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Transcriptomic Cross-Species Analysis of
Chronic Liver Disease Reveals Consistent

Regulation Between Humans and Mice
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Mouse models are frequently used to study chronic liver diseases (CLDs). To assess their translational relevance,
we quantified the similarity of commonly used mouse models to human CLDs based on transcriptome data. Gene-
expression data from 372 patients were compared with data from acute and chronic mouse models consisting of 227
mice, and additionally to nine published gene sets of chronic mouse models. Genes consistently altered in humans
and mice were mapped to liver cell types based on single-cell RNA-sequencing data and validated by immunostaining.
Considering the top differentially expressed genes, the similarity between humans and mice varied among the mouse
models and depended on the period of damage induction. The highest recall (0.4) and precision (0.33) were observed
for the model with 12-months damage induction by CCl, and by a Western diet, respectively. Genes consistently up-
regulated between the chronic CCl, model and human CLDs were enriched in inflammatory and developmental pro-
cesses, and mostly mapped to cholangiocytes, macrophages, and endothelial and mesenchymal cells. Down-regulated
genes were enriched in metabolic processes and mapped to hepatocytes. Immunostaining confirmed the regulation of
selected genes and their cell type specificity. Genes that were up-regulated in both acute and chronic models showed
higher recall and precision with respect to human CLDs than exclusively acute or chronic genes. Conclusion: Similarly
regulated genes in human and mouse CLDs were identified. Despite major interspecies differences, mouse models de-
tected 40% of the genes significantly altered in human CLD. The translational relevance of individual genes can be

assessed at https://saezlab.shinyapps.io/liverdiseaseatlas/. (Hepatology Communications 2022;6:161-177).

he prevalence of chronic liver diseases (CLDs)
has increased during the last decades.)
Mouse models are frequently used to study the
pathophysiology of liver diseases, identify therapeutic
targets, and test drug candidates. However, the use of
mice in translational research has been criticized due

to large interspecies differences.?) A previous com-
parison of gene expression in mouse models of non-
alcoholic fatty liver disease (NAFLD) and liver tissue
from patients reported large interspecies differences,
with very little overlap of expression changes in mice
and humans.®) This raises the question of whether
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experiments with mice allow meaningful conclusions
to be drawn about the pathophysiology of CLDs
in humans. To address this, we here revisited gene-
expression changes in mouse models of liver damage
and compared them with the human situation.
Previous comparisons of mice and humans were
limited by the duration mice were exposed to damag-
ing agents, and typically relied on exposure periods of
only a few months or even weeks.** This may appear
adequate, as extrapolating from the relative lifespans of
humans and mice, a 1-year old mouse is comparable to
a 40-year old human. However, it remains unknown
whether such extrapolation is justified (i.e., whether
pathogenesis indeed progresses faster in mice or whether
similar periods of damage induction are required to
induce comparable phenotypes). To address this ques-
tion, we analyzed RNA-sequencing data of mice treated
with CCl, for up to 1 year and compared it to a cur-
rent collection of human CLD expression data. In addi-
tion, we also characterized gene-expression alterations
in mice with chronic liver damage in relation to acute
injury. This was motivated by a recent study demonstrat-
ing that specific expression changes observed in both
chronic and acute mouse models are similar to those
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observed in human CLD.® Mouse livers responded to
acute injury by a concomitant up-regulation of inflam-
mation and down-regulation of metabolism-associated
gene regulatory networks that both were orchestrated by
the same upstream regulators. A similar response was
also observed in a chronic mouse model and was even
conserved in human CLDs."Y Differentiating between
genes exclusively altered in chronic insults and those
altered following both chronic and acute damage may be
important with respect to defining therapeutic windows.
If a gene that is exclusively altered following chronic
damage is relevant for disease progression, it should only
be therapeutically targeted in advanced stages, when its
expression increases; in contrast, genes that are altered in
both the chronic and acute setting may be antagonized
earlier during the course of the disease.

The present study confirmed the previously reported
large interspecies differences, but also revealed sub-
stantial sets of genes that respond similarly in both
species. The categories of genes exclusively altered
after acute or chronic injury compared with those
conserved in both damage scenarios differed in their
similarity to human CLD, and the similarity to human
CLD increased when mice were exposed for longer
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periods of up to 1 year. These findings were compiled
into a data resource linking expression profile alter-
ations of individual genes in CLDs, their differential
regulation in mice and humans, and categorization
into acute, chronic, or conserved response sets. This
resource is accessible through an online application to
facilitate the intuitive exploration of the role of genes
in human and mice CLD.

