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Identification of a MicroRNA-E3

Ubiquitin Ligase Regulatory Network for
Hepatocyte Death in Alcohol-Associated
Hepatitis
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We aimed to identify a microRNA (miRNA)-E3 ubiquitin ligase regulatory network for protein substrates enriched
in cell death pathways and investigate the underlying molecular mechanisms in alcohol-associated hepatitis (AH). An
miRNA-E3 ubiquitin ligase regulatory network for protein substrates enriched in cell death pathways was constructed
using integrated bioinformatics analysis. Differentially expressed hub miRNAs (GSE59492) and their validated miRNA
target genes (GSE28619) were identified in the liver of patients with AH compared with healthy controls. Liver sam-
ples from patients with AH and healthy individuals and mice exposed to Gao-binge (acute on chronic) ethanol were
used for experimental validation. Using hub miRNAs identified by weighted correlation network analysis, a miRNA-
E3 ubiquitin ligase regulatory network was established based on 17 miRNAs and 7 E3 ligase genes targeted by these
miRNAs that were down-regulated in AH. Among the miRNAs in this regulatory network, miR-150-5p was the only
miRNA regulating the E3 ligase cytokine-inducible SH2 containing protein (CISH), the E3 ligase that regulates the
largest number of substrates among all E3 ligase family members. Therefore, the CISH regulatory pathway for ubiq-
uitinated substrates was selected for subsequent experimental validation. Consistent with the bioinformatics analysis
results, expression of miR-150-5p was markedly increased, while CISH was decreased, in the livers of patients with
AH and mice exposed to Gao-binge ethanol. Moreover, ubiquitination of Fas-associated protein with death domain, a
predicted CISH substrate involved in the regulation of programmed cell death, was reduced in livers from mice after
Gao-binge ethanol. Conclusion: ldentification of the miRNA-E3 ubiquitin ligase regulatory network for protein sub-
strates enriched in the cell death pathways provides insights into the molecular mechanisms contributing to hepatocyte
death in AH. (Hepatology Communications 2021;5:830-845).

Icohol-associated liver disease (ALD) is an carcinoma.?’ Clinically, alcohol-associated hepatitis
important and growing public health prob- (AH) is a devastating form of ALD, with up to 40%
lem.") ALD progresses from the reversible mortality within 90 days.®) Currently, there are few

stages of steatosis, steatohepatitis and fibrosis, to more  effective therapeutics available for the treatment of
severe and nonreversible cirrhosis and hepatocellular ALD at any stage of disease progression. Therefore,
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clarifying the pathogenesis and molecular regulatory
pathways involved in ALD is particularly crucial for
improving the diagnosis, prevention, and treatment of
this disease.

ALD is associated with an increase in hepato-
cellular death. Multiple forms of programmed cell
death, including apoptosis, necroptosis, pyroptosis
and ferroptosis, have been implicated in the patho-
genesis of ALD.*7 Apoptosis and necroptosis, acti-
vated by death receptor ligands, have been the most
well studied, at least in part because of the important
role of tumor necrosis factor (TNF) family members
in mediating ALD. Among the ligand-death recep-
tor signaling pathways, the concentration of TNFa,
as well as soluble Fas and Fas ligand, are increased
in patients with AH.®Y Moreover, chronic ethanol
exposure shifts TNF receptor 1 (TNFR1) signaling
from cell survival to cell death in cultured hepato-
cytes. 101 Fas ligand—induced and TNFR1-induced
programmed cell death share many common signaling
proteins, including the formation of death-inducing
signaling complex by recruiting Fas-associated pro-
tein with death domain (FADD), receptor-interacting
protein kinase 1 (RIPK1), and caspase-8. Activation
of these common pathways is disrupted in liver dis-
eases, resulting in hepatocellular death.® However,
the regulatory mechanisms by which programmed cell
death signaling pathways are dysregulated in ALD is
not well understood.

One key mechanism involved in the molecular
regulation of death receptor signaling, especially for
TNFR1 signaling, is ubiquitina'cion.(13
of proteins involved in TNFR signaling plays a vital
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role in determining cell survival or death.1*1® For
example, the cellular inhibitor of apoptosis proteins
(c-IAP1 and c-IAP2) act as ubiquitin ligases (E3),
catalyzing the poly-ubiquitination of RIPK1 and their
own auto-ubiquitination, and regulating the forma-
tion of TNFR1 complex I. Because complex I protects
against cell death by inhibiting the translocation of
RIPK1 to complex 11,0417 understanding the effect
of ethanol on the regulation of ubiquitination could
lead to therapeutics to improve hepatocyte survival.

