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The Matrisome Genes From Hepatitis

B—Related Hepatocellular Carcinoma
Unveiled

Wei Chen,"? Romain Desert,’ Xiaodong Ge,! Hui Han,' Zhuolun Song
Natalia Nieto =/ 13

,! Sukanta Das,’ Dipti Athavale,’ Hong You,? and

Chronic hepatitis B virus (HBV) infection changes the composition of the extracellular matrix (ECM) and enables
the onset and progression of hepatocellular carcinoma (HCC). The ensemble of ECM proteins and associated fac-
tors is a major component of the tumor microenvironment. Our aim was to unveil the matrisome genes from HBV-
related HCC. Transcriptomic and clinical profiles from 444 patients with HBV-related HCC were retrieved from the
Gene Expression Omnibus (GEO) and Cancer Genome Atlas (TCGA) repositories. Matrisome genes associated with
HBV-related hepatocarcinogenesis, matrisome gene modules, HCC subgroups, and liver-specific matrisome genes were
systematically analyzed, followed by identification of their biological function and clinical relevance. Eighty matrisome
genes, functionally enriched in immune response, ECM remodeling, or cancer-related pathways, were identified as as-
sociated with HBV-related HCC, which could robustly discriminate HBV-related HCC tumor from nontumor samples.
Subsequently, four significant matrisome gene modules were identified as showing functional homogeneity linked to
cell cycle activity. Two subgroups of patients with HBV-related HCC were classified based on the highly correlated
matrisome genes. The high-expression subgroup (15.0% in the TCGA cohort and 17.9% in the GEO cohort) exhib-
ited favorable clinical prognosis, activated metabolic activity, exhausted cell cycle, strong immune infiltration, and lower
tumor purity. Four liver-specific matrisome genes (F9, HPX [hemopexin], IGEALS [insulin-like growth-factor-binding
protein, acid labile subunit], and PLG [plasminogen]) were identified as involved in HBV-related HCC progression
and prognosis. Conclusion: This study identified the expression and function of matrisome genes from HBV-related
hepatocarcinogenesis, providing major insight to understand HBV-related HCC and develop potential therapeutic
opportunities. (Hepatology Communications 2021;5:1571-1585).

hronic hepatitis B virus (HBV) infection
accounts for approximately 80% of patients
with virus-related hepatocellular carcinoma
(HCC), especially in Eastern Asian and most African
countries, posing a serious threat to human health and
quality of life.) More than 250 million people world-

wide will suffer from chronic HBV infection between

2015 and 2030, and about 5 million deaths will be
attributed to HCC progression.”) Suppression of HBV
reduces the risk of HCC(Z); yet, it is vital to understand
the mechanisms underlying HBV-related carcinogene-
sis to develop therapeutic options for HCC treatment.

To date, little progress has been made on the mech-
anisms driving carcinogenesis in HBV infection. A few
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well-recognized events involved are (1) increased 7ERT
or TP53 mutation(l); (2) activation of Wnt, mamma-
lian target of rapamycin (mTOR)/phosphoinositide
3-kinase (PI3K)/Akt, and Ras/extracellular signal-
regulated kinase 1/2 signaling®; and (3) exhausted
CD8" T cells.” Growing evidence also indicates that
aberrant composition of the matrisome is involved in
how the tumor microenvironment promotes HCC
development, progression, and metastasis.>"

The matrisome comprises core extracellular matrix
(ECM) molecules (collagens, glycoproteins, and pro-
teoglycans) and ECM-associated members (ECM
regulators, ECM-affiliated proteins, and secreted fac-
tors).(7) The matrisome from two mouse models of
HCC shows different composition,(g) indicating that
ECM remodeling during HCC onset is etiology-
specific. To date, the matrisome from human intra-
hepatic cholangiocarcinoma has been unveiled”,
however, the matrisome from human HCC and, spe-
cifically from HBV-related HCC, remains unknown.

Previous studies showed that the liver ECM is
remodeled in HBV infection. "%V The hepatitis B ¢
antigen activates hepatic stellate cells (HSCs), result-
ing in aberrant ECM production 1. The hepatitis B
x protein (HBx) up-regulates matrix metalloprotein-
ases and increases HCC cell migration."™" Changes
in the extracellular environment during HBV infec-
tion activate intracellular signaling pathways. For
example, the oncogene collagen triple helix repeat
containing-1 facilitates progression of HBV-related
HCC, activating hypoxia inducible factor 1 alpha and
vascular endothelial growth factor through the PI3K/
Akt/mTOR pathway.'? Despite reports linking the
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matrisome with HBV-related HCC, thorough identi-
fication and characterization are urgently needed.

In addition to anti-HBV therapy and surgical resec-
tion for early HCC or first-line treatment for advanced
HCC, the ECM requires remodeling to return to its
physiological state. Direct targeting of proteins from the
ECM fails to be beneficial due to a stiff matrix barrier
that limits drug delivery. Indeed, a clinical trial with a
monoclonal antibody against lysyl oxidase like 2 (simtu-
zumab) to treat liver fibrosis failed.® However, interven-
tions focused on the matrisome genes could be helpful
to prevent deposition or promote turnover of the tumor
ECM. Therefore, our aim was to unveil the matrisome

genes from HBV-related HCC, which remain unknown.