Materials and Methods

MOUSE MODELS AND HUMAN
DATA SETS

A description of the mouse and human tissues and
experimental procedures is available in the Supporting
Information. The present analysis included tran-
scriptome data from seven mouse models (one with
chronic and six with acute liver damage) consisting
of 227 mice (Table 1; Supporting Fig. S1A) and five
studies of human CLD with a total of 372 patients
(Table 1; Supporting Fig. S1B). The analyzed data
sets were either generated in-house (all mouse mod-
els except tunicamycin) or downloaded from pub-
lic sources (acute tunicamycin model and all human
data sets). Additionally, we analyzed nine published
sets of differentially expressed genes of CLD mouse
models, for which the corresponding raw data were
not available.®) Biopsies from patients with primary
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sclerosing cholangitis (PSC) and alcohol-associated
liver disease were used for validation by immunostain-

ing (Supporting Table S1).

BIOINFORMATICS

A comprehensive description of the bioinformat-
ics methods including the processing and analysis
of transcriptomic data is given in the Supporting
Information. Briefly, time-series gene-expression data
were clustered with the software program STEM
(short time-series expression miner). The similarity
or overlap between two gene sets was summarized
either as Jaccard Index or Overlap Coefficient. To
test whether the differentially expressed genes of a
specific study are consistently regulated in an inde-
pendent study, gene-set enrichment analysis was per-
tormed. Differential genes across all the signatures
derived from the chronic or acute mouse experiments
were classified as exclusively chronic, exclusively acute,
or commonly regulated in chronic and acute and for
each of these three gene sets, a custom metric was
computed to rank each gene. Functional characteri-
zation of transcriptomic data was performed by Gene
Ontology (GO), DoRothEAs regulons™™ and
PROGENy’s pathway analysis.’>'® Identification
of consistently deregulated genes in patients and the
chronic CCl, mouse model was based on leading-
edge genes derived from at least three human studies
per chronic time point.

TABLE 1. MOUSE MODELS AND PATIENT COHORTS WITH GENOME-WIDE EXPRESSION DATA OF LIVER

TISSUE
Organism Damage Treatment N* Accession ID Reference
Mouse Chronic CCl, (up fo 12 months) 36 GSE167216 Ghallab et al. 2019 and present study
Mouse Acute APAP (up fo 16 days) 49 GSE167032 Present study
Mouse Acute’ CCl, (up to 16 days) 46 GSE167033 Campos et al. 2020 and present study
Mouse Acute Partial hepatectomy (up to 3 months) 52 GSE167034 Present study
Mouse Acute™* BDL (up fo 3 weeks) 29 GSE166867 Ghallab et al. 2019 and present study
Mouse Acute’ LPS (24 hours) 8 GSE166488 Godoy et al 20161
Mouse Acute Tunicamycin (6 hours) GSE29929 Teske et al 2011®)
Human Chronic Mild vs. advanced NAFLD 72 GSE49541 Diehl et al. 2014¢)
Human Chronic Full spectrum of NAFLD 78 GSE130970 Hoang et al. 201919
Human Chronic NAFLD and NASH 46 GSE48452 Hampe et al. 2013
Human Chronic NASH, NAFLD, PBC, and PSC 109 GSE61260 Hampe et al. 201472
Human Chronic HCV and NAFLD 67 E-MTAB-6863 Ramnath ef al. 201819

*Sample size.

Data set generated by our group, in which the raw data is made publicly available for the first time.
iOnly the 24-hour time point was analyzed to focus on the acute damage after BDL.
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Results

CHRONIC LIVER DAMAGE IN
MICE

To study genome-wide expression changes time-
dependently in a long-term mouse liver damage
model, we administered the hepatotoxic compound
CCl, twice weekly for up to 1 year. Six animals per
group were analyzed by RNA-sequencing after 2,
6, and 12 months; liver tissue was sampled 6 days
after the last CCl, dose to avoid capturing the acute
expression response (Fig. 1A). Histological analy-
ses showed progressive fibrosis, particularly between
months 6 and 12, accompanied by increased transam-
inase enzyme activities in blood (Fig. 1B,C). Principal
component analysis (PCA) revealed that mice from
the individual treatment groups clustered together;
chronic CCl, intoxication led to a shift inversely along
with principal component 1 (PC1), while the solvent
oil caused a shift along PC2 (Supporting Fig. S2A).
The number of differentially expressed genes particu-
larly increased between months 6 and 12 (Supporting
Fig. S2B,C; Supporting Table S2). Overlapping
genes with the highest up-regulated fold changes in
all three exposure periods include the extracellular
matrix (ECM) protein Col28al, two sulfotransferase
isoforms (Sult2al and 2a2), the basement membrane
glycoprotein Tinag, and the positive regulator of PP1
phosphatase Pppl1r42, which plays a role in centro-
some separation (Fig. 1D,E). Those among the most
significantly down-regulated are three members of
the lipocalin family (Mup12, Mup15, and Mup19),
and the DBH-like monooxygenase protein 1, Moxd1.
Time-dependent clustering resulted in seven clusters:
four with up, two with down, and one with initially up
and later down-regulated genes (Fig. 1F; Supporting
Table S3). Up-regulated clusters were enriched in
inflammation and proliferation-associated genes, with
Lyll and Maf as the most overrepresented transcrip-
tion factors, and tumor necrosis factor a (TNF-a) as
well as nuclear factor kappa B (NF-kB) as the most
overrepresented pathways. The dominant GO terms
of the down-regulated clusters were all metabolism-
associated, with hepatocyte nuclear factor (HNF)la
and HNF4a as the most significantly overrepresented
transcription factors (TFs). The initially up-regulated
and later down-regulated cluster were associated with
ECM-related processes.
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In summary, transcriptomics corroborates the
results of the histological analyses, showing (1) pro-
gressive inflammation and fibrosis with a relatively
mild phenotype until month 6, and (2) massive pro-
gression between months 6 and 12.

