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SUMMARY

Genes and pathways underlying susceptibility to liver
fibrosis following CCl4 treatment were identified using a
systems genetics analysis of a diverse panel of inbred strains
of mice. These data provide a rich resource for further
mechanistic studies of susceptibility to fibrosis and for
testing of antifibrotic drugs.

BACKGROUND & AIMS: Liver fibrosis is a multifactorial trait that
develops in response to chronic liver injury. Our aim was to
characterize the genetic architecture of carbon tetrachloride (CCl4)-
induced liver fibrosis using the Hybrid Mouse Diversity Panel, a
panel of more than 100 genetically distinct mouse strains opti-
mized for genome-wide association studies and systems genetics.

METHODS: Chronic liver injury was induced by CCl4 injections
twice weekly for 6 weeks. Four hundred thirty-seven mice
received CCl4 and 256 received vehicle, after which animals
were euthanized for liver histology and gene expression. Using
automated digital image analysis, we quantified fibrosis as the
collagen proportionate area of the whole section, excluding
normal collagen.

RESULTS: We discovered broad variation in fibrosis among the
Hybrid Mouse Diversity Panel strains, demonstrating a signifi-
cant genetic influence. Genome-wide association analyses
revealed significant and suggestive loci underlying suscepti-
bility to fibrosis, some of which overlapped with loci identified
in mouse crosses and human population studies. Liver global
gene expression was assessed by RNA sequencing across the
strains, and candidate genes were identified using differential
expression and expression quantitative trait locus analyses.
Gene set enrichment analyses identified the underlying path-
ways, of which stellate cell involvement was prominent, and
coexpression network modeling identified modules associated
with fibrosis.

CONCLUSIONS: Our results provide a rich resource for the
design of experiments to understand mechanisms underlying
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fibrosis and for rational strain selection when testing anti-
fibrotic drugs. (Cell Mol Gastroenterol Hepatol 2021;11:199–220;
https://doi.org/10.1016/j.jcmgh.2020.08.010)

Keywords: CCl4; Systems Genetics; Liver Toxicity and Injury;
Genome-Wide Association Study.

iver fibrosis is the wound healing response to various
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Abbreviations used in this paper: bp, base pair; CCl4, carbon tetra-
chloride; CPA%, collagen proportionate area; ECM, extracellular ma-
trix; eQTL, expression quantitative trait locus; GWAS, genome-wide
association study; HCV, hepatitis C virus; HMDP, Hybrid Mouse Di-
versity Panel; HSC, hepatic stellate cell; MUP, mouse urinary protein;
NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steato-
hepatitis; SD, standard deviation; SNP, single nucleotide poly-
morphism; TPM, transcripts per million; WGCNA, weighted gene
coexpression network analysis.
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Ltypes of chronic injury, including nonalcoholic fatty
liver disease (NAFLD) and steatohepatitis (NASH), viral
hepatitis (B and C), alcohol abuse, hemochromatosis, and
rarer conditions including autoimmune hepatitis and pri-
mary biliary cholangitis.1 Fibrosis is characterized by
excess deposition of fibrillar collagen within the hepatic
parenchyma. The process is mediated by hepatic stellate
cells (HSCs), resident non-parenchymal cells comprising
w5% of the total liver mass.2 Liver fibrosis is a multifac-
torial trait with numerous genetic and environmental fac-
tors contributing to disease progression.3,4 The heritability
of hepatic fibrosis, as assessed by magnetic resonance
elastography liver stiffness in a twin study, was estimated to
be about 50%,5 and several other studies also suggest that
fibrosis is strongly influenced by genetics.6

Because liver biopsy is the gold standard for diag-
nosing fibrosis and obtaining it percutaneously poses
significant risks, only a few genome-wide association
studies (GWAS) have analyzed histologically verified
fibrosis in humans.7–10 Huang et al7 performed genetic
association in 420 hepatitis C virus (HCV) patients and
developed a risk score that was based on 7 single nucle-
otide polymorphisms (SNPs), which together with clinical
factors predicts cirrhosis development better than clinical
factors alone. Chalasani et al8 performed genetic associa-
tion in 236 women with NAFLD/NASH and identified a
chromosome 7 SNP associated with the degree of fibrosis.
Patin et al10 analyzed SNP associations in 2342 HCV pa-
tients and identified 3 loci containing apoptosis-related
genes. Patatin-like phospholipase domain-containing pro-
tein 3 (PNPLA3), originally discovered to predispose to
liver steatosis and hypertriglyceridemia,11 was later
shown to be associated with fibrosis stage.12

Studying mice or other animal models can overcome
some of the challenges inherent in human studies, including
heterogeneous environments and lack of access to tissues.
In the present study we used the Hybrid Mouse Diversity
Panel (HMDP), a resource consisting of more than 100
inbred strains of mice developed for systems genetics
analysis of complex traits.13,14 The panel enables high res-
olution association mapping and genetic replication and has
been successfully used in identifying genes and pathways
underlying a variety of multifactorial traits.14–16

The aim of this study was to characterize the genetic
factors influencing liver fibrosis in HMDP strains subjected
to chemically induced liver damage. To provide a system-
atically reproducible quantitative measure of liver
fibrosis17–21 for our GWAS, we used an expert digital image
analysis system to design an algorithm that fully automates
the determination of pathologic collagen in mouse livers. We
analyzed genomic association in 693 mice representing 98
HMDP strains that were treated with either carbon tetra-
chloride (CCl4) or vehicle for 6 weeks. We observed broad
variation among the HMDP inbred strains in response to
CCl4 treatment. Using a systems genetics approach, we have
characterized the genetic architecture of the response to
CCl4 and defined high probability candidate genes and mo-
lecular pathways underlying the response.
Results
Liver Fibrosis in Response to Liver Injury Is a
Genetically Driven Trait

A total of 693 male mice representing 98 HMDP strains
were successfully treated with CCl4 (n ¼ 437) or vehicle
(n ¼ 256) for 6 weeks, and their livers were harvested for
histology and gene expression. For each strain, between 1
and 9 animals were chronically treated with CCl4, and 1–7
animals were treated with vehicle only (average per strain
of 4.3 mice and 2.5 mice, respectively).

First, we validated our measurement method by
comparing our automated image analysis fibrosis scores
with traditional manual scoring for a subset of CCl4-treated
mice (93 images from 37 strains). Fibrosis quantification
with the automated method strongly correlated with histo-
pathologic scoring of fibrosis performed by a liver pathol-
ogist blinded to the strains and collagen proportionate area
(CPA%) (Spearman’s r ¼ 0.87, P < 1e-4). We previously
validated this method in a mouse model of NASH, showing
that CPA% strongly correlated with both hydroxyproline
content and a pathologist’s fibrosis score.22

Mice developed varying degrees of fibrosis after CCl4
treatment, with some strains exhibiting little or no increase in
picrosirius red staining after treatment and others exhibiting
dramatically increased staining (Figure 1). The spectrum of
fibrosis across the HMDP strains was broad (Figure 2A,
Supplementary Table 1), with approximately 12-fold differ-
ence in fibrosis between the most resistant and most sus-
ceptible strains, ranging from mean of 0.28% in BXH2/TyJ to
3.33% in DBA/2J. In vehicle-treated mice, fibrosis ranged
from mean of 0.045% in BXD13/TyJ to 0.425% in MA/MyJ.
Notably, there was no correlation between fibrosis in the
CCl4- and vehicle-treated mice (Spearman’s r ¼ 0.11, P ¼
.256). The variation between the strains was larger (standard
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Figure 1. Liver fibrosis histology in a subset of resistant and susceptible mouse strains. Representative picrosirius red
stained liver sections from 5 resistant and 5 susceptible strains. The CPA% value from the entire tissue area, automatically
determined using Definiens Tissue Studio software, is indicated. Images are �4 magnification snapshots from whole-slide
images scanned with the Aperio ScanScope AT.
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deviation [SD] ¼ 0.72 in CCl4-treated mice) than the variation
among mice within strains (average SD ¼ 0.40), consistent
with genetic control. Additive effects of the DNA variants
explained 31% of the fibrosis variation among the strains
(narrow sense heritability), whereas broad sense heritability
was 44%. The increase in broad sense as compared with
narrow sense heritability suggests the importance of gene-by-
gene interactions.23

Among the 100 strains, most tolerated chronic CCl4 well,
with low overall mortality rates. Two strains (AXB15/PgnJ
and NOD/ShiLtJ) were highly susceptible to CCl4 injury and
did not survive the full course for 6 weeks (Figure 2B). This
effect was dose-dependent because these mice, when
treated with a half dose of CCl4, had improved survival
(Figure 2B). Because we could not reliably complete 6
weeks of CCl4 injections in these strains, we excluded them
from the genetic analysis.
Genome-Wide Association Analyses
Genome-wide association was performed for both

vehicle-treated and CCl4-treated CPA%. Before GWAS, data
were log-transformed to achieve approximately normal data
distribution (Figure 3). Thresholds for significant (P < 4.1e-
6) and suggestive (P < 4.1e-5) loci were defined using
simulation.13,15