Ubiquitination plays a prominent role in regulat-
ing the fate of cellular proteins, affecting their deg-
radation, subcellular localization, and protein—protein
interactions. The binding of ubiquitin molecules to
target proteins involves two steps: Ubiquitin-activating
enzymes (E1) and ubiquitin-conjugating enzymes
(E2) prepare ubiquitin for conjugation, and then
(2) ubiquitin ligases (E3) link activated ubiquitin to
lysine residues of substrates or itself, resulting in pro-
tein poly-ubiquitination or mono-ubiquitination.™®
Ligation of ubiquitin to specific lysine residues on
target substrates determines the fate of the target pro-
tein. For example, poly-ubiquitination through K48-
linked ubiquitin chains generally marks proteins for
proteasomal degradation, whereas K63-linked ubiqui-
tin chains can regulate signal transduction and toler-
ance to DNA damage.""® Previous studies have found
that ethanol exposure impairs hepatic proteasome
activity, 2" due to both changes in the regulation of
ubiquitination of proteins and changes in the function
of the proteasome.(zz) However, the effect of ethanol
on the regulation of death receptor signaling by ubiq-
uitination has not been investigated.
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The regulation of E3 ubiquitin ligases is medi-
ated, in part, by microRNAs (miRNAs). miRNAs
are small noncoding RNAs involved in the regula-
tion of gene expression at the post-transcriptional
level. Many miRNAs are abnormally expressed in
ALD,(23’24) associated with inflammation, hepato-
cyte death, and hepatocyte regeneration.***
Interestingly, many ubiquitin enzymes, especially the
E3 ligases, are regulated by miRNAs, thus affectin
the ubiquitination of their target substrates. 2%
However, the role of miRNAs in the regulation of
ubiquitination in ALD has not been investigated.
Therefore, in this study, we have identified a miR-
NA-E3 ligase regulatory network for substrates
enriched in programmed cell death pathways using
integrated bioinformatics analysis, and then verified
this network in liver samples from patients with AH
and healthy individuals, as well as in mice exposed
to Gao-binge acute-on-chronic model of ethanol-
induced liver injury. These analyses identified a
miR150-5p cytokine-inducible SH2 containing
protein (CISH) network associated with disrupted
ubiquitination of FADD, a key protein involved in
regulating programmed cell death.

Materials and Methods

MICROARRAY DATA AND
PREPROCESSING

Two data sets, GSE59492 and GSE28619, were
downloaded from the Gene Expression Omnibus
database (https://www.ncbi.nlm.nih.gov/geo/). The
miRNA microarray data set GSE59492 was created
in the laboratory of Pau Sancho-Bru,® using liver
samples from 13 patients with AH, 5 with ALD-
induced cirrhosis, 5 with nonalcoholic steatohepatitis—
induced cirrhosis, 4 with hepatitis C virus—induced
cirrhosis, and 6 healthy controls. For our unsigned
Weighted Correlation Network Analysis (WGCNA)
analysis, we only used the miRNA expression data
from the 13 patients with AH and 6 healthy controls.
The GSE28619 database contains transcriptome data
collected by gene-expression array from livers of 15
patients with AH and 7 healthy controls.?” Both
data sets were preprocessed using R software to trans-
form probes, correct for background, and normalize

data distribution. miRNA genes in the GSE59492
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data set were analyzed by WCGNA.®? Differentially

expressed genes between AH and normal liver sam-
ples in the GSE28619 data set were identified using

the limma Bioconductor package.®

WGCNA OF miRNA EXPRESSION IN
AH

The WGCNA package®” was used to identify
co-expression networks for a total of 1,733 miRNAs
in the GSE59492 data set (Fig. 1A). The WGCNA
of miRNA expression in AH is described in the

Supporting Information.

IDENTIFICATION OF HUB
miRNA-TARGET GENES THAT
ARE ENRICHED IN THE
UBIQUITIN-MEDIATED
PROTEOLYSIS PATHWAY

The target genes of the hub miRNAs were iden-
tified using miRNet®? (https://www.mirnet.ca), an
integrated tool from three well-annotated and val-
idated miRNA databases: miRTarBase, TarBase,
and miRecords. To identify the down-regulated
miRNA target genes, a Venn diagram was used to
compare the miRNA-target gene set obtained from
the miRNet with messenger RNA (mRNA) differ-
entially expressed in the GSE28619 data set. The
miRNA-target genes enriched in the ubiquitin-
mediated proteolysis pathway were identified using

Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis (Fig. 1B).

