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Abstract

Purpose Our study aimed to uncover the crucial genes and functional pathways involved in the development of non-
alcoholic steatohepatitis (NASH).

Methods Liver transcriptome datasets were integrated with Robust rank aggregation (RRA) method, and transcriptomic
signatures for NASH progression and fibrosis severity in NAFLD were developed. The functions of transcriptomic sig-
natures were explored by multiple bioinformatic analyses, and their diagnostic role was also evaluated.

Results RRA analyses of 12 transcriptome datasets comparing NASH with non-alcoholic fatty liver (NAFL) identified 116
abnormally up-regulated genes in NASH patients. RRA analyses of five transcriptome datasets focusing fibrosis severity
identified 78 abnormally up-regulated genes in NAFLD patients with advanced fibrosis. The functions of those tran-
scriptomic signatures of NASH development or fibrosis progression were similar, and were both characterized by extra-
cellular matrix (ECM)-related pathways (Adjusted P <0.05). The transcriptomic signatures could effectively differentiate
NASH from NAFL, and could help to identify NAFLD patients with advanced fibrosis. Gene set enrichment analysis and
weighted gene co-expression network analysis further validated the key role of ECM-related pathways in NASH devel-
opment. The top 10 up-regulated genes in NASH patients were SPP1, FBLNS, CHI3L1, CCL20, CD24, FABP4, GPNMB,
VCAN, EFEMPI, and CXCL10, and their functions were mainly related to either ECM-related pathways or immunity-
related pathways. Single cell RNA-sequencing analyses revealed that those crucial genes were expressed by distinct cells
such as hepatocytes, macrophages, and hepatic stellate cells.

Conclusions Transcriptomic signatures related to NASH development and fibrosis severity of NAFLD patients are both
characterized by ECM-related pathways, and fibrosis is a main player during NASH progression. This study uncovers some
novel key genes involved in NASH progression, which may be promising therapeutic targets.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is a chronic liver
disease characterized by hepatic fat accumulation and
These authors contributed equally: Weiwei He, Caoxin Huang hepatocyte injury [1]. It is a common disease with a pre-
valence of >20%, and has caused a serious economic burden
worldwide [2]. NAFLD can increase risk of cardiovascular
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hepatocellular carcinoma (HCC) [1, 3]. Multiple factors such
as environmental risk factors, insulin resistance, and genetic
predisposition are involved in its pathogenesis [4]. NAFLD
is histologically classified into non-alcoholic fatty liver
(NAFL), borderline steatohepatitis, and non-alcoholic stea-
tohepatitis (NASH) [5]. NASH is accompanied by lobular
inflammation and hepatocyte ballooning with or without
fibrosis [5]. NAFL is an early stage of NAFLD and if not
timely and appropriately controlled, some NAFL patients
can progress to NASH rapidly and are at high risk of liver
cirrhosis and HCC [4]. Though some therapeutic inventions
have been proposed to treat NASH, effective management
for NASH patients is still difficult [1, 4].

A better understanding of the pathogenesis of NASH is
critical to developing new therapy for NASH, but the
molecular mechanism underlying disease progression from
NAFL to NASH is still largely elusive [6]. The progression
from NAFL to NASH is extremely complex, and some
possible explanations have been proposed for this progres-
sion [6]. Insulin resistance and oxidative stress have been
proposed to be closely related to NASH [7]. Cell stress,
apoptosis, and lipotoxicity have also been found to promote
NASH progression, and endoplasmic reticulum (ER) stress
also has a role in this process [8—10]. In addition, abnormal
immune response and inflammation have also been found
to exert important roles in NASH progression [11, 12].
However, the crucial genes and functional pathways deter-
mining the progression from NAFL to NASH are still not
clearly defined. Elucidation of the key functional pathways
and genes involved in NASH progression is critical to the
development of new therapy for NASH. This study aimed
to uncover those crucial genes and functional pathways
involved in disease progression from NAFL to NASH
through analyzing liver transcriptome data. Those genes and
functional pathways involved in fibrosis progression of
NAFLD patients were also analyzed.