In the CCl4-treated GWAS (Figure 4A), a genome-wide
significant locus on chromosome 13 between w17.7 Mb
and 20.7 Mb was tagged by peak SNP rs36600914 (P ¼
3.98e-6) at 19,558,275 base pairs (bp) (Figure 4B). This
locus overlaps a locus that was associated with hepatic
hydroxyproline levels in a female mouse BALB/cJ and FVB/
NJ intercross study of CCl4-induced fibrosis.24 Table 1 lists
the genes residing in the chromosome 13 locus and in-
dicates those with a significant local expression quantitative
trait locus (eQTL). In a separate locus, a lone SNP



Figure 2. Variation in liver fibrosis and survival across mouse strains after CCl4-induced liver injury. (A) Mean CCl4-
treated (blue, N ¼ 1–9 mice per strain) and vehicle-treated (red, N ¼ 1–7 mice per strain) fibrosis area, as measured by CPA%,
plotted for 98 Hybrid Mouse Diversity Panel strains. Error bars denote standard error of the mean. (B) Survival curves of
AXB15/PgnJ (N ¼ 17) and NOD/ShiLtJ (N ¼ 16) mice with vehicle, half-dose (0.25 mL/g), or full-dose (0.5 mL/g) CCl4 treatment.
Survival after CCl4 injections was dramatically worse in full-dose treated AXB15/PgnJ and NOD/ShiLtJ than for other strains.
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rs13481805 at 47,918,469 bp on chromosome 13, located in
an intron of non-coding lincRNA G630093K05Rik and up-
stream of gene Id4, reached genome-wise significance (P ¼
3.39e-6). This SNP is located near the peak of a locus
spanning 44.2–52.7 Mb that was previously associated with
CCl4-induced liver fibrosis in a BXD study.25 There is also a
significant lone SNP in an intron of Maml3 on chromosome
3, rs45898322 (P ¼ 1.71e-6), that has a minor allele fre-
quency <5% in our GWAS. Maml3 was identified as a gene
associated with liver fibrosis due to HCV infection in a Eu-
ropean human GWAS study primary cohort.10

Additional suggestive loci were identified on other
chromosomes (Figure 4A). One of 2 loci on chromosome 3 is
at 128–132 Mb, with peak SNP rs37226384 (P ¼ 1.41e-5)
near genes Enpep and Pitx2 (Figure 5A). The other chro-
mosome 3 locus at 139–145 Mb has a peak SNP at
rs6390575 (P ¼ 3.30e-5) (Figure 5B). On chromosome 4,
lone SNP rs27853444 (P ¼ 1.49e-5) is in an intron of Svep1.
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A broad locus overlapping this SNP was also associated with
CCl4-induced liver fibrosis in the BXD study.25 Finally, a
broad locus spanning 55–70 Mb on chromosome 7 falls just
below the significance threshold (Figure 6). It has 2 peak
SNPs, rs32424606 (P ¼ 2.16e-5 at 56,597,169 bp) nearest
to the Oca2 gene and rs31808490 (P ¼ 3.40e-5 at
65,679,712 bp) in an intron of Tarsl2. Although these SNPs
are in high linkage disequilibrium, they may tag 2 over-
lapping loci. This same locus (48.2–74.2 Mb) was also
associated with CCl4-induced liver fibrosis in the BXD
study.25

Suggestive loci were also found in the vehicle-treated
fibrosis GWAS, but none of these loci overlapped with
those from the CCl4-treated GWAS (Figure 7A). A signal on
chromosome 3 spanning 81.6–85.6 Mb with peak SNP
rs30271424 (P ¼ 6.07e-6) is close to a cluster of fibrinogen-
encoding genes including Fgg, Fgc, and Fgb (Figure 7B). A
suggestive locus on chromosome 16 (peak SNP rs4202102,
P ¼ 2.32e-5) is centered just upstream of Robo1 (Figure 8A).
A final suggestive locus is on chromosome 4 (peak SNP
rs27515792, P ¼ 4.2e-6) at 111–113 Mb (Figure 8B). The
top SNPs in this locus are in or near the genes Spata6,
Slc5a9, Bend5, and Agbl4.

Differentially Expressed Genes and Pathways
Associated With Liver Fibrosis

Total RNA from the livers of 1 mouse per strain in both
the vehicle- and CCl4-treated groups was analyzed by
RNAseq. Figure 9A shows a volcano plot for genes differ-
entially expressed in response to CCl4 across all strains.
Prominently down-regulated genes were members of the
mouse urinary protein (MUP) family encoded by a cluster of
genes on chromosome 4. These genes are regulated by
testosterone and insulin resistance and have been associ-
ated with energy expenditure.26 MUPs were also recently
reported to be some of the most down-regulated genes in
response to CCl4 treatment of male C57BL/6N mice.27

Various solute carrier family members including glutamate
transporter 1 (Slc1a2) and organic cation transporter
(Slc22a3) were also markedly down-regulated. A number of
highly up-regulated genes are suggestive of HSC and
macrophage involvement: macrophage metalloproteinase
Mmp2, a receptor for the innate immune system (Trem2),
type 1 transmembrane glycoprotein (Gpnmb), and a type 1
collagen (Col1a1), the major component of fibrosis produced
only by activated HSCs.

For a global view of pathways affected by CCl4 across all
strains, we performed gene-enrichment analysis on the top
differentially expressed genes between vehicle- and CCl4-
treated mice using Metascape.28 The top 300 genes with
increased expression (fold increase > 1.5) in response to
CCl4 treatment, as ranked by Q value (Supplementary
Table 2A), were enriched in pathways involving extracel-
lular matrix (ECM), wound healing, and immune response
(Figure 9B). These are pathways most associated with
Kupffer cells and activated HSCs.29 In addition, 48 of these
300 genes were identified as top HSC state-defining genes
during a CCl4 treatment time course study in C57BL/6J
mice.30
The top 300 genes with decreased expression (fold
decrease > 1.5) in response to CCl4 treatment, as ranked by
Q value (Supplementary Table 2B), were enriched in path-
ways including biological oxidations (involving mostly cy-
tochrome P450 genes and including Cyp2e1, the primary
gene that metabolizes CCl4 to a toxic free radical31), steroid
and lipid metabolism, cellular response to xenobiotic stim-
ulus, drug metabolism, and solute-coupled transport, path-
ways most associated with hepatocytes29 (Figure 9C).

We next identified genes whose expression levels across
the HMDP strains correlated with fibrosis. The top 500
genes whose expression was positively correlated with
fibrosis in the CCl4 dataset (P < .05, Supplementary
Table 3A) showed significant enrichment in several path-
ways including ECM organization and proteoglycans, blood
vessel development, ossification, skeletal system develop-
ment, elastic fiber, and collagen formation (Figure 10A).
These pathways have been previously associated with liver
injury and confirm involvement of HSCs.32 In a cell-type
specific proteomics study of the liver, pathway terms
including ossification, collagen, and ECM were uniquely
found to be associated with HSCs and not hepatocytes,
Kupffer cells, or liver sinusoidal endothelial cells.29 There
was also significant enrichment in several pathways for
genes whose expression was negatively correlated with
fibrosis (P < .05, Supplementary Table 3B). These pathway
annotations include metabolism of lipids, monocarboxylic
acid and isoprenoid metabolic process, small molecule
catabolic process, and peroxisome (Figure 10B). These
terms were uniquely associated with hepatocytes in the cell-
type specific liver proteomics study29 and thus may repre-
sent a loss of hepatocyte function in the injured livers.

Finally, we looked at the genes in the vehicle-treated
group that were either positively (Supplementary
Table 4A) or negatively (Supplementary Table 4B) corre-
lated with fibrosis in the CCl4-treated group, which could
give clues into initial (pretreated) states that predispose or
protect from fibrosis. Top pathways positively associated
with CCl4-induced fibrosis included transfer RNA modifica-
tion and glycan degradation (Figure 11A), whereas path-
ways negatively associated involved RNA and DNA
metabolism and regulation of the cellular response to stress
(Figure 11B). Modification of transfer RNAs is known to
influence cellular responses to toxins by affecting trans-
lation fidelity and overall translation levels.33
Genetics of Hepatic Gene Expression and
Fibrosis

To prioritize genes at GWAS loci and to test for genes
whose regulation is associated with fibrosis, we performed
eQTL analysis. The eQTLs were classified as local (within 1
Mb of the gene) and likely cis-regulated (cis-eQTL) or trans-
regulated (trans-eQTL).13 We also identified genes
throughout the genome whose local, or cis, component of
expression variance correlates with the degree of CCl4-
induced fibrosis (Supplementary Table 5). Such genes are
particularly strong causal candidates because the associa-
tion cannot be due to the effect of the trait on gene



Figure 3. Distribution of
CCl4- and vehicle-treated
fibrosis data. Histograms
showing distribution of
fibrosis data used for
GWAS. (A) CCl4-treated
CPA%, normalized to
vehicle-treated CPA%, and
then log-transformed. (B)
Log-transformed vehicle-
treated CPA%.
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expression (that is, a reactive relationship). Table 1 lists
genes expressed in the CCl4-treated mice that are located in
the chromosome 13 fibrosis GWAS locus, with significant
cis-eQTL (P < 1e-4) noted. In this locus, 6 genes had sig-
nificant cis-eQTL, and the cis component of the variance in
expression of 1 of these genes, Stard3nl, significantly
correlated with fibrosis, making this a potential candidate
for further study. Supplementary Tables 6A–D provide de-
tails of expressed genes, eQTLs, and their correlations with
fibrosis for the significant and suggestive CCl4-induced
fibrosis GWAS loci.

