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Disk-like domain receptor 1 (DDR1) is a crucial regulator of pro-inflammatory mediators and matrix-
degrading enzymes. Although mounting evidence supports a vital role for DDR1 in the tumorigenesis
of some cancers, no pan-cancer analysis of DDR1 has been reported. Therefore, we aimed to explore
the prognostic value of DDR1 in 33 cancer types and investigate its potential immune function. We
used a range of bioinformatics approaches to explore the potential carcinogenic role of DDR1 in
multiple cancers. We found that DDR1 was expressed at high levels in most cancers. DDR1 expression
was positively or negatively associated with prognosis in different cancers. DDR1 expression was
significantly associated with DNA methylation in 8 cancers, while there was a correlation between
DDR1 expression and RNA methylation-related genes and mismatch repair gene in most cancers.
Furthermore, DDR1 expression was significantly associated with microsatellite instability in 6 cancers
and tumor mutation burden in 11 cancers. In addition, DDR1 expression was also significantly
correlated with immune cell infiltration, tumor microenvironment, immune-related genes, and drug
resistance in various cancers. In conclusion, DDR1 can serve as a potential therapeutic target and
prognostic marker for various malignancies due to its vital role in tumorigenesis and tumor immunity.

The incidence and mortality of cancer have increased rapidly year by year, seriously endangering human health
worldwide'. In recent years, tumor immunotherapy has emerged as a promising approach to cancer treatment,
such as targeted PD-1/PD-L1% However, cancer cells have also generated complex ways to escape from attacks on
the immune system. For instance, mutation of B2MG could lead to HLA loss, failing some neoantigens to present
on the cell surface. Consequently, patients will develop drug resistance to PD-1 due to toxic T cell reactions’.
Furthermore, the economic burden of cancer has increased worldwide®*. Therefore, there is an urgent need to
find new diagnostic biomarkers and new targets for cancer therapy.

Disk-like domain receptor 1 (DDR1), which consists of a disk-like domain and an extracellular domain, is a
tyrosine kinase receptor®. When activated by collagen, DDR1 triggers the activation of a series of downstream
signaling pathways that induce the expression of pro-inflammatory mediators and matrix-degrading enzymes®.
A previous study revealed that DDRI1 inhibition could reduce neuropathological and inflammatory responses in
neurodegenerative disease’. DDR1 participates in tumor progression by regulating cellular functions, including
migration, cytokine secretion, and extracellular matrix homeostasis/remodeling. For example, DDR1 enhanced
mammary tumor growth by regulating the production of interleukin-6 in mice®. Another study proved that
DDRI increased extracellular matrix remodeling through its ligand extracellular matrix proteins leading to liver
metastasis in uveal melanoma’. Furthermore, the extracellular matrix (ECM) of the tumor microenvironment was
enhanced by the extracellular domain of DDR1, which inhibited tumor T-cell infiltration and promoted tumor
growth in a triple-negative breast cancer mouse model'’’. DDR1 promoted development in orthotopic glioblas-
toma mouse models and human ER-positive, HER2-negative breast cancer and reduced the efficacy of chemo-
therapy agents by activating the AKT signaling pathway in these tumor cells'""'>. However, metformin could
inhibit the expression of p-Akt and increase the expression of DDR1, decreasing cervical cancer progression'.
Likewise, DDRI1 is expressed at lower levels in clear cell renal cell carcinoma (ccRCC) and is related to shorter
overall survival (OS)". Therefore, comprehensive DDR1 analyses based on prognosis, tumor microenvironment,
immune efficacy, and therapeutic efficacy in all cancer types are needed.
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In the present study, we used the most up-to-date data from numerous databases, including The Cancer
Genome Atlas (TCGA), Cancer Cell Line Encyclopedia (CCLE), Genotype Tissue-Expression (GTEx), and
Gene Set Cancer Analysis (GSCA), to systematically analyze DDR1 expression levels and their relationship
with prognosis in 33 types of cancer. We also assessed the relationship between DDR1 expression and DNA
methylation, microsatellite instability (MSI), tumor mutation burden (TMB), and the tumor microenviron-
ment (TME) in 33 types of cancer. We used co-expression analysis to analyze the relationship between DDR1
expression and RNA methylation-related genes, mismatch repair (MMR) gene, immune-related genes, and
drug sensitivity in different cancers. Moreover, we investigated the biological function of DDR1 in tumors using
single-cell sequencing database and enrichment analysis and verified the results with in vitro experiments with
ccRCC, bladder cancer (BCa), and prostate cancer (PCa) cell lines. Our results suggest that DDR1 can serve as
a prognostic factor for various cancers and play a vital role in tumor immunity by influencing MSI, TMB, and
tumor-infiltrating immune cells.