Methods
Liver transcriptome datasets of NAFLD patients

We searched Gene Expression Omnibus (GEO) and
ArrayExpress databases to identify liver transcriptome
datasets of NAFLD patients. Datasets meeting the following
criteria were included: (1) Transcriptome data of liver tis-
sues; (2) More than 30 differentially expressed genes
(DEGs) were identified between the two groups; (3) Whole-
genome expression profiles were available in the GEO or
ArrayExpress; (4) Samples must contain both NAFL and
NASH patients, or contain NAFLD patients with either
advanced fibrosis or mild fibrosis. Advanced fibrosis was
defined to have fibrosis stages 3 or 4, while mild fibrosis

was defined to have fibrosis stage 0 or 1. Only tran-
scriptome data comparing NASH liver tissues with NAFL
liver tissues and transcriptome data assessing the tran-
scriptomic difference between NAFLD liver tissues with
obvious fibrosis and those without obvious fibrosis were
used, while those transcriptome data from controls without
NAFLD were not analyzed.

Robust rank aggregation (RRA) analysis

In order to effectively integrate transcriptome data from
multiple datasets, we adopted RRA [13]. DEGs between
NAFL and NASH were calculated, and were then integrated
using the RRA method. Microarray data were analyzed using
R package of “limma” [14]. DESeq2 was used to determine
DEGs in RNA sequencing (RNA-seq) dataset [15]. In the
RRA analysis, those genes with an adjusted P < 0.05 and an
absolute value of log, fold change (log,FC) >0.30 were
considered to be statistically significant genes. Transcriptomic
signatures for NASH and fibrosis severity in NAFLD were
developed with the top up-regulated genes in RRA analyses.

Gene set enrichment analysis (GSEA)

GSEA is a powerful and widely used bioinformatic method
in transcriptome research to detect the concordant change
of gene sets between two phenotypes [16]. To identify key
functional pathways involved in NASH development or
fibrosis progression in NAFLD patients, GSEA was per-
formed based on the DEGs lists from RRA analyses. Func-
tional pathways with a normalized enrichment score (NES)
>1.0 and a false discovery rate (FDR) g < 0.25 were deemed
as significantly enriched pathways. To explore the possible
pathways through which those top 10 up-regulated crucial
genes promoted NASH progression, GSEA was performed in
GSE49541 and top 15 significantly enriched pathways were
analyzed. Both gene ontology (GO) biological process gene
sets and hallmark gene sets were used in GSEA analyses.

Gene set variation analysis (GSVA) of transcriptomic
signatures

GSVA can evaluate the changes of functional pathways or
gene sets at whole genome transcriptome level [17]. To
validate the changes of transcriptomic signatures in NASH
patients or NAFLD patients with advanced fibrosis, GSVA
analysis of NASH transcriptomic signature or fibrosis tran-
scriptomic signature in NAFLD liver tissues was performed.
Four validation cohorts were used in the assessment of
NASH transcriptomic signature (GSE130970, GSE126848,
EMTABA4856, and GSE83452), and two validation cohorts
were used in the assessment of fibrosis transcriptomic sig-
nature (GSE130970 and GSE49541).
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Validation of the differential expression of crucial
genes

The abnormal expressions of top 10 up-regulated crucial
genes between NASH patients and NAFL patients were
validated using a dataset using RNA-seq (GSE130970), and
the abnormal expression of top 10 up-regulated crucial
genes in NAFLD patients with advanced fibrosis were also
validated. Transcripts per million (TPM) values for all
genes were calculated, which could provide a more accurate
measurement of mRNA abundance [18]. The TPM values
of those top 10 up-regulated crucial genes were then
extracted and were compared.

Pathway enrichment analysis

In order to uncover the possible functions of those crucial
genes, GO enrichment analysis from the Database for Anno-
tation, Visualization, and Integrated Discovery (DAVID) was
used [19, 20]. The significant enriched pathways were
then shown.

