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Primary Alcohol-Activated Human
and Mouse Hepatic Stellate Cells Share

Similarities in Gene-Expression Profiles

Xiao Liu /' )% Sara Brin Rosenthal,** Nairika Meshgin,l’2 Jacopo Bag]jeri,l’2 Sami G. Musallam," Karin Diggle,2 Kevin Lam,?
Raymond Wu,4’5 Stephanie QPan,4’5 Yibu Chen,’® Ken Dorko,” Sharon Presnell,” Chris Benner,’ Mojgan Hosseini,®

Hidekazu Tsukamoto, >’ David Brenner,>* and Tatiana Kisseleva*
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Alcoholic liver disease (ALD) is a leading cause of cirrhosis in the United States, which is characterized by extensive
deposition of extracellular matrix proteins and formation of a fibrous scar. Hepatic stellate cells (HSCs) are the major
source of collagen type 1 producing myofibroblasts in ALD fibrosis. However, the mechanism of alcohol-induced ac-
tivation of human and mouse HSCs is not fully understood. We compared the gene-expression profiles of primary
cultured human HSCs (hHSCs) isolated from patients with ALD (n = 3) or without underlying liver disease (n = 4)
using RNA-sequencing analysis. Furthermore, the gene-expression profile of ALD hHSCs was compared with that
of alcohol-activated mHSCs (isolated from intragastric alcohol-fed mice) or CCl,-activated mouse HSCs (mHSCs).
Comparative transcriptome analysis revealed that ALD hHSCs, in addition to alcohol-activated and CCl,-activated
mHSCs, share the expression of common HSC activation (Co/Zal [collagen type I alpha 1 chain], Actal [actin alpha 1,
skeletal muscle], PAI1 [plasminogen activator inhibitor-1], 7IMPI [tissue inhibitor of metalloproteinase 1], and LOXL2
[lysyl oxidase homolog 2]), indicating that a common mechanism underlies the activation of human and mouse HSCs.
Furthermore, alcohol-activated mHSCs most closely recapitulate the gene-expression profile of ALD hHSCs. We iden-
tified the genes that are similarly and uniquely up-regulated in primary cultured alcohol-activated hHSCs and freshly
isolated mHSCs, which include CSFIR (macrophage colony-stimulating factor 1 receptor), PLEK (pleckstrin), LAPTMS5
(lysosmal-associated transmembrane protein 5), CD74 (class 1 transactivator, the invariant chain), CD53, MMP9 (ma-
trix metallopeptidase 9), CD14, CTSS (cathepsin S), TYROBP (TYRO protein tyrosine kinase-binding protein), and
ITGB2 (integrin beta-2), and other genes (compared with CCl,-activated mHSCs). Conclusion: We identified genes in
alcohol-activated mHSCs from intragastric alcohol-fed mice that are largely consistent with the gene-expression profile
of primary cultured hHSCs from patients with ALD. These genes are unique to alcohol-induced HSC activation in
two species, and therefore may become targets or readout for antifibrotic therapy in experimental models of ALD.
(Hepatology Communications 2020;4:606-626).

lcoholic liver disease (ALD) progresses from  The incidence of ALD is on the rise. In the United
hepatic steatosis to steatohepatitis, fibrosis, ~States, ALD often occurs in patients with a body mass
cirrhosis, and hepatocellular carcinoma.’!’  index (BMI) higher than 25-27% with nonalcoholic

Abbreviations: ADA2, adenosine deaminase 2; aHSC, activated HSC; APE anti-perinuclear factor; BMI, body mass index; CAVI, caveolin 1;
CD74, class I transactivator, the invariant chain; COL1A1, collagen type I alpha 1 chain; CSF1R, macrophage colony-stimulating factor 1 receptor;
CTSS, cathepsin S; CYBA, cytochromeb-245 light chain; CYP2E1, cytochrome P450 family 2 subfamily E member 1; DES, desmin; EMILIN,
elastin microfibril interface; GFAR glial fibrillary acidic protein; hHSC, human HSC; HSC, hepatic stellate cell; 1G, intragastric; IGFBP3, insulin-
like growth factor binding protein 3; IL-6, interleukin-6; ITGB2, integrin beta-2; LAPTMS, lysosmal-associated transmembrane protein 5; LOX,
lysyl oxidase; LRAT, lecithin retinol acyltransferase; mHSC, mouse HSC; MMP9, matrix metallopeptidase 9; mRINA, messenger RNA; NASH,
nonalcoholic steatohepatitis;, NTAM, neurotrimin; PAIL, plasminogen activator inhibitor-1; PLEK, pleckstrin; gHSC, quiescent HSC; RNA-Seq,
RNA-sequencing; Sppl, secreted phosphoprotein 1; TGEP1, transforming growth factor beta; Timpl, tissue inhibitor of metalloproteinase 1; TLR,
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steatohepatitis (NASH), and can synergistically
facilitate the development of liver fibrosis/cirrhosis.
Therefore, new strategies for treatment of patients
with ALD are urgently needed. The limited prog-
ress in treatment of alcoholic steatohepatitis and liver
fibrosis in patients with ALD can be attributed, at
least in part, to the lack of studies on primary healthy
and alcohol-injured human hepatic stellate cells
(hHSCs),®) primarily due to challenges with hHSC
isolation. Therefore, h(HSC-derived immortalized cell
lines are used widely to study hHSC biology, but do
not fully recapitulate hHSC functions.

Hepatic stellate cells (HSCs) are the major source
of fibrogenic myofibroblasts in alcohol-damaged liver.
Under physiological conditions, HSCs exhibit a quies-
cent phenotype (qHSC), reside in the space of Disse,
store vitamin A in lipid droplets, and function as liver
pericytes.(l) In response to chronic alcoholic injury,
HSCs lose vitamin A storage, and down-regulate the
expression of quiescence-associated genes (PRARy [per-
oxisome proliferator-activated receptor gamma], GEAP
[glial fibrillary acidic protein], NGFRI [nerve growth
factor receptor], LRAT [lecithin retinol acyltrans-
ferase], CYGB [cytoglobin], and others), up-regulate

Accession number: GSE141100

LIU, ROSENTHAL, ET AL.

the expression of fibrogenic genes (a-SMA [a-smooth
muscle actin], FIVI [fibronectin], LOX [lysyl oxidase],
Spp1 [secreted phosphoprotein 1]), and activate into
collagen type l-expressing myofibroblasts/activated
HSCs (aHSCs).” Other cellular populations, such
as activated portal fibroblasts (CD34" Thy-1" APFs
[anti-perinuclear factors]) and fibrocytes (CD45"
CD34" bone marrow—derived cells), were also shown
to contribute to a small fraction of hepatic myofibro-
blasts in alcohol-injured liver.*¥

The characteristics of qHSCs and aHSCs (versus
APFs and fibrocytes) were determined based on the
gene-expression profiling of mouse HSCs (mHSCs)
activated in response to experimental models of toxic
liver injury in mice, such as CCl,, a hepatotoxin that
causes hepatocyte apoptosis without changing their
metabolic properties, or the intragastric (IG) model of
alcohol infusion, which causes hepatotoxic and meta-
bolic damage of hepatocytes.(s) Similar to patients with
ALD (and specifically patients with ALD with NASH),
IG alcohol-fed mice develop steatosis, steatohepatitis,
and liver fibrosis. Mice fed ad /ibitum alcohol-containing
Western liquid diet with weekly alcohol binge develop

milder liver fibrosis, and the transcriptome of aHSCs/

© 2020 The Authors. Hepatology Communications published by Wiley Periodicals, Inc., on behalf of the American Association for the Study of
Liver Diseases. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits

use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are

made.
View this article online at wileyonlinelibrary.com.
DOI 10.1002/hep4.1483

Potential conflict of interest: Dr. Dorko owns stock in and is employed by Ambys Medicines. He consults for Cytostrategy. Dr. Tsukamoto consults for

EA Pharma, Sekisui Chemical, and Otsuka Pharmaceutical Factory.

ARTICLE INFORMATION:

From the 1Department of Surgery, University of California, San Diego, La Jolla, CA; 2Depar’cment of Medicine, University of
California, San Diego, La Jolla, CA; 3Center for Computational Biology & Bioinformatics, University of California, San Diego,
La Jolla, CA; “Southern California Research Center for ALPD & Cirrhosis, Keck School of Medicine of the University of Southern
California, Los Angeles, CA; 5Depm’tment of Pathology, Keck School of Medicine of the University of Southern California,
Los Angeles, CA; ®Bioinformatics Services, Keck School of Medicine of the University of Southern California, Los Angeles, CA;
’Samsara Sciences, San Diego, CA; ®Department of Pathology, University of California, San Diego, La Jolla, CA; *Department of
Veterans Affairs Great Los Angeles Healthcare System, Los Angeles, CA.

ADDRESS CORRESPONDENCE AND REPRINT REQUESTS TO:

Xijao Liu, M.S.