ACUTE LIVER DAMAGE IN MICE

We first analyzed similarities and differences of
these described chronic liver damage models to acutely
injured mouse livers to be able to compare both with
chronic liver damage in humans afterward. For this
purpose, we initially studied six acute injury models
induced by different damage types. The acute acet-
aminophen (APAP) model is presented as an example
in Fig. 2, with corresponding summaries of the other
models in Supporting Figs. S4-S9.

To induce acute liver injury, mice were treated once
with a hepatotoxic dose of 300 mg/kg body weight
APAP, and the transcriptome was profiled at nine
time points after injection, spanning from 1 hour to
16 days (Fig. 2A). Histological analyses showed peri-
central hepatocyte death on day 1 with almost com-
plete regeneration until day 8, without the formation
of fibrosis (Fig. 2B). Infiltration of CD45-positive
immune cells was observed between days 1 and 4,
and clinical chemistry analysis showed a transient
increase in liver enzymes (Fig. 2C). Thus, the his-
tological alterations are in accordance with previous
studies of APAP intoxication in mice.’” In the PCA
space, differences to the controls were largest between
12 hours and day 2 and subsequently returned toward
the control levels (Fig. 2D). The same trend was also
reflected in the number of differentially expressed
genes (Fig. 2E; Supporting Fig. S3A,B). Clustering of
gene-expression trajectories resulted in seven clusters,
three with up-regulated and four with down-regulated
genes (Fig. 2F; Supporting Table S3). Up-regulated
clusters were enriched in stress response, migration,
and proliferation-associated genes with Atf3, Sp1, and
E2F4 as enriched TFs, and transforming growth fac-
tor B (TGF-p) as the most enriched pathway. Genes
belonging to the down-regulated clusters were pre-
dominantly metabolism-associated with HNF4a and
Cebpa as the most significantly enriched TFs.

A common feature among the studies with acute
time-series is that the maximal number of deregulated
genes was reached at 24 or 48 hours after the inter-
vention and returned almost completely to control
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FIG. 1. Gene-expression changes in the CCl, mouse model of CLD. (A) Experimental design. Six mice were analyzed in each treatment
group. (B) Histological analyses with hematoxylin and eosin (HE) staining, visualization of fibrosis by sirius red, and infiltration of
immune cells by CD45; scale bars: 200 pm (HE and sirius red) and 100 pm (CD45). (C) Clinical chemistry of alanine transaminase,
aspartate transaminase, and alkaline phosphatase activities in plasma. (D) Overlaps of up-regulated and down-regulated genes. (E) Genes
in the overlap of the three exposure periods with the highest fold changes. (F) Time-resolved clustering of deregulated genes with the
dominant GO terms or the default profile names (STEM ID), if no significantly overrepresented GO term was obtained. **FDR < 0.01.
Abbreviations: ALP, alkaline phosphatase; AL, alanine transaminase; AST, aspartate transaminase.

levels within 16 days (Supporting Figs. S4D and
S6D). An exception was bile duct ligation (BDL), in
which expression changes persisted due to the irre-
versible obstruction of the bile duct (Supporting Fig.
S8D). To investigate the consistency of the gene-
expression profiles across the six acute mouse models,
we compared the similarity of the top 500 differen-
tially expressed genes using the time point with the
strongest deregulated expression profile (Supporting
Fig. S10) and the 24-hour time point for BDL.

Globally, we found a low gene overlap across the six
acute models (mean Jaccard Index of 0.058; Fig. 3A),
with the highest similarity between APAP and CCl,
(Jaccard Index of 0.157) and the lowest between lipo-
polysaccharide (LPS) and tunicamycin (Jaccard Index
of 0.012). This pairwise comparison revealed that each
treatment yields a distinctive set of top differentially
expressed genes. Next, we tested whether the direction
of regulation of the top differentially expressed genes is
conserved across the six acute mouse models. A pair-
wise enrichment of the top 500 up-regulated and down-
regulated genes in the acute damage signatures showed
that the different sets of up-regulated genes were coordi-
nately up-regulated in all other acute damage signatures
(Fig. 3B).The same applied to the sets of down-regulated
genes. These systematic comparisons demonstrated that
although the top differentially expressed genes were
distinct, the direction of gene regulation was consistent
among the models, suggesting that it was adequate to
integrate all of the available acute scenarios for further
comparison with the chronic situation.