Methods

Data collection. Gene expression, somatic mutations, and related clinical data from 33 types of cancer were
downloaded from the UCSC Xena database (https://xenabrowser.net/datapages/), as well as RNA expression
data of normal tissues of GTEx. The cell line expression matrix of RNA expression was downloaded from the
CCLE database (https://portals.broadinstitute.org/ccle/).

DDR1 methylation profile in pan-cancer based on GSCA. To evaluate the differential degree of
methylation of DDRI between tumor and corresponding normal samples, the correlation between DDR1
mRNA expression and DNA methylation in different cancer types was analyzed based on the GSCA database.

Correlation of DDR1 expression with RNA methylation-related genes. RNA methylation modi-
fications, including m6A (N6-methyladenosine), m5C (methyl-5-cytosine), and m1A (N1-methyladenosine),
give rise to different outcomes that influence RNA functions'. Expression profile data from TCGA was used
to evaluate the correlation between DDR1 and the levels of m6A-, m5C-, and m1A-related genes in different
cancers, including Cbl proto-oncogene like 1 (CBLL1), WT1 associated protein (WTAP), methyltransferase
3 N6-adenosine-methyltransferase complex catalytic subunit (METTL3), METTL14, RNA binding motif pro-
tein 15 (RBM15), RBM15B, zinc finger CCCH-type containing 13 (ZC3H13), alkB homolog 5, RNA demethy-
lase (ALKBHS5), FTO alpha-ketoglutarate dependent dioxygenase (FTO), insulin like growth factor 2 mRNA
binding protein 1 (IGF2BP1), YTH domain containing 1 (YTHDC1), YTHDCI12, YTH N6-methyladenosine
RNA binding protein 1 (YTHDF1), THDF2, YTHDEF3, NOP2/Sun RNA methyltransferase family member 7
(NSUN7), NOP2/Sun RNA methyltransferase 2 (NSUN2), NSUN3, NSUN4, NSUN5, NSUN6, tRNA aspartic
acid methyltransferase 1 (TRDMT1), DNA methyltransferase 1 (DNMT), DNMT3, DNA methyltransferase
3 alpha (DNMT3A), DNMT3B, NOP2 nucleolar protein (NOP2), tet methylcytosine dioxygenase 2 (TET2),
tRNA methyltransferase 6 non-catalytic subunit (TRMT6), Aly/REF export factor (ALYREF), tRNA meth-
yltransferase 61A (TRMT61A), TRMT61B, alkB homolog 1, histone H2A dioxygenase (ALKBH1), and alkB
homolog 3, alpha-ketoglutarate dependent dioxygenase (ALKBH3).

Analysis of the relationship between DDR1 and prognosis. Kaplan-Meier (KM) and univariate
Cox regression analyses were performed to evaluate the OS, disease-specific survival (DSS), disease-free inter-
val (DFI), and progression-free interval (PFI) of patients from the TCGA database. Univariate Cox regression
analysis was conducted using the R packages “survival” and “forestplot” to assess the relationship between DDR1
expression and survival across cancers.