Department of Surgery, University of California

9500 Gilman Dr. Biomedical Research Facility II, rm5217-GG
San Diego, La Jolla, CA 92037

E-mail: xil094@ucsd.edu

or

Tatiana Kisseleva, M.D., Ph.D.

Department of Surgery, University of California

9500 Gilman Dr. Biomedical Research Facility II, rm5217-GG
San Diego, La Jolla, CA 92037

E-mail: tkisseleva@ucsd.edu

607


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE141100
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xil094@ucsd.edu
mailto:tkisseleva@ucsd.edu

LIU, ROSENTHAL, ET AL.

myofibroblasts isolated from this model has recently
been examined in relation to epigenetic regulation.<6)
Although aHSCs were implicated in the fibrogenesis of
both CCl, and alcohol-induced liver fibrosis, it remains
unknown whether alcohol can uniquely activate HSCs
in mouse models of ALD and in patients. In fact, no
studies have been conducted to assess the comparative
gene-expression profile of alcohol-activated hHSCs
and mHSCs (vs. CCl,-injured mHSCs).

Here, we isolated and characterized primary cultured
hHSCs (from donor livers declined for transplantation)
using RNA-sequencing (RNA-Seq) and quantitative
real-time PCR. Normal hHSCs were isolated from
donor livers with no history of liver disease and were
compared with ALD hHSCs (from donors with alcohol-
induced liver fibrosis). The comparative analysis of
alcohol-activated hHSCs and mHSCs identified that a
common mechanism underlying activation of hHSCs
and mHSC:s, such as expression of fibrogenic markers
(Col4al [collagen type IV alpha 1 chain], Co/Ial [col-
lagen type I alpha 1 chain], 7IMP1 [tissue inhibitor of
metalloproteinase 1], Lox, PDGFRf [platelet-derived
growth factor receptor-beta]), was universally induced in
both. We also identified a unique set of genes (CSFIR
[macrophage colony-stimulating factor 1 receptor],
PLEK [pleckstrin], LAPTMS5 [lysosmal-associated
transmembrane protein 5], CD74 [class | transactivator,
the invariant chain], CD53, MMP9 [matrix metallopep-
tidase 9], CD14, CTSS [cathepsin S], TYROBP [TYRO
protein tyrosine kinase-binding protein], and I7GB2
[integrin beta-2]) that is uniquely up-regulated in both
alcohol-activated mHSCs and hHSCs (but not by
CCl,). These genes may serve as targets for antifibrotic
therapy in ALD, but the physiological role of these
genes in preclinical models of patients with alcohol-
induced liver fibrosis and ALD remains to be determined.
Alternatively, translating our findings in humans to mice,
down-regulation of these genes in mHSCs might serve
as a readout of successful treatment of alcohol-induced
liver fibrosis in experimental models of ALD.

Materials and Methods

ISOLATION OF ALD AND NORMAL
HUMAN HSCs

Livers declined for transplantation (internal review

board 171883XX, approved on November 9, 2017, in
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collaboration with the Lifesharing [www.lifesharing.
org; San Diego, CA] organ procurement organiza-
tion [OPQ]), were graded for steatosis, inflammation,
and fibrosis by a pathologist using a double-blinded
method,"” and identified as ALD or normal. Primary
hHSCs were purified from livers using pronase/
collagenase perfusion and gradient centrifugation
method,® cultured for 3 weeks (P0), passaged once
(P1) or twice (P2), and analyzed by immunocyto-
chemistry and quantitative real-time PCR.

ISOLATION OF MOUSE HSCs

Col1a1"™ mice (male, C57BL6, 12 weeks old)
were generated by crossing Co/1a1”® x Rosa26/"™"
mice and were subjected to CCl,-induced liver fibro-
sis (1:4 in corn oil, 200 pL, 12 times over 6 weeks,
oral gavage, n = 6) or corn oil (control). Co/lal orp
transgenic mice” were subjected to alcoholic hepati-
tis and fibrosis by hybrid feeding ad /ibidum of a diet
high in cholesterol and saturated fat, and IG feeding
of alcohol liquid diet plus weekly alcohol binge (IG
alcohol-fed mice). See Supporting Information for
details.

IMMUNOHISTOCHEMISTRY

Human livers (formalin-fixed, paraffin-embedded)
were stained with the anti-CDé68 (ab955; Abcam,
Cambridge, United Kingdom), anti-a-SMA (ab5694,
Abcam), and anti-DES (desmin; Rb-9014-P0;
Thermo Fisher Scientific, Waltham, MA) Abs. See

Supporting Information for details.

RNA-Seq ANALYSIS

RNA-Seq analysis of alcohol-activated hHHSCs and
mHSCs. Strand-specific messenger RNA (mRNA)-
sequencing libraries (polyA+) were generated using
Ilumina TruSeq stranded mRNA library prep kits (San
Diego, CA) and sequenced on an Illumina HiSeq2500
to a depth of approximately 25 million reads. See
Supporting Information for details.

FUNCTIONAL ENRICHMENT
ANALYSIS

Functional enrichment analysis was conducted
using the ToppGene suite™ on the top 500 most


http://www.lifesharing.org
http://www.lifesharing.org
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differentially expressed genes identified in alcohol-
activated (vs. normal) hHSCs, alcohol-activated (vs.
quiescent) mHSCs, and CCl,-activated (vs. quiescent)
mHSCs.

PATHWAY ANALYSIS

Pathway analysis was conducted using the Top-
pGene suite, which contains a collection of pathways
from various sources. The pathways from KEGG
and REACTOME, along with some other smaller
databases of pathways (including BIOCARTA and
the pathway interaction database) are used as the
collection of gene sets to enrich against. Essentially,
the ToppGene collection of pathways contains the
union of pathways from each database. The P value
was corrected for the total number of pathways in the
database.

NETWORK ANALYSIS

Thirty-five genes that were commonly dysregulated
in alcohol-activated hHSCs/mHSCs were integrated
with the STRING protein—protein interaction net-
work using the STRING web interface, with all edges
of medium or high confidence (https://string-db.
org).m) This network was further pruned to a highly
connected core set of genes by taking the subset of
genes with two or more connections to form the ALD
signature gene set.

STATISTICAL ANALYSES

Statistical analyses were conducted using the R
project for statistical computing (https://www.r-proje
ctorg/) and python (https://www.python.org/). See

Supporting Information for details.

Results

CHARACTERIZATION OF ALD
LIVERS VERSUS NORMAL LIVERS

Non-transplanted donor livers were obtained
through collaboration with the Lifesharing OPO. A
liver pathologist assessed the histology in a double-
blinded manner. Donors with no underlying liver dis-

ease (n = 4, average age = 43 years, BMI = 27.8) were

LIU, ROSENTHAL, ET AL.

considered as normal. Donors with ALD (n = 3, aver-
age age = 49 years, BMI = 30.8) were identified based
on patient history (excessive alcohol consumption >
5 drinks daily), liver function, steatosis grade (1-3,
hematoxylin and eosin [H&E]), lobular inflammation
score (scale 0-3), and fibrosis stage (n = 2, stage 2;
n = 1, stage 4; scale 0-4, Brunt-Keiner methodology,
Fig. 1A). Specifically, ALD was diagnosed based on
elevated serum aspartate aminotransferase (average 225
vs. normal 37), increased fibrosis (positive area of sirius
red staining: 13.2% * 1.5% vs. normal 1.5% = 0.1%),
activation of a-SMA" aHSCs/myofibroblasts (posi-
tive area 26.7% + 3.1% vs. normal 11.9% + 1%), and
CD68" myeloid cells (positive area, 4.4% = 0.5%
vs. normal 2.9% * 0.1%, Fig. 1B).

HIGH PURITY OF PRIMARY hHSC
CULTURES WAS ACHIEVED

Human HSCs were isolated from normal or
ALD livers. Normal hHSCs (n = 4) and alcohol-
activated hHSCs (n = 3) were cultured for more than
3 weeks and characterized. Both alcohol-activated
hHSCs and normal hHSCs exhibited stellate shape
and expressed HSC-specific markers (number of
GEAP? stained cells = 95% + 3%; DES = 85% + 5%;
Fig. 1C), and lacked expression of albumin (marker
of hepatocytes), CD45 (bone marrow—derived cells),
CD115 (myeloid cells), PECAMI (platelet and
endothelial cell adhesion molecule 1; CD31, endo-
thelial cells), and 7E-7 (a marker of APFs (5% + 2%;
Fig. 1C), indicative of a high purity of hHSC

cultures.