Materials and Methods
MATRISOME GENES

The matrisome genes included in this study were
retrieved from the MatrisomeDB  repository.” They
include 1,027 in silico-defined or experimentally con-
firmed ECM members from human samples. The matri-
some genes are categorized into six subgroups: collagens,
proteoglycans, ECM glycoproteins, ECM-affiliated pro-
teins, ECM regulators, and secreted factors.”

PATIENTS AND SAMPLES
The Cancer Genome Atlas (TCGA) and Gene

Expression Omnibus (GEO) repositories were explored
for available transcriptomic profiles and/or clinical

information from HBV-related HCC or liver fibrosis
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(Supporting Table S1). Processed microarray data from
patients with HBV-related HCC (GSE121248 and
GSE55092) were retrieved from the GEO for the iden-
tification of matrisome genes associated with HBV-
related carcinogenesis. Additional processed microarray
data from patients with HBV-related liver fibrosis
(GSEB4044) and RNA-sequencing (RNA-seq) data
from patients with HBV-related HCC (GSE65485,
GSE94660, and GSE104310) were retrieved from
the GEO to validate the identified matrisome genes
of interest. Transcriptomic profiles from patients with
HBV-related HCC with available clinical informa-
tion from the TCGA (n = 60) and GEO (GSE14520;
n = 218) were included to further interpret the biological
function or clinical relevance of the identified matrisome
genes. In total, 152 nontumor and 470 tumor samples
from 444 patients with HBV-related HCC were used
in this study (Supporting Table S1). Gene expression in
the microarray data sets was normalized using the robust
multichip average algorithm,"¥ and the average value of
all corresponding probes was calculated for a given gene.
Raw counts of gene expression in the RNA-seq data sets
were transformed into transcripts per kilobase million
for subsequent analysis.

FLOWCHART AND ANALYTICAL
APPROACHES

The flowchart for data acquisition and analysis is
shown in Supporting Fig. S1. Details on the analytical

approaches are provided in the Supporting information.

DATA AVAILABILITY

The human matrisome gene list, processed GEO
and TCGA data sets, and related R code have
been deposited into the figshare platform (https://
figshare.com/s/f7af736216ef73d7ee7d;  https://doi.
org/10.6084/m9.figshare.14069474).

Results

HBV-RELATED HCC-ASSOCIATED
MATRISOME GENES
DISCRIMINATE HBV-RELATED
HCC TUMOR FROM NONTUMOR

In HBV-related carcinogenesis, the number of down-
regulated matrisome genes is 3 times higher than the
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up-regulated ones in both the GSE55092 and GSE12
1248 microarray transcriptomic data sets (adjusted
P < 0.05 and fold change >2 or <0.5; Fig. 1A). A total of
80 dysregulated matrisome genes were shared in the two
data sets (P < 0.01), among which, 63 were significantly
decreased and 17 increased (Supporting Fig. S2A,B
and Supporting Table S2). These common abnor-
mally expressed matrisome genes during HBV-related
carcinogenesis were named HHMGs. The primary
cellular source for the identified HHMGs are hepato-
cytes (29 HHMG:s), endothelial cells (39 HHMGs),
HSCs (26 HHMGs), EPCAM" cells and cholangio-
cytes (19 HHMGs), and Kupffer cells (12 HHMGs)
(Supporting Fig. S3). They were significantly enriched
in pathways from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) and classified into three categories:
immune response, ECM remodeling, and carcinogenesis
(adjusted P < 0.05; Fig. 1B). Importantly, the identified
HHMGS can be used as a combined signature to dis-
criminate HBV-related HCC tumor from nontumor
samples. Indeed, samples from the merged GSE55092
and GSE121248 data sets were clustered as tumor or
nontumor by hierarchical clustering (HCL) analysis
(Fig. 1C). We further performed principal component
analysis (PCA) on the 80 HHMGs, and the first two
principal components (PCs), which were most informa-
tive, explained about 51.8% and 10.4%, respectively, of
the total observed variances. As shown in Fig. 1D, the
PCA plot further confirmed the classifying ability of the
HCL analysis, because the first two PCs clearly distin-
guished tumor from nontumor samples in the merged
two microarray transcriptomic data sets.