IDENTIFICATION OF E3
UBIQUITIN LIGASE-TARGET
SUBSTRATES RELATED TO THE
APOPTOSIS AND NECROPTOSIS
PATHWAYS

The integrated bioinformatics resource UbiBrowser
(http://ubibrowser.ncpsb.org) was used to identify
the target substrates for E3 ligase. UbiBrowser con-
tains 1,295 validated and 8,255 predicted E3 ligase—
substrate interactions. Gene ontology (GO) and KEGG
pathway enrichment analysis was performed with
Metascape(33) (https://metascape.org) on the identified
E3 ligase—target substrates (P < 0.05 was the threshold
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Identification of the miRNA-E3 ubiquitin ligase regulatory network for protein substrates
enriched in the cell death pathways provides new insights into the potential molecular mechanisms
contributing to hepatocyte death and the discovery of therapeutic targets in AH

FIG. 1. Schematic overview of bioinformatics methods. (A) Identification of hub miRNAs in AH using WGCNA. (B) MiRNA-target
gene prediction based on miRNet and KEGG pathway enrichment analysis to identify miRNA-target genes enriched in ubiquitin-
mediated proteolysis pathway. (C) Identification of the E3 ubiquitin ligase—target substrates enriched in the apoptosis and necroptosis
pathway using UbiBrowser and Metascape. (D) Construction of the miRNA-E3 ligase gene—substrate regulatory network using Cytoscape.

statistical significance) (Fig. 1C). After KEGG pathway
enrichment analysis, the E3 ligase substrates identified
as members of the apoptosis (hsa04210) and necroptosis
(hsa04217) pathways (Fig. 1C) were selected to con-
struct the miRNA-target E3 substrates network using
Cytoscape version 3.7 (Fig. 1D).

CELL CULTURE, miR-150-5p
TRANSFECTION, AND
LUCIFERASE ASSAY

Alpha mouse liver 12 (AML12) hepatocytes
(ATCC, Manassas, VA) were cultured in Dulbecco’s
modified Eagle’s medium/F12 with 10% fetal bovine
serum, supplemented with insulin, transferrin, sele-
nium, and dexamethasone. They were seeded in
12-well plates for 24 hours. On the day of transfection,
cells were washed and transfected with miR-negative
control, miR-150-5p mimic, or miR-150-5p inhibitor

(Qiagen, Hilden, Germany) at 200-nM concentration
using RNAiMAX lipofectamine reagent (Thermo
Fisher Scientific, Waltham, MA) mixed in the Opti-
MEM media as per the manufacturer’s instructions.
After 48 hours, hepatocytes were lysed for western
blot analysis.

The LightSwitch 3'UTR (untranslated region)
GoClone  containing CISH 3'UTR  (insert
length = 1,186) was purchased from SwitchGear
Genomics (Carlsbad, CA). Twenty-four hours before
transfection, 0.014 x 10° cells/well were plated in
a 96-well plate. The AMLI12 cells were then co-
transfected with 200 nM miR-150-5p mimic, miR-
150-5p inhibitor, or miR-negative control together with
the LightSwitch 3'UTR GoClone using RNAIMAX
lipofectamine reagent, according to the manufacturer’s
protocol. After 24 hours, media were removed, cells were
lysed with the reagent from the LightSwitch Luciferase
Assay Kit (SwitchGear Genomics), and the activity
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of luciferase was assayed using the luciferase reporter
assay system (SwitchGear Genomics).

PATIENT LIVER SAMPLES

Liver tissues were obtained from the early transplant
tissue repository provided by the National Institute on
Alcohol Abuse and Alcoholism—supported Clinical
Resource for Alcoholic Hepatitis Investigations at
Johns Hopkins University (R24AA025017). All
liver samples were de-identified and all the stud-
ies approved by institutional review boards at Johns
Hopkins Medical Institutions and Cleveland Clinic.
Biochemical and clinical data for these samples have
been reported previously.(34)

GAO-BINGE ETHANOL FEEDING

All animal procedures were approved by the
Cleveland Clinic Institutional Animal Care and Use
Committee. Female C57BL/6] mice (8-10 weeks
old) were purchased from Jackson Laboratory (Bar
Harbor, ME). Mice were randomly assigned to etha-
nol (EtOH)-fed and pair-fed groups. EtOH-fed mice
were allowed free access to the Lieber-DeCarli high-
fat diet (HFD) containing 5% vol/vol ethanol for
10 days or pair-fed control diets substituting maltose
dextrins for ethanol. On day 11, EtOH-fed and pair-
fed mice were gavaged with a 5-g/kg dose of EtOH
or isocaloric maltose control, respectively. Mice were
euthanized 6 hours after gavage. The tissue collec-
tion and the feeding protocol have been reported
previously.(SS)

REVERSE-TRANSCRIPTION AND
QUANTITATIVE REAL-TIME
POLYMERASE CHAIN REACTION

Total RNA was isolated from human or mouse
liver tissue using the Direct-zol mini RNA kit
(Zymo Research, Irvine, CA). For miRNA mea-
surement, RNA was reverse-transcribed using the
miScript IT RT kit (Qiagen). Real-time polymerase
chain reaction (PCR) amplification was performed
using the miScript SYBR Green PCR kit with
miScript primers on a QuantStudio 5 quantita-
tive PCR instrument (Applied Biosystems, Foster
City, CA). The mRNA was reverse-transcribed
using the Retroscript kit (Invitrogen, Carlsbad,
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CA). mRNA relative expression was measured
using the PowerSYBR quantitative real-time PCR
kits (Applied Biosystems). Statistical analyses were
performed using the AACt method. miRNA was
normalized to the small nuclear RNA, RNU6, and
mRNA was normalized to 18S rRNA.

