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Abstract

Nonalcoholic fatty liver disease (NAFLD) represents a spectrum of disease ranging from simple
steatosis to more severe forms of liver injury including nonalcoholic steatohepatitis (NASH),
fibrosis, and hepatocellular carcinoma (HCC). In humans, only 20-40% of patients with fatty liver
progress to NASH, and mice fed a high-fed diet (HFD) develop fatty liver but are resistant to
NASH development. To understand how simple steatosis progresses to NASH, we examined
hepatic expression of anti-inflammatory microRNA-223 (miR-223) and found that this miRNA
was highly elevated in hepatocytes in HFD-fed mice and in human NASH samples. Genetic
deletion of the miR-223 induced a full spectrum of NAFLD in long-term HFD-fed mice including
steatosis, inflammation, fibrosis and HCC. Furthermore, microarray analyses revealed that
compared to wild-type mice, HFD-fed miR-223 knockout (miR-223KO) mice had greater hepatic
expression of many inflammatory genes and cancer-related genes, including (C-X-C matif)
chemokine 10 (Cxc/10) and transcriptional co-activator with PDZ-binding motif ( 7az), two well-
known factors to promote NASH development. /n vitro experiments demonstrated that Cxc/Z0and
7az are two downstream targets of miR-223 and overexpression of miR-223 reduced their
expression in cultured hepatocytes. Hepatic levels of miR-223, CXCL10and TAZ mRNA were
elevated in human NASH samples, which positively correlated with hepatic levels of several
miR-223 targeted genes as well as several pro-inflammatory, cancer-related and fibrogenic genes.
Conclusion, HFD-fed miR-223KO mice develop a full spectrum of NAFLD, representing a
clinically relevant mouse NAFLD model. MiR-223 plays a key role in controlling steatosis-to-
NASH progression by inhibiting hepatic Cxc/Z0and 7az expression. MiR-223 may be a novel
therapeutic target for the treatment of NASH.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) represents a spectrum of disorder ranging from
hepatocellular steatosis to nonalcoholic steatohepatitis (NASH), fibrosis, cirrhosis and
hepatocellular carcinoma (HCC).(2-3) Due to its approximately 25% prevalence worldwide,
NAFLD is the major cause of chronic liver diseases, emerging as a significant public health
problem.=") NASH is characterized microscopically by steatosis, ballooned hepatocytes
with Mallory-Denk hyaline bodies, inflammatory cell infiltration with predominant
neutrophil infiltration, and pericellular fibrosis.(!-3) Individuals with simple steatosis are
believed to be a low risk of adverse outcomes, whereas patients with NASH without
treatment likely progress to cirrhosis and HCC.(1-3) A large number of molecular pathways
have been identified to promote the steatosis to NASH and liver cancer; (1=3) however, the
exact mechanisms by which inflammation is induced and regulated in NASH remain largely
unknown.

Hepatic neutrophil infiltration is a hallmark of NASH and plays an important role in
promoting hepatocyte damage in the progression of NASH via the generation of reactive
oxygen species, the production of proinflammatory mediators, and the formation of
neutrophil extracellular traps.(1-3:8.9) In addition, neutrophil-hepatic stellate cell
interactions may also drive the progression of liver fibrosis in experimental steatohepatitis.
(10) Emerging evidence suggests that neutrophil activation and functions are regulated by
many proinflammatory mediators, cytokines, growth factors, transcription factors, and
epigenetic factors (e.g. microRNAs [miRNASs]).(1) Among miRNAs, miR-223 is expressed
at the highest levels in neutrophils, playing a critical role in attenuating neutrophil
maturation and activation.(12-14) We have previously demonstrated that miR-223 plays an
important role in attenuating alcoholic liver injury and acetaminophen-induced liver injury
by targeting //6and /kka genes in neutrophils.(!>: 16) However, a recent study suggests that
miR-223 does not play a role in controlling acute liver injury in several mouse models and in
controlling liver fibrosis induced by chronic CCl, treatment.(!7) The part of reasons for the
discrepancy between this study and ours may be due to the different wild-type control mice
used (wild-type littermate control mice were used in our study(! 16) but not in other
study(@7). Interestingly, several recent studies reported that levels of miR-223 were
upregulated in the liver in a mouse model of NASH (18) and were elevated in the serum in
NASH patients.(9) However, the function of miR-223 in the pathogenesis of NASH and
whether miR-223 regulates steatosis-NASH conversion remain unclear.

In the current study, we found that miR-223 was upregulated in hepatocytes in HFD-fed
mice and in NASH patients. More interestingly, genetic deletion of the miR-223 promoted
the progression of high-fat diet (HFD)- or methionine-choline deficient diet (MCD)-induced
NASH as well as long-term HFD-induced liver cancer in mice. These data suggest that
miR-223 protects against NASH development, which is likely due to the anti-inflammatory

Hepatology. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heetal.