DIAGNOSTIC ABILITY OF HHMGs
IS ROBUST

Given the heterogeneity of HCC tumor tissues, it
is challenging to obtain signatures with stable diag-
nostic potential. To test the diagnostic performance
of the identified HHMGs, we retrieved three inde-
pendent RNA-seq data sets of HBV-related HCC
from the GEO database. As expected, based on the
expression of 80 HHMGs, HCL analysis clearly
separated tumor from nontumor samples in all three
RNA-seq data sets (Fig. 2A, left). Interestingly, the
total expression pattern of the HHMGs was not
observed in HBV-related liver fibrosis (Fig. 2A,
right), further implying that the identified HHMGs
were not associated with HBV-related liver fibrosis
but were HCC-related. To eliminate the clustering
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FIG.1. Abnormal matrisome gene expression during HBV-related hepatocarcinogenesis. (A) Volcano plots of the HHMGs in the GSE55092
and GSE121248 data sets. Volcano plots were drawn using the ggplor2 R package (https://CRAN.R-project.org/package=ggplot2). Blue
indicates down-regulation and red indicates up-regulation. The most significant HHMGs are highlighted in green in the volcano plots
under an extreme cutoff criterion (log,,-transformed [adjusted P] > 10 and fold change >4). (B) Significantly enriched KEGG pathways of
the identified HHMGs. The size of the circle represents the gene number, and the color represents adjusted P value. An adjusted P < 0.05
was considered statistically significant. (C) Heatmap of the expression of the HHMGs in the merged liver samples from the GSE55092 and
GSE121248 data sets. Log,-transformed gene-expression levels were scaled as a distribution with mean = 0 and SD = 1. The darker the blue,
the lower the expression; the darker the red, the higher the expression. Both the row HHMGs and the column samples were clustered by
HCL analysis with the average linkage method and “euclidean” as a distance metric. Tumor and nontumor samples from the GSE55092 and
GSE121248 data sets are color-coded. (D) PCA plot of all tumor and nontumor samples from the GSE55092 and GSE121248 data sets.
Grouped samples are labeled with different colors. Abbreviations: NT, nontumor; T, tumor; TNF, tumor necrosis factor.

method bias, PCA was carried out and achieved
nearly the same results with HCL analysis (Fig. 2B).
Receiver operating characteristic (ROC) curve anal-
ysis was done to measure the diagnostic ability of
each HHMG. As shown in Fig. 2C, almost all
HHMGs possess high and robust diagnostic abil-
ity to differentiate HBV-related HCC tumor from
nontumor samples, because the area under curve

(AUC) value of most HHMGs is >0.7 in all five
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HBV-related HCC data sets. Taken together, the
diagnostic ability of the HHMGs is promising.

HHMGs FUNCTION AS MODULES

DURING HBV-RELATED
CARCINOGENESIS

To further understand the role of the HHMGs

involved in carcinogenesis in the setting of chronic
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HBV infection, we constructed the protein—protein
interaction (PPI) network based on the identified
HHMGs using the STRING database. As shown
in Fig. 3A, 64 of 80 HHMGs are highly intercon-
nected with 237 predicted interactions (enrichment
P < 0.01). We then used the ClusterONE algo-
rithm™ to mine the modules in which the matrisome
genes showed a high extent of functional homogene-
ity. A total of four significant matrisome gene mod-
ules (P < 0.05) were found from the HHMG-related
PPI network (Fig. 3A). The matrisome genes in these
modules constituted a combined signature, achieving
almost perfect diagnostic potential for HBV-related
HCC tumors in the merged GSE55092 and GSE12
1248 data sets with AUC values of 98.9%, 98.6%,
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100% and 99.5%, respectively (Fig. 3B). By HCL
analysis, the four matrisome gene modules could
independently separate all merged samples into two
groups: Nontumor samples accounted for most in
group 1, whereas tumor samples accounted for most
in group 2 (Supporting Fig. S4). Gene-set enrich-
ment analysis (GSEA) analysis revealed that the
cell cycle was activated in all of group 2, separated
by the four identified matrisome gene modules (Fig.
3C and Supporting Table S3). Given that cell-cycle
progression plays a central role in promoting hepa-
tocarcinogenesis,(lf’)
rant expression of these modular matrisome genes is
associated with cell-cycle dysregulation during HBV-
related carcinogenesis.