EXCLUSIVELY AND COMMONLY
REGULATED GENES OF CHRONIC
AND ACUTE LIVER DAMAGE IN
MICE

To identify sets of exclusively chronic, exclusively
acute, and common acute and chronic genes, we next
integrated and analyzed all available acute and chronic
time points. The unified differentially expressed genes
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of the acute studies and also the chronic CCl, mouse
model showed consistent up-regulation or down-
regulation across the individual signatures, respectively
(Supporting Fig. S11). In total, we identified 834
exclusive chronic, 2,777 exclusive acute, and 586 com-
mon genes (Supporting Table S4). We functionally
characterized these gene sets by overrepresentation
analysis. As gene-set resources, we used DoRothEA’s
transcription factor regulons,’*'® PROGENy’s path-
way footprints,(15’16) and GO terms of biological pro-
cesses. Because unifying all differentially expressed
genes can lead to many false-positive genes, we finally
identified the top 100 most relevant genes in each
category by ranking the genes based on their expres-
sion in the chronic and selected acute signatures.

In the top 100 exclusive chronic genes, 97 were up-
regulated and only 3 were down-regulated (Fig. 3C).
We found the target genes from the TFs Hifla and
Klf, as well as the footprint genes from the TGF-
pathway enriched in the set of upregulated exclusive
chronic genes (Fig. 3D). Text analysis of overrepre-
sented GO terms revealed that most processes were
associated with development and morphogenesis (Fig.
3D). By manual classification, we found 38 GO terms
related to “development and morphogenesis” and 24
GO terms related to “migration,” with the latter being
more pronounced among the most significantly over-
represented GO terms. Functional characterization
of the down-regulated exclusive chronic genes high-
lighted the TFs Stat3, Sox2, and Hoxb13. Pathways,
as well as GO terms, however, did not result in any
significant associations.

For the top 100 exclusive acute genes (Supporting
Fig. S12A), the up-regulated genes were associated
with the TFs Myc and Trp53, and the pathways
mitogen-activated protein kinase (MAPK), epider-
mal growth factor receptor (EGFR), and TNF-a
(Supporting Fig. S12B,C). GO terms were domi-
nated by metabolic processes; however, we also iden-
tified a cluster of endoplasmic reticulum stress-related
processes among the most significant GO terms
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FIG. 2. Gene-expression changes in a mouse model of acute liver damage induced by administration of 300 mg/kg body weight APAP.
(A) Experimental design. Five mice were analyzed in each treatment group. (B) Histological analyses with HE staining, lack of fibrosis
visualized by sirius red, and infiltration of immune cells by CD45 immunostaining; scale bars: 100 pm (HE and sirius red) and 50 pm
(CD45). (C) Clinical chemistry of alanine transaminase and aspartate transaminase activity in plasma. (D) PCA of global expression
changes. (E) Volcano plots of gene-expression changes and genes with highest logFCs at 12 hours, days 1 and 2 after APAP administration.
(F) Time-resolved clustering of deregulated genes. **FDR < 0.01 and **FDR < 0.001. Abbreviations: ALT, alanine transaminase; AST,

aspartate transaminase.

(Supporting Fig. S12D). Down-regulated genes were
associated with the TFs Hnf4a, Ubtf, and Zpf263 and
the pathways androgen-signaling, estrogen-signaling,
EGFR-signaling, and MAPK-signaling (Supporting
Fig. S12E)F). GO terms were also almost exclusively
related to metabolic processes (Supporting Fig. S12G).

Out of the top 100 common genes, 53 were con-
sistently up-regulated and 47 down-regulated (Fig.
3E). Functional analysis of the up-regulated genes
identified the TF KIf5 and the pathways NF-kB and
TNF-a as relevant (Fig. 3F). Among the overrepre-
sented GO terms, the term cell cycle had the high-
est frequency (Fig. 3F). In agreement, we identified
a cluster of 37 most significant GO terms that cor-
responds to the biological process of proliferation.
Down-regulated genes were associated with the TFs
Hnf4a and Nr4al (Supporting Fig. S13A), and bio-
logical processes were dominated by metabolic GO
terms (Supporting Fig. S13B). Thus, the integration
of chronic and acute mouse data unveiled genes that
are deregulated in both damage models, and can be
differentiated from gene sets exclusively deregulated
in either acute or chronic liver damage.