To visualize liver eQTL across the genome, the position
of each associated SNP was plotted versus the position of
the regulated gene (Figure 12A and B). The dots on the di-
agonal correspond to the positions of locally regulated
genes, and the dots off the diagonal correspond to trans
regulated genes. Overall, the most significant eQTLs were
robust and present in both the vehicle- and CCl4-treated
mice. Linear vertical patterns of eQTL, denoting SNPs that
influence the expression of many genes in trans, were also
visible. On chromosome 1, two such “eQTL hotspots” in the
vehicle-treated samples disappear in CCl4-treated mice,
whereas a hotspot in the middle of chromosome 14 is
present in both the vehicle- and CCl4-treated mice. Addi-
tional micro hotspots that are affected by treatment
not readily visible here can be identified in the bulk eQTL
data.
Network Modeling of Fibrosis
We analyzed the expression data using weighted gene

coexpression network analysis (WGCNA)34 to model coex-
pression networks in liver and to understand the associa-
tion of gene networks with fibrosis. WGCNA is a global
analysis aimed at identifying, in an unbiased manner, ge-
netic pathways associated with clinical traits and is used to
aggregate gene expression into groups of highly coex-
pressed genes, called modules. The first principal compo-
nent of each module was then tested for correlation to liver
fibrosis to identify gene clusters associated with this trait.
We identified 23 coexpressed gene modules in the vehicle-
treated mice (ranging in size from 31 to 5677 genes) and
24 gene modules in the CCl4-treated mice (ranging in size
from 31 to 6049 genes), inclusive of the grey (unassigned
genes) module (Figure 13A, Supplementary Tables 7A
and B).



Figure 4. GWAS identifies loci associated with CCl4-induced liver fibrosis. (A) Manhattan plot showing GWAS results of
CCl4-induced fibrosis normalized to vehicle. Loci with SNPs above the red bar (-log10 (P) > 5.4) are statistically significant,
whereas loci above -log10 (P) > 4.4 are suggestive. (B) LocusZoom plot of chromosome 13: 16–21 Mb significant locus. Colors
of SNPs indicate r2 measure of linkage disequilibrium with the labeled peak SNP.
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Table 1.Genes Expressed in Livers of CCl4-Treated Mice in Chromosome 13 Significant GWAS Fibrosis Locus

Gene symbol Gene name
Best cis-eQTL
rsID (P value)a

eQTL for
rs36600914
(P value)b

Correlation of cis
component of expression

with fibrosis: bicor
(P value)c

Correlation with
fibrosis: bicor
(P value)d

Deleterious
mutation
types?e

Inhba inhibin beta-A — .612312 — 0.040 (.69) no

Gm48493 predicted gene, 48493 — .128485 — 0.009 (.93) no

Gm48496 predicted gene, 48496 — .173772 — 0.078 (.44) no

Sugct succinyl-CoA glutarate-
CoA transferase

— .0876457 — –0.115 (.26) no

Gm48499 predicted gene, 48499 — .12715 — 0.044 (.67) no

Gm48501 predicted gene, 48501 — .319134 — 0.052 (.61) no

Mplkip M-phase specific PLK1
interacting protein

rs29872460
(4.1e-08)

.00628365 –0.104 (.31) –0.050 (.63) no

Cdk13 cyclin-dependent kinase 13 — .0100412 — 0.305 (.0022) yes

Rala v-ral simian leukemia viral
oncogene A (ras related)

— .0295267 — 0.037 (.72) no

Gm5628 predicted gene 5628 — .0158592 — –0.015 (.88) no

Yae1d1 Yae1 domain containing 1 rs47401911
(8.3e-07)

.133346 .178 (.08) 0.194 (.056) yes

Gm48800 predicted gene, 48800 — .00278421 — 0.035 (.73) no

Vps41 VPS41 HOPS complex
subunit

rs30064860
(5.9e-08)

.00700974 .010 (.92) 0.028 (.79) no

Gm47659 predicted gene, 47659 — .164951 — –0.068 (.5) no

Tcrg-C2 T-cell receptor gamma,
constant 2

— .577282 — –0.022 (.83) yes

Tcrg-C4 T cell receptor gamma,
constant 4

— .111916 — 0.211 (.037) no

Stard3nl STARD3 N-terminal like rs29631766
(6.2e-06)

.000105595 –0.251 (.013) 0.015 (.88) yes

Epdr1 ependymin related protein
1 (zebrafish)

rs37221784
(4.5e-13)

1.48205E-05 –0.009 (.93) 0.035 (0.73) yes

Gpr141 G protein-coupled receptor
141

— .415455 — 0.080 (.43) yes

Gm19154 predicted gene, 19154 — .741509 — 0.229 (.023) no

Elmo1 engulfment and cell motility 1 — .253941 — 0.170 (.094) yes

Aoah acyloxyacyl hydrolase rs29599428
(1.5e-10)

.000333089 0.024 (.82) 0.030 (.77) yes

NOTE. Parameters to prioritize genes for further study include significant: acis-eQTL; beQTL at peak GWAS SNP; ccorrelation
between cis component of expression and CCl4-induced fibrosis; dcorrelation of overall expression with CCl4-induced fibrosis,
and epresence of a potentially deleterious mutation. Here, missense, nonsense, and splicing site variants reported in 1 or more
strains (129S1/SvlmJ, A/J, AKR/J, BALB/cJ, C3H/HeJ, CBA/J, DBA/2J, FVB/NJ, LP/J, C57BL/6J) at https://www.sanger.ac.
uk/sanger/Mouse_SnpViewer/. Significant cis-eQTL (P < 1e-4); bicor (P < .05).
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Only 1 module in the vehicle-treated mice, the dark
green module enriched for genes encoding MUPs, was
significantly (P < .05) correlated with CCl4-induced fibrosis
(bicor 0.20; P ¼ .047). Five modules in the CCl4-treated mice
were significantly correlated with fibrosis (Figure 13A). The
most significantly correlated module, the green module, was
positively correlated with fibrosis and enriched in collagens
and other ECM genes (Figure 13B). The other 3 significant
and positively correlated modules were enriched in inter-
feron signaling (dark green), inflammation and ECM (tan),
and signaling (turquoise) genes. The purple module was
significantly negatively correlated with fibrosis and was
enriched in genes involved in cholesterol and fatty acid
metabolism.

To identify genetic loci that influence module expression,
QTL mapping was performed on the first principal compo-
nents of the detected modules in the CCl4-treated mice.
Significant loci (5% false discovery rate, P < 3.95e-5) were
identified for several modules (dark green: rs31012842, P ¼
2.33e-6; red: rs51233520, P ¼ 5.20e-7; dark red:
rs26921889, P ¼ 1.10e-6; royal blue: rs49350632, P ¼ 1.0e-
7; cyan, dark turquoise, grey60, light yellow, magenta,
midnight blue: multiple loci), which could be explored
further in future studies (Supplementary Tables 8A–X).

https://www.sanger.ac.uk/sanger/Mouse_SnpViewer/
https://www.sanger.ac.uk/sanger/Mouse_SnpViewer/


Figure 5. Suggestive loci
on chromosome 3 asso-
ciated with CCl4-induced
liver fibrosis. LocusZoom
plot of the (A) 128–132 Mb
region locus and (B) 139–
145 Mb region locus.
Colors of SNPs indicate r2

measure of linkage
disequilibrium with the
labeled peak SNP. SNPs
with -log10 (P) > 5.4 are
statistically significant and
with -log10 (P) > 4.4 are
suggestive.
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Discussion
We report an integrative genetics analysis of liver

fibrosis in response to CCl4 across 100 diverse inbred
mouse strains of mice. We observed about 12-fold range of
variation in response and a significant genetic component.
Loci contributing to the response were identified and inte-
grated with global transcriptomic data. The global expres-
sion data were also used to identify pathways associated
with the degree of fibrosis. Our results provide a rich
resource for future experimental studies of hepatic fibrosis.
Below, we discuss these points in turn.
We validated and then performed CPA% analyses using
a novel fully automated digital pathology system that ex-
cludes vascular and capsular collagen, thereby quantifying
only pathologic collagen from the entire tissue section.22 A
clear advantage of this automated image analysis approach
is that no post hoc analysis by a human pathologist is
needed to correct for possible overestimation of liver
fibrosis. The CPA% among the strains exhibited continuous
variation from less than 0.3% to about 3.3% (Figure 2A).
Mice treated with the vehicle also exhibited variation in
fibrosis levels, averaging about 0.3%. There was no



Figure 6. Suggestive broad locus on chromosome 7 associated with CCl4-induced liver fibrosis. LocusZoom plot of the
55–70 Mb region locus, showing 2 peak SNPs that may tag 2 overlapping loci. Colors and shading of SNPs indicate r2

measure of linkage disequilibrium with the 2 labeled peak SNPs. SNPs in the locus are labeled with the color of the peak SNP
with highest shared r2. SNPs with -log10 (P) > 5.4 are statistically significant and with -log10(P) > 4.4 are suggestive.
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relationship between fibrosis in the vehicle- versus the CCl4-
treated mice. On the basis of heritability estimates, about
44% of the variance in fibrosis levels was explained by
genetic differences between strains.