overall, it is possible that aber-
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FIG. 2. Robustness analysis of the identified HHMGs. (A) The gene-expression pattern of the identified HHMGs was validated in
the GSE65485, GSE94660, GSE104310, and GSE84044 data sets. Column samples were clustered by HCL analysis, with the average
linkage method and “euclidean”as a distance metric. Log,-transformed gene-expression levels were scaled as a distribution with mean = 0
and SD = 1. The darker the blue, the lower the expression; the darker the red, the higher the expression. Tumor, nontumor, and fibrosis
samples are color-coded. (B) PCA plot of tumor, nontumor, or fibrosis samples in each data set, in which HHMGs were considered as
observable variables. Grouped samples are labeled with different colors. (C) Heatmap of the AUC of each HHMG in each data set based
on the ROC curve analysis. The darker the red, the higher the AUC value; the darker the blue, the lower the AUC value. Abbreviations:
ABI3BP, ABI family, member 3 (NESH) binding protein; ADAMTS13, ADAM metallopeptidase with thrombospondin type 1 motif,
13; ADAMTSL2, ADAMTS-like 2; ANGPTL1, angiopoietin-like 1; ANGPTL6, angiopoietin-like 6; ANXA10, annexin A10; ASPN,
asporin; BGN, biglycan; BMPER, BMP binding endothelial regulator; CCBE1, collagen and calcium binding EGF domains 1; CCL14,
chemokine (C-C motif) ligand 14; CCL19, chemokine (C-C motif) ligand 19; CCL2, chemokine (C-C motif) ligand 2; CCL20,
chemokine (C-C motif) ligand 20; CCN1, cellular communication network factor 1; CD109, CD109 molecule; CLEC1B, C-type lectin
domain family 1, member B; CLEC4G, C-type lectin domain family 4, member G; CLEC4M, C-type lectin domain family 4, member
M; COL15A1, collagen, type XV, alpha 1; COL4A1, collagen, type IV, alpha 1; COLEC10, collectin sub-family member 10; COLEC11,
collectin sub-family member 11; CRHBP, corticotropin releasing hormone binding protein; CTHRCI1, collagen triple helix repeat
containing 1; CXCL12, chemokine (C-X-C motif) ligand 12; CXCL14, chemokine (C-X-C motif) ligand 14; CXCL2, chemokine (C-
X-C motif) ligand 2; CXCL6, chemokine (C-X-C motif) ligand 6; DCN, decorin; DPT, dermatopontin; ECM1, extracellular matrix
protein 1; ESM1, endothelial cell-specific molecule 1; FO-F4, Metavir scores; F9, coagulation factor IX; FBLNS5, fibulin 5; FCN2, ficolin
(collagen/fibrinogen domain containing lectin) 2; FCN3, ficolin (collagen/fibrinogen domain containing) 3; FGF13, fibroblast growth
factor 13; FREM2, FRASI related extracellular matrix protein 2; GPC3, glypican 3; HABP2, hyaluronan binding protein 2; HGE,
hepatocyte growth factor; HGFAC, HGF activator; HHIP, hedgehog interacting protein; IGF1, insulin-like growth factor 1; IGF2,
insulin-like growth factor 2; IGFBP3, insulin-like growth factor binding protein 3; INHBE, inhibin, beta E; LAMC1, laminin, gamma
1; LPA, lipoprotein, Lp(a); LUM, lumican; MASP1, mannan-binding lectin serine peptidase 1 (C4/C2 activating component of Ra-
reactive factor); MMP12, matrix metallopeptidase 12; MXRAS5, matrix-remodelling associated 5; OI'T3, oncoprotein induced transcript 3;
PAMRI, peptidase domain containing associated with muscle regeneration 1; PRG4, P53-responsive gene 4; PZP, pregnancy-zone protein;
REG3A, regenerating islet-derived 3 alpha; RSPO3, R-spondin 3 homolog; S100A8, $100 calcium binding protein A8; S100P, S100
calcium binding protein P; SERPINAA4, serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 4; SERPINAS,
serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 5; SERPINA7, serpin peptidase inhibitor, clade A
(alpha-1 antiproteinase, antitrypsin), member 7; SERPINBY, serpin peptidase inhibitor, clade B (ovalbumin), member 9; SERPINE1,
serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type 1), member 1; SERPINF2, serpin peptidase inhibitor,
clade F (alpha-2 antiplasmin, pigment epithelium derived factor), member 2; SERPINI1, serpin peptidase inhibitor, clade I (neuroserpin),
member 1; SPARCL1, SPARC-like 1; SPP1, secreted phosphoprotein 1; SRPX, sushi-repeat-containing protein, X-linked; SULF2,
sulfatase 2; TDGF1, teratocarcinoma-derived growth factor 1; THBS1, thrombospondin 1; THBS4, thrombospondin 4.

HHMGs IDENTIFY MOLECULAR
DISTINCT SUBGROUPS OF
HBV-RELATED HCC WITH
DIVERSE CLINICAL OUTCOMES

We next explored the co-expression relationship
among the 80 HHMGs by Pearson correlation anal-
ysis based on the expression profiles in the TCGA
cohort. As shown in Supporting Fig. S5, a consensus
cluster with 19 HHMGs highly correlating among
each other was identified following HCL clustering
(r > 0.5; Supporting Table S4). The primary cellular
source for the 19 HHMGs were endothelial cells (14
HHMGsS) and HSCs (7 HHMGs) (Supporting Fig.
S6). Patients with HBV-related HCC in the TCGA
cohort clustered into two subgroups according to the
expression profile of these 19 HHMGs using HCL
clustering (Fig. 4A). Subsequently, we performed inde-

pendent analysis on another cohort of 218 patients
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with HBV-related HCC (GSE14520) and identified
two distinct molecular subgroups of HCC (ANGPT'LS6,
CLEC4G, PAMRI, and OIT3 probes are absent in
GSE14520) (Fig. 4B). To investigate whether the two
subgroups represent clinically distinct patients, we
compared age, gender, serum alanine aminotransfer-
ase (ALT) and alpha-fetoprotein (AFP), multinodular
status, tumor size, Tumor, Node, Metastasis (TNIM)
staging, and Barcelona Clinic Liver Cancer (BCLC)
staging. There was almost no significant difference
with respect to these parameters between the two
subgroups, except that the high-expression subgroup
exhibited smaller tumor size than the low-expression
subgroup in the GEO cohort (P < 0.05; Fig. 4A,B).
However, Kaplan-Meier curves showed that the high-
expression subgroup exhibited not only notably pro-
longed overall survival, but recurrence-free survival, in
comparison with the low-expression subgroup in both

the TCGA and GEO cohorts (n = 60 and n = 218,
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respectively; P < 0.05; Fig. 4C,D). This indicates that
patients with HBV-related HCC with low expression
of the 19 highly correlated HHMGs have unfavorable

clinical outcome.