ALD HUMAN HSCs EXHIBIT A
MORE ACTIVATED PHENOTYPE
COMPARED WITH NORMAL
HUMAN HSCs

Despite hHSC culturing, elevated basal levels of
TGFp1 (transforming growth factor beta), Collal,
a-SMA, TIMPI, and LoxL2 (lysyl oxidase homolog
2) mRNA were detected in ALD hHSCs, compared
with normal hHSCs,using quantitative real-time PCR
(Fig. 1D). Stimulation with 7GFpB1 (5 ng/mL,
24 hours) further increased expression of TGFp1,
Collal, a-SMA, and PAI1 (plasminogen activator
inhibitor-1) mRNA in ALD hHSCs (compared

609
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A
Donor | Age, Steatosis . Fibrosis| Heavy Alcohol
Alias | Gender BMI |ALT/AST Grade Inflammation stage Use Passage
N1 24, M 22.9 57/87 0 0-1 0 No P2
N2 57, M 27 22/21 0 0 0 No P2
N3 25, F 26 11/10 0 0 0 No P1
N4 67, M 35.3 25/30 0 0-1 0 No PO
A1 60, M 23.1 47/134 1 2-3 4 Yes P2
A2 45, M 35 390/164 1 1-2 2 Yes PO
A3 44 F 34.5 [102/378 3 1 2 Yes PO
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FIG. 1. Primary cultured alcohol-activated hHSCs exhibit a more activated phenotype than normal hHSCs. (A) Donor information:
donors without underlying liver disease (N1-N4). Donors with ALD (A1-A3) were diagnosed based on liver function, histology, and
history of alcohol abuse. (B) Human livers (healthy [n = 4] or ALD [n = 3]) were stained for H&E, sirius red, a-SMA, CD68, and
trichrome. Positive area was calculated as a percentage; representative micrographs are shown (x4 objective). (C) Primary human HSCs
were immunostained for GEAP, DES, CD31, CD115,and elastin (7'E-7 antibody). (D) Alcohol-activated hHSCs (A1) and normal hHSCs
(N3) were stimulated + TGFp1 (5 ng/mL), SB431542 (10 uM), IL-6 (10 ng/mL), and PDGFp (10 ng/mL) for 24 hours, and analyzed
by quantitative real-time PCR (*P < 0.05, *P < 0.01, **P < 0.001), Student # test, and one-way analysis of variance. Abbreviations: ALT,
alanine aminotransferase; AST, aspartate aminotransferase; BF, Bright-Field; Ctrl, control.
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FIG. 1. Continued.

with a level higher than in normal hHSCs), and
this effect was blocked in the presence of the
TGFp1 inhibitor SB431542 (10 pM). Expression
of Collal and a-SMA mRNA was also induced in
ALD hHSCs in response to interleukin-6 (IL-6;
10 ng/mL, 24 hours). In turn, PDGFf (10 ng/mL,
24 hours) exhibited similar responses in both nor-
mal and ALD hHSCs, as shown by up-regulation
of the marker of proliferation Ki-67 RNA. Despite
prolonged culture, primary alcohol-activated hHSCs
retained an activated phenotype compared with nor-
mal hHSCs.
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RNA-Seq-BASED ANALYSES
IDENTIFIED DIFFERENCES

IN THE GENE-EXPRESSION
PROFILES OF ALD HUMAN HSCs
AND NORMAL HUMAN HSCs

Transcriptomes of normal and alcohol-activated
hHSCs were compared using RNA-Seq and ana-
lyzed using a tiered approach, starting with the most
stringent analysis of the transcriptome-wide similar-
ities between samples using multidimensional scal-
ing analysis of 12,649 genes expressed in hHSCs
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(Fig. 2A), and demonstrated that ALD hHSCs
were separated from normal hHSCs, suggesting that
the gene-expression profile of ALD hHSCs is sig-
nificantly altered compared with normal hHSCs.
Differential expression analysis of all expressed genes

identified 11 genes that were highly and significantly

HEPATOLOGY COMMUNICATIONS, April 2020

up-regulated or down-regulated in ALD hHSCs ver-
sus normal hHSCs, after correcting for multiple tests
(Benjamini-Hochberg adjusted; P < 0.3; Fig. 2A).
Eight genes were up-regulated (4DA2 [adenosine
deaminase 2], MEX3B [Mex-3 RNA binding family
member B], STARDS5 [StAR-related lipid transfer

A B Down in ALD B UpinALD
SYMBOL logFC AveExpr P.Value adj.P.val
IGFBP3 9.63727598 1.9017E-05 0.12560869
ADA2 2.963363 3.7482E-05 0.12560869
MEX3B 4.54643612 3.8402E-05 0.12560869
STARDS 1.05723145 4.85114829 3.9721E-05 0.12560869
OPN3 1.20075051 3.85117313 7.2489E-05 0.14580739
TNFAIP6 3.26803892 7.3151E-05 0.14580739
TRIM58 1.10977131  8.069E-05 0.14580739
MAN1C1 4.35812403 0.00012845 0.19992122
BST2 5.46362367 0.00014225 0.19992122
1D3 1.19238788 7.44309491 0.00023821 0.29774209
NTM -0.8210234 5.32474378 0.00025893 0.29774209

B Top 500 genes are shown C Top 50 (out of 500) genes are shown

Normal

Normal

- APOE
- DCSTAMP
-SLCTA8
OMG
EGCRS
"0 -RENBP
-BST2
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FIG.2. Eleven most dysregulated genes that best discriminate ALD hHSCs from normal hHSCs. (A) Eleven genes that are significantly
differentially expressed (red, up-regulated; blue, down-regulated) between ALD and normal hHSCs. (B,C) Heatmap showing the relative
gene expression between the top 500 (B) or top 50 (C) most differentially expressed genes in normal and ALD hHSCs. The genes
were grouped by similarity to each other using hierarchical clustering. The Benjamini-Hochberg method for multiple test corrections
was applied to differentiate the expression results. Eleven genes were changed significantly with the Benjamini-Hochberg method
(adjusted P < 0.3). Abbreviations: adj.P.Val, multiple-test-corrected P value using the method of Benjamini-Hochberg; AveExpr,
average expression across all samples; logFC, log fold change in expression between ALD and normal hHSCs; P.Value, P value for
the comparison. Abbreviations: ADA2, adenosine deaminase 2; AGT, angiotensinogen; APOE, apolipoprotein E; ARHGAP29, rho
GTPase activating protein 29; BST2, bone marrow stromal cell antigen 2; CCL26, C-C motif chemokine ligand 26; CDCP1, CUB
domain containing protein 1; CES1, carboxylesterase 1; CLU, clusterin; COL8A1, collagen type VIII alpha 1 chain; CTPS1, CTP
synthase 1; DCSTAMP, dendrocyte expressed seven transmembrane protein; DGCR6, DiGeorge syndrome critical region gene 6; F2R,
coagulation factor II thrombin receptor; GDNE, glial cell derived neurotrophic factor; GEM, GTP binding protein overexpressed in
skeletal muscle; HIST1IH1C, H1.2 linker histone, cluster member; HLA-DRA, major histocompatibility complex, class 1T, DR alpha;
HLA-F, major histocompatibility complex, class I, F; HS6ST1, heparan sulfate 6-O-sulfotransferase 1; HSPB2, heat shock protein
family B (small) member 2; ID3, inhibitor of DNA binding 3; IFI27, interferon alpha inducible protein 27; IGFBP3, insulin like
growth factor binding protein 3; IL13RA2, interleukin 13 receptor subunit alpha 2; MAN1C1, mannosidase alpha class 1C member 1;
MCOLNT1, mucolipin 1; MET, MET proto-oncogene, receptor tyrosine kinase; MEX3B, mex-3 RNA binding family member B; NTM,
neurotrimin; OLFM1, olfactomedin 1; OMG, oligodendrocyte myelin glycoprotein; OPN3, opsin 3; PAPSS2, 3,-phosphoadenosine
5,-phosphosulfate synthase 2; PDGFRL, platelet derived growth factor receptor like; PLA2G7, phospholipase A2 group VII; PLK2, polo
like kinase 2; PTGDS, prostaglandin D2 synthase; RENBP, renin binding protein; SERPINAS, serpin family a member 3; SLC7AS,
solute carrier family 7 member 8; STARDS5, StAR related lipid transfer domain containing 5; TENM2, teneurin transmembrane protein
2; TGFBI, transforming growth factor beta induced; TGM?2, transglutaminase 2; TNFAIP6, tumor necrosis factor-alpha-induced
protein 6; TRIMS5S, Tripartite motif containing 58.

domain containing 5], OPN3 [opsin 3], TRIMS5S8
[tripartite motif containing 58], MANIC1 [manno-
sidase alpha class 1C member 1], BS72 [bone mar-
row stromal cell antigen 2], and ID3 [inhibitor of
DNA binding 3, HLH protein]), and three genes
were down-regulated (IGFBP3 [insulin-like growth
factor binding protein 3], TNFEAIP6 [tumor necro-
sis factor alpha induced protein 6], and N7TM [neu-
rotrimin]) in ALD hHSCs compared with normal
hHSCs (Fig. 2A), suggesting that dysregulation of
these genes discriminates ALD hHSCs from normal
hHSCs.

