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Abstract

Aim: This study aimed to investigate the role of discoidin domain receptor tyrosine kinase | (DDRI) in liver hepatocellular
carcinoma (LIHC) and to evaluate its prognostic value on patient response to combination therapy.

Methods: In the current retrospective study, we examined the protein expression of DDRI in various cancers by standard
immunohistochemical (IHC) methods and evaluated its clinical significance in LIHC personalized treatment. Multiple online
databases, including The Cancer Genome Atlas (TCGA), TIMER, GEO, ROC Plotter, and Genomics of Drug Sensitivity in
Cancer (GDSC), were used.

Results: DDRI protein expression was higher in LIHC than in other nine examined cancer types. Additionally, DDRI exhibited
higher expression levels in adjacent normal tissues compared to HBs-positive LIHC tissues. Analysis at single-cell resolution
revealed that DDRI was expressed primarily in epithelial cells but not in stromal and immune cells, and DDRI expression was
lower in HBs-positive LIHC cells in comparison with normal hepatocytes. Correlation of DDRI upregulation and sorafenib
resistance was observed in the patient cohort. Moreover, DDRI| expression positively correlated with the expression of
inflammatory response-related genes, ECM-related genes, and collagen formation-related genes, but negatively correlated with
the infiltration of CD8" T cells, NK cells, and dendritic cells in LIHC.

Conclusions: Our findings suggest that DDRI expression might be induced by collagen production-related cellular events
involved in liver injury and repair, and that DDR| overexpression might contribute to the resistance to LIHC targeted therapy
and immunotherapy, highlighting DDRI as a potential prognostic biomarker and therapeutic target.
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Plain Language Summary

This study aimed to investigate the role of discoidin domain receptor tyrosine kinase | (DDRI) in liver hepatocellular carcinoma
(LIHC) and to evaluate its prognostic value on patient response to combination therapy. In the current retrospective study, we
examined the protein expression of DDRI in various cancers by standard immunohistochemical (IHC) methods and evaluated
its clinical significance in LIHC personalized treatment. Multiple online databases, including The Cancer Genome Atlas (TCGA),
TIMER, GEO, ROC Plotter, and Genomics of Drug Sensitivity in Cancer (GDSC), were used. DDRI protein expression was
higher in LIHC than in other nine examined cancer types. Additionally, DDRI exhibited higher expression levels in adjacent
normal tissues compared to HBs-positive LIHC tissues. Analysis at single-cell resolution revealed that DDRI was expressed
primarily in epithelial cells but not stromal cells and immune cells,and DDR| expression was lower in HBs-positive LIHC cells in
comparison with normal hepatocytes. Correlation of DDRI upregulation and sorafenib resistance was observed in patient
cohort. Moreover, DDR1 expression positively correlated with the expression of inflammatory response-related genes, ECM-
related genes, and collagen formation-related genes but negatively correlated with the infiltration of CD8 + T cells, NK cells, and
dendritic cells in LIHC. Our findings suggest that DDRI| expression might be induced by collagen production-related cellular
events involved in liver injury and repair and that DDRI overexpression might contribute to the resistance to LIHC targeted

therapy and immunotherapy, highlighting DDRI as a potential prognostic biomarker and therapeutic target.
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Introduction

Liver hepatocellular carcinoma (LIHC) is a prevalent malignant
tumor worldwide and is the third leading cause of cancer-related
death.' Despite substantial progress in cancer detection and
treatment options, most patients are diagnosed at advanced stages
and missed the opportunity for curative treatment, resulting in the
poor clinical outcomes.”” Although targeted therapy and the
emerging immunotherapeutic strategies have exhibited encour-
aging therapeutic efficacy in certain LIHC patients, the majority of
patients did not benefit from these therapies due to the apparent
heterogeneity and the complex tumor immune microenvironment
(TIME) of LIHC.%” Therefore, it is crucial to identify effective
predictors to stratify patients for personalized therapy. Discoidin
domain receptor tyrosine kinase 1 (DDR1), a receptor activated by
fibrillar collagen, the major component of the extracellular matrix
(ECM), has been reported to be implicated in the development of
numerous invasive cancers.*” However, the specific role of
DDRI1 in LIHC and its clinical implications have not been fully
explored.