Protein-protein interaction (PPI) analysis

Network-based analyses such as PPI can provide valuable
information for constructing biological networks and pre-
dicting gene function, and have demonstrated good effec-
tiveness in exploring complex diseases including NAFLD
[21-23]. Those genes with intensive interactions with other
molecules often contribute greatly to certain disease phe-
notype, and thus can be considered as hub genes. Finding
those hub genes from numerous DEGs through PPI will
help to identify the key molecules involved in the patho-
geneses of complex diseases and uncover candidate ther-
apeutic targets. To uncover the interaction networks of
those crucial genes and reveal the hub genes involved in
NASH progression or fibrosis progression, PPI analysis was
performed with STRING (version 11.0; https://string-db.
org/) [24]. The outcomes from STRING database were
further analyzed by Cytoscape (version 3.4), and candidate
hub genes were retrieved with the “cytoHubba” plug-in of
Cytoscape software [25, 26]. Top 20 nodes in the network
ranked by Maximal Clique Centrality (MCC) were identi-
fied as candidate hub genes involved in NASH progression.
In the transcriptomic analyses on fibrosis progression, top
15 nodes in the network ranked by MCC were identified as
candidate hub genes involved in fibrosis progression.

Weighted gene co-expression network analysis
(WGCNA)

To further define the possible functional pathways of those
crucial genes identified in RRA analysis, WGCNA was
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performed [27]. To ensure the power of enrichment analy-
sis, gene co-expression network of those top 3000 genes
ranked by the expression variance in GSE49541 together
with those crucial genes from RRA analysis was con-
structed using the R package of “WGCNA”. In addition, the
functions of those crucial genes were inferred from the
functions of relevant gene co-expression modules, which
were analyzed through GO enrichment analysis.

Single cell RNA-sequencing (scRNA-seq) analyses

The expression patterns of those key genes were explored
by scRNA-seq analyses of human liver tissues from
GSE136103 [28]. scRNA-seq data of four samples
including two healthy liver samples (GSM4041156
and GSM4041159) and two NAFLD liver samples
(GSM4041162 and GSM4041163) were analyzed with
Seurat approach [29]. The types of cells in liver tissues were
annotated with the combination of findings from human
liver cell atlas and the annotation analyses with SingleR
[30, 31]. The expression patterns of those top 10 up-
regulated genes in RRA analysis on NASH and RRA ana-
lysis on fibrosis were analyzed through the findings above
together with evidence from Human Protein Atlas
(https://www.proteinatlas.org/).

Statistical analysis

Difference in gene expression levels between groups was
determined by Mann—Whitney U test. The enrichment
scores from GSVA were compared between groups using
unpaired ¢ test. Receiver operating characteristic (ROC)
analysis was also performed. P <0.05 was considered sta-
tistically significant. R software (Version 3.6.1) was used in
data analyses.

Results
Transcriptomic signature of NASH development

Based on the predefined inclusion criteria, 12 liver tran-
scriptome datasets were included, and the main char-
acteristics of these datasets were shown in Supplementary
Table 1. These 12 datasets contained a total of 281 NASH
patients and 252 NAFL controls.

RRA analysis identified 141 crucial genes involved in
the progression from NAFL to NASH, 116 of which were
significantly up-regulated in NASH liver tissues (Supple-
mentary Table 2, 3). Those top 10 up-regulated genes
included SPP1, FBLNS, CHI3L1, CCL20, CD24, FABP4,
GPNMB, VCAN, EFEMPI, and CXCL10 (Fig. 1A). SPP1
was the most significant gene aberrantly expressed between
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Fig. 1 Identification of transcriptomic signature of NASH develop-
ment. Figure 1-A, Heatmap in the RRA analyses of 12 liver tran-
scriptome datasets comparing NASH with NAFL. The number was for
the log, value of fold change. The red color indicated up-regulation in
the NASH liver tissues, while the green color indicated down-
regulation in the NASH liver tissues. Figure 1-B, GO enrichment
analyses of those crucial genes involved in the progression from
NAFL to NASH. The significance of enrichment was expressed by the

NAFL and NASH (adjusted P =2.29E-15), followed by
FBLNS (adjusted P=7.24E-13) and CHI3L1 (adjusted
P =1.62E-12) (Supplementary Table 2, 3).