Page 3

functions of miR-223 in neutrophils.(13-16) Here we identified a novel mechanism by which
miR-223 prevents the progression of NASH and liver cancer by directly targeting several
inflammatory genes and oncogenes in hepatocytes. Among these targeted genes, both (C-X-
C motif) chemokine 10 (Cxc/10) and transcriptional coactivator with PDZ-binding motif
(7a2) (also known as WW domain-containing transcription regulator 1 [ Wwir1]), have been
shown to play an important role in promoting the progression of NASH as deletion of either
of them markedly ameliorated NASH development.(20-22) CXCL10 (also known as
interferon gamma-induced protein 10) not only activates and promotes inflammatory cells
(e.g. macrophages)@9) but also directly induces hepatocyte damage by targeting CXCR3,
(21, 23) resulting in liver injury and inflammation. TAZ, together with another transcriptional
co-activator yes-associated protein (YAP), is the major downstream effector of the Hippo
signaling pathway, playing an important role in promoting liver inflammation, regeneration,
and carcinogenesis. (22 24, 25) Finally, in NASH patients, hepatic expression of Cxc/Z0and
7az correlated well with expression of several potential miR-223 targeted genes, and
inflammatory genes, suggesting that miR-223 also plays an important role in ameliorating
NASH by regulating Cxc/10, 7az, and other targeted genes in NASH patients.

Materials and Methods

Mice, HFD feeding model, and MCD feeding model

MiR-2237/~ (miR-223 KO) mice (The Jackson Laboratory, Bar Harbor, ME) were crossed
with C57BL/6J mice to obtain female miR-223*/~ mice. Female miR-223*/~ and male
miR-223~"Y mice (the miR-223 locus is on the X chromosome) were bred at the NIAAA
FLAC facility to generate male miR-223~"Y (male miR-223K0) and wild-type (WT)
miR-223* littermate controls. All male miR-223*/ littermates were used as WT controls
for male miR-223KO (miR-2237/Y) mice in our study. Male mice were fed an HFD (60 kcal
% fat; catalog no. D12492, Research Diets, Inc., New Brunswick, NJ) or a chow diet (10
kcal% fat) as a control diet (CD) for three months or one year. Male mice were also fed an
MCD diet (MP Biomedicals, catalog # 0296043920) or the methionine/choline control diet
(MP Biomedicals, catalog # 0296044110) for 4 weeks. The study was approved by the
National Institute on Alcohol Abuse and Alcoholism Animal Care and Use Committee.

Liver tissues from NASH patients

Normal (n=10) and NASH human liver samples (n=14) were obtained from the National
Institutes of Health-funded Liver Tissue Cell Distribution System at the University of
Minnesota, which was funded by NIH contract # HHSN276201200017C. The general
characteristics of normal and NASH human liver samples are listed in Supporting Table S1.

Microarray analyses of mouse liver samples

Total RNAs were isolated from liver tissues of 3-month HFD-fed WT and miR-223KO mice
and subjected to microarray analysis as described in Supporting materials. Full microarray
data have been uploaded to NCBI’s Gene Expression Omnibus (The GEO accession number
is GSE129080).
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MiR-223 in situ hybridization
MiRNA /n situ hybridization was performed as described previously.(26: 27) In brief, 10 um
thick cryosections of mouse liver tissues were fixed with fresh cold 4% paraformaldehyde
(PFA) for overnight at 4°C. After predigestion, the sections were hybridized with FAM-
labeled U6 or FAM-labeled miR-223 probe (Qiagen, Valencia, CA) in hybridization solution
at 55°C for 1 hour. After washing in 0.1xSSC buffer, the slides were applied with sheep anti-
FAM-POD (Abcam, Cambridge, MA) diluted 1:250 in blocking solution and incubated for
60 min at room temperature. Tyramine signal amplification (TSA) kit (Perkin Elmer) was
performed to amplify the signal. Meanwhile, the cell marker protein was done by incubating
primary antibody (HNF-4a [Abcam] for 1 hour at room temperature, and then with the
Alexa Fluor—conjugated secondary antibody Alexa Fluor 549 goat anti-rabbit 1gG (H+L)
(\Vector Laboratories Technology) or Alexa Fluor 549 goat anti-mouse 1gG (H+L) (Cell
Signaling Technology) for 1 hour at room temperature. Slides were incubated with 1 mg/mL
4’, 6’-diamino-2-phenylindole (DAPI) for 5 min for nuclear staining. The images were
obtained by using LSM 710 confocal microscope (Zeiss, Thornwood, NY) with filters
allowing detection of FITC and Alexa 549.

Similar procedures for miR-223 /n situ hybridization were done in formalin-fixed human
NASH samples and albumin was used for hepatocyte marker using an anti-Albumin
antibody from Millipore (Millipore, Billerica, MA).

Statistical analysis

Data are expressed as the means + SEM and were analyzed using GraphPad Prism software
(v. 5.0a; GraphPad Software, La Jolla, CA). To compare values obtained from two groups,
the Student t test was performed. Data from multiple groups were compared with one-way
ANOVA followed by Tukey’s post hoc test. Pvalues of <0.05 were considered significant.

Many other methods are included in supporting materials including real-time quantitative
PCR primer sequences in supporting Table S2.

Results
Upregulation of miR-223 in hepatocytes from HFD-fed mice and NASH patients

To investigate the role of miR-223 in the development of NASH, we firstly examined serum
and hepatic miR-223 levels in HFD-fed mice and NASH patients. As shown in Fig. 1A,
hepatic and serum levels of miR-223 were significantly upregulated after 3-month HFD
feeding. To determine which cell types in the liver express miR-223, we performed in situ
hybridization analyses and immunofluorescent staining of the hepatocyte marker HNF-4a. or
the neutrophil marker MPO. As expected, miR-223 was detected in many neutrophils in the
liver samples from HFD-fed mice (double staining of miR-223 and MPO in Supporting Fig.
S1A). Interestingly, miR-223 was also detected in many HNF-4a* hepatocytes with
significantly higher levels in HFD-fed mice compared to CD-fed mice. (Fig. 1B,C).
Although the relative miR-223 expression levels in the liver (hepatocytes) were significantly
increased after HFD feeding, these levels in the liver (hepatocytes) were much lower than
those in neutrophils as evidenced by the CT value from RT-gPCR analysis (data not shown).
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Similarly, /n situ hybridization analyses of formalin-fixed human liver samples revealed that
many MPO™ neutrophils express miR-223 (Supporting Fig. S1B). To detect the co-
localization of miR-223 and hepatocytes, we performed albumin and miR-223 double
staining (HNF staining did not work well in formalin-fixed tissues). Few albumin*
hepatocytes expressed miR-223 in healthy liver samples, whereas miR-223 was strongly
detected in albumin®* hepatocytes from NASH patients (Fig. 1C,D).