CONSISTENTLY REGULATED
GENE SETS IN HUMANS AND
MICE

Finally, we performed a cross-species analysis to
study whether genes exist that are consistently altered
in patients with CLD and (1) the here-described
chronic CCl, mouse model, (2) nine previously pub-
lished CLD mouse models for which sets of differen-
tially expressed genes were available,”) and (3) sets of
exclusively and commonly regulated genes of chronic
and acute mouse models as defined previously. For this
purpose, we collected genome-wide gene-expression
data from five publicly available patient cohorts with a
total of 372 patients and five etiologies.”’'* Similar to
the acute mouse models, we first analyzed interstudy
consistency among patient cohorts, comparing the
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similarity of the top 500 differentially expressed genes
from each signature (Supporting Table S5). Differential
genes obtained from studies originating from the same
groups of authors showed a higher degree of similar-
ity (Supporting Fig. S14A). The highest similarity of
two independent sets of differentially expressed genes
was observed between NAFLDY and hepatitis C
virus (HCV)(13) (Jaccard Index of 0.154). However,
the similarity of the top differentially expressed genes
in humans appeared to be low. Nevertheless, pairwise
enrichment of the top 500 up-regulated and down-
regulated genes demonstrated a very high consistency
with respect to the direction of regulation (Fig. 4A).
The direction of regulation of genes from the patients
with PSC, PBC,(U) and NAFLD") was not con-
served in other liver diseases. However, all other pair-
wise comparisons yielded consistent results. Moreover,
basal expression levels of patients with NAFLD stage
0 and of untreated mice were analyzed showing a high
degree of correlation (Supporting Fig. S14B).

A cross-species enrichment analysis between our
chronic CCl, model and the set of human data was
then performed, enriching the top 500 up-regulated
and down-regulated genes from each human signa-
ture in the three signatures from the individual time
points of the chronic CCl, experiment in mice. We
found a high degree of accordance, in which almost all
human gene sets, with the exception of the PBC gene
set, were significantly and consistently enriched at
any time point of the chronic CCl, mouse signatures
(Fig. 4B). To identify genes consistently deregulated in
humans and mice, we extracted the leading-edge genes
from these conducted enrichment analyses with signif-
icant and consistent results in terms of the direction of
regulation. Subsequently, we kept only those leading-
edge genes that were identified in at least three human
studies per time point in the chronic mouse model.
This resulted in 126 consistently up-regulated and
102 consistently down-regulated genes, of which 45
(up) and 23 (down) genes were shared among all three

chronic time points (Fig. 4C; Supporting Table S6).
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FIG. 3. Comparison of gene-expression changes in acute and chronic mouse models. (A) Analysis of the similarity of the acute data sets.
As a measure of similarity, the Jaccard index was calculated at the indicated time periods after the acute challenge. (B) Pairwise enrichment
analysis of the top 500 up-regulated and down-regulated genes (enrichment score). (C) Heatmap of genes exclusively deregulated in the
chronic mouse model. (D) Overrepresented transcription factors, identified by DoRothEA, pathways obtained by PROGENYy, and GO
terms in the up-regulated exclusive chronic genes. (E) Heatmap of genes commonly deregulated in the chronic and acute mouse models.
(F) DoRothEA, PROGENYy, and GO overrepresentation of the genes up-regulated in the acute and chronic mouse models. FDR < 0.1,
“FDR < 0.05,and *FDR < 0.01. Abbreviations: ES, enrichment score; PH, partial hepatectomy.

To map the 228 commonly altered genes to indi-
vidual cell types of the liver, we integrated single-cell
RNA-sequencing (scRNA-seq) data with our existing
bulk data. For this purpose, we re-analyzed a publicly
available scRNA-seq data set of patients with cir-
rhosis and healthy controls annotated with different
cell types."® Differentially expressed genes between
patients with cirrhosis and healthy patients were
identified for each cell type individually (false discov-
ery rate [FDR] < 0.05 & log-fold change |logFC| 2
0.25). The resulting cell type—associated sets of dif-
terential genes overlapped with 50 of these described
228 genes that are consistently regulated in humans
and mice (Supporting Table S6). From the total 228
consistently deregulated genes, we identified the top
100 genes with respect to the highest average logFC
across all human and mouse bulk signatures (Fig. 4D).
Of those 100 genes, 79 were up-regulated and 21 were
down-regulated, and 31 were mapped to a specific cell
type. Overall, the direction of regulation was consis-
tent between bulk and scRNA-seq data.

A functional characterization was performed sepa-
rately for all up-regulated and down-regulated genes.
The up-regulated genes were significantly associ-
ated with the pathways TGF-f and TFN-q, and the
TFs SP1, RELA, and NF-kB1 (Fig. 4E). Biological
processes related to migration and development and
morphogenesis functionally characterize the up-
regulated genes (Fig. 4E). The down-regulated genes
were dominated by metabolic processes, including
the androgen signaling pathway (Supporting Fig.
S15A,B). Remarkably, we found that the up-regulated
genes frequently mapped to cholangiocytes, endo-
thelial cells, mesenchymal cells, and macrophages,
whereas the down-regulated genes mapped mostly
to hepatocytes. Mapping the consistently deregulated
genes back to the 12-month signature of the chronic
CCl, mouse model revealed that the logFCs for up-
regulated genes are generally higher compared with
the down-regulated genes (Fig. 4F). Furthermore,
genes consistently regulated between humans and
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mice did not show particularly low P values or high
fold changes, compared with all deregulated genes fol-
lowing CCl, treatment.