Human samples are variable, and other sources of
variation likely exist in the samples, as hHSCs are
derived from donors in whom the primary sources
of variation are associated not only with alcohol con-
sumption but also with other underlying health issues.
To identify more genes related to ALD, we relaxed
the differential expression criterion to an unadjusted
P value of 0.05 and took the top 500 gene results
to identify genes that best distinguish ALD hHSCs
from normal hHSCs. We found a strong separation
between the gene expression in normal and ALD
hHSCs (Fig. 2B). This indicates that many of the
nominally significant genes truly differentiate the nor-
mal and diseased states, and that many of our find-
ings will become significant in larger sample sizes. For
this reason we used the set of 500 most differentially

expressed genes as the basis of the following analysis.
The same separation pattern is seen in the 50 most
up-regulated or down-regulated genes that were most
differentially expressed between ALD hHSCs and
normal hHSCs (Fig. 2C). This separation observed at
all levels of stringency suggests that the phenotype of
alcohol-activated hHSCs differs from that observed
in normal hHSCs, despite undergoing culturing on

plastic dishes.

THIRTY-NINE PATHWAYS WERE
DYSREGULATED IN ALCOHOL-
ACTIVATED HUMAN HSCs (VERSUS
NORMAL HUMAN HSCs)

Functional enrichment analysis of the top 500 most
differentially expressed genes for significant overlap
with known biological pathways (using the KEGG
and REACTOME pathway databases) identified 39
enriched pathways that were significantly dysregulated
in alcohol-activated hHSCs (vs. normal hHSCs). (The
top 15 up-regulated pathways are shown in Fig. 3A.)
These pathways included genes implicated in the reg-
ulation of fibrogenic responses (extracellular matrix
[ECM] organization, rheumatoid arthritis pathways),
TGFp1 production (hemostasis, platelet degranulation,
and activation pathways), innate responses (activation

of toll-like receptor [TLR] signaling; Staph. aureus
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infection, phagosomal and lysosomal pathways), and
acquired immunity (antigen presentation and cytokine
signaling pathways). Given the high purity of hHSCs,
our data suggest that in addition to ECM deposition,
ALD hHSCs might mediate immune responses (com-
pared with normal hHSCs).

HEPATOLOGY COMMUNICATIONS, April 2020

PATHWAY DYSREGULATION IN
ALD hHSCs CORRELATES WITH
ALCOHOLIC LIVER CIRRHOSIS

Next, we tested whether the pathways detected in
ALD hHSCs (vs. normal hHSCs) were associated with
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FIG. 3. Fibrogenic and immune pathways are dysregulated in alcohol-activated hHSCs (compared with normal hHSCs). (A) Functional
enrichment analysis of the top 500 most differentially expressed genes between ALD and normal hHSCs identified 39 dysregulated
pathways. The top 15 up-regulated pathways (out of 39) are shown. The significance of the pathway enrichment is shown on the x axis
(negative log Benjamini-Hochberg—adjusted P value). (B) The top 500 differentially expressed genes demonstrate a significant association
with curated liver disease gene sets (DisGeNet, http://www.disgenet.org/dbinfo). The q-value false discovery rate is the Benjamini-
Hochberg-adjusted Pvalue for the gene-set enrichment. (C,D) Heatmap showing the relative expression between ALD and healthy HSCs
for genes in the liver cirrhosis experimental DisGeNet gene set (C) or differentially expressed genes in the alcoholic liver cirrhosis DisGeNet
gene set (compared with the liver cirrhosis experimental DisGeNet gene set). (D). The genes were grouped by similarity to each other
using hierarchical clustering. Pathway significance and disease gene-set significance was assessed using hypergeometric tests to compare the
significance of the observed overlap in genes. P values are corrected for multiple testing with the Benjamini-Hochberg method (adjusted
P < 0.05). Abbreviations: B&H, Benjamini-Hochberg; FDR, false discovery rate. Abbreviations: A2M, alpha-2-macroglobulin; ACP5,
acid phosphatase 5; AGT, angiotensinogen; ANXAS, annexin A5; APOE, apolipoprotein E; C5AR1, complement C5a receptor 1; CAT,
catalase; CAV1, caveolin 1; CD14, CD14 molecule; CD276, CD276 molecule; CD53, CD53 molecule; CD74, CD74 molecule; CFD,
complement factor D; CSF1R, colony stimulating factor 1 receptor; CTSS, cathepsin S; CXCL16, C-X-C motif chemokine ligand 16;
CYBA, cytochrome b-245 alpha chain; CYP2E1, cytochrome P450 family 2 subfamily E member 1; F2R, coagulation factor II thrombin
receptor; FAM167B, family with sequence similarity 167 member B; GPNMB, glycoprotein nmb; GPX1, glutathione peroxidase 1; HMOX1,
heme oxygenase 1; IGFBP3, insulin like growth factor binding protein 3; IL18BP, interleukin 18 binding protein; INMT, indolethylamine
N-methyltransferase; ITGB2, integrin subunit beta 2; LAPTMS, lysosomal protein transmembrane 5; LCP1, lymphocyte cytosolic protein
1; LGMN, legumain; Y96, lymphocyte antigen 96; MME, membrane metalloendopeptidase; MMP9, matrix metallopeptidase 9; MT2A,
metallothionein 2A; MYO1F, myosin IF; NPAS2, neuronal PAS domain protein 2; NRG1, neuregulin 1; PLEK, pleckstrin; PLIN2,
perilipin 2; POMC, proopiomelanocortin; PTPRO, protein tyrosine phosphatase receptor type O; RABGAP1L, RAB GTPase activating
protein 1 like; RAMP1, receptor activity modifying protein 1; RGN, regucalcin; RPH3AL, rabphilin 3A like; SIPR1, sphingosine-1-
phosphate receptor 1; SDS, serine dehydratase; SLC4A4, solute carrier family 4 member 4; SOCS2, suppressor of cytokine signaling 2;
SULT1E1, sulfotransferase family 1E member 1; TGFB3, transforming growth factor beta 3; TYROBP, TYRO protein tyrosine kinase
binding protein; UNC93B1, unc-93 homolog B1; VDR, vitamin D receptor; XPNPEP2, X-prolyl minopeptidase 2.

specific human diseases. Indeed, analysis of a curated
database of disease-gene associations (DisGeNET,
http://www.disgenet.org) revealed a strong enrichment
of the top 500 most differentially expressed genes in
the alcohol-activated hHSCs for human genes related
to liver cirrhosis, alcoholic and nonalcoholic cirrhosis
and fibrosis, alcoholic liver damage, chronic alcoholic
liver disease, liver failure, and liver neoplasms (Fig. 3B).

Analysis of the liver cirrhosis gene set revealed
that 49 genes from the top 500 most differentially
expressed between ALD hHSCs (vs. normal hHSCs)
overlapped with the genes in the liver cirrhosis gene
set (false discovery rate—adjusted P value = 1.24°°; Fig.
3C). These 49 genes included NRGI (neuregulin 1),
S1PRI (sphingosine-1-phosphate receptor 1), M72A4
(metallothionein 2A), PGN (peptidoglycan), MME
(membrane metalloendopeptidase), NPAS2 (neuro-
nal PAS domain protein 2), IGFBP3, CAV1 (caveolin
1), SLC4A4 (solute carrier family 4 member 4), and
RABGAP (Rab GTPase-activating protein), which
were up-regulated in normal hHSCs, and genes
PLIN2 (perilipin 2), RPH3AL (rabphilin 3A [without
C2 domains]), SULT1EI (sulfotransferase family 1E
member 1), CD276, RAMPI (receptor activity mod-
ifying protein 1), and HMOXI (heme oxygenase 1),
which were up-regulated in ALD hHSCs. Moreover,

the up-regulation of liver cirrhosis—associated genes

(IL18BP, Cxcl16 [C-X-C motif chemokine ligand
16], CD74, CD53, CSFIR, Ly96 [lymphocyte antigen
96], TGFp3, PLEK, MYOIF [myosin IF], MMP9,
TYROBP, Acp5 [acid phosphatase 5, tartrate resis-
tant], PTPRO [protein tyrosine phosphatase recep-
tor type O], POMC [proopiomelanocortin], GPNMB
[glycoprotein Nmb], £Z4M167B [family with sequence
similarity 167 member B]) was observed in ALD
hHSCs (A1, from donor with stage 4 liver fibrosis,
Fig. 3C), suggesting that the expression level of these
genes might reflect the activation status of ALD
hHSCs. Moreover, comparison of the alcoholic liver
cirrhosis and liver cirrhosis gene clusters revealed
that ALD hHSCs uniquely up-regulated alcohol-
metabolizing enzyme CYP2EI (cytochrome P450
family 2 subfamily E member 1), GPXI (glutathi-
one peroxidase 1), and APOE (apolipoprotein E),
and down-regulated vitamin D receptor (Fig. 3D),
whereas expression of CAVI and SULTIEI was
strongly induced (in comparison with liver cirrhosis).