The current study aims to investigate the expression patterns
of DDR1 in LIHC and to evaluate its predictive value on patient
response to combination therapy, facilitating the development
of personalized therapeutic strategies for LIHC patients.

Materials and Methods

Immunohistochemical Staining

In the current retrospective study, we employed a standard
immunohistochemistry (IHC) method as previously described

to evaluate the protein expression level of DDRI1 across
various cancer types.'’ The sample collection procedure was
approved by the ethics committee of Changzheng Hospital
(2016SLO0O18), and written informed consent was obtained
from all study participants. Briefly, cancer tissues were fixed in
formalin and embedded in paraffin for serial sectioning at a
thickness of 5 pm before DDR1 immunostaining. Immuno-
blotting was performed using a primary antibody (Cell Sig-
naling Technology, USA) and a secondary antibody (anti-
rabbit) following the manufacturer’s instructions. The as-
sessment of immunostaining was conducted objectively with
consideration of both the proportion of cells exhibiting pos-
itive staining and the intensity of the staining itself via the use
of ImageScope software (Aperio Technologies, Inc.).!' The
reporting of this study conforms to remark guidelines.'?

Specifically, we assessed ten different cancer types,
namely, liver cancer, prostate cancer, kidney cancer, bile duct
cancer, pancreatic cancer, colon cancer, stomach cancer,
bladder cancer, lymphoma, and melanoma. For each cancer
type, we analyzed a total of five cases to ensure a robust
representation of DDR1 expression patterns.

Single-Cell Analysis

To elucidate the expression and distribution of DDR1 at the
single-cell level, we downloaded single-cell RNA-seq data for
HBsAg-positive liver cancer from the GEO database
(GSE202642)"* and analyzed the data via the “Seurat” and
“SingleR” packages.'* The proportions of mitochondrial
genes were calculated by the PercentageFeatureSet function,
and cells with a percentage of mitochondrial genes greater
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than 20% were excluded from further analysis. Finally, a total
of 88 448 cells were included for further analysis. To nor-
malize the gene expression levels in cells, the “Normal-
izeData” and “ScaleData” functions were used, and the
“FindVariableFeatures” function was applied to identify the
top 2000 highly variable genes. To cluster and visualize the
cell subpopulations, the “RunPCA”, “FindNeighbors”,
“FindClusters” (resolution = 0.4), and “RunTSNE” functions
were applied. Moreover, the “FindAllMarkers” function was
used to identify the marker genes of each cluster. The “Sin-
gleR” function and known markers from the literature were
used to assign cell types. A heatmap of the expression of the
top 5 marker genes in the identified clusters was generated via
the “DoHeatmap” function in Seurat. Additionally, the ex-
pression and distribution of DDR1 across various cell types in
the HBsAg-negative LIHC dataset (GSE166635) were ex-
plored via the TISCH database.'”

Associations Between DDRI Expression and the
sorafenib Response in Patients with LIHC

To assess the predictive potential of DDR1 expression for
identifying patients who may benefit from sorafenib
treatment, we used the ROC Plotter database.'® This online
tool is capable of correlating gene expression with drug
response on the basis of transcriptome-level data from a
diverse array of cancer cell models. Our analysis involved
an examination of the DDR1 expression level in relation to
sorafenib sensitivity, leveraging the ROC plot functionality
within the ROC Plotter database for analysis of in vitro data.
This approach allowed us to compare DDR1 expression
patterns between cell lines that are responsive to sorafenib
(n=13) and those that are resistant (n = 6), thereby assessing
the potential of DDR1 as a biomarker for therapeutic
stratification.

To further investigate the clinical significance of DDR1 in
LIHC, we enrolled 265 LIHC patients from the Eastern
Hepatobiliary Surgery Hospital (EHBH) and evaluated
DDRI protein expression in both cancerous and adjacent
normal liver tissues via immunohistochemistry. Ethical ap-
proval was obtained from the ethics committee of EHBH, and
paired t tests were used to compare the DDRI1 expression
levels between LIHC tissues and adjacent normal tissues.
Using the “maxstat” (maximally selected rank statistics with
several P value approximations, version 0.7-25) R package,
we calculated the cutoff value of DDR1 expression (cutoff =
0.25) among the 265 LIHC patients and separated them into
the DDR1-high (n = 92) and DDR1-low (n = 173) subgroups.
Given that hepatitis B virus (HBV) infection is a major risk
factor for LIHC and that the majority of the enrolled LIHC
patients were HBsAg positive (86.8%), we explored the as-
sociation between DDR1 expression and overall survival (OS)
in the sorafenib-treated (n = 91) and nontreated (n = 139)
subgroups of the 230 HBsAg-positive patients. All methods

were performed in accordance with the relevant guidelines and
regulations.