Correlation of DDR1 expression with mismatch repair gene expression, microsatellite insta-
bility, and tumor mutation burden. TCGA expression profile data were used to assess the expression
level of MMR gene expression, including mutL homolog 1 (MLH1), mutS homolog 2 (MSH2), MSH3, MSH4,
MSH5, MSH6, PMSI homolog 1, mismatch repair system component (PMS1), and PMS2 in different cancers
and to evaluate the correlation between the levels and those of DDR1. MSI scores for samples of 33 cancer types
were determined based on somatic mutation data downloaded from the TCGA database. Data of varscan2 vari-
ant aggregation and masking was downloaded from the UCSC Xena database, and a Perl script was used to cal-
culate TMB scores. Spearman’s rank correlation coefficient was used to analyze the relationship between DDR1
expression and MMR gene, MSI, and TMB.

Relationship between DDR1 expression and immunity. The relationship between DDR1 expression
and TME was studied through the ESTIMATE algorithm. This algorithm was used to calculate immune and
stromal scores for each tumor sample of 33 types of cancer. The relationship between DDRI1 expression and these
scores was evaluated according to the degree of immune infiltration using the R packages “estimate” and “limma”
We downloaded the immune cell infiltration score of TCGA from the CIBERSORT database (https://cibersortx.
stanford.edu/) and used CIBERSORT to calculate relative scores for 22 immune cells in 33 cancers. Spearman’s
rank correlation coefficient was used to analyze the correlation between DDRI1 levels and each immune cell infil-
tration level in cancer. In addition, we explored the association between DDR1 expression and immune-related
genes, which are chemokine, chemokine receptor, major histocompatibility complex (MHC), immunosuppres-
sive, immunostimulatory, and immune checkpoint-related genes, in 33 types of cancer, and used the R package
“limma”; the “reshape2” and “RColorBrewer” packages were used to visualize the results.
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Drug sensitivity analysis. To evaluate the relationship between drug sensitivity and DDR1 mRNA expres-
sion, we assessed drug screening data using the GSCA database, which integrated genomic data for over 10,000
samples for 33 cancer types from TCGA and data over 750 small-molecule drugs from Genomics of Drug Sen-
sitivity in Cancer (GDSC) database.

Single-cell sequencing data analysis. To validate the different functions of DDRI in cancer cells at the
single-cell level, we downloaded relevant data from the CancerSEA database and created a heatmap. Further-
more, the t-SNE diagrams of all individual cells were also obtained from CancerSEA.

Gene set enrichment analysis. Gene set enrichment analysis (GSEA) was conducted to explore the bio-
logical functions of DDRI across cancers (https://www.gsea-msigdb.org/gsea/downloads.jsp). Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) gene sets were downloaded from the KEGG website (www.kegg.jp/kegg/

keggl.html) and used the R packages “limma’, “org.Hs.eg.db”, “clusterProfiler’, and “enrichplot” were used to
investigate the functions of DDRI.

Cell culture. The human proximal tubular epithelial cell line HK-2 and human ccRCC cell lines 786-O and
Caki-1, immortalized normal human urothelial cell line SV-HUC-1 and human bladder urothelial carcinoma
cell lines T24 and 5637, and human normal prostatic epithelial cell line RWPE-1 and human PCa cell lines PC-3
and DU145 were all purchased from Procell Life Science & Technology Co., Ltd. (Wuhan, China). HK-2, Caki-1,
T24, and DU145 cells were cultured in DMEM medium (Procell) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin. Furthermore, 786-O and 5637 cells were cultured in RPMI 1640 medium
(Procell) supplemented with 10% FBS and 1% penicillin/streptomycin. SV-HUC-1 and PC-3 cells were cultured
in Ham’s F-12K medium (Procell) supplemented with 10% FBS and 1% penicillin/streptomycin. RWPE-1 cells
were cultured in complete medium of human prostatic epithelial cells (Procell). All the cell lines were cultured
in an incubator with 5% CO, at 37 °C.