Our study confirms the diversity in the fibrotic response
and highlights that multiple mouse strains should be
considered when studying fibrosis. The most commonly
used laboratory strain, C57BL/6J, lies more on the fibrosis
resistant side of the spectrum when challenged with CCl4
(Figure 2A). This raises the question of how many anti-
fibrotic agents, trialed only in C57BL/6J, failed to meet
endpoints because that strain is not particularly susceptible
to fibrosis. CRISPR/Cas9 now makes it feasible to work with
any or multiple genetic backgrounds, and data from this
study can be used to guide strain selection. For example, to
study the effect of knockdown or overexpression of a
candidate fibrosis gene, an investigator could choose strains
on the high or low end of basal or delta expression,
respectively, to maximize effect. In addition, an investigator
could test whether an antifibrotic is effective across a va-
riety of strains on the spectrum of fibrosis; broad actors
may be more likely to play an important role in humans.

We performed GWAS of fibrosis using a mixed model to
correct for population structure. One significant locus (on
chromosome 13) and 3 suggestive loci were identified.
Previous studies have mapped CCl4-fibrosis in mice to ge-
netic loci, some of which overlap with those in this study.
Because of differences in study design, analysis methods,
allele frequency, and sex effects, differences in the loci
detected in each study are expected. However, overlapping
loci are particularly strong candidates for further study. In
an intercross F2 study with BALB/cJ and FVB/NJ parental
strains, loci on multiple chromosomes were found to be
significantly or suggestively linked with hydroxyproline and
fibrosis.24 The chromosome 13 locus from that study
(14.5–24.5 Mb) overlapped with the most significant locus
in our study (17.7–20.7 Mb). There was no overlap in loci
between our study and another intercross F2 study with
BALB/cJ and A/J parental strains, likely because of multiple
factors mentioned above.35 Finally, in an association study
with 35 strains of BXD mice, 9 significant and many sug-
gestive loci were identified.25 In our study, which includes
29 BXD strains, lone SNPs on chromosomes 4 and 13
overlap with loci in the previous BXD study. In addition, the
broad suggestive chromosome 7 locus in our study (55–70
Mb) overlaps with 48–74 Mb locus in that study.

We prioritized candidate genes at loci on the basis of co-
mapping of eQTL as well as correlation with fibrosis



Figure 7. GWAS identifies
suggestive loci associ-
ated with baseline liver
fibrosis in vehicle-treated
mice. (A) Manhattan plot
showing GWAS results of
fibrosis in vehicle-treated
mice. The red bar (-log10
(P) ¼ 5.4) indicates the
significance threshold; loci
with -log10 (P) > 4.4 are
suggestive. (B) Locus-
Zoom plot of the chromo-
some 3: 81–86 Mb
suggestive locus with peak
SNP rs30271424 (P ¼
6.07e-6). Colors of SNPs
indicate the r2 measure of
linkage disequilibrium with
the labeled peak SNP.
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response. In the CCl4-treated mice, the cis-component of the
variance in expression of Stard3nl at the chromosome 13
locus was significantly correlated with fibrosis, making it a
potential gene of interest. In the chromosome 3: 139–145
Mb suggestive locus, Clca3a2 was the only gene whose cis-
component of the variance in expression was correlated
with CCl4-induced fibrosis, making it a top candidate gene.
Clca3a2 encodes a calcium-activated chloride channel
accessory subunit that has been reported to protect kera-
tinocytes from apoptosis in response to hyperosmotic
stress.36 Finally, 3 top candidate genes in the chromosome 7
locus (Mphosph10, Chsy1, and Lins1) had significant cis-
eQTL in the CCl4-treated mice, expression significantly
correlated with fibrosis, and the cis-component of their
variance in expression was significantly associated with
fibrosis.

Our global gene expression data also provided insight
into the genes and pathways associated with CCl4-induced
fibrosis across many genetic backgrounds. We identified
thousands of transcripts with significantly different
expression between vehicle- and CCl4-treated mice as well
as genes correlated with CCl4-induced fibrosis. By WGCNA,
we identified and mapped gene coexpression modules
associated with fibrosis. Overall, these analyses confirmed



Figure 8. Suggestive loci
associated with baseline
liver fibrosis in vehicle-
treated mice. (A) Locus-
Zoom plot of the chromo-
some 16: 69–75 Mb region
locus, with peak SNP
rs4202102 (P ¼ 2.32e-5).
(B) LocusZoom plot of the
chromosome 4: 111–113
Mb locus, with peak SNP
rs27515792 (P ¼ 4.2e-6).
Colors of SNPs indicate
the r2 measure of linkage
disequilibrium with the
labeled peak SNP. SNPs
with -log10 (P) > 5.4 are
statistically significant, and
with -log10 (P) > 4.4 are
suggestive.
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the involvement of HSCs and loss of hepatocytes as being
associated with fibrosis. In addition, they highlighted asso-
ciations between fibrosis and the ECM and immune
response. In vehicle-treated mice, genes involved in DNA
and RNA metabolism and the cellular response to stress
were most associated with fibrosis in the CCl4-treated mice,
with lower expression of these genes correlated with higher
fibrosis. These pathways are involved in the initial response
to liver damage, including repair and regeneration.37,38

Recently, Ghallab et al27 reported a loss of hepatic peri-
central gene expression in response to CCl4 treatment in
mice. One reflection of such cell composition changes is
“eQTL hotspots” in which a SNP is associated with expres-
sion changes in many genes. Several such trans-eQTL hot-
spots were present in both the vehicle- and CCl4-treated
samples that could be further explored.



Figure 9. The top differ-
entially expressed genes
between CCl4- and
vehicle-treated mice
across all 98 strains. (A)
Volcano plot of statistical
significance (-log10 Q
value) versus log2 (fold
change) for differentially
expressed genes in CCl4-
versus vehicle-treated
mice. Red (lower expres-
sion versus vehicle) and
green (higher expression
versus vehicle) genes have
absolute log2 (fold change)
greater than 1 and Q
values < .05. (B and C)
Pathway enrichment anal-
ysis annotations and their
associated -log10 (P)
values for the top 300
genes (ranked by Q value,
excluding genes with ab-
solute fold change < 1.5)
with (B) higher and (C)
lower expression in the
CCl4-treated mice.
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The chromosome 13 locus is highly conserved in the
syntenic human region on chromosome 7 and has been
associated in several human GWAS studies with fibrotic
conditions. This locus in humans was the most significant
signal in 2 GWAS of Dupuytren’s contractures, a benign
fibrosing disease of the palmar fascia, commonly found in
patients with alcoholic cirrhosis.39,40 Although the causative
gene in this locus is not yet known, EPDR1 is a top candidate
that has been functionally implicated in myofibroblasts.41,42
This locus (at ELMO1) was also a human GWAS hit for pri-
mary biliary cholangitis.43 ELMO1 (engulfment and cell
motility 1) has been reported to confer susceptibility to
human diabetic nephropathy,44 which is a disease of excess
ECM deposition, similar to fibrosis. Elmo1 also induced
collagen and fibronectin expression when overexpressed in
a monkey kidney cell line.45 Finally, this syntenic locus (at
AOAH) was also associated with staining of alpha-smooth
muscle actin, a marker of activated HSCs that is



Figure 10. Pathways associated with genes whose expression in CCl4-treated mice is most correlated with CCl4-
induced fibrosis. Top pathway enrichment analysis annotations and their associated -log10 (P) values for genes in CCl4-
treated mouse livers with expression significantly (bicor P <.05) (A) positively (top 500 genes) and (B) negatively correlated with
fibrosis.
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functionally involved in hepatic fibrosis,46 in a small GWAS
of mostly non-fibrotic donor liver tissues.47 AOAH encodes
acyloxyacyl hydrolase, a lipase that inactivates lipopolysac-
charide. AOAH was recently shown to influence
lipopolysaccharide-induced lung48 and primary hepato-
cyte49 injury in mice. Finally, genes specific for gamma-delta
T cells are present at this locus near the peak SNP. These
cells were recently shown to contribute to steatohepatitis in
mice,50 and their activation was required for the develop-
ment of liver fibrosis and inflammation in Mdr2 knockout
mice, a model of cholestatic liver disease.51 Although none
of these genes were top candidates in our analysis based on
liver gene expression, some have potentially deleterious
mutations in the HMDP mouse strains that may affect pro-
tein function.

A limitation of this study is that we do not know the
relevance of our results in mice to human exposure to liver
toxins, other than some apparent overlap of GWAS loci. Also,
although our study has identified high confidence candidate
genes for fibrosis, follow-up with knockdown/



Figure 11. Pathways associated with genes whose expression in vehicle-treated mice is most correlated with CCl4-
induced fibrosis. Top pathway enrichment analysis annotations and their associated -log10 (P) values for genes in vehicle-
treated mouse livers with expression significantly (bicor P <.05) (A) positively and (B) negatively correlated with fibrosis in
CCl4-treated mice.
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overexpression in specific cell types in the liver will be
required for full validation.