The consistent regulation in humans and mice, as
well as the cell-type specificity of gene expression,
was confirmed at the protein level, using commer-
cially available antibodies against three of the consis-
tently up-regulated genes, latent transforming growth
factor beta binding protein 2 (UTBP2), annexin V
(ANXADS), and aldo-keto reductase family 1 member
B10 (AKR1B10). A strong increase in the ECM pro-
tein LTBP2 occurred after 12 months of CCl, treat-
ment in mice, and was expressed in the fibrotic tissue
but not in the hepatocytes (Fig. 5A). For analysis of
the human situation, we used independent biopsies of
patients with PSC. Because CCl, induces pericentral
necrosis in mice and a similar zonation is known for
alcohol-associated liver disease (ALD),"” we addi-
tionally tested biopsies of patients with ALD. Similar
to mice, LI'BP2 was expressed in the fibrotic streets
of PSC (Fig. 5B) and patients with ALD (Fig. 5C),
and the staining intensity increased with fibrosis stage.
Expression in fibrotic tissue also confirmed the results
of the scRNA-seq analysis that identified a mesenchy-
mal cell-type preference of LTBP2. Immunostaining
of the aldo-keto reductase AKR1B10 and of ANXAS
also showed similar up-regulation in mouse and
human CLD (Supporting Fig. S16).

Next, we placed the deregulated genes identified
in the present chronic CCl, study into the context
of previously published chronic mouse models and
compared them with human CLDs. In contrast to the
human data, for which the raw data were made pub-
licly available, only lists of the differentially expressed
genes were available for the previously published
chronic mouse models. Accordingly, our analysis was
limited to the comparison of the reported differen-
tially expressed genes. The 12-month chronic CCl,
model resulted in a much higher number of differen-
tially expressed genes than all other previously pub-
lished mouse models, considering the same cutoft that
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FIG. 4. Human studies of liver disease and their similarities to the chronic CCl, mouse model. (A) Pairwise enrichment analysis of the
top 500 up-regulated or down-regulated genes of the human studies (enrichment score). (B) Similarity between the human studies and
the chronic CCl, mouse model by pairwise enrichment analysis of the 500 top up-regulated and down-regulated genes. (C) Overlaps of
up-regulated and down-regulated genes in the chronic mouse model after 2, 6, and 12 months of CCl, administration that are consistently
regulated in the human studies. (D) Heatmap of the top 100 genes consistently regulated in the human studies and in the chronic
CCl, mouse model. (E) Characterization of the consistently deregulated genes in humans and mice by analysis of enriched pathways,
transcription factors, and GO terms. (F) Volcano plot of genes consistently deregulated in mouse and human (red and blue symbols)
projected onto all genes deregulated in the chronic mouse model with CCl, (gray symbols). FDR < 0.1,FDR < 0.05, and *FDR < 0.01.
Abbreviations: ES, enrichment score; MP, macrophage.

was applied for the published mouse models (2,721
up-regulated and 1,437 down-regulated genes; FDR
< 0.05 & |logFC| 2 log,(1.5); Supporting Fig. S17A).
In contrast, a model of the 18-week high-fat diet
teeding yielded only 16 up-regulated and 19 down-
regulated genes, when applying the same cutoffs.’®)
Similarity analysis of the differentially expressed genes
between the chronic mouse models and the patient
cohorts showed that the 12-month time point of the
chronic CCl, model was more similar to human data
than all other models (mean overlap coefficient of
0.37; Supporting Fig. S17B). However, this analysis
is biased toward the total number of differentially
expressed genes.

To study how well mouse models reflect expression
changes in human CLD, independently from the total
number of differentially expressed genes in mice, we
first identified the differentially expressed genes of the
same human etiology (NAFLD, nonalcoholic steato-
hepatitis [NASH], HCV, PSC, and PBC; Supporting
Table S5). Most of the differentially expressed genes
occurred in a single disease (84.9%), and no single
gene was differentially expressed in all etiologies (Fig.
6A). To quantify the similarity between the individ-
ual chronic mouse models and the different human
disease—specific gene sets, we computed precision
and recall metrics. Recall denotes the ratio of altered
human genes that are also altered in mice with respect
to all altered human genes. Precision denotes the ratio
of genes altered in mice that are also altered in humans
with respect to all altered mouse genes. In general,
precision and recall of the chronic mouse models for
the different human disease etiologies were highly
variable (Fig. 6B). Precision and recall pairs were
highest for NAFLD and lowest for PBC. The 12-
month chronic CCl, model showed the highest recall
among all etiologies. Moreover, recall of 12-month
CCl, was always higher than that of the 6-month
or 2-month damage periods. The Western-type diet
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(WTD) model had the highest precision related to
the up-regulated genes of NAFLD.