Associations Between DDR| Expression and Sensitivity
to Immunotherapy in Patients with LIHC

Building upon previous research indicating that
DDRI1 activation by collagen can promote collagen fiber
alignment, impede immune cell infiltration, and contribute to
immune exclusion in the context of breast cancer,” we con-
ducted a comprehensive analysis to explore the relationship
between DDRI1 expression and sensitivity to immunotherapy
in patients with LIHC. We compiled a list of genes implicated
in the inflammatory response, extracellular matrix (ECM), and
collagen formation from established pathways (Table S2)"
and analyzed their transcript levels in LIHC patients via the
Gene Set Variation Analysis (GSVA) package in R software,
with the method parameter set to ’ssgsea’. This approach
facilitated the assessment of gene set expression scores on the
basis of individual gene expression measurements.

We subsequently performed Spearman correlation analysis to
determine the correlation between DDR1 expression and the gene
set scores for the above pathways in LIHC patients. Furthermore,
we investigated the associations between the DDR1 expression
level and the infiltration scores of immune cells, including CDS"
T cells, NK cells, and dendritic cells, within the tumor microen-
vironment of LIHC. Additionally, given the significant associa-
tion between immune checkpoint molecules and immunotherapy
efficacy in cancer,'® we examined the correlation between
DDRI1 expression and the expression of seven immune
checkpoint molecules in LIHC. In addition, the association
between DDR1 expression and the Tumor Immune Dysfunc-
tion and Exclusion (TIDE) score was evaluated using the TIDE
algorithm."”

Associations between DDR| Expression and the
Response to Combined Targeted Therapy and
Immunotherapy in Patients with LIHC

A total of six patients diagnosed with advanced LIHC were
included in this study to assess the clinical relevance of
DDRI1 expression in guiding combined treatment with im-
munotherapy and targeted therapy in patients with LIHC. All
patients were treated with a PD-1 inhibitor plus lenvatinib
followed by surgical resection, and the treatment response was
evaluated. Among the six patients, one had progressive dis-
ease (PD), two had stable disease (SD), and three had a partial
response (PR). IHC staining was performed to determine the
level of DDRI1 protein expression in the patients using
standard protocols. Based on the previously identified cutoff
value for DDR1 expression, patients with a DDR1 level lower
than the cutoff were classified as DDR1-low, whereas those
with a higher level were classified as DDR1-high.
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Results and Discussion

DDRI Expression Profiling Across Cancer Types and its
Clinical Significance in LIHC Patients

Previous studies have reported that DDR1 is upregulated in
liver cancer tissues compared to adjacent normal tissues. **-2°
Overexpression of DDR1 has been shown to be positively
correlated with tumor grade and the poor prognosis of LIHC
patients. However, the expression profile of DDR1 in LIHC
and its clinical significance in predicting patient responses to
targeted therapy and immunotherapy have not been reported to
date. We aimed to fill this knowledge gap by investigating the
associations between DDR1 expression and various immu-
nological parameters, as well as the potential of DDR1 as a
predictive biomarker for the response to LIHC treatment in
patients.

We first used a standard IHC method to evaluate
DDRI expression in various cancer types and found that
DDRI1 protein level was higher in LIHC than any of other nine
cancer types, including prostate cancer, kidney cancer, bile
duct cancer, pancreatic cancer, colon cancer, stomach cancer,
bladder cancer, lymphoma, and melanoma (Figure 1(A),
Figure 1, Table S1). Interestingly, greater DDR1 expression
was detected in adjacent normal tissues than in liver cancer
tissues from HBsAg-positive LIHC patients (Figure 1(B),
Table S3). It is accepted that HBV infection is a major
causative factor of LIHC, and patients with HBV infection
always present with hepatic injury and subsequent fibrosis,
which usually results in the induction of DDR1 expression. In
our study, 86.8% of LIHC patients (230/265) were infected
with HBV, which could at least partially explain the higher
level of DDRI1 in their adjacent normal liver tissues.