MiR-223KO mice develop NASH after 3-month HFD feeding or MCD feeding

To further understand the function of miR-223 in NASH, male miR-223KO and their WT
littermate control mice were fed an HFD and CD. Both groups of mice had similar body
weight gain after HFD feeding (Supporting Fig. S2A). Interestingly, compared to WT mice,
miRNA-223KO mice developed more severe phenotypes of NASH, such as greater steatosis,
higher levels of serum ALT (Fig. 2A,B and Supporting Fig. S2B-D), and greater degree of
hepatic neutrophil and macrophage infiltration as demonstrated by MPO (a marker for
neutrophils) and F4/80 (a marker for macrophages) immunostaining (Fig. 2C and
Supporting Fig. S3A,B) and RT-qPCR analysis of hepatic expression of Ly6g (a marker for
neutrophils) and F4/80 (Fig. 2D). Interestingly, both the ratio and the level of circulating
neutrophils were lower in HFD-fed miR-223KO mice than that in WT mice (Supporting Fig.
S3C). Next, we wanted to know the change of other immune cells in HFD-fed WT and
miR-223KO mice by performing flow cytometric analyses. As shown in Supporting Fig.
S3D, the numbers of CD3* T, CD19* B, and NK1.1" cells were comparable between HFD-
fed WT and miR-223KO mice. Furthermore, hepatic mMRNA expression of inflammatory
cytokines (/nterleukin [11]6, 1110), chemokines (Monocyte chemotactic protein 1 [Mcp1],
Macrophages inflammatory protein [Mip] 1a, and Mip1b) and Intercellular adhesion
molecule 1(Icaml) in miR-223KO mice was much higher than those in WT mice after HFD
feeding for 3 months (Fig. 2E). Additionally, compared to HFD-fed WT mice, HFD-fed
miR-223KO mice had greater hepatic levels of several steatogenic genes (Sterol regulatory
element-binding protein 1 [Srebplc), Stearoyl-CoA desaturase-1 [ Scdl), Acetyl-coenzyme
A carboxylase [Accl), Cell death-inducing DNA fragmentation factor alpha-like effector A
[Cided]) (Supporting Fig. S3E) and greater hepatic levels of lipid peroxide including
malonaldehyde (MDA) and 4-hydroxynonenal (4-HNE, oxidative stress marker) (Fig. 2F
and Supporting Fig. S3F).

Fibrosis, a typical feature of human NASH, was usually not robust in HFD-fed mice,(28)
whereas miR-223KO mice developed greater liver fibrosis than WT mice after HFD feeding
as determined by Sirius red staining, Masson staining and a-smooth muscle actin [SMA]
staining) (Fig. 3A,B), and RT-gPCR analysis of hepatic a-sma, collagen (Collal, ColiaZ,
and Col3al) and Vimentin mRNAs (Fig. 3C), and western blotting analyses of fibrotic
markers (Supporting Fig. S4A). To determine whether miR-223 can directly affect hepatic
stellate cell (HSC) activation, we isolated primary HSCs from WT and miR-223KO mice
and cultured them for 1 day or 5 days /n vitro. As shown in Supporting Fig. S4B, HSCs from
miR-223KO mice expressed higher levels of a-sma, collagens (Collal, Col3al, and Col4al)
and 7gf-B1than HSCs from WT mice, suggesting miR-223 can directly attenuate HSC
activation.
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Mallory-Denk bodies together with ballooning hepatocytes, which are characteristic
hallmarks of NASH, were also examined. As illustrated in Supporting Fig. S4C, keratin 8
and keratin 18, two major components of Mallory-Denk bodies, 29 were significantly
upregulated in miR-223KO mice compared with WT mice after HFD feeding. Furthermore,
stress protein p62, which is another marker for Mallory-Denk bodies, (29 was markedly
expressed in hepatocytes in miR-223KO mice, but not in WT mice after HFD feeding as
demonstrated by immunohistochemistry analyses (Fig. 3A).

The role of miR-223 was also tested in another model of NASH induced by MCD feeding.
As illustrated in Supporting Fig. S5A, hepatic expression of miR-223 was highly elevated in
MCD-fed mice compared to CD-fed mice. Compared to MCD-fed WT mice, MCD-fed
miR-223 KO mice had higher levels of serum ALT (Supporting Fig. S5B) and greater
MRNA expression of various proinflammatory mediators and fibrogenic markers in the liver
(Supporting Fig. S5C), suggesting that miR-223 protects against MCD-induced NASH.