We revisited the exclusively and commonly regu-
lated genes of chronic and acute mouse models (Fig.
3) to study their similarity to human CLD (Fig. 6C).
As expected, exclusive acute mouse genes showed
the lowest recall and precision with respect to CLD.
Remarkably, common genes (deregulated in acute and
chronic mouse models) resulted in higher metrics
than the exclusive chronic genes for several compari-
sons, particularly with respect to NAFLD. As a final
aspect, we analyzed whether the combination of either
ethanol and CC1,,*” as well as WTD and CC1,*
improved the similarity of expression profiles to
human CLD etiologies. In both cases, the combina-
tion improved recall for the up-regulated genes, while
no systematic influence on precision was observed

(Supporting Fig. S18A,B).

GENE BROWSER FOR
COMPARISON OF HUMAN AND
MOUSE LIVER DISEASE

To facilitate the assessment of the translational
relevance of mouse models for specific human liver
diseases, we established an open-access gene browser
(https://saezlab.shinyapps.io/liverdiseaseatlas/).  This
application provides for any gene of interest mean
expression changes in the individual human and
mouse studies, categorization into acute, chronic or
common response sets, the associated cell type, and
whether the gene is consistently altered in mice and
humans.

Discussion

Although several preclinical developments have
successfully been performed in mouse models,?? it is


https://saezlab.shinyapps.io/liverdiseaseatlas/
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FIG.5. The ECM protein LTBP2 increases in CLD of mice and humans. (A) Liver tissue of mice at different time periods after CCl,
treatment. (B) Liver tissue of patients with different stages of PSC. (C) Liver tissue of patients with ALD of different stages. Stainings
were performed with sirius red (scale bars: 200 um) to visualize fibrosis and with antibodies against LTBP2 (scale bars: 200 pm) in liver
tissue of the same patients.
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FIG. 6. Recall and precision of 12 individual mouse models with respect to the human liver diseases NAFLD, NASH, HCV, PBC, and
PSC. (A) Gene sets that are uniquely or commonly deregulated in individual human diseases. (B) Recall and precision of the individual
mouse models with respect to the five human liver diseases. All genes with FDR < 0.05 & |logFC| 2 log,(1.5) were included. (C)
Comparison of exclusive chronic, exclusive acute, and common genes in acute and chronic mouse models to human data. To allow a direct
comparison, the top 120 genes of each category were included. Abbreviation: PTEN, phosphatase and tensin homolog.
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also well-known that large differences exist between
human and mouse liver pathophysiology. A previously
published comparison of gene-expression changes in
liver tissue of patients with NAFLD and NASH to
mouse models reported very little overlap.®) Here,
we revisited this topic for three reasons. First, the
availability of expression data of patients with CLD
has increased in the past years. The previous mouse—
human comparison from 2016 included genome-wide
expression data of 25 patients with NAFLD and 27
with NASH®; however, since then, a much larger
genome-wide expression database of human liver dis-
eases is available, but has not yet been systematically
evaluated. Here, we have leveraged these data and used
372 genome-wide expression profiles of patients with
NAFLD (n = 147), NASH (n = 42), HCV (n = 23),
PBC (n = 11), and PSC (n = 14). The remaining 135
profiles were from healthy/control patients. Second, it
is currently unclear whether longer exposure periods
in chronic mouse models will improve the similarity
between mice and human CLD. Third, a recent study
suggested that a stress response with up-regulated
inflammatory and down-regulated metabolic genes
occurs similarly in acute and chronic mouse models
and in human CLD. Thus, a comprehensive mouse—
human comparison should differentiate among acute,
chronic, and common expression responses.®

Of all the analyzed chronic studies, the mouse
model with 12 months of CCl, administration led
to the highest recall of genes significantly altered in
human liver diseases. Specifically, 38%, 40%, 25%,
34%, and 33% of all significantly up-regulated genes
in NAFLD, NASH, HCV, PBC, and PSC, respec-
tively, were also up-regulated in the 12-month CCIl,
mouse model (Fig. 6B). Considering a previous study
that reported very little overlap in expression changes
between mouse and human,”® our findings represent
a remarkably high recall. A critical factor for the rela-
tively large mouse—human overlap is the long exposure
period of the mice. It should be considered that the
recall of up-regulated genes for human NASH was
only 0.16 and 0.18 if the mice were exposed for 2 or
6 months, but increased to about 0.4 after 12 months.
Similarly, as for NAFLD and NASH, an increase in
recall between 6 and 12 months was obtained for the
comparisons of the mouse data with all other human
diseases. This demonstrates that the relatively short
exposure periods used in previous mouse studies
may explain the small overlap of expression changes