DDRI Expression Pattern in LIHC at the
Single-Cell Resolution

To elucidate the expression and distribution of DDR1 at the
single-cell level, we analyzed single-cell RNA sequencing
data from HBsAg-positive LIHC patients (GSE202642). After
a series of standard data quality control procedures,
88 448 cells were included in the analysis (Figure S2), and we
found that DDR1 was expressed primarily in epithelial cells
but not stromal cells and immune cells (GSE166635), and
DDRI level was lower in HBs-positive LIHC cells than that in
normal hepatocytes (GSE202642) (Figure 1(C)—(E)).

Correlation of DDRI Expression and sorafenib
Response in LIHC Patients

Sorafenib is one of the most common used first-line targeted
drugs for advanced LIHC in clinic, but only the minority of
patients exhibited positive response to sorafenib therapy.® To
explore the predictive value of DDR1 expression in the re-
sponse of LIHC to sorafenib treatment, we compared

DDRI1 expression between sorafenib responders and nonre-
sponders utilizing the ROC Plotter database. Our data revealed
a much higher level of DDRI expression in sorafenib non-
responder group than in sorafenib responder group, suggesting
that DDRI overexpression might contribute to sorafenib re-
sistance (Figure 1(F)). To verify the correlation between
DDRI1 expression and the response to sorafenib in patients
with LIHC, we examined the DDR1 protein level in the LIHC
tissues of patients treated with or without sorafenib. Inter-
estingly, we found that DDR1 expression did not correlate
with OS in LIHC patients who were not treated with sorafenib
(n = 139) (Figure 1(G)), whereas LIHC patients with high
DDR1 had worse OS than those patients with low
DDRI levels upon sorafenib treatment (Figure 1(H)). These
results suggest that high DDR1 expression might lead to
sorafenib resistance and that DDR1 could be a potential
biomarker for predicting the response to targeted therapy in
LIHC. Sorafenib is a multityrosine kinase inhibitor, whereas
DDRI is not one of the target of sorafenib. Therefore,
overexpression of DDR1 could compensate the activation of
those sorafenib-inhibited kinases, which explains, at least
partially, the mechanism underlying DDR1-mediated sor-
afenib resistance.

Association Between DDRI Levels with Immune
Evasion and Therapy in LIHC

Currently, immunotherapy has strikingly improved cancer
therapy and has been widely used in LIHC treatment.” Suf-
ficient infiltration and activation of immune cells in the tumor
microenvironment are the basis for the success of cancer
immunotherapy. Most recently, Sun et al reported that
DDRI1 could promote collagen fiber alignment and contribute
to immune exclusion.® They found that high DDR1 expression
was inversely associated with CD8" T cell infiltration, which
facilitated the immune escape of tumor cells and immuno-
therapy resistance in human breast cancer.” In our study, we
observed the positive correlations between the DDRI ex-
pression and the levels of inflammatory response-related
genes, ECM-related genes, and collagen formation-related
genes in LIHC, suggesting that DDR1 expression could be
activated by collagen production-related cellular events in-
volved in liver injury and repair (Figure 1(I), Figure 3(A)-
(C)). We also found the negative correlations between
DDRI expression and the infiltration of CD8" T cells, NK
cells, and dendritic cells (Figure 1(I), Figure S3(D)), con-
sistent with the observation that DDR1 can bind collagen and
promote the alignment of collagen fibers, obstructing immune
cell infiltration in breast cancer. In addition, we found that
DDRI expression was positively correlated with the expres-
sion of seven typical immune checkpoint molecules and the
TIDE score in LIHC (Figure 1(I), Figure 3(E) and (F)). Taken
together, these results suggest that high DDR1 expression
might contribute to immunotherapy resistance and that


https://journals.sagepub.com/doi/suppl/10.1177/10732748241286257
https://journals.sagepub.com/doi/suppl/10.1177/10732748241286257
https://journals.sagepub.com/doi/suppl/10.1177/10732748241286257
https://journals.sagepub.com/doi/suppl/10.1177/10732748241286257
https://journals.sagepub.com/doi/suppl/10.1177/10732748241286257
https://journals.sagepub.com/doi/suppl/10.1177/10732748241286257
https://journals.sagepub.com/doi/suppl/10.1177/10732748241286257
https://journals.sagepub.com/doi/suppl/10.1177/10732748241286257