SUBGROUPS OF PATIENTS

WITH HBV-RELATED HCC

SHOW DISCRETE MOLECULAR
FUNCTIONAL CHARACTERISTICS
AND TUMOR PURITY

We next explored the molecular functional charac-
teristics in the two subgroups of patients. GSEA anal-
ysis showed that the high-expression subgroup in both
the TCGA and GEO cohorts was associated primarily
with activation of immune-related, metabolism-related,
and ECM-related pathways (P < 0.05), whereas the
low-expression subgroup was associated with activa-
tion of carcinogenesis-related pathways such as DNA

CHENET AL.

replication and cell cycle (adjusted P < 0.05; Fig. 5A,B).
Because tumor purity has been reported as linked with
prognosis,”’* we used the ESTIMATE algorithm®”
to compare tumor purity between the two subgroups.
As shown in Fig. 6A,B, the high-expression subgroup
in both the TCGA and GEO cohorts exhibited lower
tumor purity, as the StromalScore, ImmuneScore, and
ESTIMATEScore were significant higher when com-
pared with the low-expression subgroup (P < 0.05).
We then used the MCPcounter algorithm @D to quan-
tify the absolute abundance of nontumor cell popula-
tions between subgroups. Most nontumor cell types in
the high-expression subgroup were observed as more
abundant than in the low-expression subgroup; how-
ever, cytotoxic lymphocytes, B lineage, and natural killer
cells were significant (P < 0.05) in the TCGA cohort
(P < 0.05; Fig. 6A), whereas T cells, B-cell lineage,
myeloid dendritic cells, endothelial cells, and fibroblasts
were significant in the GEO cohort (P < 0.05; Fig. 6B).
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FIG. 3. Matrisome gene modules and functional interpretation. (A) Abnormal matrisome genes’ regulatory network in HBV-related
HCC and functional modules. Significant matrisome gene modules are highlighted using different colors (P < 0.05). The node represents
HHMGs, whose matrisome category is color-coded. The edge between two nodes represents an interactive relationship. Down-regulated
HHMGs are marked using circles, and up-regulated HHMGs are marked using diamonds. The size of the node represents the degree (i.c.,
the number of neighbors) of the indicated HHMG. The gene symbol of the nodes with a degree >15 is highlighted in red. (B) ROC curve
analyses of four modules in the diagnosis of HBV-related HCC from the merged samples in the GSE55092 and GSE121248 data sets.
(C) GSEA analysis of the four matrisome modules. Merged samples in the GSE55092 and GSE121248 data sets were classified into two
different subgroups, group 1 and group 2, based on the modular matrisome genes using HCL analysis. Adjusted P < 0.05 was considered
statistically significant. Abbreviations: ADAMTS13, ADAM metallopeptidase with thrombospondin type 1 motif, 13; ADAMTSL2,
ADAMTS-like 2; ASPN, asporin; BGN, biglycan; CCL14, chemokine (C-C motif) ligand 14; CCL19, chemokine (C-C motif) ligand
19; CCL2, chemokine (C-C motif) ligand 2; CCL20, chemokine (C-C motif) ligand 20; CCN1, cellular communication network factor
1; CLEC1B, C-type lectin domain family 1, member B; CLEC4G, C-type lectin domain family 4, member G; COL15A1, collagen, type
XV, alpha 1; COL4A1, collagen, type IV, alpha 1; COLEC10, collectin sub-family member 10; COLEC11, collectin sub-family member
11; CRHBBP, corticotropin releasing hormone binding protein; CXCL12, chemokine (C-X-C motif) ligand 12; CXCL14, chemokine (C-
X-C motif) ligand 14; CXCL2, chemokine (C-X-C motif) ligand 2; CXCL6, chemokine (C-X-C motif) ligand 6; DCN, decorin; DPT,
dermatopontin; ECM1, extracellular matrix protein 1; F9, coagulation factor IX; FBLNS, fibulin 5; FCN2, ficolin (collagen/fibrinogen
domain containing lectin) 2; FCN3, ficolin (collagen/fibrinogen domain containing) 3; FGF13, fibroblast growth factor 13; FREM2,
FRAST related extracellular matrix protein 2; GPC3, glypican 3; HABP2, hyaluronan binding protein 2; HGEF, hepatocyte growth factor;
HGFAC, HGF activator; HHIP, hedgehog interacting protein; IGF1, insulin-like growth factor 1; IGF2, insulin-like growth factor 2;
IGFBP3, insulin-like growth factor binding protein 3; LAMC1, laminin, gamma 1; LPA, lipoprotein, Lp(a); LUM, lumican; MASP1,
mannan-binding lectin serine peptidase 1 (C4/C2 activating component of Ra-reactive factor); MMP12, matrix metallopeptidase 12;
MXRAS, matrix-remodelling associated 5; NES, normalized enrichment score; PAMRI1, peptidase domain containing associated with
muscle regeneration 1; PRG4, P53-responsive gene 4; PZP, pregnancy-zone protein; RSPO3, R-spondin 3 homolog; S100A8, S100
calcium binding protein A8; SERPINA4, serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 4; SERPINAS,
serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 5; SERPINA?7, serpin peptidase inhibitor, clade A
(alpha-1 antiproteinase, antitrypsin), member 7; SERPINE], serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor
type 1), member 1; SERPINF2, serpin peptidase inhibitor, clade F (alpha-2 antiplasmin, pigment epithelium derived factor), member 2;
SERPINII, serpin peptidase inhibitor, clade I (neuroserpin), member 1; SPARCL1, SPARC-like 1; SPP1, secreted phosphoprotein 1;
SRPX, sushi-repeat-containing protein, X-linked; SULF2, sulfatase 2; THBS1, thrombospondin 1; THBS4, thrombospondin 4.