MOUSE AND HUMAN HSCs
EXPRESS SIMILAR ACTIVATION
MARKERS

To translate our findings in humans to mice, the

gene-expression profiles of ALD hHSCs and mHSCs,
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activated either by IG alcohol feeding or CCl,, were
compared (development of liver fibrosis in these
mice is shown in Supporting Fig. S1). The hHSCs
and mHSCs showed striking similarities in gene-

expression profiles. A comparison of ALD hHSCs

HEPATOLOGY COMMUNICATIONS, April 2020

(Fig. 4A) with alcohol-activated and CCl,-activated
mHSCs (Fig. 4B,C) demonstrated that expression of
fibrogenic genes (such as Co/4al, Collal, TIMPI, Lox,
and PDGFRf) was highly conserved among species,
whereas expression of quiescent markers (particularly
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FIG. 4. Expression of activation markers is conserved among ALD hHSCs, alcohol-activated, and CCl,-activated mHSCs. (A-C)
Heatmap displaying the expression of HSC-specific markers in ALD hHSC (A), alcohol-activated (B), and CCl,-activated mHSCs
(C). (D,E) Venn diagrams demonstrate the overlapping genes (from the top 100 most highly expressed genes) between alcohol-activated
hHSCs and mHSCs (D) (P=6"") or alcohol-activated hHSCs and CCl activated mHSCs (E) (P= 17®). Genes expressed in both pools
of overlapping genes are shown in red; unique genes are shown in black. Overlap significance was assessed with the hypergeometric test, to
compare the observed overlap with what is expected, given the randomly selected gene sets. Abbreviations: ACTA2, actin alpha 2, smooth
muscle; ACTB, actin beta; ACTG1, actin gamma 1; ADIPOR1, adiponectin receptor 1; ALDOA, aldolase, fructose-bisphosphate A;
B2M, beta-2-microglobulin; CCDC80, coiled-coil domain containing 80; CD36, CD36 molecule; CD63, CD63 molecule; CFL1, cofilin
1; COL1A1, collagen type I alpha 1 chain; COL1A2, collagen type I alpha 2 chain; COL3A1, collagen type III alpha 1 chain; COL4A1,
collagen type IV alpha 1 chain; COL4A2, collagen type IV alpha 2 chain; CTSB, cathepsin B; CTSD, cathepsin D; CYGB, cytoglobin;
DES, desmin; EF1A1, eukaryotic translation elongation factor 1 alpha 1; EEF1G, eukaryotic translation elongation factor 1 gamma; EEF2,
eukaryotic translation elongation factor 2; ENG, endoglin; FLNA, filamin A; FN1, fibronectin 1; FSTL1, follistatin like 1; FTH1, ferritin
heavy chain 1; GFAP, glial fibrillary acidic protein; GNAS, GNAS complex locus; HSPAS, heat shock protein family A (Hsp70) member 8;
IGFBP?7,insulin like growth factor binding protein 7; IL17RA, interleukin 17 receptor A; ITGB1, integrin subunit beta 1; LDHA, lactate
dehydrogenase A; LGALSI, galectin 1; LOX, lysyl oxidase; LOXL2, lysyl oxidase like 2; LRAT, lecithin retinol acyltransferase; LRP1,
LDL receptor related protein 1; MCAM, melanoma cell adhesion molecule; MYH9, myosin heavy chain 9; MYL6, myosin light chain 6;
NGFR, nerve growth factor receptor; NR1D2, nuclear receptor subfamily 1 group D member 2; PAHB, prolyl 4-hydroxylase subunit beta;
PDGFRB, platelet derived growth factor receptor beta; PKIV, pyruvate kinase M1/2; PPARG, peroxisome proliferator activated receptor
gamma; PSAP, prosaposin; RACK1, receptor for activated C kinase 1; RPL7A, ribosomal protein L7a; RPL10, ribosomal protein L10;
RPL13A, ribosomal protein L.13a; RPL4, ribosomal protein L4; RPLPO, ribosomal protein lateral stalk subunit PO; RPS18, ribosomal
protein S18; RPS2, ribosomal protein S2; SERPINHI, serpin family H member 1; SPARC, secreted protein acidic and cysteine rich;
SPP1, secreted phosphoprotein 1; SQSTM1, sequestosome 1; SYNM, synemin; SYP, synaptophysin; TAGLN, transgelin; TGFB, TGFB2
overlapping transcript 1; TIMP1, TIMP metallopeptidase inhibitor 1; TIMP2, TIMP metallopeptidase inhibitor 2; TMSB4X, thymosin
beta 4 X-linked; TPM1, tropomyosin 1; TPM4, tropomyosin 4; UBC, ubiquitin C; VIM, vimentin.

LRAT, NGFR1, CYGB, and others) was slightly P = 1727%), whereas 196 genes were shared between
diverged in human versus mouse aHSCs, perhaps ALD hHSCs and CCl -activated mHSCs (39.2%,
reflecting that the hHHSCs had been cultured. P =278 hot shown). Specifically, of the top 100 most
differentially expressed genes, 40 genes were simi-
larly expressed in ALD hHSCs and mHSCs (40.0%,
hypergeometric test, P = 67°, Fig. 4D), and 29 genes
overlapped in ALD hHSCs and CCl,-activated
mHSCs (29.0%, P= 17, Fig. 4E). We concluded that

ALD HUMAN HSCs SHARE MORE
SIMILARITIES WITH ALCOHOL-
ACTIVATED MOUSE HSCs THAN

WITH CCl1-ACTIVATED MOUSE
HSCs

Both IG alcohol feeding and CCl, induce hepa-
totoxic injury in mice, but the underlying etiology of
mHSC activation differs between these two models.
We hypothesized that IG alcohol feeding most closely
recapitulates ALD in patients, and therefore, alcohol-
activated hHSCs and mHSCs should share expres-
sion of a specific gene set that distinguishes them from
CCl,-activated mHSCs. Alcohol-activated hHSCs and
mHSCs were compared at the level of overall gene
expression (by measuring the number of shared genes
among the most highly expressed genes) or differen-
tial gene expression (by comparing three sets of genes
that discriminate alcohol-activated hHSCs from nor-
mal hHSC:s, and alcohol-activated and CCl,-activated
mHSCs from appropriate control mHSCs).

Of the 500 most differentially expressed genes,
249 genes overlapped between ALD hHSCs and
alcohol-activated mHSCs (49.8%, hypergeometric test,

ALD hHSCs share more similarities with alcohol-
activated mHSCs than with CCl,-activated mHSCs.

DYSREGULATED GENE
ONTOLOGY TERM/PATHWAYS ARE
HIGHLY CONSERVED BETWEEN
ALCOHOL-ACTIVATED HUMAN
HSCs AND MOUSE HSCs

To identify a specific set of alcohol-induced genes,
the pathways found to be significantly altered in
ALD hHSCs (vs. normal hHSCs, such as the 39
pathways depicted in Fig. 3B) were compared with
the Gene Ontology (GO) term/pathways in alcohol-
activated or CCl -activated mHSCs (identified by
functional enrichment analysis of the top 500 most
differentially expressed genes vs. appropriate control
mHSCs). Of the 39 pathways, only 11 pathways were
shared between ALD hHSCs and CCl -activated
mHSCs, whereas 32 pathways were shared between
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ALD hHSCs and alcohol-activated mHSCs (vs. nor-
mal hHSCs/control mHSCs, Fig. 5A,B). These 32
pathways were largely up-regulated in both alcohol-
activated hHSCs/mHSCs (vs. normal HSCs/control
mHSCs) and were associated with fibrogenesis (11
pathways), coagulation (6 pathways), inflammation
(8 pathways), antigen presentation (4 pathways), and
antibacterial response (3 pathways, Fig. 5C). The
magnitude of dysregulation was stronger in alcohol-
activated mHSCs than in ALD hHSCs, likely because
of the greater heterogeneity in human samples. Hence,
the significant overlap in biological processes pointed
toward a strong consistency in the effect of alcohol-
induced liver injury in humans and mice, further sup-
porting our conclusion that the IG model of alcohol
feeding in mice is suitable to study ALD.

ALCOHOL-ACTIVATED HUMAN
HSCs/MOUSE HSCs SHARED
EXPRESSION OF 35 ALCOHOL-
INDUCED GENES (VERSUS CCl,-
INJURED MOUSE HSCs)

We searched for the genes that can distinguish alco-
hol-activated hHSCs/mHSCs from HSCs activated by
other etiologies. To identify genes uniquely expressed
only in alcohol-activated hHSCs/mHSCs, the 500
genes most differentially expressed in ALD hHSCs (vs.
normal hHSC:s), alcohol-activated, and CCl,-activated
mHSCs (vs. appropriate control mHSCs) were com-
pared. From this comparison, we identified the overlap-
ping genes that were shared among pools. Thirty-three
genes were commonly dysregulated in ALD hHSCs and
CCl,-activated mHSCs (P = 0.002, Fig. 6A). However,
of these 33, only 14 genes were dysregulated in the
same direction (including down-regulation of IGFBP3
and up-regulation of Spp and 7GFJ3), indicating that
functional pathways differ in ALLD hHSCs and CCl,-
induced mHSCs.