HOLLAND ET AL.

between diseased human and mouse livers. Although
the recall was generally smaller for the down-
regulated than the up-regulated genes, the same basic
observations were made with respect to time. In con-
trast to the high recall, precision was lower for the
12-month CCl, mouse model, which suggests that
besides a set of genes of human relevance, numerous
further expression changes occur in mice that are not
observed in humans. Among the 12 mouse models
analyzed, the WTD presented with the highest pre-
cision (0.33) for human NAFLD. This was not unex-
pected, considering the similarity in disease etiology.
However, the WTD mouse model had a low recall
(0.02), which may be due to the relatively short feed-
ing period of only 3 months.®) Assuming that there is
a similar time dependency as for the CCl, model, fur-
ther studies with longer WTD feeding periods may
improve the concordance. The here established recall
and precision metrics to assess the similarity of mouse
and human expression profiles was also applied to two
published data sets in which WTD and ethanol expo-
sure were combined with low doses of CCl,, respec-
tively.?**Y The combination improved recall but not
precision.

From a bioinformatics perspective, overlap analy-
sis of differentially expressed genes may not be the
optimal approach to identify a consensus set of genes
altered in a specific human CLD and in a mouse
model. Instead, we propose enrichment analysis to be
superior, as it focuses on the direction of regulation
and not the effect size of individual genes.(23) Of note,
this approach requires access to raw or processed data.
Following the enrichment analysis strategy, a more
sophisticated comparison of the chronic CCl, mouse
model and human studies identified a set of 228 genes
with similar regulation in mouse and human CLDs.
These genes are enriched in the GO terms’ migra-
tion, development, and morphogenesis, and several are
associated with immune cells and ductular reactions.
Based on scRNA-seq, we found that the up-regulated
genes mostly mapped to cholangiocytes, macrophages,
and endothelial and mesenchymal cells, whereas the
down-regulated genes were mostly assigned to hepato-
cytes. This corresponds to known features of CLDs, in
which the number of cholangiocytes increases due to
ductular reactions, while macrophages, mesenchymal
cells, and endothelial cells are involved in inflamma-
tory processes associated with the identified enriched
GO terms among the up-regulated genes, such as
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migration and adhesion. In contrast, the metabolism-
associated genes in hepatocytes are predominantly
down-regulated. Selected genes up-regulated in
mouse and human CLDs were further analyzed at
the protein level. An interesting example is the ECM
protein LTBP2, which is involved in anchoring the
latent form of TGF-f in the ECM and plays a role
in cell adhesion and tumor promotion.**** LTBP2
stained negative in normal livers of mice, was weakly
positive after 2 and 6 months of CCl,, and had an
intense signal at 12 months. Similarly, human PSC
and alcohol-associated liver fibrosis showed posi-
tive UIBP2 staining that increased with the stage
of fibrosis. It will be interesting to analyze whether
up-regulation of LTBP2 is related to TGF-f signal-
ing activity, as the TGF-p pathway was identified as
significantly up-regulated. Two further genes identi-
fied as commonly up-regulated in human and mouse
CLDs, AKR1B10 and ANXAS, had similar changes
in gene and protein expression. Although compre-
hensive validation is still required, these preliminary
immunostainings demonstrate that the here identified
mouse—human consensus set includes genes that can
be validated at the protein level.

To compare exclusively acute, exclusively chronic,
and genes altered in both scenarios (common) in mice
with human CLD, we generated additional mouse
data from acute challenges. Across the different acute
challenges induced by chemical and surgical insults,
we observed expression alterations in sets of exclu-
sively acute and chronic, as well as common genes.
Differentiation of the three categories appeared rel-
evant when compared with human CLD. Exclusively
acute genes minimally overlapped with human genes,
which is not surprising considering the chronic nature
of CLD. The common mouse genes showed the high-
est similarity with CLD in patients, particularly for
NAFLD and NASH. This was surprising, because
the damaging agent CCl, differs from the hyper-
caloric and high fat etiology of human NAFLD/
NASH. An explanation may be the recently published
concept that different types of damage cause similar
expression alterations in mouse and human liver with
up-regulated inflammatory and down-regulated meta-
bolic genes.””) Exclusively chronic genes with enriched
GO motifs, such as development and morphogenesis,
also showed relatively high metrics, but for human
NAFLD, recall and precision were lower than for the

common genes.
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In conclusion, our analyses led to the identification
of genes that are similarly regulated in human and
mouse liver disease. Although major species differ-
ences exist, the currently best available mouse mod-
els reach a recall of 0.4 and precision of 0.33 with
respect to the genes significantly altered in human
liver diseases.
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