Reverse transcription-quantitative polymerase chain reaction. Total RNA from the above cells
and their corresponding normal cell lines was isolated using an RNA kit (TransGen Biotechnology, Beijing,
China). RNA concentration was measured using NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA,
USA). Next, cDNA was obtained using reverse transcription (RT). Finally, RT-quantitative polymerase chain
reaction (QPCR) was conducted to investigate the expression of DDR1 using Green qPCR SuperMix (TransGen
Biotechnology). The specific primers in our study were as follows: DDR1, F-5-CCGACTGGTTCGCTTCTA
CC-3', and R-5-CGGTGTAAGACAGGAGTCCATC-3'; B-actin, F-5'-GACGTGGACATCCGCAAAG-3', and
R-5'-CTGGAAGGTGGACAGCGAGG-3'. Finally, the relative expression of DDR1 was calculated using the 2—
AACT method.

Statistical analysis. All the gene expression data were normalized by log2 transformation. The correla-
tion analysis between the two variables used Spearman’s test or Pearson’s test; P<0.05 was considered signifi-
cant. Comparison of differences between adjacent normal and tumor tissues was performed using Wilcox test;
P <0.05 was indicated the statistical significance. The Kaplan-Meier curve and univariate Cox proportional haz-
ard regression model were used for all survival analyses. All statistical analyses were processed by R software
(Version 4.1.2).

Results

Differential expression of DDR1 between tumor and normal tissue samples. To better under-
stand DDR1 expression levels in various cancer types, we first performed a pan-cancer analysis of 33 cancers in
the TCGA database. Excluding cancers without corresponding normal samples, significant differences in DDR1
expression were found between tumor and normal tissues in 17 types of cancer. DDRI is highly expressed in
bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), cervical squamous cell carcinoma
and endocervical adenocarcinoma (CESC), cholangiocarcinoma (CHOL), esophageal carcinoma (ESCA), glio-
blastoma multiforme (GBM), head and neck squamous cell carcinoma (HNSC), kidney chromophobe (KICH),
kidney renal papillary cell carcinoma (KIRP), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma
(LUAD), lung squamous cell carcinoma (LUSC), rectum adenocarcinoma (READ), stomach adenocarcinoma
(STAD), thyroid carcinoma (THCA), and uterine corpus endometrial carcinoma (UCEC). In contrast, DDR1
was down-regulated in tumor tissues relative to normal tissues in kidney renal clear cell carcinoma (KIRC)
(Fig. 1A, Supplementary Table S1). As the number of normal samples for some cancers in the TCGA data-
base was limited, we used data from the GTEx database, which includes data on diverse tissues from healthy
persons. Our results showed that the expression of DDR1 was highly different in 25 of the 26 cancers versus
normal tissues when the TCGA and GTEx databases were combined. DDR1 was expressed at lower levels in
lymphoid neoplasm diffuse large B-cell (DLBC), KIRC, acute myeloid leukemia (LAML), pancreatic adenocar-
cinoma (PAAD), pheochromocytoma and paraganglioma (PCPG), prostate adenocarcinoma (PRAD), and skin
cutaneous melanoma (SKCM) but was expressed at higher levels in another 18 tumors (Fig. 1B, Supplementary
Table S1). Moreover, we also investigated the expression of DDRI in different cancer cell lines based on the
CCLE database (Fig. 1C). In addition, as shown in Fig. 1D-F, a relatively low expression DDR1 was detected in
786-0 and Caki-1 cells than in HK-2 cells. In contrast, DDR1 expression was highly in BCa and PCa cells than in
their corresponding normal cell lines. Taken together, these data indicate that DDRI expression is dysregulated
in various cancers versus adjacent normal tissues and may serve as an oncogene or suppressor in these cancers.
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Figure 1. Differential expression of DDR1. (A) Comparison of DDRI expression between tumor and normal

samples in the TCGA database. (B) Comparison of DDR1 expression between tumor and normal samples in

the TCGA and the GTEx databases. (C) DDRI1 expression in tumor cell lines. *P<0.05, **P<0.01, ***P<0.001.