IMMUNOBLOTTING,
UBIQUITIN ARRAY, AND
UBIQUITIN PULL-DOWN ASSAYS

Frozen liver tissues from humans or mice were
homogenized in lysis buffer containing protease and
phosphatase inhibitors,®> and protein concentra-
tions assayed using the DC Lowry assay (Bio-Rad,
Hercules, CA). N-ethylmaleimide was also added
to the lysis buffer for ubiquitin pull-down assays
in which 4-mg mouse liver tissue lysate was pre-
cleared with control agarose beads (Lifesensors
Inc., Malvern, PA) and then pulled down using the
Tandem Ubiquitin Binding Entities, agarose-TUBE2
(Lifesensors), which has equivalent affinities for both
K63-linked and K48-linked polyUb chains. The
Human Ubiquitin Array kit (R&D Systems, Inc.,
Minneapolis, MN) was used to detect the differences
of the ubiquitination levels of proteins between the
liver samples from patients with AH and healthy indi-
viduals. All experimental operations were performed
according to manufacturer’s instructions. Liver lysates
or ubiquitin pull-down fractions were denatured in
Laemmli sodium dodecyl sulfate loading buffer at
95°C for 5 minutes. Then, samples were separated by
10% polyacrylamide gel electrophoresis and subjected
to immunoblotting. Antibodies were against CISH
(#PAS5-79048; Invitrogen), human FADD (#sc-5559;
Santa Cruz Biotechnology, Santa Cruz, CA), murine
FADD (#sc-6036; Santa Cruz Biotechnology), and
HSC70 (#sc-24; Santa Cruz Biotechnology). The
densitometry for immunoblots was determined using
KODAK Image Station 4000R (Carestream Health,
Inc., New York, NY). The relative ubiquitination lev-
els of 49 different proteins in the human ubiquitin
array were normalized to the reference spots without
overexposure before comparison.

STATISTICS

Continuous variables were represented as the mean
and SEM. Two-tailed # tests were used to compare
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variables with normal distribution between the two
groups. Analysis of variance was conducted using
the general linear models procedure. Statistical anal-
yses were performed with STATA (version 16.0;
IBM, Armonk, NY) and R (version R-3.6.2). P val-

ues < 0.05 were considered significant.

Results

IDENTIFICATION OF HUB miRNAs
IN AH USING WGCNA

miRNAs that participate in similar biological pro-
cess or pathways may be tightly co-regulated and have
similar expression patterns.*® WGCNA was used to
identify miRNAs that are closely connected by form-
ing weighted gene co-expression networks (modules)
of miRNAs related to AH (Fig. 1). As shown in the
sample dendrogram and trait heatmap (Fig. 2A), 1,733
miRNAs were selected from the GSE59492 data set to
construct the miRNA co-expression network (Fig. 2B).
A total of five miRNAs modules were identified that
correlated with AH (Fig. 2C). There were 338 miRNAs
in the blue module, 283 miRNAs in the brown module,
408 miRNAs in the green module, 125 miRNAs in the
red module, and 579 miRNAs in the turquoise module.
Module clinical traits association analysis demonstrated
that the blue (cor = -0.88, P= 8”) module was negatively
correlated with AH. In contrast, green (cor = 0.69,
P =0.001) and turquoise (cor = 0.48, P = 0.04) modules
were positively correlated with AH (Fig. 2C), indicat-
ing that miRNAs in these modules were up-regulated
in AH (Supporting Fig. S1). The module eigengenes
and clinical trait (AH) hierarchical clustering and heat-
map indicated that the green module was highly cor-
related with AH (Fig. 2D). Finally, gene significance
(GS) versus module membership (IMM) were plotted
for the AH-related green module to identify hub miR-
NAs that were highly associated with AH (Fig. 2E).
These miRNAs are listed in Supporting Table S2. A
total of 39 miRNAs with GS > 0.42 and MM > 0.74
were selected to use in the identification of miRNA
target genes using miRNet. Importantly, using KEGG
pathway enrichment analysis, we found that 30 of these
39 miRNAs had target genes that were identified as
enriched in ubiquitin-mediated proteolysis pathway
(Fig. 2F).

FANET AL.