In conclusion, we present a resource for the molecular
genetic dissection of liver toxicity. All data are available to
interested researchers through our website systems.
genetics.ucla.edu or by direct request.
Methods
Mice

The HMDP male mice were generated and maintained at
UCLA or obtained from the Jackson Laboratory. Mice were
fed a standard rodent chow diet ad libitum and housed with
woodchip bedding. CCl4 (Sigma-Aldrich, St Louis, MO) was
administered intraperitoneally at a dose of 5 mL of 10%
solution in olive oil (Sigma-Aldrich) per gram of body
weight. CCl4 injections were started at 10–12 weeks of age
and given twice weekly for 6 weeks. Olive oil was used for
vehicle-injected mice. Mice were euthanized 72 hours after
the final injection and after an 8- to 12-hour fast, and their
livers were harvested and divided into aliquots for RNA
isolation (snap-frozen) and histology (formalin-fixed and
paraffin-embedded).
Liver Fibrosis Histology and Image Analysis
Paraffin-embedded livers were sectioned at 4-mm

thickness and stained with picrosirius red to specifically
highlight fibrillar collagen. Sections were deparaffinized by
incubation in xylenes and rehydrated by a graded series of
decreasing amounts of ethanol in water. Slides were then
stained with Weigert’s hematoxylin (Sigma-Aldrich) for 8
minutes and washed for 10 minutes under running tap
water. They were stained with 0.1% picrosirius red for 1
hour (Direct Red 80 and 1.3% picric acid from Sigma-
Aldrich) and washed in 2 changes of acidified water (10
seconds in the first and the remaining 10 minutes in the
second, 5 mL of acetic acid per 1 L of water). Slides were
then dehydrated in 3 changes of absolute ethanol, cleared in
2 changes of xylene, and mounted with Permount (Fisher
Scientific, Pittsburgh, PA). Slides were scanned at �20
magnification with Aperio ScanScope AT (Aperio, Vista, CA).

http://systems.genetics.ucla.edu
http://systems.genetics.ucla.edu


Figure 12. Expression
quantitative trait locus
(eQTL) hotspots regu-
lating liver gene expres-
sion in vehicle- (A) and
CCl4- (B) treated mice.
Cis-eQTL (within 1 Mb of
gene) with P < .0021, and
trans-eQTL with P < 1e-9,
plotted by gene position
against SNP position. The
-log10 (P) values of eQTL
are colored according to
the legend at right. Cis-
eQTLs are clustered on
the diagonal. The visual
appearance of vertical lines
of eQTLs represents eQTL
hotspots.
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Figure 13. WGCNA identifies 24 coexpression modules correlated with CCl4-induced liver fibrosis. (A) List of 24 modules
identified by WGCNA, with annotations, correlation with CCl4-induced fibrosis (bicor), correlation P value, and number of
genes in each module. Annotations were based on gene descriptions and pathway enrichment terms (Reactome and Meta-
scape analysis). Modules with bicor P < .05 are considered significant. (B) Genes in the green module; edges indicate
coexpression correlations with P < 1e-5.
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Using Definiens Tissue Studio (Definiens AG, Munchen,
Germany), we designed an image analysis algorithm to
quantify fibrosis as CPA% of the whole section, excluding
the normal vascular wall and liver capsular collagen. This
was done by excluding 20 mm adjacent to any white space
and quantifying red pixels from the remaining tissue area.
The algorithm was automatically applied to all liver sec-
tions. To validate the algorithm, we had an expert patholo-
gist (S.F.) blindly assess 93 slides from the CCl4-injected
mice and grade fibrosis by using a scoring system based on
the pattern of injury and accounting for the degree of per-
icentral, periportal, and bridging fibrosis.

Genome-Wide Association Analysis and
Estimation of Heritability

Genotyping of the mouse strains was performed by using
the Mouse Diversity Array.52 SNPs were filtered for 5%
minor allele frequency and 10% missingness rate, resulting
in 208,514 informative markers. A linear mixed model as
implemented in the FaST-LMM program was used to
perform the association with fibrosis area.53 The mouse
strains in the HMDP are genetically different and can be
treated as “individuals” in the analysis. However, the same
individuals appear in the case and control samples, making
these 2 samples not independent and requiring pairing of
the mouse strains across the case and control samples.
Pairing cases and controls by mouse strain is complex
because of the difference in the number of cases and con-
trols within each strain, with the number of controls usually
being smaller. We selected the following approach to pair a
control with each case. Within each strain, for each case, we
selected a control randomly and with replacement when
necessary. Using this approach, the cases are all preserved,
and the variability among the controls is retained. Thus, to
normalize CCl4-treated fibrosis values to vehicle-treated
values, mice from each group were randomly sampled
without replacement to create pairs. In cases where there
were unequal numbers of CCl4- or vehicle-treated mice for a
given strain, mice from the smaller group were sampled
without replacement and assigned to members of the larger
group, and then random sampling with replacement from
the smaller group was used to assign partners to remaining
members of the larger group. The vehicle-treated fibrosis
area in each pair was then subtracted from the CCl4-treated
fibrosis area, and a single integer value was added to all
results to make all values positive. Traits were then log-
transformed to normalize the distribution for GWAS.

Log-transformed vehicle-normalized CCl4-treated
fibrosis values were also used for all heritability and cor-
relation analyses. Broad sense heritability was calculated by
using the R package “heritability”.54 Narrow sense herita-
bility was calculated by using the Genome-wide Complex
Trait Analysis Tool (GCTA).55

Global Gene Expression Analysis
Total RNA from mouse liver samples (1 mouse per

strain) was purified by using the Qiagen miRNeasy kit
(Qiagen cat#217004) per the manufacturer’s instructions.
RNA sequencing libraries were prepared by using the Illu-
mina (San Diego, CA) TruSeq Stranded mRNA Sample
Preparation protocol and sequenced in paired-end mode to
a length of 2 � 76 bp by using the Illumina HiSeq2500
platform. Reads were quantified against the GRCm38.p6
mouse reference transcriptome (Ensembl release 97) using
kallisto version 0.46.0 with 100 bootstrap replicates.56 For
all analyses except differential expression (where program
default low abundance filtering parameters were used), only
genes with expression values >0.1 transcripts per million
(TPM) in at least 20% of samples and �6 reads in at least
20% of samples were included.

Pathway and Network Modeling
Correlations between liver fibrosis and gene expression

were analyzed by using the bicor package in R. Pathway
analysis of top correlated genes was performed with human
pathway settings by using Metascape.28 Differential
expression was performed with the sleuth R package
(version 0.30) using a likelihood ratio test comparing a full
model accounting for strain and treatment with a reduced
model accounting only for strain.57

Expression quantitative trait loci were mapped from
TPM values by using FaST-LMM after log2-transformation.
To calculate the cis-component of expression correlated
with CCl4-induced fibrosis, the expression values for each
relevant gene were partitioned into groups based on the
genotype of the most significant cis-eQTL with P <1e-4.
Medians were calculated for each resulting group, and the
medians (replicated once for each individual within each
group) as a whole were correlated against fibrosis.

Network analysis was performed by using the WGCNA R
package.34 WGCNA was used to group highly coexpressed
genes into modules. To generate a coexpression network, an
adjacency matrix was created by calculating pairwise gene-
gene correlations and then raising the Pearson correlation
to the 8th power, selected using the scale-free topology
criterion. A topological overlap matrix-based dissimilarity
measure was used for hierarchical clustering of the genes.
Gene modules corresponded to the branches of the resulting
dendrogram and were defined by using the “Dynamic
Hybrid” branch cutting algorithm.58 For module generation,
“cut height” was set to 0.995 and “minimum module size” to
30. Using the bicor package in R, the first principal
component of each module was analyzed for correlation
with fibrosis to identify associated gene clusters and then
mapped by using FaST-LMM.

Statistical Analysis
A balanced study design with an appropriate sample size

was proposed to achieve adequate statistical power for all
analyses. However, the random effects of mouse fertility in
our breeding program, as well as some losses, resulted in
some differences in sample sizes among the hybrid panel
breeds as well as a lack of balance between the cases and
controls. The reduced sample sizes and lack of balance can
impact the power to detect genetic effects, but there is no
anticipation of an increase in the detection of false genetic
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effects beyond what is expected using our conservative
levels of significance.

The nonparametric Mann-Whitney test was used to
analyze differences between 2 groups. The Spearman
method was used to analyze correlation between CPA% and
histopathologic scores and between strain average CPA%.
Analyses were performed by using GraphPad Prism
(GraphPad Software, La Jolla, CA) and in R. P <.05 was
considered significant for these tests and for bicor analyses.
P <1e-4 was considered significant for cis-eQTL.15 For
GWAS, the threshold value for genome-wide significance (P
< 4.1e-6) was based on simulation.13 All reported P values
are based on a two-sided hypothesis.

Ethics Statement
All animal experiments were approved by UCLA Chan-

cellor’s Animal Research Committee of the IACUC, under
ARC#2011-142-11. Mice were expected to lose up to 10% of
body weight in the first 10 days after initiation of CCl4 (prior
literature/our observations). A monitoring protocol was
designed to minimize pain/distress to the animals and was
based on observation and weights. After CCl4 injections,
mice were reexamined within 6–10 hours to euthanize any
moribund animals. Mice were weighed every other day
during the first 10 days after initiation of the CCl4 protocol
and at least 2� per week during the remainder of the 6-
week period. Mice that lost 10%–20% body weight were
monitored and weighed daily. If they lost >20% body
weight, they were euthanized. Slow, shallow, or labored
respirations with immobility were also criteria for prema-
ture euthanasia, performed by isoflurane overdose followed
by cervical dislocation.