In contrast, 44 genes were commonly dysregulated
in alcohol-activated hHSCs and mHSCs (Fig. 6B,
P = 3.97), with 35 genes being dysregulated in the
same direction (including 7rem2 [triggering recep-
tor expressed on myeloid cells 2], 7yrobp, PLEK,
LAPTMS, CD74, CTSS, ITGB2, and CSFRI [col-
ony stimulating factor receptor 1]). Interestingly, the
genes that are traditionally associated with HSC acti-
vation (such as Col/lal, TIMPI1, and TGFJp) were not
included in this pool, with the exception of SppI and
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Emilin (elastin microfibril interface), suggesting that
these 35 genes might be uniquely induced in alcohol-
activated hHSCs/mHSCs.

ALCOHOL-SPECIFIC HUMAN
HSC/MOUSE HSC GENES ARE
LINKED TO FIBROGENESIS
AND REGULATION OF IMMUNE
RESPONSES

Using pathway analysis, functional properties of 35
alcohol-associated genes were accessed (Fig. 6C) and
associated with fibrogenesis (e.g., extracellular struc-
ture organization, actin cytoskeleton organization,
platelet degranulation, glycosaminoglycan biosynthesis,
cell morphogenesis, lung development) and immune
responses (e.g., defense response, cytokine-mediated sig-
naling pathway, myeloid/leukocyte differentiation, pro-
liferation, migration). Specifically, some of these genes
were linked by the GO annotations to fibrosis (FSTL3
[follistatin like 3], EMILIN2, HS6ST1 [heparan sulfate
6-O-sulfotransferase 1], GPCI [glypican 1], PLA2g7
[phospholipase A2 group VII], FMOD [fibromodulin],
MMPY, MAFB [MAF BZIP transcription factor B],
IRF7 [interferon regulatory factor 7], CD9, Spp1, and
LCP1 [lymphocyte cytosolic protein 1]), angiogenesis
(VEGFC [vascular endothelial growth factor C]), anti-
gen presentation (CD74 and C7SS), innate immunity
(CSFIR, CD14, CARDS [caspase recruitment domain
family member 9], 7YROBP, and TREM?), phagocyto-
sis (CYBA [cytochromeb-245 light chain], MSRI [mac-
rophage scavenger receptor types 1 and II], LAPTMS,
BST2, and RIMS3 [regulating synaptic membrane exo-
cytosis 3]), and reactive oxygen species (AOXI [alde-
hyde oxidase 1] and GLRX [glutaredoxin]).

A MINIMAL COMBINATION

OF 14 GENES IDENTIFIED THE
SIGNATURE GENES OF ALCOHOL-
ACTIVATED HUMAN HSCs/MOUSE
HSCs

The interconnection among these 35 genes
was further defined using a cross-species protein—
protein interaction network (https://string-db.org/cgi/
network; Fig. 6D). There were 40 connections among
these 35 genes, greatly exceeding the expected num-
ber of four connections (P < 1716, permutation test),
indicating that the identified alcohol-specific hHSC/
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28 " 68
7
Alcohol-activate Alcohol-
hHSCs . activated hHSCs ~ CCl, -activated
Alcohol-activated
mHSCs
mHSCs
C
average logFC average logfFC adjusted p-value, adjusted p-value,
Name human mouse, alc IG human mouse, alc IG
Neutrophil degranulation 1.683 9.39E-07 8.50E-09
Innate Immune System 1.309 3.21E-06 1.39E-10
Ensemble of genes encoding extracellular matrix and extracellular
matrix-associated proteins 0.279 3.90E-06 9.48E-12
Platelet degranulation 1.444 7.73E-05 0.0001481
Hemostasis 1.366 7.73E-05 6.89E-09
Response to elevated platelet cytosolic Ca2+ 1.444 9.95E-05 5.99E-05
Ensemble of genes encoding core extracellular matrix including ECM
glycoproteins, collagens and proteoglycans -0.360 9.95E-05 0.0004743
Platelet activation, signaling and aggregation 1.308 0.00014 2.51E-08
Extracellular matrix organization 0.652 0.000348 5.06E-13
Cytokine Signaling in Immune system 0.991 0.00069 3.00E-06
Rheumatoid arthritis 1.416 0.00145 0.008363
Phagosome 1.835 0.00145 9.48E-12
Antigen processing and presentation 1.767 0.00161 0.02769
Tuberculosis 1.996 0.00212 1.02E-05
Staphylococcus aureus infection 2.350 0.00331 1.08E-06
MHC class Il antigen presentation 1.362 0.00416 0.04309
Genes encoding structural ECM glycoproteins -0.109 0.00535 0.0154
Complement and coagulation cascades 2411 0.00803 0.003652
Signaling by Interleukins 0.958 0.0146 0.0005456
Genes encoding enzymes and their regulators involved in the
remodeling of the extracellular matrix 1.315 0.0163 1.97E-05
ECM proteoglycans -0.145 0.017 0.001633
Viral myocarditis 1.737 0.0194 0.00209
Cell adhesion molecules (CAMs) 0.952 0.02 0.000384
Interferon gamma signaling 0.901 0.0245 0.0002492
Direct p53 effectors -0.172 0.0277 0.02769
Interleukin-4 and 13 signaling 2.072 0.0277 5.33E-06
Hematopoietic cell lineage 0.897 0.0285 1.15€E-07
Signaling events mediated by PTP1B 0.860 0.0307 0.000634
Ensemble of genes encoding ECM-associated proteins including ECM-
affilaited proteins, ECM regulators and secreted factors 0.699 0.0331 1.62E-07
Allograft rejection 1.942 0.0352 0.01509
Integrin cell surface interactions 0.635 0.0359 1.38E-06
Adaptive Immune System 1.202 0.0448 1.34E-05

FIG.5. Pathways are shared between alcohol-activated hHSCs and mHSCs. (A,B) Pathways commonly dysregulated in alcohol-activated
hHSCs and mHSCs (A) in alcohol-activated hHSCs and CCl-activated mHSCs (B), shown as Venn diagrams. (Pathways that were
significantly enriched in the top 500 most differentially expressed genes between alcohol-activated and control HSCs were identified using
the hypergeometric test—adjusted P < 0.05). (C) Thirty-two pathways shared between alcohol-activated hHSCs and mHSCs. The top
500 differentially expressed genes were used for pathway analysis. Abbreviations: Average logFC human, average log fold change between
ALD and normal hHSCs for genes in the pathway; average logFC mouse, alc IG, average log fold change between alcohol-activated and
quiescent mHSCs (from IG alcohol-fed mice) for genes in the pathway; adjusted P value, human, significance of the pathway enrichment
in human, adjusted for multiple tests using the method of Benjamini-Hochberg; adjusted P value, mouse, alc IG, significance of the
pathway enrichment in mouse intragastric model, adjusted for multiple tests using the method of Benjamini-Hochberg.
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mHSC genes are representative of common underly-
ing pathways and known functional processes.