Genes involved in cancer and hyperplasia/hyperproliferation are abnormally expressed in
the livers of miR-223KO mice after HFD feeding

To better explore the mechanisms underlying the abnormalities observed in HFD-fed
miR-223KO mice, we examined hepatic gene expression in 3-month-HFD-fed WT and
miR-223KO mice by microarray analysis. Ingenuity Pathway Analysis of molecular and
cellular functions of a stringent set (p<0.05) of hepatic genes identified 357 upregulated and
327 downregulated genes in HFD-fed miR-223KO mice compared with HFD-fed WT mice.
The top diseases associated with these dysregulated genes are cancer, organismal injury and
abnormalities, and inflammatory response (Supporting Fig. S6A, and Supporting Table S3).
The heat map analysis showed great differences (>2 fold) in gene expression profile in WT
and miR-223KO mice (Fig. 4A). The differential gene expression related to liver cancer,
inflammation, and cirrhosis was further analyzed, which specifically highlighted the
significant abnormal expression of 175 genes (such as Abcas, Cttnbp2, Cxcl10, Cyp2b13,
Cypral, Dockl1, Gpc3, Nrxnl, Parpl, Serpinb9, Slclad, Slc6a6, Trom4, Taz, and Zeb2)
that are involved in liver cancer, 12 genes (such as Arhgap10, Ccr7, Cd55, Cxcl10, Cyp3ab,
G3bp1, Hla-dgal, 115, Pnlip, Ragl, TubbZa, and Xcl1) that are involved in liver damage and
inflammation (Fig. 4B,C).

Microarray analysis revealed that the proliferation markers (Ki67, Pcna, Ccnbl1, Cenb2,
Ccendl, and Ccnel) and HCC markers (Gpc3 and GolmI) were significantly elevated in
miR-223KO mice compared with WT mice after 3m-HFD feeding; whereas hepatic
expression of the NF-xB pathway-related genes such as Chuk, Nfkbia, and Nfkb1 was
comparable between these two groups (Supporting Fig. S6B, C). The upregulation of several
genes from the microarray data was confirmed by RT-qPCR analysis (Fig. 4D,E). In
addition, microarray data revealed comparable levels of hepatic Afp mMRNA between HFD-
fed WT and miR-223KO mice (Supporting Fig. S6B), but RT-gPCR detected significantly
higher levels of hepatic Afp mRNA in HFD-fed miR-223KO mice than in HFD-fed WT
mice (Fig. 4E). Moreover, some proliferation marker protein levels (PCNA, CCND1 and
CCNEZ1) and HCC marker protein levels (GPC3 and GOLM1) were upregulated in the livers
from 3m-HFD-fed miR-223KO mice compared with WT mice; whereas p-mTOR and total
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mMTOR, and p53 protein levels in 3m-HFD-fed WT and miR-223KO were comparable
(Supporting Fig. S6D).

MiR-223KO mice are more susceptible to long-term HFD-induced NASH and liver cancer
development

To address whether miR-223KO mice are more susceptible to hepatocarcinogenesis, WT
and miR-223KO mice were fed with a HFD for one year. As demonstrated in Fig. 5A,B, ten
of 19 miR-223KO mice (52.63%) developed liver tumors (1-3 macroscopic tumors observed
per mouse), whereas 6 of 21 WT mice (28.57%) developed HCC after long-term HFD
feeding. Hepatic miR-223 levels were upregulated by approximately 4-fold after HFD
feeding for one year (Fig. 5C). Interestingly, although serum ALT and AST levels, liver
weight, liver body ratio, and steatosis were comparable in WT and miR-223KO mice after
one-year HFD feeding, miR-223KO mice had greater liver fibrosis than WT mice, as
demonstrated by H&E staining, Sirius red staining and a-SMA staining (Fig. 5D,E and
Supporting Fig. STA-C) and by RT-qPCR analyses of fibrogenic markers (a-sma, Colla 1
and Col3al) (Fig. 5F).

Next, we further characterized the liver inflammatory response in WT and miR-223KO mice
after long-term HFD feeding. As illustrated in Supporting Fig. S8A-D, compared to WT
mice, miR-223KO mice had a greater number of neutrophils and macrophages as
demonstrated by immunostaining and RT-qPCR analyses of neutrophil and macrophage
markers (Ly6g and F4/80). However, both the percentage and the level of circulating
neutrophils were significantly lower in miR-223KO mice compared with WT mice
(Supporting Fig. S8E). Furthermore, expression of chemokine MipZ2, and chemokine
receptor Ccr2, but not other cytokines and chemokines, were significantly elevated in
miR-223KO mice compared with WT mice (Supporting Fig. S9).

MiR-223KO mice are associated with greater elevation of hepatic Cxcl10 and Taz than WT
mice after 3m- and 1y-HFD feeding, and MCD feeding