GO analyses of those 141 crucial genes suggested that
their functions were characterized by multiple extracellular

T T T T
NAFL NASH

logjo value of Benjamini adjusted P value together with the color
transition from white to red. The gene number was for the number of
enriched genes in certain functional pathway, while the percentage was
for the proportion of enriched genes among total genes in certain
functional pathway. Figure 1-C, PPI networks of those crucial genes
identified in RRA analysis of NASH. Figure 1-D, Comparison of the
difference in the GSVA enrichment score of NASH transcriptomic
signature between NASH patients and NAFL patients

matrix (ECM)-related pathways, such as Extracellular
matrix (Benjamini P =2.71E-14) and Extracellular space
(Benjamini P =5.42E-14) (Fig. 1B; Supplementary Table
4). Several non-ECM-related pathways were also enriched
such as Chemokine receptor binding (Benjamini P = 0.005)
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and Immune response (Benjamini P = 0.04). The outcomes
above suggested that ECM-related pathways were the main
functional pathways involved in the progression of NASH,
and immunity-related pathways were also involved. PPI
analysis suggested there were intensive interaction net-
works among those crucial genes, and some candidate hub
genes were identified such as SPP1, LUM, and COL3A1
(Fig. 10).

A NASH transcriptomic signature consisting of those
116 significantly up-regulated genes in NASH liver tissues
was developed. In all 4 validation cohorts, the GSVA
enrichment score of NASH transcriptomic signature was
significantly higher in NASH patients (P <0.05; Fig. 1D).
ROC analyses suggested the NASH transcriptomic sig-
nature could effectively differentiate NASH from NAFL,
and the Area under ROC curve (AUC) in 3 datasets were
>0.75 (Supplementary Fig. 1).

Transcriptomic signature of fibrosis progression in
NAFLD patients

There were five liver transcriptome datasets that compared
the transcriptomic changes between NAFLD patients with
advanced fibrosis (Fibrosis stage 3 or 4) and those with mild
fibrosis (Fibrosis stage 0 or 1) (Supplementary Table 5).
These five datasets contained a total of 63 NAFLD patients
with advanced fibrosis and 169 NAFLD patients with mild
fibrosis (Supplementary Table 5).

RRA analysis of those five datasets identified 106 crucial
genes involved in fibrosis progression among NAFLD
patients, 78 of which were significantly up-regulated
(Supplementary Tables 6, 7). Those top 10 up-regulated
crucial genes included AKRIB10, AEBP1, STMN2,
CCL19, EPCAM, DCDC2, ITGBL1, EFEMPI,
PDZK11IP1, and CCL21 (Fig. 2A). AKR1B10 was the most
significant gene aberrantly expressed in NAFLD patients
with advanced fibrosis (Adjusted P = 1.17E-12), followed
by AEBP1 (Adjusted P = 1.06E-08) and STMN2 (Adjusted
P = 6.86E-08) (Supplementary Table 6). Intriguingly, 50 of
those 78 up-regulated genes in RRA analysis on fibrosis
were among those 116 up-regulated genes in RRA analysis
on NASH (Supplementary Fig. 2), which suggested that a
large part of those crucial genes involved in fibrosis pro-
gression and NASH progression were overlapping and
fibrosis was a hallmark change during the progression from
NAFL to NASH.

GO analyses of those 106 crucial genes suggested that
their functions were characterized by multiple ECM-related
pathways such as Extracellular matrix (Benjamini P =
9.98E-09) and Extracellular space (Benjamini P =3.91E-
11) (Fig. 2B; Supplementary Table 8), which were similar
to the functions of those crucial genes involved in NASH
progression. PPI analysis suggested there were intensive
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interaction networks among those crucial genes involved in
fibrosis progression (Fig. 2C), and most of those hub genes
could also be found in the PPI analysis of the crucial genes
involved in NASH progression.