UBIQUITINATION OF PROTEINS
ENRICHED IN THE PROGRAMMED
CELL DEATH PATHWAY IN
PATIENTS WITH AH

To investigate whether ubiquitination levels of pro-
teins enriched in cell death pathway change in patients
with AH, we first used a human ubiquitin array to
evaluate the ubiquitination levels of 49 different pro-
teins in the liver samples from 3 patients with AH
and 3 healthy individuals (Fig. 3A). Ubiquitination of
caspase-8, tumor protein P53, and inhibitor of nuclear
factor kappa B kinase regulatory subunit gamma were
increased in the liver samples of patients with AH,
whereas c-IAP1, c¢-IAP2, nuclear factor kappa B
inhibitor epsilon, and TNF receptor associated fac-
tor 6 were decreased in the liver of patients with AH
compared with those of healthy individuals (Fig. 3B).
Because these proteins were enriched in programmed
cell death pathway, the data suggest that ubiquitina-
tion of proteins enriched in programmed cell death
pathway may be involved in determining cell survival
or death during the progression of AH. Therefore,
understanding the effect of ethanol on the regula-
tion of ubiquitination could lead to therapeutics, to
improve hepatocyte survival).

IDENTIFICATION OF HUB miRNA-
TARGET E3 UBIQUITIN LIGASE
GENES AND E3 SUBSTRATES
ENRICHED IN APOPTOSIS AND
NECROPTOSIS PATHWAYS

Because the ubiquitin-mediated proteolysis path-
way was identified as important in AH in our i sifico
prediction from the miRNA database, we next asked
whether the ubiquitin-mediated proteolysis pathway
was also regulated in AH in the GSE28619 transcrip-
tome database. In total, 14 down-regulated E3 ubiqui-
tin ligase genes were identified in the liver samples of
patients with AH from the GSE28619 data set (Fig.
4A and Supporting Table S1). These included the cat-
alytic E3 ligases, as well as noncatalytic E3 ligase com-
plex components, which were found to be regulated by
hub miRNA in the E3 ligase gene set. The intersec-
tion between the down-regulated E3 ligase gene set of
GSE28619 and hub miRNA-target E3 ligase gene set
(Supporting Table S2) is illustrated in the Venn diagram
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(Fig. 4B). Seven E3 ligases (including two noncatalytic
E3 ligase complex components) were identified as over-
lapping in the Venn diagram: CISH, kelch-like fam-
ily member 15 (KLHL15), siah E3 ubiquitin protein

HEPATOLOGY COMMUNICATIONS, May 2021

ligase 2 (SIAH2), zinc finger and BTB domain con-
taining 16 (ZBTB16), zinc and ring finger 3 (ZNRF3),
zinc finger AN1-type containing 5 (ZFANDS), and
zinc finger and BTB domain containing 10 (ZBTB10)
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FIG. 2. Hub miRNAs obtained following WGCNA analysis of total miRNAs from the livers of patients with AH and healthy controls
in the GSE59492 data set. (A) Sample dendrogram and trait heatmap. The cut height was set as 22, and none of the samples exceeded
the cutoff threshold. (B) Hierarchical cluster analysis was conducted to identify miRNA co-expression clusters using the GSE59492 data
set. MicroRNAs within five modules were identified and labeled with five colors (turquoise, brown, green, blue, and red). The branches
of the dynamic clustering tree correspond to the clusters/modules shown as colored bands underneath the cluster tree. The highly similar
miRNA modules were merged and are shown as the merged dynamic colored bands. (C) Heatmap depicts the correlations between
modules and clinical trait (AH versus controls). The degree of correlation was represented by different colors (numerical scale on the
right-hand side and colors on the left-hand side represent each module). Each row was labeled with correlation coefficients and P value.
(D) Correlation between module eigengenes and clinical trait (AH), showed by hierarchical clustering and heatmap. The dotted box
indicates modules that strongly cluster with AH. (E) Scatter plot between the green module membership and the gene significance for
clinical trait (AH). The x-axis represents the module membership in the green module, and the y-axis represents the gene significance in
the green module. (F) KEGG pathway enrichment analysis for miRNA-target genes selected from the green module. In total, 30 of the
39 miRNAs target genes in the green module are enriched in the ubiquitin-mediated proteolysis pathway.

(Fig. 4B). As would be expected, when we asked what
miRNAs regulate these seven E3 ligase genes, we
found that 17 miRNAs from the green module of the
GSE59492 data set regulate these E3 ligase genes. The
miRNA-target E3 ligase genes in this regulatory net-
work are shown in the Fig. 4C.

IDENTIFICATION OF E3 LIGASE
SUBSTRATES

To better understand the biological impact of dif-
ferences in E3 ligase expression in the liver of patients
with AH, UbiBrowser was used to predict protein
substrates for the seven E3 ligases identified in our
analysis. CISH interacts with 1,012 protein substrates;
KLHL15 interacts with 20 protein substrates; SIAH2
interacts with 912 protein substrates; and ZBTB16
interacts with 877 protein substrates. ZNRF3 and the
noncatalytic E3 ligase complex components (ZFANDS5
and ZBTB10) had no predicted substrates. To deter-
mine the function of these E3 ligase—target substrates,
KEGG pathway and GO (biological process) enrich-
ment analyses were conducted using Metascape. The
top 20 enriched pathways and biological processes
identified are shown in Fig. 4D,E. Given the critical
role of ubiquitination in the regulation of programmed
cell death pathways, functional enrichment analysis was
used to identify the E3 ligases in our gene set that were
enriched in programmed cell death pathways. Based on
this analysis, CISH was selected as having the high-
est number of target substrates in the apoptosis and
necroptosis pathways (Supporting Table S3). Of the
17 miRNAs included in the miRNA-target E3 ligase
gene regulatory network (Fig. 4C), we found that miR-
150-5p was the only miRNA that regulates CISH. To
identify appropriate targets to experimentally validate
the regulation of miR150-5p and CISH in AH, we