In vivo experiments are reported in accordance with the
ARRIVE guidelines. All authors had access to the study data
and reviewed and approved the final manuscript.

References
1. Weiskirchen R, Weiskirchen S, Tacke F. Recent ad-

vances in understanding liver fibrosis: bridging basic
science and individualized treatment concepts.
F1000Res 2018;7.

2. Friedman SL. Hepatic stellate cells: protean, multifunc-
tional, and enigmatic cells of the liver. Physiol Rev 2008;
88:125–172.

3. Weber S, Gressner OA, Hall R, Grunhage F, Lammert F.
Genetic determinants in hepatic fibrosis: from experi-
mental models to fibrogenic gene signatures in humans.
Clin Liver Dis 2008;12:747–757, vii.

4. Speliotes EK, Yerges-Armstrong LM, Wu J, Hernaez R,
Kim LJ, Palmer CD, Gudnason V, Eiriksdottir G,
Garcia ME, Launer LJ, Nalls MA, Clark JM, Mitchell BD,
Shuldiner AR, Butler JL, Tomas M, Hoffmann U,
Hwang SJ, Massaro JM, O’Donnell CJ, Sahani DV,
Salomaa V, Schadt EE, Schwartz SM, Siscovick DS,
Voight BF, Carr JJ, Feitosa MF, Harris TB, Fox CS,
Smith AV, Kao WH, Hirschhorn JN, Borecki IB. Genome-
wide association analysis identifies variants associated
with nonalcoholic fatty liver disease that have distinct
effects on metabolic traits. PLoS Genet 2011;7:
e1001324.

5. Loomba R, Schork N, Chen CH, Bettencourt R,
Bhatt A, Ang B, Nguyen P, Hernandez C, Richards L,
Salotti J, Lin S, Seki E, Nelson KE, Sirlin CB,
Brenner D. Heritability of hepatic fibrosis and steatosis
based on a prospective twin study. Gastroenterology
2015;149:1784–1793.

6. Rich NE, Oji S, Mufti AR, Browning JD, Parikh ND,
Odewole M, Mayo H, Singal AG. Racial and ethnic dis-
parities in nonalcoholic fatty liver disease prevalence,
severity, and outcomes in the United States: a system-
atic review and meta-analysis. Clin Gastroenterol Hep-
atol 2018;16:198–210.e2.

7. Huang H, Shiffman ML, Friedman S, Venkatesh R,
Bzowej N, Abar OT, Rowland CM, Catanese JJ,
Leong DU, Sninsky JJ, Layden TJ, Wright TL, White T,
Cheung RC. A 7 gene signature identifies the risk of
developing cirrhosis in patients with chronic hepatitis C.
Hepatology 2007;46:297–306.

8. Chalasani N, Guo X, Loomba R, Goodarzi MO,
Haritunians T, Kwon S, Cui J, Taylor KD, Wilson L,
Cummings OW, Chen YD, Rotter JI. Genome-wide as-
sociation study identifies variants associated with his-
tologic features of nonalcoholic fatty liver disease.
Gastroenterology 2010;139:1567–1576, 76.e1-6.

9. Liu YL, Reeves HL, Burt AD, Tiniakos D, McPherson S,
Leathart JB, Allison ME, Alexander GJ, Piguet AC,
Anty R, Donaldson P, Aithal GP, Francque S, Van Gaal L,
Clement K, Ratziu V, Dufour JF, Day CP, Daly AK,
Anstee QM. TM6SF2 rs58542926 influences hepatic
fibrosis progression in patients with non-alcoholic fatty
liver disease. Nat Commun 2014;5:4309.

10. Patin E, Kutalik Z, Guergnon J, Bibert S, Nalpas B,
Jouanguy E, Munteanu M, Bousquet L, Argiro L,
Halfon P, Boland A, Mullhaupt B, Semela D, Dufour JF,
Heim MH, Moradpour D, Cerny A, Malinverni R, Hirsch H,
Martinetti G, Suppiah V, Stewart G, Booth DR, George J,
Casanova JL, Brechot C, Rice CM, Talal AH,
Jacobson IM, Bourliere M, Theodorou I, Poynard T,
Negro F, Pol S, Bochud PY, Abel L. Genome-wide as-
sociation study identifies variants associated with pro-
gression of liver fibrosis from HCV infection.
Gastroenterology 2012;143:1244–1252.e12.

11. Romeo S, Kozlitina J, Xing C, Pertsemlidis A, Cox D,
Pennacchio LA, Boerwinkle E, Cohen JC, Hobbs HH.
Genetic variation in PNPLA3 confers susceptibility to
nonalcoholic fatty liver disease. Nat Genet 2008;
40:1461–1465.

12. Valenti L, Al-Serri A, Daly AK, Galmozzi E, Rametta R,
Dongiovanni P, Nobili V, Mozzi E, Roviaro G, Vanni E,
Bugianesi E, Maggioni M, Fracanzani AL, Fargion S,
Day CP. Homozygosity for the patatin-like phospholi-
pase-3/adiponutrin I148M polymorphism influences liver
fibrosis in patients with nonalcoholic fatty liver disease.
Hepatology 2010;51:1209–1217.

13. Bennett BJ, Farber CR, Orozco L, Kang HM,
Ghazalpour A, Siemers N, Neubauer M, Neuhaus I,
Yordanova R, Guan B, Truong A, Yang WP, He A,
Kayne P, Gargalovic P, Kirchgessner T, Pan C,

http://refhub.elsevier.com/S2352-345X(20)30134-X/sref1
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref1
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref1
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref1
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref2
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref2
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref2
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref2
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref3
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref3
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref3
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref3
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref3
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref4
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref4
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref4
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref4
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref4
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref4
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref4
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref4
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref4
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref4
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref4
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref4
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref5
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref5
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref5
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref5
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref5
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref5
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref5
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref6
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref6
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref6
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref6
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref6
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref6
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref6
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref7
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref7
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref7
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref7
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref7
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref7
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref7
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref8
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref8
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref8
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref8
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref8
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref8
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref8
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref9
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref9
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref9
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref9
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref9
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref9
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref9
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref10
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref10
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref10
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref10
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref10
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref10
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref10
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref10
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref10
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref10
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref10
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref10
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref11
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref11
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref11
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref11
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref11
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref11
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref12
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref12
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref12
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref12
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref12
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref12
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref12
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref12
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref13
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref13
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref13
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref13


218 Tuominen et al Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 1
Castellani LW, Kostem E, Furlotte N, Drake TA, Eskin E,
Lusis AJ. A high-resolution association mapping panel
for the dissection of complex traits in mice. Genome Res
2010;20:281–290.

14. Lusis AJ, Seldin MM, Allayee H, Bennett BJ, Civelek M,
Davis RC, Eskin E, Farber CR, Hui S, Mehrabian M,
Norheim F, Pan C, Parks B, Rau CD, Smith DJ, Vallim T,
Wang Y, Wang J. The Hybrid Mouse Diversity Panel: a
resource for systems genetics analyses of metabolic and
cardiovascular traits. J Lipid Res 2016;57:925–942.

15. Orozco LD, Bennett BJ, Farber CR, Ghazalpour A,
Pan C, Che N, Wen P, Qi HX, Mutukulu A, Siemers N,
Neuhaus I, Yordanova R, Gargalovic P, Pellegrini M,
Kirchgessner T, Lusis AJ. Unraveling inflammatory re-
sponses using systems genetics and gene-environment
interactions in macrophages. Cell 2012;151:658–670.

16. Parks BW, Nam E, Org E, Kostem E, Norheim F, Hui ST,
Pan C, Civelek M, Rau CD, Bennett BJ, Mehrabian M,
Ursell LK, He A, Castellani LW, Zinker B, Kirby M,
Drake TA, Drevon CA, Knight R, Gargalovic P,
Kirchgessner T, Eskin E, Lusis AJ. Genetic control of
obesity and gut microbiota composition in response to
high-fat, high-sucrose diet in mice. Cell Metab 2013;
17:141–152.

17. Jimenez W, Pares A, Caballeria J, Heredia D,
Bruguera M, Torres M, Rojkind M, Rodes J. Measure-
ment of fibrosis in needle liver biopsies: evaluation of a
colorimetric method. Hepatology 1985;5:815–818.

18. Standish RA, Cholongitas E, Dhillon A, Burroughs AK,
Dhillon AP. An appraisal of the histopathological
assessment of liver fibrosis. Gut 2006;55:569–578.

19. Calvaruso V, Burroughs AK, Standish R, Manousou P,
Grillo F, Leandro G, Maimone S, Pleguezuelo M,
Xirouchakis I, Guerrini GP, Patch D, Yu D, O’Beirne J,
Dhillon AP. Computer-assisted image analysis of liver
collagen: relationship to Ishak scoring and hepatic
venous pressure gradient. Hepatology 2009;
49:1236–1244.