LIVER-SPECIFIC HHMGs ARE
IMPLICATED IN HBV-RELATED
HCC

Screening the genotype-tissue expression (GTEx)
database, PLG [plasminogen], HABP2 [hyaluronan
binding protein 2], HPX [hemopexin], IGFALS
[insulin-like growth-factor-binding protein, acid
labile subunit], 79, MBL2 [mannose binding lec-
tin 2], INHBE [inhibin subunit beta E], HGEAC
[hepatocyte growth factor activator], SERPINF2
[serpin family F' member 2], and SERPINA7 [ser-
pin family A member 7] were found to be highly
and specifically expressed in normal liver tissues
(Supporting Fig. S7A). The result from the Human
Protein Atlas database further confirmed the find-
ings from the GTEx database (Supporting Fig. S7B).
Single-cell data analysis revealed that 9, HGFAC,
INHBE, MBL2, and SERPINA7 are expressed only
in hepatocytes, whereas HABP2, HPX, IGFALS,
PLG, and SERPINF2 are expressed primarily in
hepatocytes and cholangiocytes (Supporting Fig.
S8). We next evaluated their potential as therapeutic
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targets by analyzing their clinical relevance and bio-
logical function using the GEO cohort. As indicated
in Supporting Table S5 and Fig. 7A-C, among all
identified liver-specific HHMGs, high expression
of F9 was associated with low serum AFP activity,
TNM, or BCLC staging (P < 0.05). Patients with
high expression of HPX showed low AFP activity,
small tumor size, and low TNM or BCLC staging
(P < 0.05). High expression of IGFALS was a marker
for small tumor size, low TNM staging, and pro-
longed overall or recurrence-free survival (P < 0.05).
Moreover, high expression of PLG could predict
low-serum ALT and AFP activities, less multinod-
ular, low TNM or BCLC staging, and prolonged
overall or recurrence-free survival (P < 0.05). GSEA
analysis revealed that low expression of F9, HPX,
IGFALS, or PLG was negatively associated with acti-
vation of multiple metabolic pathways but positively
associated with activation of cell cycle or DNA rep-
lication (adjusted P < 0.05; Supporting Table S6),
suggesting that these liver-specific HHMGs are
tumor-suppressor matrisome genes that may be
potential antitumor targets for HBV-related HCC.
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FIG. 4. Clinical characteristics of HBV-related HCC subgroups in the TCGA and GSE14520 cohorts. Heatmap of HBV-related HCC
subgroups in the TCGA (A) and GSE14520 (B) cohorts. The column patients were clustered by HCL analysis, with the average linkage
method and “euclidean” as a distance metric. The matrisome category of HHMGs highly correlated with each other, and the clinical

parameters of each patient with HCC are color-coded. Log,-transformed gene-expression levels were scaled as a distribution with mean = 0
and SD = 1. The darker the blue, the lower the expression; the darker the red, the higher the expression. Overall survival and recurrence-
free survival analyses of the two subgroups (high and low expression) in the independent TCGA (C) and GSE14520 (D) cohorts. The
statistical significance of the differences was determined by log-rank test. *P < 0.05 was statistically significant. Abbreviations: ADAMTS13,
ADAM metallopeptidase with thrombospondin type 1 motif, 13; ANGPTLS, angiopoietin-like 6; BMPER, BMP binding endothelial
regulator; CCL2, chemokine (C-C motif) ligand 2; CLEC1B, C-type lectin domain family 1, member B; CLEC4G, C-type lectin domain
family 4, member G; CLEC4M, C-type lectin domain family 4, member M; COLEC10, collectin sub-family member 10; CRHBP,
corticotropin releasing hormone binding protein; CXCL12, chemokine (C-X-C motif) ligand 12; CYR61, cellular communication network
factor 1 (CCN1); DCN, decorin; DPT, dermatopontin; ECM1, extracellular matrix protein 1; FBLNS, fibulin 5; FCN2, ficolin (collagen/
fibrinogen domain containing lectin) 2; FCN3, ficolin (collagen/fibrinogen domain containing) 3; HR, hazard ratio; na, data lacking; OIT3,
oncoprotein induced transcript 3; PAMR1, peptidase domain containing associated with muscle regeneration 1.