A fibrosis transcriptomic signature consisting of those
78 significantly up-regulated genes in liver tissues of
NAFLD patients with advanced fibrosis was developed.
In both validation cohorts, the GSVA enrichment score of
fibrosis transcriptomic signature was significantly higher in
patients with advanced fibrosis (P <0.01; Fig. 2D). ROC
analyses suggested the fibrosis transcriptomic signature
could effectively identify NAFLD patients with advanced
fibrosis (Fig. 2E).

Crucial functional pathways involved in NASH
progression

GSEA analysis of the up-regulated DEGs list from RRA
analysis on NASH suggested multiple ECM-related path-
ways were significantly enriched in the liver tissues of NASH
patients such as Collagen fibril organization (NES =1.92,
FDR q =0.008) and Extracellular matrix assembly (NES =
1.69, FDR q =0.10) (Fig. 3A and Supplementary Fig. 3).
Several immunity-related pathways were also enriched in the
liver tissues of NASH patients such as TNF-a signaling via
NF-kB (NES =1.68, FDR q<0.001) and Monocyte che-
motaxis (NES = 1.70, FDR q=0.11). The outcomes above
suggested that ECM-related pathways were the main path-
ways involved in NASH progression, and immunity-related
pathways also had key roles in this transition.

GSEA analysis of the up-regulated DEGs list from RRA
analysis on fibrosis suggested multiple ECM-related path-
ways were significantly enriched in the liver tissues of
NAFLD patients with advanced fibrosis such as Epithelial-
mesenchymal transition (NES = 1.63, FDR q<0.001) and
Extracellular matrix assembly (NES = 1.49, FDR q = 0.20)
(Fig. 3B; Supplementary Fig. 4). Several immunity-related
pathways were also enriched such as TNF-« signaling via
NF-«xB (NES = 1.31, FDR q = 0.018). The outcomes above
suggested that both ECM-related pathways and immunity-
related pathways were involved in fibrosis progression
among NAFLD patients.

The co-expression pattern of genes in the liver tran-
scriptome data of NAFLD patients was successfully ana-
lyzed by WGCNA (Fig. 4A-D; Supplementary Fig. 5).
Brown co-expression module was the most significant
module related to NASH severity (Correlation coefficient =
0.90, P = 1.0E-18). Brown module was also the most sig-
nificant module related to advanced fibrosis (Correlation
coefficient =0.81, P =1.0E-12). The function of Brown
module was characterized by multiple ECM-related path-
ways such as Extracellular matrix and Extracellular matrix
assembly (Fig. 4C).
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Fig. 2 Identification of transcriptomic signature of fibrosis progression
in NAFLD patients. Figure 2-A, Heatmap in the RRA analyses of 5
liver transcriptome datasets comparing NAFLD patients with
advanced fibrosis and those with mild fibrosis. The number was for the
log, value of fold change. Figure 2-B, GO enrichment analyses of
those crucial genes involved in fibrosis progression in NAFLD

Validation of the differential expression of top key
genes

The differential expression of top 10 up-regulated genes
was further validated. The significantly aberrant expressions
of 9 genes were confirmed between NAFL and NASH
patients such as SPP1 (P =0.014), FBLNS5 (P = 0.004), and
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patients. Figure 2-C, PPI networks of those crucial genes identified in
RRA analysis of fibrosis. Figure 2-D, Comparison of the difference in
the GSVA enrichment score of fibrosis transcriptomic signature
between NASH patients with advanced fibrosis and those with mild
fibrosis. Figure 2-E, Assessment of the diagnostic role of fibrosis
transcriptomic signature through ROC method

CHI3L1 (P =0.015) (Fig. 5A). The significantly aberrant
expressions of top 10 up-regulated genes from RRA ana-
lysis on fibrosis were confirmed in NAFLD patients with
advanced fibrosis (P <0.05) (Fig. 5B).