To search for the potential target of miR-223, we used a bioinformatics approach
(microRNA.org database: http://www.microrna.org). This database predicts microRNA
targets and target downregulation scores. By using this database, we went through the most
upregulated genes in miR-223KO mice versus WT mice in our microarray data and
identified 7 potential target genes of miR-223 (Cxc/10, Taz, Serpinb9, Nrxnl, Slcla4,
Slc16a6, and Dock11I). The levels of these genes were higher in miR-223KO mice compared
with WT mice (microarray data, Supporting Fig. S10A). We paid more attention to Cxc/10
and 7azbecause both CXCL10 and TAZ have been shown to play a pivotal role in the
pathogenesis of experimental NASH.(20-22) As illustrated in Fig. 6A, RT-qgPCR analyses
demonstrated that hepatic expression of both Cxc/Z0and 7azwas higher in 3m- and 1y-
HFD-fed miR-223KO than that in WT mice. RT-gPCR analyses also confirmed that
compared to HFD-fed WT mice, HFD-fed miR-223KO mice were associated with higher
hepatic expression of several other miR-223 targeted genes including Serpinb9, Slc1a4,
Slc16a6, and Dock11 (Supporting Fig. S10B). Interestingly, although hepatic expression of
Cxcl10was higher in HFD-fed miR-223KO mice than in WT mice, hepatic expression of
other CXCR3 ligands (Cxc/9and Cxc/11) and Cxcr3was comparable between these two
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groups (Supporting Fig. S10C). Finally, immunohistochemistry staining analyses
demonstrated that hepatocytes from miR-223KO mice expressed much higher levels of
CXCL10 and TAZ protein than those from WT mice after 3m- or 1y-HFD feeding (Fig. 6B).
Serum levels of CXCL10 protein were also higher in HFD-fed miR-223KO verse WT mice
(Supporting Fig. S11A). Greater levels of potential target genes including Cxc/10, 7az,
Nrxnl, and HCC marker Go/m1in miR-223 KO mice versus WT mice were also observed
in the MCD-induced NASH model (Supporting Fig. S11B), but other potential target gene
levels and HCC marker Gpc3were not significantly increased in MCD-fed miR-223KO
mice compared with WT mice.

Cxcl10 and Taz are miR-223 targeted genes in hepatocytes

The bioinformatics approach analysis of the target prediction of miR-223 revealed that both
Cxcl10and Tazare the miR-223 potential targeted genes (Fig. 7A). To further confirm this
notion, we performed Dual-Luciferase assay by co-transfecting luciferase vector containing
the 3’ untranslated region (3’'UTR) of Cxc/Z0or 7azand miR-223 mimics or non-specific
(NS)-miRNA mimics. As shown in Fig. 7B, overexpression of miR-223 in mouse hepatocyte
cell line AML12 cells significantly reduced luciferase activity from Cxc/I03’UTR or 7az
3’UTR vector, but not from control 3’UTR vector. Next, we wondered whether
overexpression of miR-223 attenuated expression of both genes. As illustrated in Fig. 7C,
overexpression of miR-223 via the transfection of miR-223 mimics markedly suppressed
expression of both Cxc/Z0and 7azin mouse hepatocytes. Previous studies reported that free
fatty acid (such PA) upregulated CXCL10 in hepatocytes. (30 31) Here we demonstrated that
PA treatment upregulated Cxc/Z0 mRNA expression in hepatocytes, and such upregulation
was markedly inhibited by overexpression of miR-223 mimics (Fig. 7C). In addition, PA
treatment induced much higher levels of Cxc/Z0 mRNA expression in miR-223KO
hepatocytes than those in WT hepatocytes (Fig. 7D). Furthermore, western blotting analyses
revealed that overexpression of miR-223 reduced TAZ but not YAP protein expression in
hepatocytes (Fig. 7E). In addition, overexpression of miR-223 suppressed PA-induced
CXCL10 protein expression and PA-induced JNK activation (Fig. 7F), which is known to be
activated by CXCL10.(32)

Upregulation and correlation of CXCL10 and TAZ and several other proven targets of
miR-223 in NASH patients,

The data from published microarray analysis of NASH patient samples (33) revealed that
hepatic expressions of CXCL10, TAZ, and many other potential and proven miR-223
targeted genes were significantly upregulated in NASH patients, but not in patients with
fatty liver compared with healthy samples (Supporting Fig. S12). These targeted genes
include: CXCL10, TAZ, SERPINBY, DOCK11, GPC3, GOLMI, NLRP3(3% STMN1,(3%
IGF-1R,3%) and MEF20(2). Upregulation of hepatic CXCL10 and TAZ protein in NASH
patients was further confirmed by immunohistochemistry staining analysis (Fig. 8A).

These findings prompted us to explore whether there is a correlation between miR-223 and
CXCL10or TAZin NASH patients. Because miRNA was not included in microarray data
analysis, we were unable to analyze the correlation between miR-223 and CXCL10or TAZ.
Instead, we analyzed the correlation of CXCL10or TAZ with several other miR-223
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potential and proven targeted genes in NASH patients. As shown in Fig. 8B and Supporting
Fig. S13, hepatic expression of CXCL100or TAZ positively correlated with several other
miR-223 potential or proven targeted genes and cancer-related genes in NASH patients.
These genes include SERPINBY, DOCK11, SLC16A6, GPC3, GOLMI1, NLRP3, STMNI,
IGF1R, and MEF2C.

Remarkably, several cytokine and chemokine genes (/L6, MCP1, MIP1B, and CXCLI) and
fibrogenesis genes (a-SMA, COL1A1, COL1AZ and COL4AI) were also markedly
increased in NASH, which are positively correlated with CXCLI0and TAZ levels
(Supporting Fig. S14, S15), suggesting that CXCL10and TAZ expression are positively
correlated with inflammation and fibrosis in NASH patients.

To further confirm whether miR-223 positively correlates with cancer-related genes,
cytokine and chemokine genes and fibrogenesis genes, human liver tissues from normal
(n=10) and NASH (n=14) patients were obtained and subjected to RT-gPCR analysis. As
shown in Supporting Fig. S16A, cytokine and chemokine genes (/L-6, MCP1, and MIP1A),
potential and proven miR-223 targeted genes (CXCL10, TAZ, SERPINBY, MEF2C,
IGF-1R, and STMNJ), and cancer-related gene (GPC3) were significantly increased in
NASH samples compared with normal samples. Importantly, the levels of miR-223
positively correlated with several cytokine, chemokine, and fibrogenesis genes, and potential
or proven miR-223 targeted genes and cancer-related genes in NASH patients (Fig. 8C and
Supporting Fig. 16B). These genes include /L-6, MCP1, A-SMA, COL1A1, COL3A1,
COL4A1, CXCL10, TAZ, SERPINBY, DOCK11, SL.C16A6, NLRP3, IGFIR, STMN1, and
GPC3.