(D-F) The expression level of DDR1 was evaluated in clear cell renal cell carcinoma (ccRCC), bladder cancer

(BCa), and prostate cancer (PCa) cells and their corresponding normal cells by qRT-PCR.
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DDR1 is associated with expression levels of DNA methylation and RNA methylation-related
genes across cancers. DNA methylation alteration has been observed in various cancers and is considered
a cause of carcinogenesis'®. We analyzed the correlation between promoter methylation and mRNA expression
of DDR1 using the GSCA database. Our data revealed a correlation between DDRI expression and DNA meth-
ylation in 32 types of tumors (Fig. 2A, Supplementary Table S1). DDR1 expression and promoter methylation
levels were significantly positive in BRCA, KIRP, LIHC, LUAD, LUSC, THCA, and UCEC, while negatively cor-
related in KIRC (Fig. 2B).

RNA methylation modifications, including m6A, m5C, and m1A, give rise to different outcomes influencing
RNA functions and may contribute to tumorigenesis'®. Likewise, in most tumors, DDR1 expression was posi-
tively correlated with YTHDCI1, YTHDEF2, TRMT61B, and DNMT3A, especially in LIHC, PCPG, and PRAD.
As shown in Fig. 2C, NSUN2 and NSUN?7 were positively correlated with DDR1 expression in BLCA, HNSC,
LIHC, sarcoma (SARC), THCA, and thymoma (THYM). The results show that the altered epigenetic status of
DDRI1 may contribute to tumorigenesis.

Prognostic significance of DDR1. Next, we performed the prognostic value of DDR1 expression in pan-
cancer, including OS, DSS, DF], and PFI analyses based on the TCGA database. OS by Cox regression indicated
that DDR1 was a protective factor for patients with KIRC, KIRP, KICH, MESO, and UVM (Fig. 3A). Similarly,
the analysis of the KM OS revealed that DDRI acts as a protective factor for patients with KIRC, mesothelioma
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Figure 2. Association between DDR1 expression and DNA methylation and m6A-, m5C-, and m1A-related
genes across cancers. (A) Correlation between methylation and mRNA expression levels of DDRI. (B)
Methylation differences in DDR1 mRNA in different cancers. (C) Heatmap illustrating the relationship between
DDR1 and m6A-, m5C-, and m1A-related genes. The top left triangle represents the P-value, and the bottom
right triangle represents the correlation coefficient. *P<0.05, **P<0.01, ***P<0.001.
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Figure 3. Association between DDRI expression and overall survival (OS). (A) Forest plot shows the univariate
Cox regression results for the association between DDR1 expression and OS in 33 types of tumors. (B-D)
Kaplan-Meier analysis of the association between DDRI expression and OS.
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Figure 4. Association between DDR1 expression and disease-specific survival (DSS). (A) Forest plot shows the
univariate Cox regression results for the association between DDR1 expression and DSS in 33 types of tumors.
(B-F) Kaplan-Meier analysis of the association between DDR1 expression and DSS.

UVM, and Cox regression analysis showed that DDR1 was a protective factor in BLCA, KICH, KIRC, KIRP, and
UVM (Fig. 5C-E). These data suggest that DDRI expression is significantly associated with patient prognosis
across multiple cancer types, especially in patients with KIRP, KIRC, and UVM.

Scientific Reports|  (2023)13:5779 | https://doi.org/10.1038/s41598-023-27975-9 nature portfolio



www.nature.com/scientificreports/

A
prelle
ACC 033
BLCA 089t
BRCA 0616
CESC 0301
CHOL 036t
COAD 0007
DBC 0748
ESCA  08%0
HNSC 0832
KCH — 03%
KRC 0656
KRP 022t
66 088
LHC 0799
LUAD 030
WS 049
MESO 064t
o 0882
PARD 021
PCPG 09%
PRAD 094t
READ 0889
SARC 0849
STD 038
T6CT 0469
THCA  08%
UCEC 0723
Ues 0159
D
prelug
ACC 198
BLCA 003§
BRCA 0830
(ESC 069
CHOL - 0998
COAD 0071
DIBC 0457
ESCA 0547
GBM 490
HNSC 0245
KICH 005
KRG <0001
KRP— <0001
0767
LHC 0309
LUAD 053
LUsc 02
MESO 014
o 158
PAAD 0685
PG 064
PRAD 0478
READ 0770
SARC 0380
KM 0754
STAD 0934
T60T 0668
THCA 0682
THM 010
UCEC 0756
UCS 964
U 04