The expression patterns of those top up-regulated genes
were analyzed by scRNA-seq analyses of liver tissues
(Fig. 6; Supplementary Fig. 6). Those crucial genes were
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Fig. 3 Enriched pathways in the GSEA analyses of the up-regulated
DEGs lists from RRA analysis on NASH and RRA analysis on
fibrosis. Figure 3-A, Main enriched pathways in the GSEA analysis of
the up-regulated DEGs lists from RRA analysis on NASH. The sig-
nificance of enrichment was expressed by the log;y value of FDR

expressed by distinct cells such as hepatocytes, macro-
phages, and hepatic stellate cells (HSC) (Supplementary
Table 9). The pathogenic roles of some genes such as SPP1,
CHI3L1, and CCL20 had been confirmed by data from
published literatures, but the roles of other genes such as
FBLNS, CD24, EFEMPI1, ITGBL1, and EPCAM had not
been studied (Supplementary Table 9).

To uncover the possible functional pathways related to
those crucial genes, GSEA was performed using transcriptome
data of GSE49541. The outcomes suggested that those crucial
genes may mediate the progression of NASH by regulating
multiple functional pathways, and ECM-related pathways and
immunity-related pathways were the main pathways (Sup-
plementary Table 10-19). For example, FBLNS and CHI3L1
may mediate NASH progression through multiple functional
pathways, and ECM-related pathways such as extracellular
structure organization were the main relevant pathways
(Supplementary Table 11, 12). CXCL10 and GPNMB may
exert their roles in NASH progression through immune
response-related pathways (Supplementary Table 17, 18).
Therefore, those top 10 up-regulated genes were likely to
promote NASH progression mainly via ECM-related path-
ways and immunity-related pathways.

Discussion

The key genes and functional pathways involved in the
progression from NAFL to NASH are still largely elusive.
For the first time, our study used bioinformatic analyses to
explore key molecular pathways and crucial genes involved
in the progression from NAFL to NASH as well as those
involved in the progression of fibrosis among NAFLD
patients. A total of 116 abnormally up-regulated genes were
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q value together with the color transition from white to red, and the
gene number was for the number of enriched genes in certain func-
tional pathway. Figure 3-B, Main enriched pathways in the GSEA
analyses of the up-regulated DEGs lists from RRA analysis on fibrosis

identified as candidate crucial genes involved in NASH
development, and 78 abnormally up-regulated genes were
identified as crucial genes involved in fibrosis progression
of NAFLD patients. The functions of those transcriptomic
signatures of NASH development or fibrosis progression in
NAFLD patients were similar, both of which were char-
acterized by ECM-related pathways (Fig. 1 and 2). GSEA
and WGCNA analyses further validated the key roles of
ECM-related pathways in the progression from NAFL to
NASH. Therefore, transcriptomic signatures related to
NASH development and fibrosis severity of NAFLD
patients are both characterized by ECM-related pathways,
and fibrosis is the main player during NASH progression.
Among those up-regulated crucial genes from RRA
analysis, SPP1, also known as osteopontin (OPN), was the
most significant DEG in the NASH liver tissue, suggesting
that it may exert a critical role in NASH progression. There
is some evidence for the involvement of SPP1 in the
development of NASH [32-34]. The expression of SPP1 in
NASH patients was significantly higher than in healthy
controls, and its expression was positively correlated with
steatosis and insulin resistance in obese patients [32]. SPP1
knockout could inhibit hepatic steatosis, inflammation, and
hepatic fibrosis in mice [33]. A recent study revealed that
SPP1 was an essential player in the hepatocyte Notch
activation of NASH [34]. The above findings suggest that
SPP1 is a crucial factor in the development of NASH, and
can promote the progression from NAFL to NASH through
multiple mechanisms. Our study identified SPP1 as the most
significant gene aberrantly expressed in the NASH liver
tissue, which further proved SPP1 as a crucial therapeutic
target for NASH. Moreover, GSEA analysis suggested that
SPP1 could mediate the progression of NASH through
multiple functional pathways such as extrinsic apoptotic
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Fig. 4 Main findings in the WGCNA analysis of liver transcriptome
data from GSE49541. Figure 4-A, Clustering dendrogram showed the
co-expression pattern of genes in the liver transcriptome data of
NAFLD patients. One cluster was for one co-expression gene module
and was marked with one specific color. Figure 4-B, Heatmap showed
the module-trait relationship in the WGCNA analysis. The correlation
coefficient and P values were shown as numbers in each table together