Discussion

NAFLD represents a spectrum of disorders from simple steatosis to severe forms of liver
injury including NASH and liver cancer; however, how the progression from steatosis to
NASH is induced and regulated is not fully understood.(=3) In the current study, we
provided several novel findings demonstrating miR-223 is a critical regulator of NASH
progression by targeting several inflammatory genes and oncogenes including Cxc/Z0and
7az in hepatocytes. Firstly, we demonstrated that miR-223 is highly elevated in hepatocytes
from mouse fatty liver, acting as a negative feedback to prevent the progression from simple
steatosis to NASH and liver cancer in mouse models. Secondly, we identified several
downstream targets of miR-223 in hepatocytes that may explain how miR-223 ameliorates
NASH and liver cancer; Finally, miR-223 is also highly elevated in hepatocytes from NASH
patients, and several miR-223 target genes are elevated and positively correlated each other
in these NASH patients. We have integrated all of these findings in a summarized figure
(Fig. 8D) depicting how miR-223 restrains NASH and liver cancer.

MiR-223KO mice develop NASH with liver fibrosis and cancer after HFD feeding: a mouse
model of NASH.

Normal C57BL/6 mice develop severe steatosis but are usually resistant to NASH and
cancer after long-term HFD feeding.(?8) In the current study, we demonstrated that
compared to WT littermates, miR-223KO mice develop much more severe features of
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NASH with fibrosis, as demonstrated by greater liver injury, inflammation, oxidative stress,
fibrosis in miR-223KO mice versus WT mice after 3-month HFD feeding. In addition, we
showed that p62, the marker for Mallory-Denk body (29 that is the major feature of human
NASH,37) was strongly expressed in hepatocytes from miR-223KO mice, but not in WT
mice after HFD feeding. Furthermore, miR-223KO mice was reported to exhibit an
increased severity of systemic insulin resistance compared with WT mice after HFD
feeding.(3® Finally, miR-223KO mice had a greater susceptibility to hepatocarcinogenesis
with stronger liver fibrosis and inflammatory response after long-term HFD feeding
compared to WT littermates. Collectively, HFD-fed miR-223KO mice display all the
physiological, metabolic, and histological endpoints of human NASH. (-3) Thus, HFD-fed
miRNA-223 KO mice can be used as a clinically relevant mouse model (28) to mimic the
pathogenesis progression for the study of human NASH and its associated liver cancer.

The mechanisms by which miRNA-223 restrains NASH.

MiRNA-223 is considered a neutrophil-specific miRNA, playing an important role in
suppressing liver inflammation and injury in several liver injury models by reducing
neutrophil activation,14-16) which likely also applies to the protective effect of miR-223 in
the HFD-induced NASH development. In the current paper, we identified a novel
mechanism by which miR-223 in hepatocytes acts as anti-inflammatory molecule in NASH
by directly targeting several inflammatory genes. Firstly, by performing miR-223 /n situ
hybridization, we clearly detected miR-223 in hepatocytes with marked elevation after HFD
feeding. This elevation was likely due to exosomal miR-223 transfer because hepatic pre-
miRNA-223 expression was not upregulated in hepatocytes (data not shown) and it is known
that miR-223 can be transferred from cells to cells via the exosome.(39) Further studies are
required to confirm this notion. Secondly, microarray analyses demonstrated that hepatic
Cxcl10 mRNA was highly elevated in HFD-fed miR-223KO mice compared to WT mice.
Furthermore, by using bioinformatics approach and /n vitro transfection experiments, we
demonstrated that Cxc/10is a direct target of and inhibited by miR-223 in hepatocytes.
Several previous studies demonstrated that hepatocyte-derived CXCL10 plays a key role in
the pathogenesis and development of NASH,(20. 21, 30, 40) thys miR-223 inhibition of
CXCL10 in hepatocytes likely contributes, at least in part, to the anti-NASH effect of
miR-223. Thirdly, in addition to CXCL10, of course, several other miR-223 targets in
hepatocytes may be also involved in the progression of steatosis to NASH. In this paper, we
focused on TAZ because this protein, a downstream molecule of the Hippo signaling
pathway, is known to play an important role in promoting liver inflammation and NASH
progression.(22) We demonstrated that the level of 7azwas significantly increased in the
livers of miR-223KO mice compared with WT mice and that 7azis a downstream target of
and inhibited by miR-223 in hepatocytes. Thus, miR-223-mediated inhibition of the anti-
inflammatory molecule TAZ likely also contributes to the anti-NASH function of miR-223.
Finally, /n situhybridization and immunochemical staining demonstrated that miR-223 and
its downstream targets (CXCLI0and TAZ) were also markedly increased in hepatocytes in
human NASH samples. CXCLI10and TAZ expression levels positively correlated with
several cytokine and chemokine genes (/L6, MCP1, MIP1B, and CXCLI) and fibrogenesis
genes (a-SMA, COL1A1, COL1AZ and COL4AI) in NASH patients. Most importantly,
from the data of RT-qPCR analyses of gene profiles in normal and human NASH samples,
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we demonstrated that the levels of miR-223 positively correlated with several cytokine and
chemokine genes (/L-6, MCPI), fibrogenesis genes (A-SMA, COL1A1, COL3A1, and
COL4A1I), and potential or proven miR-223 targeted genes (CXCL 10, TAZ, SERPINBS,
DOCK11, SLC16A6, NLRP3, IGF1R, and STMN1), and cancer-related gene (GPC3) in
NASH patients. Collectively, our data suggest that hepatic miR-223 restrains liver
inflammation to prevent the progression from fatty liver to NASH, at least by targeting
various pro-inflammatory mediators including CXCLI0and TAZ expression in hepatocytes
(see summarized Fig. 8D).