Li et al. 5

>
(9]

GSE202642: HBV-HCC D
oc

1.0 N\ ‘ ;

Fibroblasts |
Hepatacyte L ]

B cells
Endotholial colls |

MDSC

Averagn Expression
]

Relative DDR1 levels
IHC staining
o
o

Malignant
NK
MonoMacro: @

3

Percans Expresses

T calls

%
NK cells

DDR1

W
7]
z
m

0.35 —_— E
0.30 4

0.25 -

HBS-positive NC

0.20

LIHC

[ 0.01 0.04 0.03 0.02 | 0.03 ] 0.04 0.03 | 014 | 0.06 _
S R v
<

0.15 -

—
HBS-positive NC LIHG

& @@’ &
F G EHBH cohort-1 H EHBH cohort-2 I
1.00 1.001 Y_tresp —
> — Low > — Low ECM relatted genes  —
] = - High £ — High Collagen_formation o
&= 2% | 075 D8+ T cell § -—|
B ] ] NK cell | —
£ o080 5 o504 - coll { —f
¢ 2 s £ SIGLEC15+ I
= 2 0.254 z 025 £ PDCD1 f—
o & a S | PocDiLG2 —
as Log-rank P = 0.323 Log-rank P= 0.032 5 LAG3 1 ——e
0 1000 2000 3000 0 500 1000 1500 2000 2500 g CTLA¢ —
2 Nine Time £ cp274 —
) -L L“w Low ] e -
= High-4s 2 3 ] High{37 22 11 4 2 0 TIDE 1 ——e
N Res
NS -0725 0.00 025

Correlation coefficient

DDR1-High: PD DDR1-Low: PR1

DDR1 expression

DDR1-cutoff
0.2
M I I I I I
0.0

# #2 #3 #4 #5 #6
Patients

Figure . Genetic function and clinical significance of DDRI expression in LIHC. (A) Protein expression of DDRI across cancers. All values
are presented as the means + SDs. (B) Comparison of DDR1 protein expression between LIHC tissues and adjacent normal tissues. (C) The
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DDRI could serve as a potential biomarker for predicting the
response to immunotherapy in LIHC patients.

Predictive Value of DDRI for Personalized LIHC
Combination Therapy

Currently, the combination of targeted therapy and immu-
notherapy has become one of the most common strategies in
the treatment of advanced LIHC.” To further evaluate the
clinical significance of DDRI1 in the combination therapy of
advanced LIHC, we enrolled six LIHC patients treated with
lenvatinib plus a PD-1 inhibitor: one patient with progressive
disease (PD), two patients with stable disease (SD), and three
patients with a partial response (PR). As shown in Figure 1(J)
and (K), we found that patients with the worst clinical outcome
(PD) presented with a higher level of DDR1 than those with
better outcomes (SD and PR), suggesting that DDR 1 might be
a potential biomarker for predicting the response to combi-
nation therapy in LIHC patients (Figure 1(L)), which is worthy
of further validation in larger clinical cohorts in future.

Conclusions

The current study revealed that DDR1 expression could be
activated by collagen production-related cellular events in-
volved in liver injury and repair, and the upregulated
DDRI1 might mediate the resistance to targeted therapy and
immunotherapy in LIHC. Therefore, we propose that
DDRI1 might be a novel biomarker for the personalized
combination treatment in LIHC patients.

Appendix

Abbreviations

LIHC Liver hepatocellular carcinoma

TIME Tumor immune microenvironment

TCGA  The Cancer Genome Atlas

TIMER  Tumor Immune Estimation Resource
DDRI1  Discoidin domain receptor tyrosine kinase 1
ECM extracellular matrix

IHC immunohistochemical

EHBH  Eastern Hepatobiliary Surgery Hospital
HBV hepatitis B virus

TIDE Tumor Immune Dysfunction and Exclusion
PD progressive disease

SD stable disease

PR partial response

(0N overall survival
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