constructed an miRNA-target E3 ligase gene-substrate
network (Fig. 4F). This network includes the miR-150-
5p-target E3 ligase gene (CISH) and 66 CISH-target
substrates that are enriched in apoptosis and necropto-
sis pathways. Similar results were obtained using inge-
nuity pathway analysis (data not shown).

PATIENTS WITH AH AND MICE
EXPOSED TO GAO-BINGE
ETHANOL HAVE INCREASED
EXPRESSION OF Mir-150-5p AND
DECREASED EXPRESSION OF
CISH IN LIVER

Expression of miR-150-5p was increased in the
livers of patients with AH compared to healthy indi-
viduals (Fig. 5A). Gao-Binge EtOH feeding in mice
is associated with increased liver damage and neutro-
phil accumulation, a model that has features character-
istic of human AH.®**) Here we used liver samples
from mice exposed to Gao-binge EtOH; these mice
were previously shown to have increased hepatic tri-
glycerides, circulating alanine aminotransferase and
aspartate aminotransferase, as well as increased accu-
mulation of neutrophils, as assessed by NIMPR14
staining.(37) Expression of miR-150-5p was increased
in the livers of EtOH-fed mice compared with pair-
fed mice (Fig. 5B). Expression of CISH mRNA and
protein was decreased in the livers of patients with AH
and EtOH-fed mice compared with healthy individuals
(Fig. 5C/E) and pair-fed mice (Fig. 5D/F), respectively.
Through computational analysis using STarMirDB, ")
we obtained the nucleotide positions of predicted bind-
ing sites of miR-150-5p and 3'UTR-CISH (Fig. 6A).
To confirm that CISH is a target of miR-150-5p, we
examined the effect of miR-150-5p mimic and inhib-
itor in AML12 cells, a murine hepatocyte cell line.
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FIG. 3. Ubiquitination of proteins enriched in the programmed cell death pathway in liver samples from patients with AH. (A) The
human ubiquitin array kit was used to evaluate the ubiquitination levels of proteins in liver samples from patients with AH and healthy
individuals (n = 3 for each group). The framed proteins were detected in all samples. (B) Relative ubiquitination was semi-quantified for
all proteins. Proteins identified with an asterisk (*) are proteins enriched in the cell death pathway that were significantly changed in the
liver samples of patients with AH compared to those of healthy individuals. Proteins identified with a triangle (/\) are proteins whose
ubiquitination was very low or undetectable in the ubiquitination screen assay. Data are represented as fold change of AH versus healthy
control. Values are presented as means *SEM, n = 3. Abbreviation; HC, healthy control.