Discussion

HBV infection can affect the turnover of the liver
matrisome.'""" A persistent low viral load of HBV
in patients who received antiviral therapy shows
higher rate of fibrosis progression,(zz) which could be
explained by constant matrisome remodeling in HBV
infection. Matrisome remodeling is a hallmark of liver
fibrosis and also occurs during carcinogenesis, affect-
ing cellular proliferation, migration or invasion, all

involved in cancer progression, metastasis, and prog-
nosis.? The present study identified 80 matrisome
genes changed during HBV-related HCC. These
matrisome genes are reliable and robust. First, they
were identified from two independent microarray data
sets with 118 nontumor and 109 tumor samples from
81 patients with HBV-related HCC. Second, they
were validated in three independent RNA-seq data
sets with 34 nontumor and 83 tumor samples from
85 patients with HBV-related HCC. Third, these
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FIG. 5. Functional comparison between two subgroups of patients with HBV-related HCC. GSEA analysis of two HBV-related HCC
subgroups (high and low expression) in both the TCGA (A) and GSE14520 (B) cohorts. Significant activated KEGG pathways are
shown in the dot plots. The size of the circle represents the NES, and the color indicates the P value or adjusted P value. The KEGG

categories are color-coded. Abbreviations: FDR, false discovery rate; NES, normalized enrichment score; PPAR, peroxisome proliferator-

activated receptor; TGF, transforming growth factor.

matrisome genes, as a single or combined signature,
separate tumor from nontumor samples with chronic
HBV infection using three different classification
methods (HCL, PCA, and ROC curve analyses).
HBV-related HCC often occurs in the absence
of cirrhosis in Eastern Asia and most African coun-
triesV; specifically, cirrhosis is not an essential con-
dition for HBV-related carcinogenesis. Although
the number of patients with a cirrhotic background
enrolled in the studies from the GSE121248 and
GSES55092 data sets were different (82% and 53.7%),
the overlap of the differentially expressed matrisome
genes shared by the two data sets was greater than
what would be expected by chance (Fisher’s exact test;
P < 0.01). In addition, the expression pattern of the
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identified 80 matrisome genes associated with HBV-
related HCC could not be verified in HBV-related
liver fibrosis, further implying that these dysregu-
lated matrisome genes during HBV-related HCC are,
to some extent, cirrhosis-independent. Notably, our
results at the transcriptional level are not in line with
findings at the posttranslational level from two HCC
mouse models.®) Lai et al. found that most changes
in core matrisome proteins between fibrotic tissues
and tumor samples largely occurred between healthy
and fibrotic tissues in two transgenic mouse models
of liver cancer.®) This discordance can be partially
explained by (1) different ECM components that may
be assembled in each context(8>; (2) ECM deposition
that occurs during cancer development, even though
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FIG. 6. Comparison of the tumor purity between the two subgroups of patients with HBV-related HCC. Violin plots of the StromalScore,

ImmuneScore, ESTIMATEScore, and abundance of the immune

or stromal cell populations in two subgroups of HBV-related HCC

from the TCGA (A) and GSE14520 (B) cohorts. The statistical difference was calculated with the Kruskal-Wallis test, and the P values
are indicated above each violin plot with asterisks (*P < 0.05,**P < 0.01, and ™*P < 0.001). Abbreviation: NK, natural killer cell.

the corresponding genes are down—rcgulated(23); and

(3) cross-species variations.?? In addition, Lai et
al. used global, rather than ECM-based proteomics,
which may not fully recapitulate the ECM microen-
vironment in HCC tumors.

Network modules are tensely clustered subnet-
works with more internal connections than expected
randomly in the entire network. Genes in the same
module tend to have similar biological function. In
this study, four significant matrisome gene modules

were mined from the HBV-related HCC-related
functional network. The merged samples in the
GSE55092 and GSE121248 data sets could be sep-
arated into two groups based on the expression of
modular members. The tumor-biased group positively
correlated with cell-cycle progression. It is well known
that HBx, which is essential for HBV replication in
vivo, inhibits apoptosis and stimulates cell cycle,®>")
whereas cell-cycle activation will elude growth sup-
pressors, sustain proliferation, resist cell death, act
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FIG. 7. Liver-specific HHMGs and their clinical relevance. TNM (A) and BCLC (B) staging comparisons between the high (H)
and the low (L) expression groups. TNM or BCLC staging is shown as percentage. Statistical comparison was performed using chi-
square test (*P < 0.05 and **P < 0.01). Overall (C) and recurrence-free (D) survival analyses of each liver-specific HHMGs between the
high-expression and low-expression groups. Comparisons between the two groups were performed using log-rank test (*P < 0.05 and

**P < 0.01). Abbreviation: HR, hazard ratio.

on chromosome instability, and eventually trigger
hepatocarcinogenesis.'®

Among the four functional matrisome gene mod-
ules, all members in module 4 were chemokine genes

including chemokine (C-C motif) ligand (CCL) 2,
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CCL14, CCL19, CCL20, chemokine (C-X-C motif)
ligand (CXCL) 2, CXCL6, CXCL12, and CXCLI14.
Chemokines are critical for attracting immune cells
into the liver.?® For example, CCL2 is responsible
for recruiting monocytes/macrophages; CCL19 is
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chemotactic for CD8" T cells and dendritic cells;
and CXCL2 and CXCL6 promote infiltration of
immunosuppressive neutrophils and monocytes into
the liver.?®
for CCL20 were significantly down-regulated in
HBV-related HCC tumor samples, indicating weak
and sparse immune infiltration. In agreement with
this observation, Sia et al. found that only 25% of
patients with HCC in a large cohort expressed mark-
ers of the inflammatory response, and two groups of
patients with HCC were characterized by adaptive
or exhausted immune responses.?” Immune cells
fail to penetrate the tumor parenchyma and remain
in the stroma surrounding tumor cell nests, probably
attributable to (1) decreased migration of immune
cells elicited by down-regulation of chemokine genes
and/or (2) obstruction of immune infiltration by stiff
tumor ECM.®? Pan-cancer analysis revealed that
cancer tissues harboring lower expression of a core
set of matrisome genes possess hi%her CD8" T-cell
infiltration in multiple cancers,®” indicating that
tumor stiffness exhibits an inverse relationship with
immune activity.