A number of genes (such as 40X1, MSR1, PLA2G7,
MAFB, CD9, CARDY, ADARBI1 [adenosine deaminase
RNA specific B1], FMOD, GLRX, RIMS3, EMILINZ,
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and ID1 [inhibitor of DNA binding 1, HLH protein])
showed no known connections to other genes (with
the network of 35 genes), and despite high expression,
were not a part of the network. Therefore, we narrowed
the network of 35 genes by including the most highly
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FIG. 6. Expression of 35 genes distinguishes alcohol-activated hHHSCs and mHSCs from CCl,-activated mHSCs. (A) Scatterplot shows
33 overlapping genes from the top 500 genes in ALD (vs. normal) hHSCs and CCl -activated (vs. quiescent) mHSCs (hypergeometric
test, P = 0.002). Fourteen genes were dysregulated in the same direction. Genes located in the pink square are up-regulated, and those in
the blue square are down-regulated, in both hHSCs and mHSCs. (B) Scatterplot shows 44 overlapping genes from the top 500 genes
ALD (vs. normal) hHSCs and alcohol-activated (vs. quiescent) mHSCs (P = 3.9’7).Thirty—ﬁve genes dysregulated in the same direction
are shown in the pink (up-regulated) and blue (down-regulated) squares in both alcohol-activated hHSCs and mHSCs. (C) GO term/
pathway analysis of 35 genes overlapping between alcohol-activated hHSCs/mHSCs. (D) Thirty-five genes were grouped in a cross-
species protein—protein interaction network (https//string-db.org). Significantly more connections were found among the genes than
expected by chance (P < 1716, permutation test). Abbreviations: ABI3BP, ABI family member 3 binding protein; ADARB1, adenosine
deaminase RNA specific B1; AOX1, aldehyde oxidase 1; BOC, BOC cell adhesion associated; BST2, bone marrow stromal cell antigen 2;
CARD?Y, caspase recruitment domain family member 9; CAV1, caveolin 1; CD14, CD14 molecule; CD44, CD44 molecule; CD52, CD52
molecule; CD53, CD53 molecule; CD74, CD74 molecule; CD84, CD84 molecule; CD9, CD9 molecule; COL8A1, collagen type VIII
alpha 1 chain; CPXM1, carboxypeptidase X, M14 family member 1; CSF1R, colony stimulating factor 1 receptor; CTHRC1, collagen triple
helix repeat containing 1; CTSS, cathepsin S; CYBA, cytochrome b-245 alpha chain; DCLK1, doublecortin like kinase 1; DMPK, DM1
protein kinase; EMILIN2, elastin microfibril interfacer 2; FGF2, fibroblast growth factor 2; FMOD, fibromodulin; FSTL3, follistatin like
3; GEM, GTP binding protein overexpressed in skeletal muscle; GLRX, glutaredoxin; GPC1, glypican 1; HAS2, hyaluronan synthase 2;
HIST1H1C, H1.2 linker histone, cluster member; HS6ST1, heparan sulfate 6-O-sulfotransferase 1; HSPA1A, heat shock protein family
A (Hsp70) member 1A; ID1, inhibitor of DNA binding 1; IGFBP3, insulin like growth factor binding protein 3; IL11, interleukin 11;
IL1R2, interleukin 1 receptor type 2; INHBA, inhibin subunit beta A; IRF7, interferon regulatory factor 7; ITGB2, integrin subunit
beta 2; KLF10, kruppel like factor 10; LAPTMS, lysosomal protein transmembrane 5; LCP1, lymphocyte cytosolic protein 1; MAFB,
MAF bZIP transcription factor B; MMP9, matrix metallopeptidase 9; MSR1, macrophage scavenger receptor 1; NCAM1, neural cell
adhesion molecule 1; PGMS5, phosphoglucomutase 5; PLA2G7, phospholipase A2 group VII; PLCB2, phospholipase C beta 2; PLCB4,
phospholipase C beta 4; PLEK, pleckstrin; PLXNC1, plexin C1; RASGRP3, RAS guanyl releasing protein 3; RGS14, regulator of G
protein signaling 14; RIMS3, regulating synaptic membrane exocytosis 3; RSPO3, R-spondin 3; SEPTS, Septin 5; SERINC2, serine
incorporator 2; SOX17, SRY-box transcription factor 17; SPP1, secreted phosphoprotein 1; TGFB3, transforming growth factor beta 3;
TIMP3, TIMP metallopeptidase inhibitor 3; TMEM140, transmembrane protein 140; TNC, tenascin C; TREM2, triggering receptor
expressed on myeloid cells 2; TYROBP, TYRO protein tyrosine kinase binding protein; VCAN, versican; VDR, vitamin D receptor;
VEGFC, vascular endothelial growth factor C; WT1, WT1 transcription factor.

connected genes (22 connections in the network), and
identified 14 genes (CDI14, CSFIR, TYROBP, PLEK,
LAPTMS, CD53, CYBA, MMP9, CD14,ITGB2, CTSS,
Spp1, and IRF7) that formed the core of a provisionary
protein network. Based on the central position within
the network and high ties to other proteins, 3 of the 14
core genes (ITGB2, TYROBP, and CTSS) appeared to
play a regulatory role within the network, meaning that
they may have the largest effect on connection between
genes/pathways. Overall, CSFIR, PLEK, LAPTMS,
CD74, CD53, MMP9, CDi14, CTSS, TYROBP,
and I7GB2 were identified as “signature genes” of
alcohol-activated hHSCs/mHSCs (Fig. 7A), which are
functionally linked to fibrogenic responses (osteoclast
differentiation, ECM, and collagen binding pathways)
and immune responses (TLR cascade and signaling,
exocytosis, lysosome, and adaptive and innate immunity
pathways) (Fig. 7B). Similar results were obtained using
another cohort of normal and ALD human HSCs (cul-
tured to PO; see Supporting Fig. S2 and Supporting
Information text). Our data indicate that high expres-
sion of CD74, TYROBP, TREM?2, and CTSS is associ-
ated with ALD hHSC:s (Fig. 7C,D). These genes alone,
or in combination with others, may become therapeutic
targets, or serve as a readout for successful treatment of

experimental models of ALD. Expression of selected
genes was confirmed in alcohol-activated mHSC:s (iso-
lated from IG alcohol-fed mice; Supporting Fig. S3)
and hHSCs (n = 3) (vs. normal hHSCs, n = 3) isolated
from different donors (A4-A6 and N5-N7, cultured
to P1; Fig. 7D), suggesting that expression of identi-
fied genes distinguishes alcohol-activated human HSCs
from normal HSCs despite culture activation.

Discussion

We examined the transcriptomic differences
between primary hHSCs isolated from ALD livers or
normal livers. Despite the heterogeneity of the ALD
and normal donors, primary cultured ALD hHSCs
remained transcriptionally distinct from normal
hHSCs, suggesting that hHSCs maintain specific epi-
genetic characteristics in culture that determine their
phenotype (quiescent or activated). Then we com-
pared hHSCs and mHSCs, and identified that pri-
mary alcohol-activated mHSCs, freshly isolated from
livers of IG alcohol-fed mice, most closely recapitulate
the gene-expression profile of primary cultured ALD
hHSCs. Moreover, we identified the genes that are
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similarly and uniquely up-regulated in alcohol-activated Because isolation of primary hHSCs is challeng-
hHSCs and mHSCs, suggesting that these genes may ing, most studies rely on immortal human HSC cell

serve as targets for antifibrotic therapy in ALD. lines, such as LX2 or h'TERT, which retain some but
A Gene name p.value ALD hHSCs adj.p.value ALD hHSCs Annotation
(vs Norm) (vs Norm)
CD74 0.003 0.501 HLA class Il histocompatibility antigen gamma chain
PLEK 0.02 0.799 Pleckstrin; major protein kinase C substrate of platelets
CYBA 0.015 0.758 Cytochrome b-245 light chain; binds NOX3 to form a NADPH to generate superoxide
TYROBP 0.014 0.738 TYRO protein tyrosine kinase-binding protein; binds to TREM2
CD53 0.001 0.452 Leukocyte surface antigen CD53
CSF1R 0.029 0.812 Macrophage colony-stimulating factor 1 receptor; tyrosine-protein kinase
LAPTM5 0.006 0.644 Lysosomal-associated transmembrane protein 5; belongs to the LAPTM transporter family
CD14 0.011 0.688 Monocyte differentiation antigen CD14; coreceptor for TLR2: TLR6 heterodimer
CTSS 0.008 0.67 Cathepsin S; Thiol protease, removes the invariant chain from MHC class Il molecules
MMP9 0.023 0.799 Matrix metalloproteinase-9; plays role in HSC migration
TREM2 0.006 0.642 Triggering receptor expressed on myeloid cells 2; binds to TYROBP
SPP1 0.009 0.685 Osteopontin; binds tightly to hydroxyapatite.
IRF7 0.032 0.823 Interferon regulatory factor 7; transcriptional regulator of innate immune responses
ITGB2 0.028 0.811 Integrin beta-2; Integrin ITGAL/ITGB2 is a receptor for ICAM1, ICAM2, ICAM3
[ Collagen binding and [ Toll-like receptor cascades  and
B Osteoclast differentiation pathway [ Extracellular matrix binding B Toll-like receptor signaling pathway
TREM2 s /—\TREMZ /A\XCDN

k /\sﬂ'/\/
N
[ Lysosome Il Reactome adaptive and W /mmune response 'and
¥ W /nnate immunity pathway = Regulated exocytosis
TREM2 D74

FIG.7. Fourteen genes were identified as the signature genes of alcohol-activated hHSCs/mHSCs. (A) Fourteen genes with 2 or fewer
connections within the network were identified as signature genes of alcohol-activated hHSCs/mHSCs. The P value and Benjamini-
Hochberg—adjusted P value of alcohol-activated (vs. normal) hHSCs are shown. (B) Functional enrichment analysis identified pathways
associated with these 14 genes (six pathways are shown) and were grouped in a cross-species protein—protein interaction network
(https//string-db.org). The pathways shown are significantly enriched for these 14 genes with Benjamini-Hochberg—adjusted P < 0.05.
(C) Expression of selected genes was analyzed by quantitative real-time PCR in normal hHSCs (n = 3, N5, N6, N7) and ALD hHSCs
(n =3, A3, A4, AS5) isolated from a different set of donors (*P < 0.05, P < 0.01, ™ P < 0.001; Student # test and one-way analysis of
variance). (D) Donor information: N5-N7, donors without underlying liver disease; A4-A6, donors with ALD who were diagnosed based
on liver function, histology, and history of alcohol abuse. Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase.
Abbreviations: CD14, CD14 molecule; CD53, CD53 molecule; CD74, CD74 molecule; CSF1R, Colony stimulating factor 1 receptor;
CTSS, Cathepsin S; CYBA, Cytochrome b-245 alpha chain; IRF7, Interferon regulatory factor 7; ITGB2, Integrin subunit beta 2;
LAPTMS, Lysosomal protein transmembrane 5; MMP9, Matrix metallopeptidase 9; PLEK, Pleckstrin; SPP1, Secreted phosphoprotein
1; TREM2, Teneurin transmembrane protein 2; TYROBP, TYRO protein tyrosine kinase binding protein.
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FIG. 7. Continued.