Hazard rai A
0T7(0483-4.31) =
112073%-1706) a
0930714+ 221) &
1363(0756-2454) ==
11040816-1.749) -

4257(1487-12169) B
06510047-0) e
0942(0500-1 744 ==
0984(0615-1476) o=
04500005-2060) e
11440630-2078) ==
0737(0453-1.201) alm
1070(0546-2000) -
10170084-1.157) ¥
1.156(0865-1.549) *
0904(0677-1.206) *
0819(0.3%-1.8%4) -
0981(0762-1.289) @
137100778-243) ==
09390216-407) ]
1005(0537-1959) =
0891(0.176-4.507) ——
0976(0758-1.2%) )
0648(0608-1.18) +
0820(0482-1.3%) ==
104900512-2.151) B
0947(069%-1.289) *
1646(0823-3294) -
0.0620.250 1.00 400
Hazard rafio
P
-
L J
=
-
-
==
— —
==
==
=
-
an
-
=
&
S
L
-m
L
-=
——
o
——
=
®
=
——
——
=
=
-
——

018 035 071 141
Hazard rafio

Cancer: UCS
DDR1 levels == high == low
_1.00 “-l:h“
g - P .
2075
£
[0
L o050
@
3025
3 p=0.048
a
0.00
o 1 2 3 4 5 6 7 8 9 10 11 12
Time(years)
@
[
thghj131172221000000
Flowii13 10 8 6 6 5 4 2 2 1 1 1 0
a o0 1 2 3 4 5 6 7 8 9 10 11 12
o Time(years)
Cancer: PCPG
DDR1 levels == high == low
< 1.00
2
5 .
£ 075 .
3
&
’I:O.SO
o
2
0 025 _
g p=0.043
<
a 0.00
012345678 91011121314151617181920
Time(years)
o
2
thgh193654826149643111111111100
5 lowq 93664024191614 9 8 8 2 0 0 0 0 0 0 0 0 00
a 012345678 91011121314151617181920
o Time(years)
Cancer: UVM
DDR1 levels == high =+ low
< 1.00
2
L
£ 075
Q
2
L 050
o
‘B
8025
{=2
<
a. 0.00
0 1 2 3 4 5 6
Time(years)
£
g
2 hlghi 39 33 24 13 2 1 1
5 lowi 40 22 13 8 2 1 0
a 0 1 2 3 4 5 6
o Time(years)

Figure 5. Association between DDR1 expression and disease-free interval (DFI) and progression-free interval
(PFI). (A, D) Forest plot shows the univariate Cox regression results for the association between DDR1
expression and DFI and PFI in 33 types of tumors, respectively. (B) Kaplan-Meier analysis of the association
between DDRI1 expression and DFI. (C, E) Kaplan-Meier analysis of the association between DDR1 expression

and PFI.
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nize and fix these errors'”. Tumors with defects in the MMR system are vulnerable to mutations in microsatel-
lites, causing high levels of MSI, which leads to the accumulation of mutation loads in cancer-related genes and
the aggravation of TMB'S. Hence, we analyzed the relationship between the expression of DDR1 and MMR
gene, including MLH1, MSH2, MSH3, MSH4, MSH5, MSH6, PMS1, and PMS2. In most tumors (except COAD,
DLBC, LAML, LUAD, and SKCM), MMR gene expression was significantly positively correlated with DDR1
expression (Fig. 6A, Supplementary Table S1). We also analyzed the relationship between the expression of
DDRI and MSI, and TMB. Our results showed that DDR1 was significantly correlated with MSI in CESC, KIRC,
brain lower grade glioma (LGG), LUSC, STAD, and UCS (Fig. 6B). As shown in Fig. 6C, DDR1 expression was
highly correlated with TMB in 11 types of tumors, including LAML, PAAD, STAD, and THYM. In summary,
these results indicate that DDR1 may mediate tumorigenesis by regulating DNA damage.