signaling pathway and fibroblast proliferation-related path-
way (Supplementary Table 10), which provided new
explanations for the role of SPP1 in NASH. scRNA-seq
analyses reveal that SPP1 is mainly expressed by
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hepatocytes, endothelial cells, and macrophages, suggesting
the SPP1 can promote NASH progression via affecting the
functions of multiple types of cells in liver tissues (Sup-
plementary Table 9).
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Fig. 5 Validation the differential expression of top key genes in RNA-
seq transcriptome dataset of liver tissues. Figure 5-A, Validation of the
aberrant expression of those top 10 up-regulated genes in RRA ana-
lysis on NASH in the liver tissues of NASH patients. The TPM values
of those top 10 up-regulated genes were extracted from GSE130970

Apart from SPPI, the other genes such as CCL20,
GPNMB, CXCL10, FABP4, and CHI3L1 have also been
reported to be possibly involved in NASH development.
Several studies found that CCL20 was up-regulated in
patients with NAFLD and may promote fibrogenesis in
NAFLD as an important inflammatory mediator, thus parti-
cipating in the progression of NAFLD [35, 36]. GPNMB was
found to be up-regulated in the serum of NASH patients, and
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and were then compared between NASH and NAFL. Figure 5-B,
Validation of the aberrant expression of those top 10 up-regulated
genes in RRA analysis on fibrosis in the liver tissues of NAFLD
patients with advanced fibrosis

overexpression of GPNMB could ameliorate liver fat accu-
mulation and fibrosis in mice [37]. CXCL10 was sig-
nificantly up-regulated in NASH patients, and circulating
CXCL10 level was associated with lobular inflammation,
suggesting that it could play a role in the pathogenesis of
NASH [38, 39]. Serum CHI3L1(YKL-40) has been reported
to be a marker of liver fibrosis in NAFLD patients, but the
molecular mechanism underlying the role of CHI3L1 in
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Fig. 6 Assessment of the expression patterns of those key genes in
different types of cells via scRNA-seq analyses of human liver tissues.
Figure 6-A, Clustering liver cells by the unsupervised nonlinear
dimension reduction method of t-Distributed Stochastic Neighbor
embedding (t-SNE). Figure 6-B, Clustering liver cells by the

NASH has not been clearly defined [40, 41]. Therefore, half
of those top 10 up-regulated crucial genes from RRA analysis
have been reported to be up-regulated in NASH patients in
previous studies, which prove the reliability of the findings in
our study. Moreover, the molecular mechanisms underlying
the roles of those genes in NASH have not been clearly
defined. Our study reveals that CCL20, GPNMB, CXCL10,
and CHI3L1 may exert their roles in the progression of
NASH via ECM-related pathways and immunity-related
pathways, which need to be validated by future studies.
Among those top 10 up-regulated genes, some genes have
not been studied in NASH such as FBLNS5, EFEMPI,

unsupervised nonlinear dimension reduction method of Uniform
Manifold Approximation and Projection (UMAP). Figure 6-C, Heat-
map shows the expression patterns of those key genes in different
types of liver cells. The expression levels of those key genes are
expressed by the color transition from green to red