Expression of CISH protein was significantly increased
48 hours after transfection of AML12 hepatocytes
with miR-150-5p inhibitor (200 nM) compared with
expression in AML12 cells transfected with scrambled
small interfering. However, transfection with the miR-
150-5p mimic (200 nM) did not reduce CISH protein
levels at 48 hours, perhaps due to a slower rate of CISH
protein degradation (Fig. 6B). To provide more direct
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evidence that miR-150-5p targets CISH, we co-trans-
tected AML12 hepatocytes with a plasmid containing a
luciferase gene under the control of CISH 3'UTR and
either the miR-150-5p mimic, inhibitor, or miRNA
negative control. Luciferase activity increased in cells
transfected with miR-150-5p inhibitor and decreased
in cells transfected with miR-150-5p mimic compared
to cells transfected with the negative control (Fig. 6C).
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FIG. 4. Identification of the E3 ubiquitin ligase—target substrates related to the apoptosis and necroptosis pathways. (A) Volcano plot of
E3 ubiquitin ligase DEGs between AH and healthy liver samples from the GSE28619 data set. The red points represent up-regulated
mRNA screened on the basis of log FC > 1 and adjusted Pvalue of < 0.05. The blue points represent down-regulation of the expression of
genes screened on the basis of log FC < -1 and a corrected Pvalue of < 0.05. The gray points represent genes with no significant difference.
(B) Venn diagram of the intersection between the E3 ligase differentially expressed gene set of GSE28619 and the hub miRNA-target E3
ligase genes set. Seven E3 ligase genes were identified in the overlap region. (C) MiRNA-target E3 ligase gene regulatory network. This
network showed seven E3 ligase genes regulated by 17 miRNAs and the number of these E3 ligase—target substrates from UbiBrowser.
(D) KEGG pathway enrichment analysis of E3 ligase—target substrates using Metascape. The top 20 enriched pathways are shown. CISH-
target substrates were selected for subsequent studies, as the number of CISH-target substrates enriched in the apoptosis and necroptosis
pathway are larger than the other E3 ligase-target substrates. (E) GO enrichment analysis in biological processes for E3 ligase—target
substrates. The top 20 enriched biological processes are shown. (F) MiR-150-5p-target E3 ligase gene—substrate network. This network
includes miR-150-5p-target E3 ligase gene (CISH) and 66 CISH-target substrates enriched in the apoptosis and necroptosis pathways.
This network was obtained with Cytoscape. Abbreviations: DEG, differentially expressed gene; FGFR, fibroblast growth factor receptor 1.
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FIG.5. Increased miR-150-5p and decreased CISH were identified in patients with AH and the Gao-Binge mice model. Expression of
miR-150-5p was determined in human livers (A) and mice livers (B) using quantitative real-time PCR and normalized to RNU6. Data
are represented as fold change of EtOH versus pair group (n = 5-7 for each group). Expression of CISH was determined in human livers
(C) and mice livers (D) using quantitative real-time PCR and normalized to 18 seconds. Data are represented as fold change of EtOH
versus pair group (n = 5-7 for each group). (E) Expression of CISH protein was measured in the livers of patients with AH and heathy
individuals by western blot (n = 5 for each group). Densitometry was carried out with HSC70 as a loading control. (F) Expression of CISH
protein was measured in the livers of mice by western blot (n = 4-5 for each group). Densitometry was carried out with -actin as a loading
control. Values represent means = SEM, and P values are presented at the top of the bar graphs.

UBIQUITINATION OF THE CISH-
TARGET FADD WAS REDUCED
IN GAO-BINGE-INDUCED LIVER
INJURY, AND FADD EXPRESSION
WAS HIGHER IN THE LIVER OF
PATIENTS WITH AH AND MICE
EXPOSED TO GAO-BINGE EtOH

Because FADD is both a substrate of CISH
and a critical component in multiple receptor-
mediated cell death pathways,(39) we chose to measure
FADD ubiquitination and expression to experimen-
tally confirm our in sifico analysis. The intersection
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between down-regulated E3 ligase genes in AH from
GSE28619 and the predicted E3 ligases for FADD
(Supporting Table S4) is shown in Fig. 5A. CISH
was identified from the Venn diagram as the only
down-regulated E3 ligase for FADD in AH (Fig.
7A). Consistent with the reduced E3 ligase CISH in
AH, the level of ubiquitinated FADD was reduced in
the livers of EtOH-fed mice compared with pair-fed
mice (Fig. 7B). Furthermore, accumulation of M30,
a caspase-3 cleavage product of CK18, was increased
in the livers of these EtOH-fed mice compared with
pair-fed mice.®” Furthermore, expression of FADD
protein was increased in the livers of patients with
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AH and EtOH-fed mice as compared with healthy
individuals (Fig. 7C) and pair-fed mice (Fig. 7D),
respectively. Previous work, using the same human
liver samples, revealed an increase in caspase-3 and
caspase-9 cleavage in patients with AH compared to
healthy controls. 35)

Discussion

In this study, we constructed a network of miRNAs
regulating E3 ubiquitin ligases for substrates enriched
in the programmed cell death pathways in AH using
bioinformatic analysis, and identified FADD as a crit-
ical target of the miR-150-5p-CISH network. This
network was experimentally verified in the livers of
patients with AH and mice exposed to the Gao-binge

model of EtOH-induced liver injury. Overall, our
results suggest that changes in the expression of miR-
150-5p-target CISH in AH or in response to Gao-
binge EtOH feeding reduce the ubiquitination and
increase the accumulation of FADD (Fig. 7E) and
may act to promote hepatocellular death in AH.

We identified the elevated expression of miR-
150-5p in AH. Pre-miR-150 is a miRNA precursor
that is processed to two mature forms: miR-150-3p
and miR-150-5p. miR-150 is up-regulated in the liver
of patients with nonalcoholic fatty liver disease and
HFD-fed mice, and is associated with insulin resistance
and hepatic steatosis through regulation of FADD-like

(40) Moreover, deletion of miR-

apoptosis regulator.
150 prevents Fas-induced liver injury and hepato-
cyte apoptosis through the regulation of the protein

kinase B pathway, but not lipopolysaccharide-induced
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FIG.7. Ubiquitination levels of CISH-target FADD were reduced in the Gao-Binge mice model of EtOH-induced liver injury. (A) Venn
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liver injury.*? Expression of hepatic miR-150-5p is
increased in CCl,-induced liver fibrosis in mice,(42)
particularly in apoptotic hepatocytes, but not activated
hepatic stellate cells (HSCs), and is involved in the
progression of hepatic fibrosis.***® Here we find that
expression of miR-150-5p was increased in the livers
of patients with AH and mice after Gao-Binge EtOH
exposure, suggesting that miR-150-5p may be involved
in the pathogenesis of ALD.