Relationship between DDR1 expression and tumor microenvironment. An increasing num-
ber of reports have indicated that the tumor microenvironment plays a vital role in tumor occurrence and
development". Therefore, we investigated the pan-cancer relationship between TME and DDRI1 expression,
using the ESTIMATE algorithm to calculate the stromal and immune cell scores in 33 types of cancer (Supple-
mentary Table S1). Our results revealed that DDR1 was negatively correlated with immune scores and stromal
scores in 14 cancers (BLCA, BRCA, GBM, HNSC, KIRC, KIRP, LUAD, LUSC, PAAD, SARC, SKCM, STAD,
THCA, and UCEC). The eleven tumors with the highest correlation coefficients are presented in Fig. 7; the
results for other cancers are shown in Supplementary Fig. S1. These findings suggest that DDR1 may influence
the immune tolerance of tumors by regulating TME.

Relationship between DDR1 expression and levels of tumor immune cell infiltration.  Next, we
examined the relationship between DDR1 expression and the levels of infiltration of 22 immune-related cells.
The results revealed that DDR1 was negatively correlated with the infiltration levels of MO macrophages and
activated CD4 T memory cells, while positively correlated with those of activated dendritic cells in TCGA pan-
cancer datasets (Fig. 8, Supplementary Table S1). For example, DDR1 expression was negatively correlated with
the levels of infiltration M0 macrophages in adrenocortical carcinoma (ACC), BLCA, BRCA, CESC, and LUSC.
DDRI expression was negatively correlated with activated CD4 T memory cells in COAD, LUAD, LUSC, and
SARC, while positively related to those of activated dendritic cells in BLCA, CESC, LUAD, LUSC, PRAD, STAD,
and UCEC. We also analyzed the correlation between DDR1 and B cells and NK cells in 33 types of cancer.
DDRI expression was positively correlated with naive B cells in GBM, HNSC, LAML, LUSC, and THCA, while
negatively correlated in BLCA. In addition, DDR1 was positively correlated with activated NK cells in PAAD,
STAD, and THYM but negatively correlated in KIRC. The eight tumors with the highest correlation coefficients
between the degree of infiltration and DDRI expression for each type of immune cell are presented in Fig. 8; the
results for other cancers are shown in Supplementary Fig. S2. These results illustrate that DDR1 may contribute
to cancer immune escape by mediating tumor immune cell infiltration.

Relationship between DDR1 expression and levels of immune-related genes. We next con-
ducted gene co-expression analyses to explore the relationship between DDRI expression and immune-related
genes in 33 tumors, including chemokine, chemokine receptor, MHC, immunostimulatory, immunosuppressive,
and immune checkpoint-related genes. Our data showed that CXCL10 (chemokine-related gene) and CXCR3
(chemokine receptor-related gene) were negatively correlated with DDRI1 expression in 11 tumors, except for
LAML and PRAD (Fig. 9A, B). As shown in Fig. 9C, DDRI1 expression was negatively correlated with TAPBP
(MHC-related gene) in KICH, PCPG, SARC, and THCA, while positively correlated in other 19 cancers. In
addition, we also analyzed the association between DDRI and immunostimulatory, immunosuppressive, and
immune checkpoint-related genes (Supplementary Table S1). The results illustrated that CTLA4 and ICOS were
negatively correlated with DDR1 among 19 cancers while positively correlated with DDR1 in LAML and LIHC
(Fig. 9D, E). Intriguingly, the expressions of TIGIT and CD28 were positively correlated with those of DDR1 in
LAML and LTHC but negatively correlated with those of DDRI expression in the other 17 cancers (Fig. 9F, G).
These results reveal that DDR1 may promote tumor progression and immune escape by regulating immune-
related genes.

