reversed WD-induced metabolic effects, leading to increased P-
AMPK and P-ERK1/2. In addition, the induction of hepatic FGF21
and FGFR1 upon OCA and miR-22 inhibitor treatment was
accompanied by reduced FASN and CD36 (Fig. 7A, B). The
expression of hepatic Pepck, G6pase, and Fbpl, implicated in
gluconeogenesis, were remarkably reduced by WD intake,
whereas OCA and/or the miR22 inhibitor reversed those re-
ductions (Fig. 7B). Additionally, it was apparent that OCA and the
miR-22 inhibitor together had a better effect on reducing hepatic
CD36 compared with single agent treatment (Fig. 7A, B).

Discussion
This study revealed, for the first time, that alcohol and WD
intake induced miR-22, whereas blocking miR-22 expression
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stimulated FGF21 and FGFR1 and consequently improved stea-
tosis. Consistent with the data generated using animal models,
miR-22 is highly expressed in human fatty livers. Moreover, our
data uncovered the mechanisms by which miR-22 reduces
FGF21 and FGFR1. The simultaneous reduction of both FGF21
and its receptor by miR-22 clearly indicates the pivotal role of
miR-22 in regulating metabolism. Our data also revealed that
the miR-22 inhibitor had the same effects as OCA, the first drug
for fatty liver treatment. Moreover, the miR-22 inhibitor en-
hances the effect of OCA. Thus, it is possible that an miR-22
inhibitor can be used to reduce the dose of OCA needed to
control fatty liver. The relationships between miR-22 and FGF21
signaling in fatty liver development and treatment are sum-
marized in Fig. 8.

The use of an miR-22 inhibitor combined with an FGF21
inducer, OCA, is an interesting therapeutic strategy to improve
drug safety and efficacy of OCA. Our study revealed that OCA and
the miR-22 inhibitor had similar effects on inducing the FGF21
signaling pathway. Pathologically, the combination treatment
resulted in a marked reduction in hepatic CD36 expression, he-
patic triglyceride level, and steatosis score. Furthermore, the
combination of OCA and the miR-22 inhibitor is more effective
than either single treatment with respect to improving insulin
sensitivity, GLP-1 release, and reducing circulating FGF21 levels.
Intestinal GLP-1 release is controlled by the bile acid membrane
receptor Takeda G protein receptor 5% Whether miR-22 can
enhance the effect of a Takeda G protein receptor 5 agonist
would be of interest for future study.

Due to the beneficial metabolic effect of FGF21 on normalized
glucose and lipid metabolism, as well as energy homeostasis,
FGF21 mimetics have been used in clinical trials to treat obesity,
type 2 diabetes, and dyslipidemia.'>**=° However, the short
half-life and low bioavailability of FGF21 have challenged the
translational potential of FGF21 in a clinical setting. Inhibition of
miR-22 can be an alternative approach to boosting FGF21
signaling. Additionally, inhibiting miR-22 can likely enhance the
activity of other AMPK activators, such as metformin.

Published data has shown that miR-22 can be induced by
metabolic stimulators including retinoic acid, bile acids, short-
chain fatty acids such as butyrate and propionate, as well as
other synthetic HDAC inhibitors, like suberanilohydroxamic acid,
which is used to combat cancer.*” In addition, the induction of
miR-22 is dependent on nuclear receptors RARB and FXR, which
are both tumor suppressors.*® Since miR-22 is a tumor sup-
pressor as well as metabolic silencer, the induction of miR-22 by
those metabolic facilitators is likely to restrict metabolism-
driven overgrowth regulated by activated ERK1/2. It is also
possible that such a negative feedback mechanism controlled by
miR-22 avoids consistent FGF21 induction, thereby leading to
FGF21 homeostasis and sensitivity to insulin.

As mentioned above, the expression of miR-22 is transcrip-
tionally regulated by nuclear receptors and epigenetically regu-
lated by inhibiting histone deacetylation. Because the
transcriptional activity of FXR and RARP is inhibited under
metabolically compromised conditions, the mechanism by which
miR-22 is induced in fatty liver remains to be elucidated as one of
our future focuses. Our published data showed that miR-22 itself
has a broad HDAC inhibitory effect by directly reducing HDACI,
HDAC4, and SIRT1.> Because HDAC can modify nuclear receptor
acetylation in addition to histone modification,*! the possibility
that miR-22-reduced protein deacetylases can modify nuclear
receptors and affect their transcriptional activity warrants
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further study. The current study focuses on FGF21/FGFR1
signaling regulated by miR-22. Since miR-22 is ubiquitously
expressed, it is not very surprising that elevated miR-22 was
found in both hepatocytes and NPCs. It is also interesting to find
that the expression of Fgf21, Fgfr1, and Pgcl« mRNA was not cell
type specific. Whether miR-22 silences cell type-specific genes
would be interesting and important, and is a future research
direction.

During the progression of liver disease from steatosis to liver
cancer formation, miR-22 expression is induced in hepatic

JHEP|Reports

steatosis but suppressed when the tumor occurs. During stea-
tosis, increased miR-22 slows down hepatic metabolism and has
a growth inhibitory effect; whereas in the carcinogenic phase,
reduced miR-22 facilitates metabolism and supports growth.
Thus, the expression of miR-22 needs to be fine-tuned to main-
tain balanced metabolism and growth. In summary, our novel
data show that hepatic miR-22 inhibition that increases FGF21
and FGFR1 induction could be an attractive therapeutic approach
for treating metabolic diseases.
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