The mechanisms by which miRNA-223 restrains NASH-associated liver cancer.

Long-term HFD feeding generated a greater number and size of liver cancer in miR-223KO
mice than in WT mice, suggesting that miR-223 restrains NASH-associated HCC. The
obvious underlying mechanism for this is that miR-223 attenuates NASH progression as
discussed above. Interestingly, the top list of group genes from Ingenuity Pathway Analysis
and heatmap diagram of microarray data is associated with liver cancer, including abnormal
expression of 172 genes (such as Abcas, Ctinbp2, Cxcl10, Cyp2b13, Cypral, Dockll,
Gpce3, Nrxnl, Parpl, Serpinb9, Slc1a4, Slc6a6, Trom4, Wwirl, and Zeb2), suggesting
miR-223 attenuates HCC by regulating these cancer-associated genes. Moreover, by using
the microRNA..org database 41 to analyze miR-223 targeted genes among these upregulated
genes, we identified seven potential targets of miR-223 that are related to liver
carcinogenesis, including Cxc/10, Taz, Serpinb9, Nrxnl, Slcla4, Slc16a6, and Dockl11.
Among these genes, 7azis a well-documented oncogenic gene that encodes a protein to
promote liver cancer development.(24. 42. 43) Therefore, miR-223 can directly target multiple
oncogenic genes including 7az, thereby attenuating NASH-associated HCC. Interestingly,
previous studies have well demonstrated that miR-223 is markedly downregulated in human
HCC and liver cirrhosis compared to normal healthy livers, (35 44) such miR-223 reduction
likely leads the upregulation of miR-223-targeted inflammatory and oncogenic genes,
thereby accelerating HCC progression.

In conclusion, in addition to the well documented anti-inflammatory functions of miR-223
in neutrophils, miR-223 can also target several inflammatory and oncogenic genes (e.g.
Cxcl10and 7a2) in hepatocytes, thereby preventing NASH progression. Overexpression of
miR-223 could be a novel therapeutic strategy for the treatment of NASH.
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Normal NASH

NASH

Figure 1. miR-223 is highly elevated in hepatocytesin HFD-fed mice and NASH patients.
(A-C) C57BL/6J mice were fed an HFD or control diet (CD) for three months. Liver and

serum samples were collected and subjected to the measurement of miR-223 by RT-gPCR
(panel A). Frozen liver tissue sections were also subjected to miR-223 /n situ hybridization
along with immunofluorescence staining of hepatocyte marker HNF-4a.. Representative
images of miR-223 expression (green), HNF-4a. (red) and nuclei (blue) are shown (panel
B). MiR-223* hepatocytes were counted (panel C). (C-D) Formalin-fixed human liver tissue
sections were subjected to miR-223 jn situ hybridization and albumin staining for
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hepatocytes. Aloumin*MiR-223" hepatocytes were counted (panel C). Representative
images of miR-223 (green) and nuclei (blue) are shown (Panel D). Arrows indicate
miR-223* hepatocytes. Values represent means = SEM (n=8-12). */< 0.05, *"P< 0.01,
**P<0.001.
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Figure 2. miR-223K O mice are more susceptible to 3m-HFD-induced liver injury, steatosis and

inflammation.

WT and miR-223KO mice were fed an HFD or CD for three months. Serum and liver tissue
samples were collected. (A) Serum ALT levels were measured. (B) Liver body ratio was
measured. Lipids was stained with Oil Red and the quantitation of Oil Red* area per field
was determined. Representative images are shown in supporting Fig. S2D. (C) Liver tissues
were also subjected to MPO and F4/80 immunostaining and the quantitation of MPO* and
F4/80% cells per field was determined. Representative images are shown in Supporting Fig.
S3A-B. (D, E) RT-gPCR analyses of liver Ly6gand F4/80 mRNA, and other inflammatory
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mediators. (F) Quantification of 4-hydroxynonenal (HNE)* and malonaldehyde (MDA)*
area per field. Values represent means + SEM (n=8-12). *A< 0.05, *"P< 0.01, " P<0.001 in
comparison with corresponding WT groups; #£<0.05, #P<0.01, ##P<0.001 in comparison
with WT CD group.
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Figure 3. miR-223K O mice are more susceptible to HFD-induced fibrosis.
WT and miR-223KO mice were fed an HFD or CD for three months. Liver tissue samples

were collected. (A) Representative images of Sirius red staining, Masson staining, a-SMA
staining and P62 staining of liver tissue sections are shown. (B) Quantification of fibrotic
area per field. (C) RT-qPCR analyses of hepatic fibrogenesis genes. Values represent means
+ SEM (n=8-12). */< 0.05, ™ A< 0.01, ™ P< 0.001 in comparison with WT HFD groups;
#P<0.05, # p<0.01, ##p<0.001 in comparison with WT CD groups.
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Figure 4. Upregulation of hepatocarcinogenesis-related genesin miR-223KO mice versusWT
mice after 3m-HFD feeding.