not all features of hHSCs. Primary hHSCs can be
isolated from resected livers by cell outgrowth from
liver slices. In addition to hHSCs, this technique
might produce myofibroblasts through epithelial-to-
mesenchymal transition of plastic activated hepatic
cells. Alternatively, hHSCs are purified using pronase/
collagenase digestion and gradient centrifugation,
which is based on the buoyancy of the vitamin-A
lipid droplets in HSCs. The number and viability of
purified hHSCs can be diminished by the small vol-
ume of resected livers and by tissue hypoxia. Human
HSCs isolated from patients with ALD (or NASH)
are often contaminated with fatty hepatocytes, thereby
precluding gene-expression profiling of the freshly
isolated hHSC cultures, unless single-cell RNA-Seq
is performed. The whole-liver single-cell RNA-Seq
effectively identified genes that are characteristic for
activated hHSCs, but the depth of sequencing failed
to identify unique and disease-specific genes. Single-
cell RNA analysis of human livers recently revealed

novel markers of human HSCs.'? Although the
single-cell analysis identified genes that distinguish
HSCs from other hepatic cell types, we identified
some of the same genes in our study (including C7SS,
CD74, CYBA, ID1, FSTL3, and FMOD). Moreover,
our study identified genes that differentiate ALD
hHSCs from normal hHSCs.

Here we analyzed the transcriptome of ALD and
normal hHSCs from donor livers declined for trans-
plantation. These livers were preserved (perfused with
Wisconsin solution [ViaSpan; Bristol Meyers Squibb,
New York, NY] and kept less than 24 hours on ice to
reduce tissue hypoxia). Human HSCs were isolated
from the whole liver lobe to ensure high quality and
heterogeneity of the hHSC population. The hHSCs
were cultured to eliminate contaminating pronase-
injured hepatocytes, and to expand the hHSC popula-
tion. Although expression of some genes (LOX, TIMP1,
and others) was induced in cultured ALD and normal
hHSCs, expression of other genes was not affected by
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plastic activation, and clearly discriminated between
ALD from normal hHSCs. This gene set was used to
identify the similarities between cultured ALD hHSCs
and alcohol-activated mHSCs. Notably, purification of
mHSCs from alcohol-damaged livers has similar prob-
lems as described for ALD hHSCs, but can be over-
come by cell sorting of freshly isolated mHSCs for
collagen al1(I)-GFP* reporter(9) and ultraviolet-excited
vitamin A fluorescence, which eliminates contaminat-
ing steatotic hepatocytes.(é) Overall, we identified genes
that highly overlap in cultured ALD hHSCs (and not
changed by plastic activation) and primary freshly iso-
lated alcohol-activated mHSCs.

A tiered stringency approach was used to interro-
gate the gene-expression profiles of ALD and normal
hHSCs, starting with the most stringent analysis of
genes significantly changed, accounting for multiple
testing, and then expanding the list of differentially
expressed genes by decreasing the stringency of the
inclusion criteria to include the top 500 most dif-
ferentially expressed genes. Expression of highly
up-regulated genes in ALD hHSCs (4DA2, MEX3B,
TRIM58 and MANICI) or down-regulated genes
(IGFBP3 and NTM) discriminate between the alcohol-
activated and normal hHSCs, accounting for multiple
test corrections.

IGFBP3 and NTM were implicated in the main-
tenance of the qHSC phenotype. Consistent with
previous observations, 17 expression of IGFBP3
and NTM were strongly down-regulated in alco-
hol-activated hHSCs (vs. normal hHSCs). In turn,
ADA2, a growth factor for endothelial cells and a
promoter of differentiation of M2 macrophages,*¥
was highly induced in ALD HSCs. Although this
is the first observation of the role of ADA2 in HSC
biology, our findings extend the positive correla-
tion between activation of HSCs and stimulation
of liver sinusoidal endothelial cells. Previous studies
have demonstrated that activated HSCs produce the
angiogenic factors vascular endothelial factor!?)
angiopoietin 1.2

Functional enrichment analysis of a large pool of
the top differentially expressed genes reveals signif-
icant up-regulation of 39 pathways in ALD HSCs,
including cytokine signaling, platelet activation, and
ECM organization, all of which are known to be
up-regulated in mouse models of fibrotic liver dis-
case,*V
liver-disease gene sets. Comparison of the alcoholic

and

as well as significant associations with known
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cirrhosis versus cirrhosis gene sets revealed that
CYP2E1, CD14, and CAV1 were strongly induced in
alcohol-activated hHSCs. Similarly, alcohol-activated
HSCs up-regulate CYP2E1 (an alcohol metabolizing
enzyme) in response to chronic liver injury. This effect
is associated with activation of TLR4/CDI14 signal-
ing in aHSCs and Kupffer cells,® whereas expression
of CAV1, implicated in lipid droplet formation in
hHSCs and intracellular trafficking, ***® was reduced
in ALD hHSCs compared with normal hHSCs.

Previous studies have focused primarily on char-
acterization of either mouse or human HSCs.?"?*
Using high-confidence mHSC data to extract rele-
vant signal from noisy hHSC data, we identified the
most differentially and significantly expressed genes
in both hHSCs and mHSCs, indicating that the IG
model of alcohol feeding most closely recapitulates
ALD hHSCs. This approach was fully untargeted, so
the results are an unbiased summary of the genes that
are commonly dysregulated by alcohol across species
and interconnected in known protein—protein inter-
action networks. Similar approaches have been used
previously,” but to our knowledge, this is the first
systematic analysis of the common protein interaction
networks common for alcohol-activated hHSCs and
mHSCs, showing how the identified genes are func-
tionally connected.

Specifically, a general concordance among the
expression of known HSC signature genes was
observed in hHSCs and mHSCs. Of the genes typi-
cally associated with activated or quiescent hHSC and
mHSC phenotypes, expression of LRAT was notably
suppressed in cultured ALD hHSCs compared with
mHSCs and can be attributed to a true organismal
difference at the level of gene expression or meta-
bolic processes. Dietary differences may also contrib-
ute differential LRAT gene expression in hHSCs and
mHSC.%”

Significant similarities were detected between
ALD hHSCs and alcohol-activated mHSCs (vs.
CCl -activated mHSCs). Of the 35 genes that were
uniquely up-regulated in alcohol-activated hHSCs/
mHSCs, CSFIR, PLEK, LAPTMS, CD74, CD53,
MMP9, CD14, CTSS, TYROBP, and ITGB2 were
identified as signature genes of alcohol-activated
hHSCs/mHSCs, and their functions were linked to
fibrogenic/ECM-associated pathways and immuno-
regulatory pathways in myofibroblasts.?’ ) By study-
ing these pathways, we can target genes downstream
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of potential HSC activators and inhibit the response
to injury. The ECM is a component of all mamma-
lian tissues, consisting of the proteins collagen, elas-
tin, and fibronectin.®? Secretion of abundant ECM
proteins is a hallmark of fibrosis, and as expected,
the ECM organization pathway was significantly up-
regulated in both alcohol-activated mHSCs and
hHSCs. Our study implicates alcohol-activated hHSCs
and mHSCs in the mediation of fibrosis-associated
immune processes, and in particular activation of the
innate immune systern,(8
fied pathways are novel for HSC biology. Thus, the role
of TYROBP, TREM?2, and ITGB2 genes in regulation
of adaptive/innate immune responses has recently
been proposed. TYROBP/TREM?2 binding was
shown to suppresses the release of pro-inflammatory
cytokines, and activate phagocytosis of apoptotic
cells by myeloid/microglial cells.®132 Moreover,
expression of CcD74,3% CTSS,(34) and LAPTMS was
linked in MHC class I endolysosomal antigen pre-
sentation. Although aHSCs were shown to mediate
antigen presentation and phagocytosis,*>®  these
functions appear to be highly amplified in alcohol-
activated hHSCs/mHSCs. These signals might reg-
ulate ALD hHSC/mHSC activation, motility, and
the cross talk between alcohol-damaged hepatocytes
and Kupfter cells/macrophages. Remarkably, a com-

bination of five to six of these genes was associated
(37)

) whereas some of the identi-

with astroglial sensome in Alzheimer’s disease,
amyotrophic lateral sclerosis,*®
ferentiation,(”) outlining the functional commonali-
ties of these genes for disease manifestation in various

and osteoclasts dif-

tissues.

This study provides evidence that alcohol-activated
hHSCs and mHSCs share expression of specific
alcohol-induced signature genes, suggesting that IG
alcohol-fed mice serve as the best preclinical experi-
mental model of alcohol-induced liver fibrosis in mice

to study human ALD.
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