20. Manousou P, Dhillon AP, Isgro G, Calvaruso V,
Luong TV, Tsochatzis E, Xirouchakis E, Kalambokis G,
Cross TJ, Rolando N, O’Beirne J, Patch D, Thornburn D,
Burroughs AK. Digital image analysis of liver collagen
predicts clinical outcome of recurrent hepatitis C virus 1
year after liver transplantation. Liver Transpl 2011;
17:178–188.

21. Tsochatzis E, Bruno S, Isgro G, Hall A, Theocharidou E,
Manousou P, Dhillon AP, Burroughs AK, Luong TV.
Collagen proportionate area is superior to other histo-
logical methods for sub-classifying cirrhosis and deter-
mining prognosis. J Hepatol 2014;60:948–954.

22. Hui ST, Kurt Z, Tuominen I, Norheim F, Davis RC, Pan C,
Dirks DL, Magyar CE, French SW, Chella Krishnan K,
Sabir S, Campos-Pérez F, Méndez-Sánchez N, Macías-
Kauffer L, León-Mimila P, Canizales-Quinteros S,
Yang X, Beaven SW, Huertas-Vazquez A, Lusis AJ. The
genetic architecture of diet-induced hepatic fibrosis in
mice. Hepatology 2018;68:2182–2196.

23. Falconer DS, Mackay TFC. Introduction to quantitative
genetics. Harlow, UK: Longman, 1996.
24. Hall RA, Hillebrandt S, Lammert F. Exploring multiple
quantitative trait loci models of hepatic fibrosis in a
mouse intercross. Mamm Genome 2016;27:70–80.

25. Hall RA, Liebe R, Hochrath K, Kazakov A, Alberts R,
Laufs U, Bohm M, Fischer HP, Williams RW,
Schughart K, Weber SN, Lammert F. Systems genetics
of liver fibrosis: identification of fibrogenic and expres-
sion quantitative trait loci in the BXD murine reference
population. PLoS One 2014;9:e89279.

26. Zhou Y, Jiang L, Rui L. Identification of MUP1 as a
regulator for glucose and lipid metabolism in mice. J Biol
Chem 2009;284:11152–11159.

27. Ghallab A, Myllys M, Holland CH, Zaza A, Murad W,
Hassan R, Ahmed YA, Abbas T, Abdelrahim EA,
Schneider KM, Matz-Soja M, Reinders J, Gebhardt R,
Berres ML, Hatting M, Drasdo D, Saez-Rodriguez J,
Trautwein C, Hengstler JG. Influence of liver fibrosis on
lobular zonation. Cells 2019;8(12).

28. Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH,
Tanaseichuk O, Benner C, Chanda SK. Metascape pro-
vides a biologist-oriented resource for the analysis of
systems-level datasets. Nat Commun 2019;10:1523.

29. Azimifar SB, Nagaraj N, Cox J, Mann M. Cell-type-
resolved quantitative proteomics of murine liver. Cell
Metab 2014;20:1076–1087.

30. Terkelsen MK, Bendixen SM, Hansen D, Scott EAH,
Moeller AF, Nielsen R, Mandrup S, Schlosser A,
Andersen TL, Sorensen GL, Krag A, Natarajan KN,
Detlefsen S, Dimke H, Ravnskjaer K. Transcriptional
dynamics of hepatic sinusoid-associated cells after liver
injury. Hepatology 2020.

31. Wong FW, Chan WY, Lee SS. Resistance to carbon
tetrachloride-induced hepatotoxicity in mice which lack
CYP2E1 expression. Toxicol Appl Pharmacol 1998;
153:109–118.

32. Mederacke I, Hsu CC, Troeger JS, Huebener P, Mu X,
Dapito DH, Pradere JP, Schwabe RF. Fate tracing re-
veals hepatic stellate cells as dominant contributors to
liver fibrosis independent of its aetiology. Nat Commun
2013;4:2823.

33. Huber SM, Leonardi A, Dedon PC, Begley TJ. The ver-
satile roles of the tRNA epitranscriptome during cellular
responses to toxic exposures and environmental stress.
Toxics 2019;7(1).

34. Langfelder P, Horvath S. WGCNA: an R package for
weighted correlation network analysis. BMC Bioinfor-
matics 2008;9:559.

35. Hillebrandt S, Goos C, Matern S, Lammert F. Genome-
wide analysis of hepatic fibrosis in inbred mice identifies
the susceptibility locus Hfib1 on chromosome 15.
Gastroenterology 2002;123:2041–2051.

36. Seltmann K, Meyer M, Sulcova J, Kockmann T,
Wehkamp U, Weidinger S. Auf dem Keller U, Werner S.
Humidity-regulated CLCA2 protects the epidermis
from hyperosmotic stress. Sci Transl Med 2018;
10(440).

37. Wickramasinghe VO, Venkitaraman AR. RNA processing
and genome stability: cause and consequence. Mol Cell
2016;61:496–505.

http://refhub.elsevier.com/S2352-345X(20)30134-X/sref13
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref13
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref13
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref13
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref13
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref14
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref14
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref14
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref14
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref14
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref14
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref14
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref15
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref15
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref15
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref15
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref15
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref15
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref15
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref16
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref16
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref16
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref16
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref16
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref16
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref16
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref16
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref16
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref17
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref17
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref17
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref17
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref17
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref18
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref18
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref18
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref18
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref19
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref19
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref19
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref19
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref19
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref19
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref19
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref19
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref20
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref20
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref20
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref20
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref20
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref20
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref20
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref20
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref21
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref21
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref21
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref21
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref21
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref21
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref22
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref22
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref22
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref22
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref22
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref22
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref22
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref22
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref23
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref23
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref24
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref24
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref24
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref24
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref25
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref25
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref25
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref25
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref25
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref25
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref26
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref26
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref26
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref26
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref27
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref27
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref27
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref27
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref27
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref27
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref28
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref28
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref28
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref28
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref29
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref29
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref29
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref29
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref30
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref30
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref30
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref30
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref30
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref30
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref31
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref31
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref31
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref31
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref31
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref32
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref32
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref32
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref32
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref32
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref33
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref33
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref33
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref33
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref34
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref34
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref34
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref35
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref35
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref35
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref35
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref35
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref36
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref36
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref36
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref36
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref36
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref37
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref37
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref37
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref37


2021 Genetic Architecture of CCl4 Liver Fibrosis 219
38. Shkreta L, Chabot B. The RNA splicing response to DNA
damage. Biomolecules 2015;5:2935–2977.

39. Dolmans GH, Werker PM, Hennies HC, Furniss D,
Festen EA, Franke L, Becker K, van der Vlies P,
Wolffenbuttel BH, Tinschert S, Toliat MR, Nothnagel M,
Franke A, Klopp N, Wichmann HE, Nürnberg P, Giele H,
Ophoff RA, Wijmenga C. Wnt signaling and Dupuytren’s
disease. N Engl J Med 2011;365:307–317.

40. Ng M, Thakkar D, Southam L, Werker P, Ophoff R,
Becker K, Nothnagel M, Franke A, Nürnberg P, Espirito-
Santo AI, Izadi D, Hennies HC, Nanchahal J, Zeggini E,
Furniss D. A Genome-wide association study of
Dupuytren disease reveals 17 additional variants impli-
cated in fibrosis. Am J Hum Genet 2017;101:417–427.

41. Major M, Freund MK, Burch KS, Mancuso N, Ng M,
Furniss D, Pasaniuc B, Ophoff RA. Integrative analysis of
Dupuytren’s disease identifies novel risk locus and re-
veals a shared genetic etiology with BMI. Genet Epi-
demiol 2019;43:629–645.

42. Staats KA, Wu T, Gan BS, O’Gorman DB, Ophoff RA.
Dupuytren’s disease susceptibility gene, EPDR1, is
involved in myofibroblast contractility. J Dermatol Sci
2016;83:131–137.

43. Gulamhusein AF, Hirschfield GM. Primary biliary chol-
angitis: pathogenesis and therapeutic opportunities. Nat
Rev Gastroenterol Hepatol 2020;17:93–110.

44. Shimazaki A, Kawamura Y, Kanazawa A, Sekine A,
Saito S, Tsunoda T, Koya D, Babazono T, Tanaka Y,
Matsuda M, Kawai K, Iiizumi T, Imanishi M, Shinosaki T,
Yanagimoto T, Ikeda M, Omachi S, Kashiwagi A, Kaku K,
Iwamoto Y, Kawamori R, Kikkawa R, Nakajima M,
Nakamura Y, Maeda S. Genetic variations in the gene
encoding ELMO1 are associated with susceptibility to
diabetic nephropathy. Diabetes 2005;54:1171–1178.

45. Shimazaki A, Tanaka Y, Shinosaki T, Ikeda M, Watada H,
Hirose T, Kawamori R, Maeda S. ELMO1 increases
expression of extracellular matrix proteins and inhibits
cell adhesion to ECMs. Kidney Int 2006;70:1769–1776.