WT and miR-223KO mice were fed an HFD or CD for three months. Liver tissue samples
were collected, and then subjected to microarray analysis. (A) Heat map of gene expression
(>2-fold changes) from microarray analysis is shown. (B) Heat map of 172 liver cancer-
related genes expression from microarray analysis is shown. (C) Ingenuity Pathway Analysis
of liver cancer, inflammation, and cirrhosis in WT and miR-223KO mice. (D) RT-gPCR
analyses of hepatic proliferation markers. (E) RT-gPCR analyses of HCC markers. Values
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represent means = SEM (n=4 in panels A-C; n=8 in panels D-E). */< 0.05, "*A< 0.01 in
comparison with WT HFD groups; #£<0.05, #P<0.01 in comparison with WT CD groups.
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Figure 5. miR-223K O mice show higher tumor incidence and greater degree of liver fibrosis
compared with WT mice after HFD feeding for one year.

WT (n=21) and miR-223KO mice (n=19) were fed an HFD or CD for one year. Liver tissue
samples were collected. (A) Representative photographs of liver tumors that developed in
WT and miR-223KO mice are shown. Arrows indicate liver tumor. (B) Liver tumor
incidence in WT and miR-223KO mice was analyzed. (C) RT-qPCR analysis of hepatic
miR-223 levels after HFD feeding for one year. (D) Representative Sirius red staining and
a-SMA staining of liver tissue sections are shown. (E) Quantification of fibrotic area per
field. (F) RT-gPCR analyses of hepatic fibrogenesis genes. Values represent means + SEM
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(n=6-21). *P< 0.05, ™ P< 0.001 in comparison with WT HFD groups; #£<0.05, ##/<0.01,
### p<0,001 in comparison with WT CD groups.
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Figure6. A greater number of hepatocytes strongly expressed CXCL 10 and TAZ in HFD-fed
miR-223KO mice versus WT mice.

WT and miR-223KO mice were fed an HFD or CD for three months or one year. (A) Liver
tissues were collected for RT-gPCR analyses of Cxc/I0and T7az. (B) Liver tissues were also
subjected to immunohistochemistry analyses. Representative CXCL10 staining and TAZ
staining of liver tissue sections. Quantification of CXCL10" hepatocytes or CXCL10" area
and TAZ™ area per field was quantified. Values represent means + SEM (n=8-12). */~< 0.05,
**P<0.01, " P< 0.001 in comparison with corresponding WT groups; #£<0.05, ##/<0.01,
### p<0,001 in comparison with WT CD groups.
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Figure 7. miR-223 regulates Cxcl10 and Taz expression in hepatocytes.
(A) Bioinformatics approach analyses of the target prediction of miR-223. (B) Dual-

Luciferase activity assay was performed to verify binding between miR-223 and CXCL10 or
TAZ. AML12 cells were co-transfected with control luciferase vector, Cxc/103’UTR vector
or 7az3’UTR vector and miR-223 mimics or non-specific (NS)-miRNA mimics for 48h.
Relative luciferase activity was determined. (C) AML12 cells were transfected with NS-
miRNA mimics and miR-223 mimics for 24h, and then challenged with 0.1 mM palmitic
acid (PA) for 3h. The Cxc/10and 7Taz mRNA levels were measured by RT-gPCR. (D)
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Primary hepatocytes from WT and miR-223KO mice were treated with PA for 3h. The
Cxcl10mRNA expression was measured by RT-gPCR. (E) AML12 cells were transfected
with NS-miRNA mimics and miR-223 mimics for 24h. The YAP and TAZ proteins were
measured by western blotting. (F) AML12 cells were transfected with NS-miRNA mimics
and miR-223 mimics for 24h, and then treated with 0.1 mM PA for 24h. The protein levels
in whole hepatocyte lysates were determined by Western blot analyses. Values represent
means = SEM from three independent experiments. * A< 0.05 as indicated; #£<0.05,

### p<0.001 in comparison with control NS-miRNA mimic groups in panel C or 0h WT
group in panel D.
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Figure 8. Several potential targets of miR-223 positively correlate with CXCL10 and TAZ
expression in NASH patients.

(A) Normal liver and NASH samples were subjected to immunohistochemistry analysis of
CXCL10 and TAZ. Representative images are shown, and quantification of CXCL10* and
TAZ* area per field was performed. Values represent means + SEM. **A< 0.01, ™" A< 0.001
as indicated. (B) The gene expression profiles in healthy control liver, fatty liver, and NASH
patients were obtained from published microarray data (the accession number E-
MEXP-3291 [http://www.webcitation.org/5zyojNu7T]). Positive correlation of CXCL10or
TAZ with several proven or potential miR-223 targeted genes and cancer-related genes in
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NASH patient liver samples. P value is indicated. (C) Gene expression profiles in the livers
of normal (n=10) and NASH (n=14) patients were analyzed by RT-gPCR. Positive
correlation of miR-223 with cytokine, chemokine, and fibrogenic genes, and proven or
potential miR-223 targeted genes and cancer-related gene in NASH patients. P value is
indicated. (D) A model depicting thecritical role of miR-223 in controlling the
progression of NASH. Obesity associated fatty liver upregulates miR-223, which
subsequently attenuates many downstream target genes including pro-inflammatory and
oncogenic genes, thereby ameliorating NASH progression. In contrast, miR-223 is markedly
downregulated in HCC. Such downregulation of miR-223 accelerates HCC progression.
Thus, miR-223 is a critical regulator of NASH progression and could be a novel therapeutic
target for the treatment of NASH and liver cancer.
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