VCAN, FABP4, and CD24. FBLNS is a glycoprotein
secreted by smooth muscle cells, fibroblasts, and vascular
endothelial cells [42]. Studies using gene knockout mice have
shown that FBLNS is a key molecule of elastic fibers and
plays a key role in the development of elastogenesis [43, 44].
Moreover, FBLNS5 knockout mice showed aortic curvature at
birth, adult pelvic organ prolapse, and destruction of elastic
fiber morphology [45]. In our study, FBLNS is the second
most significant DEG in NASH, and GSEA analysis suggests
that FBLNS may play a key role in NASH progression
through multiple functional pathways such as extracellular
structure organization and fibroblast proliferation regulation
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pathway, which needs to be explored in further studies
(Supplementary Table 11). scRNA-seq analyses reveal that
FBLNS is mainly expressed by hepatocytes, fibroblasts, and
endothelial cells (Supplementary Table 9), which indicates
that FBLNS may promote NASH progression via its reg-
ulatory role in multiple types of cells. CD24 is an important
co-stimulus molecule and is involved in the processes of
inflammation, immune response, cancer biology, and auto-
immune diseases [46—48]. Our study showed that CD24 was
one of those top 10 up-regulated genes in NASH, and CD24
may be involved in NASH through fibrosis-related pathways
such as regulation of fibroblast migration and mesenchymal
cell differentiation (Supplementary Table 14). The roles of
EFEMP1, VCAN, and FABP4 in the progression from
NAFL to NASH have also not been well defined, and further
studies are warranted.

Our study suggests that ECM-related pathways and
immunity-related pathways are the main functional path-
ways involved in the progression from NAFL to NASH.
ECM is a multi-molecule complex structure composed of
collagen, elastin fibers, and structural glycoproteins, and is a
critical player in fibrosis [49, 50]. ECM has proven to be
closely related to progressive fibrosis and inflammation in
NASH, and it has been proposed to be not only a con-
sequence but also a driving factor in fibrosis [51-53]. Apart
from ECM, immune responses have also been shown to be
important in the progression of NASH [54-56]. For instance,
cell death in NASH can trigger an inflammatory response
through innate immune cells, which further promotes
fibrosis progression via activating HSC [57, 58]. In the
present study, GO enrichment analysis of those 141 sig-
nificant crucial genes and WGCNA analysis both confirmed
the critical roles of ECM-related pathways and immunity-
related pathways in the progression from NAFL to NASH.
Nevertheless, the exact molecular mechanisms for those two
functional pathways in the development of NASH are still
not well defined. It is no doubt that blocking ECM-related
pathways or immunity-related pathways by suppressing
drugs may help to prevent or reverse NASH progression,
which is worth exploring in more future studies.

There were several limitations in this study. First, there
was obvious heterogeneity in the clinical characteristics of
NAFLD patients such as demographic data, disease
severity, and disease duration, which undoubtedly could
increase the risk of biased outcomes. Nevertheless, RRA is
a rank aggregation method and is a rigorous way in
detecting the statistically significant DEGs, which has
been adopted in many studies to integrate transcriptome
datasets from different technological platforms
[13, 59, 60]. Second, our study identified that immunity-
related pathways were important functional pathways
involved in the progression from NAFL to NASH. How-
ever, the crucial types of immune cells involved in NASH
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progression are currently unclear and need to be explored
in future studies. Finally, the expression pattern of those
DEGs in a specific types of cells in both the progression of
NASH and the progression of fibrosis is still difficult to be
explored by transcriptome data from bulk tissues. More
single-cell transcriptome data focusing on the progression
from NAFL to NASH or fibrosis progression among
NAFLD patients are recommended in future studies.

In summary, transcriptomic signatures related to NASH
development and fibrosis severity of NAFLD patients are
both characterized by ECM-related pathways, and fibrosis is
the main player in NASH progression. ECM-related path-
ways and immunity-related signaling pathways are essential
functional pathways determining the progression from
NAFL to NASH. The molecular mechanisms underlying the
roles of some genes such as FBLNS, EFEMP1, FABP4, and
CD24 in the progression of NASH are still unclear and need
to be elucidated in future studies, which may provide pro-
mising therapeutic targets for NASH.
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