46. Rockey DC, Du Q, Shi Z. Smooth muscle alpha-actin
deficiency leads to decreased liver fibrosis via impaired
cytoskeletal signaling in hepatic stellate cells. Am J
Pathol 2019;189:2209–2220.

47. Liu Z, Chalasani N, Lin J, Gawrieh S, He Y, Tseng YJ,
Liu W. Integrative omics analysis identifies macrophage
migration inhibitory factor signaling pathways underlying
human hepatic fibrogenesis and fibrosis. Journal of Bio-
X Research 2019;2:16–24.

48. Zou B, Jiang W, Han H, Li J, Mao W, Tang Z, Yang Q,
Qian G, Qian J, Zeng W, Gu J, Chu T, Zhu N, Zhang W,
Yan D, He R, Chu Y, Lu M. Acyloxyacyl hydrolase pro-
motes the resolution of lipopolysaccharide-induced
acute lung injury. PLoS Pathog 2017;13:e1006436.

49. Liu J, Du S, Kong Q, Zhang X, Jiang S, Cao X, Li Y, Li C,
Chen H, Ding Z, Liu L. HSPA12A attenuates
lipopolysaccharide-induced liver injury through inhibiting
caspase-11-mediated hepatocyte pyroptosis via PGC-
1a-dependent acyloxyacyl hydrolase expression. Cell
Death Differ 2020.

50. Torres-Hernandez A, Wang W, Nikiforov Y, Tejada K,
Torres L, Kalabin A, Adam S, Wu J, Lu L, Chen R,
Lemmer A, Camargo J, Hundeyin M, Diskin B, Aykut B,
Kurz E, Kochen Rossi JA, Khan M, Liria M, Sanchez G,
Wu N, Su W, Adams S, Haq MIU, Farooq MS,
Vasudevaraja V, Leinwand J, Miller G. gd T cells promote
steatohepatitis by orchestrating innate and adaptive
immune programming. Hepatology 2020;71:477–494.

51. Tedesco D, Thapa M, Chin CY, Ge Y, Gong M, Li J,
Gumber S, Speck P, Elrod EJ, Burd EM, Kitchens WH,
Magliocca JF, Adams AB, Weiss DS, Mohamadzadeh M,
Grakoui A. Alterations in intestinal microbiota lead to
production of interleukin 17 by intrahepatic gd T-cell
receptor-positive cells and pathogenesis of cholestatic
liver disease. Gastroenterology 2018;154:2178–2193.

52. Yang H, Ding Y, Hutchins LN, Szatkiewicz J, Bell TA,
Paigen BJ, Graber JH, de Villena FP, Churchill GA.
A customized and versatile high-density genotyping
array for the mouse. Nat Methods 2009;6:663–666.

53. Lippert C, Listgarten J, Liu Y, Kadie CM, Davidson RI,
Heckerman D. FaST linear mixed models for genome-
wide association studies. Nat Methods 2011;8:833–835.

54. Kruijer W, Boer MP, Malosetti M, Flood PJ, Engel B,
Kooke R, Keurentjes JJ, van Eeuwijk FA. Marker-based
estimation of heritability in immortal populations. Ge-
netics 2015;199:379–398.

55. Yang J, Lee SH, Goddard ME, Visscher PM. GCTA: a
tool for genome-wide complex trait analysis. Am J Hum
Genet 2011;88:76–82.

56. Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal
probabilistic RNA-seq quantification. Nat Biotechnol
2016;34:525–527.

57. Pimentel H, Bray NL, Puente S, Melsted P, Pachter L.
Differential analysis of RNA-seq incorporating quantifi-
cation uncertainty. Nat Methods 2017;14:687–690.

58. Langfelder P, Zhang B, Horvath S. Defining clusters from
a hierarchical cluster tree: the Dynamic Tree Cut package
for R. Bioinformatics 2008;24:719–720.
Received August 12, 2020. Accepted August 24, 2020.

Correspondence
Address correspondence to: Aldons J. Lusis, PhD, David Geffen School of
Medicine at UCLA, Los Angeles, California 90095-1684. e-mail:
jlusis@mednet.ucla.edu; fax: (310) 794-7345 and Simon W. Beaven, MD,
PhD, David Geffen School of Medicine at UCLA, Los Angeles, California
90095-1684. e-mail: sbeaven@mednet.ucla.edu.

CRediT Authorship Contributions
Iina Tuominen, PhD (Conceptualization: Lead; Data curation: Lead; Formal

analysis: Lead; Investigation: Lead; Methodology: Lead; Project
administration: Lead; Validation: Lead; Visualization: Lead; Writing – original
draft: Lead; Writing – review & editing: Lead)
Brie K. Fuqua, PhD (Data curation: Lead; Formal analysis: Lead;

Investigation: Lead; Methodology: Lead; Validation: Lead; Visualization: Lead;
Writing – original draft: Lead; Writing – review & editing: Lead)
Calvin Pan, MS (Data curation: Lead; Formal analysis: Lead; Methodology:

Lead; Software: Lead; Visualization: Lead; Writing – review & editing: Lead),
Nicole Renaud, PhD (Data curation: Equal; Formal analysis: Equal;

Resources: Equal; Software: Equal; Writing – review & editing: Equal),
Kevin Wroblewski, MD (Investigation: Equal; Project administration: Equal;

Validation: Equal; Writing – original draft: Equal)
Mete Civelek, PhD (Conceptualization: Equal; Formal analysis: Equal;

Resources: Equal; Software: Equal; Writing – original draft: Equal)
Kara Clerkin, RN (Investigation: Equal; Project administration: Equal;

Validation: Equal)
Ashot Asaryan, BS (Investigation: Equal; Project administration: Equal;

Validation: Equal)
Sara G. Haroutunian, BS (Investigation: Equal; Project administration: Equal;

Validation: Equal)

http://refhub.elsevier.com/S2352-345X(20)30134-X/sref38
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref38
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref38
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref39
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref39
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref39
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref39
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref39
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref39
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref39
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref40
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref40
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref40
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref40
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref40
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref40
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref40
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref41
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref41
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref41
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref41
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref41
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref41
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref42
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref42
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref42
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref42
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref42
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref43
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref43
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref43
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref43
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref44
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref44
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref44
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref44
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref44
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref44
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref44
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref44
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref44
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref45
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref45
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref45
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref45
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref45
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref46
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref46
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref46
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref46
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref46
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref47
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref47
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref47
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref47
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref47
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref47
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref48
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref48
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref48
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref48
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref48
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref49
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref49
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref49
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref49
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref49
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref49
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref50
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref50
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref50
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref50
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref50
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref50
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref50
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref50
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref50
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref51
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref51
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref51
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref51
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref51
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref51
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref51
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref51
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref52
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref52
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref52
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref52
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref52
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref53
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref53
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref53
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref53
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref54
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref54
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref54
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref54
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref54
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref55
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref55
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref55
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref55
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref56
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref56
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref56
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref56
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref57
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref57
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref57
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref57
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref58
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref58
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref58
http://refhub.elsevier.com/S2352-345X(20)30134-X/sref58
mailto:jlusis@mednet.ucla.edu
mailto:sbeaven@mednet.ucla.edu


220 Tuominen et al Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 1
Joseph Loureiro, PhD (Formal analysis: Equal; Investigation: Equal;
Resources: Equal; Software: Equal; Visualization: Equal)
Jason Borawski, BS (Formal analysis: Equal; Investigation: Equal;

Resources: Equal; Software: Equal)
Guglielmo Roma, PhD (Formal analysis: Equal; Investigation: Equal;

Resources: Equal; Software: Equal)
Judith Knehr, PhD (Formal analysis: Equal; Investigation: Equal; Software:

Equal)
Walter Carbone, MS (Formal analysis: Equal; Investigation: Equal; Software:

Equal)
Samuel French, MD, PhD (Formal analysis: Equal; Resources: Equal)
Brian W. Parks, PhD (Resources: Equal; Software: Equal)
Simon T. Hui, PhD (Formal analysis: Equal; Writing – review & editing: Equal)

Conflicts of interest
The authors disclose no conflicts.

Funding
Supported by Sigrid Juselius Foundation (IT), Orion-Farmos Research
Foundation (IT), K99 HL121172 (MC), HL28481, HL144651 and DK117850
(AJL), K08DK088998 (SWB), Ruth L. Kirschstein National Research Service
Award T32HL069766 (BKF). The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the
manuscript.


	The Genetic Architecture of Carbon Tetrachloride-Induced Liver Fibrosis in Mice
	Results
	Liver Fibrosis in Response to Liver Injury Is a Genetically Driven Trait
	Genome-Wide Association Analyses
	Differentially Expressed Genes and Pathways Associated With Liver Fibrosis
	Genetics of Hepatic Gene Expression and Fibrosis
	Network Modeling of Fibrosis

	Discussion
	Methods
	Mice
	Liver Fibrosis Histology and Image Analysis
	Genome-Wide Association Analysis and Estimation of Heritability
	Global Gene Expression Analysis
	Pathway and Network Modeling
	Statistical Analysis
	Ethics Statement

	References
	CRediT Authorship Contributions