In module 4, all chemokines except

The up-regulated matrisome genes do not function
as modules, indicating a weak intracellular biological
significance; on the contrary, they are likely important
for the extracellular tumor-promoting microenviron-
ment. COL4A1 (collagen type IV alpha 1 chain) and
LAMCI (laminin subunit gamma-1) encode proteins
that constitute the collagenous and noncollagenous
components of the basement membrane; their over-
expression is essential for HCC growth, metastasis,
and survival.*>*% COL1541 (collagen alpha-1[XV]
chain) encodes collagen XV and is a prominent his-
topathological component of sinusoidal capillarization
in HCC.® Because collagen XV is localized in the
basement membrane, it may function to adhere it to
the connective tissue stroma, which remains to be
further investigated. Another interesting member is
GPC3, which encodes Glypican-3 and has been rec-
ognized as a better diagnostic marker of HCC, given
its limited expression in normal and nontumoral livers
but its high expression in HCC.B9 Glypican-3 acts as
an ECM signal or “recruiter” in various signaling path-
ways, maintaining the concentration of extracellular
ligands and promoting ligand-receptor interaction.*®
Although other up-regulated matrisome genes have
been reported as associated with HCC development
or prognosis, their extracellular tumor-promoting role
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have not been unveiled in HCC, especially in HBV-
related HCC, and are worth studying.

Rapid evolution of genome-wide transcriptom-
ics technology is contributing to a more precise
understanding of the correlations between clinico-
pathological characteristics and mediator molecules.
By now, several laboratories have classified patients
with HCC into proliferative and non-proliferative
subgroups, each representing 50% of patients with
HCC®7 and showing distinctions in metabolism
and clinical outcome.“? A recent study based on
integrated proteogenomic characterization reported
that patients with HBV-related HCC could be clas-
sified into three groups with obvious different molec-
ular patterns and clinical prognosis.(41) The present,
prospective study—based on a core of matrisome
genes that are highly correlated with each other—
classified patients with HBV-related HCC into two
subgroups: high expression versus low expression.
The high-expression subgroup represented a small
group of patients with HBV-related HCC (15.0% in
the TCGA cohort and 17.9% in the GEO cohort),
but revealed significantly prolonged overall survival
and recurrence-free survival than the low-expression
group. This classification was validated in two inde-
pendent cohorts with a total of 278 patients with
HBV-related HCC.

Our study also found a difference in the meta-
bolic landscape between the two identified subgroups.
Because cancer is usually viewed as a disease attribut-
able to metabolic disorders,*? the exhausted metabolic
activity in the low-expression subgroup of patients
with HBV-related HCC may be one reason why this
subgroup exhibited worse prognosis. The cell cycle
was also activated in the low-expression subgroup. As
discussed previously,(lé) cell-cycle progression could be
another reason for unfavorable outcome in the low-
expression subgroup. Moreover, the low-expression
subgroup also exhibited higher tumor purity, as these
samples presented low stromal and immune scores.
Previous studies have revealed that low tumor purity
is associated with unfavorable prognosis in colon can-

(17) : (18) . (19) ..
cer,” "/ gastric cancer, ~ and glioma, ~’ whereas it is
the opposite in HCC.*¥ The discordance is likely
explained by the fact that HCC is not as desmoplastic
as other cancers mentioned previously, in which a sig-
nificant portion of matrisome is made by fibroblasts
and other stromal cells. The cellular source of the

identified HHMGs in this study is not only limited
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to immune cells and stromal cells, but to hepatocytes,
EPCAM" cells, and cholangiocytes (Supporting Fig.
S3). Lower tumor purity shows higher proportion of
mixed nonparenchymal cells including immune cells
in the tumor region, whereas sparse infiltration of
immune cells such as cytotoxic T cells into the tumor
microenvironment has been widely reported as linked
with favorable HCC prognosis.***® Understanding
the purity or immunological characteristics of HBV-
related HCC may implement new approaches to per-
sonalized medicine.

Matrisome gene-based intervention will contrib-
ute to remodeling the tumor ECM to its physio-
logical state. Liver-specific matrisome genes can be
ideal targets for HBV-related HCC therapy, as they
can avoid undesirable side effects. To conclude, this
study identified 10 liver-specific matrisome genes that
are strictly expressed in hepatocytes and/or cholan-
giocytes, among which F9, HPX, IGFALS, and PLG
have important clinical implications in HBV-related
HCC progression and prognosis. A previous bioinfor-
matics analysis also confirmed that /9, IGFALS, and
PLG were down-regulated in HBV-related HCC.“"
PLG gene expression was also reported to be reduced
in HCC tissue in an early publication.*® However,
the specific role of these liver-specific matrisome
genes on the pathophysiology of HBV-related HCC
and the underlying mechanisms involved in their
down-regulation have not yet been reported, which
are worth exploring.
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