To establish the miRNAs-E3 ubiquitin ligases reg-
ulatory network, we identified CISH as an important
miRNAs-regulated E3 ligase gene using the validated
miRNA databases.®? Previous work confirmed that
the expression of CISH mRNA is decreased in HSCs
when transfected with miR-150-5p mimics.*? Here
we used a luciferase reporter assay to confirm that
expression of CISH was directly regulated by miR-
150-5p by binding to the 3"UTR of CISH. In addition,
we found that hsa-miR-150-5p regulates 38 target
genes, verified by luciferase reporter assays in previous
studies.®? Of these, only two additional target genes,
early growth response 2 (EGR2; logFC = -2.92,
adjusted P < 0.05) and vascular endothelial growth
factor A (VEGFA; logFC = -0.97, adjusted P < 0.05),
were found to be significantly reduced in the livers
of patients with AH compared to healthy controls
in the GSE28619 data set. Because previous studies
have found that both EGR2*Y and VEGFA™ are
involved in the regulation of programmed cell death,
suggesting that, in addition to the miRNAs-E3 ligase
regulatory network characterized here, additional
miRNAs regulatory pathways regulating programmed
cell death may also exist.

CISH is a member of the suppressor of cytokine
signaling (SOCS) family(%) and functions to suppress
cytokine signaling by inhibiting the Janus kinase—
signal transducer and activator of transcription 5 path-
wa}/.(46’47) In addition, CISH is a substrate-recognition
component of the elongin B/C-Cul2/Cul5-SOCS
box protein (ECS) E3 ubiquitin ligase complex, which
regulates the ubiquitination of target substrates.*”)
In total, 66 CISH-target substrates enriched in the
apoptosis and necroptosis pathway were identified
using UbiBrowser and KEGG pathway enrichment
analysis, indicating that it is an important nexus for
the regulation of cell death pathways.

Among the substrates targeted by CISH, FADD
is a key protein that bridges multiple death receptor
signaling to the caspase-dependent signaling cascade

FANET AL.

by forming a death-inducing signaling complex with
procaspase-8, which is essential for the induction of
extrinsic apoptotic cell death.®” As the direct adap-
tor for both the Fas and TNF-related apoptosis-
inducing ligand (TRAIL) receptors, FADD deficiency
abolishes Fas-induced and TRAIL receptor—induced
cell death.®”*® Furthermore, miR-150 deficiency also
has been reported to prevent Fas-induced hepato-
cyte apoptosis,“? and miR-150-5p is up-regulated
in apoptotic hepatocytes.(42) Importantly, CISH was
identified as the only down-regulated E3 ligase that
targets FADD in the liver of patients with AH.
Thus, we hypothesized that miR-150-5p may affect
the ubiquitination degradation of FADD by inhibit-
ing CISH expression. Consistent with this hypoth-
esis, ubiquitination of FADD was reduced and total
FADD protein levels were increased in the livers of
mice exposed to Gao-binge EtOH feeding in mice.

One limitation of our study is that we have not
directly defined a physical interaction between CISH
and FADD. CISH is a substrate-recognition com-
ponent of a stem cell factor-like ECS (elongin B/C-
CUL2/5-SOCS-box protein) E3 ubiquitin—protein
ligase complex, and is therefore not itself an autono-
mous E3 ligase.*” All CISH/SOCS family proteins
(CISH, SOCS1, SOCS2, SOCS3, SOCS4, SOCSS5,
SOCS6, and SOCS7) have a central SH2 domain and
a C-terminally located SOCS box.®” Although the
interaction between CISH and FADD could poten-
tially be verified by immunoprecipitation, a large num-
ber of additional experiments would still be needed to
clarify the functional relationship between CISH and
FADD ubiquitination. We plan to further explore this
tunctional relationship in future studies, as they may
provide information on therapeutic targets.

Taken together, our study established a miRNA-E3
ligase regulatory network for protein substrates
enriched in the programmed cell death pathways and
experimentally verified the changes in the key compo-
nents in this miR-150-5p-CISH-FADD regulatory
network in the liver from both patients with AH and
a murine model of acute-on-chronic EtOH exposure.
Nevertheless, this study has some limitations. First,
the sample size of microarray data is relatively small;
further studies with larger samples are necessary.
Second, while the expression of components in the
miRNA-E3 ligase-substrate regulatory network were
confirmed experimentally, the mechanism for regula-
tion was not investigated. Given the contribution of
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dysregulated control of cell death in the progression of
ALD, it will be important for future studies to inves-
tigate the complexity of miRNA-E3 ligase regulatory
relationships in ALD, to better understand the under-
lying pathogenesis of ALD.
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