The prediction of the correlation between DDR1 expression and drug sensitivity. The associa-
tion between the anticancer drug sensitivity and DDR1 mRNA expression was determined through the GDSC
database, and we found that DDR1 expression was significantly correlated with the responses to 151 drugs. Our
data showed that DDRI1 expression was positively correlated with the sensitivity to the following drugs in most
cancers; AR-42, I-BET-762, TG101348, JW-7-24-1, TPCA-1, vorinostat, methotrexate, TL-1-85, BX-912, and
NPK76-11-72-1 (Fig. 10A, Supplementary Table S1). In contrast, DDR1 expression was negatively correlated
with the sensitivity to three drugs or small molecules, including afatinib, gefitinib, and lapatinib. These results
indicate that DDRI is a potential therapeutic target in cancers.

Expression pattern of DDR1 in single-cell and its relationship with cancer functional sta-
tus. Single-cell transcriptomic sequencing is a crucial technique for analyzing diverse cancer cells, immune
cells, endothelial cells, and stromal cells®’. To verify DDR1 expression and its relationship with tumor functional
status at the single-cell level in different cancers, using the CancerSEA database, we found that DDRI expression
was correlated with angiogenesis, DNA damage, hypoxia, stemness, metastasis, and DNA repair in most cancers
(Fig. 10B). For instance, DDR1 expression was positively correlated with hypoxia, stemness, and angiogenesis in
renal cell carcinoma (RCC) and metastasis in melanoma (MEL), while negatively correlated with DNA damage
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Figure 6. Association between DDR1 expression and mismatch repair (MMR) gene expression, microsatellite
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expression and MSI across cancers. (C) Correlation between DDR1 expression and TMB across cancers. The
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Figure 7. Eleven tumors with the highest correlation coefficients between DDRI expression and the tumor
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SKCM, and THYM. (B) Correlation between DDR1 and stromal scores in BLCA, BRCA, GBM, LUSC, MESO,
PAAD, SARC, and STAD.

in glioma. DDRI expression profiles were shown in single cells of glioma, MEL, and RCC by a t-SNE diagram
(Fig. 10C-E). These results demonstrate that DDRI1 participates in tumor development and metastasis.
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Figure 8. Relationship between DDRI expression and tumor infiltration of different immune cells in the TCGA
database. (A-S) Eight tumors with the highest correlation coefficients between DDR1 expression and immune-
associated cell infiltration.

Gene set enrichment analysis of DDR1. Next, we evaluated the pathway through which DDR1 may
involve by using GSEA analysis, in 33 tumor types from TCGA. Our data indicated that DDRI was positively
correlated with drug metabolism: cytochrome P450 and metabolism of xenobiotics by cytochrome P450 path-
way in HNSC and testicular germ cell tumors (TGCT), while negatively correlated in KIRP (Fig. 10G, H, L). As
shown in Fig. 10F, I, DDR1 was negatively associated with the regulation of autophagy in CESC while positively
in LUSC. In addition, DDR1 was predicted to be a negative regulator of the ribosome and olfactory transduction
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Figure 9. Co-expression of DDR1 and immune-related genes. *P<0.05, **P<0.01, ***P<0.001.

in HNSC and SARC. In summary, these results suggest that DDR1 may serve as a potential therapeutic target
in cancers.

Discussion

The pan-cancer analysis provides a comprehensive understanding of the molecular aberrations and func-
tional roles across various cancers. It helps to find new diagnostic biomarkers and new therapeutic targets for
cancers?"?. Disk-like domain receptor 1 (DDR1) is a tyrosine kinase receptor that binds specifically to and is
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activated by collagen®. Accumulating evidence indicates that DDR1 is closely related to the occurrence and
development of various tumors®'°. However, DDR1 has not thoroughly studied in cancer, and its role in tumo-
rigenesis or pan-cancer is still unclear. Therefore, we conducted a pan-cancer analysis of DDRI in 33 different
cancers based on the data from the most comprehensive databases also explored the expression of DDR1 in
ccRCC, BCa, and PCa cells for the first time.

We first assessed the expression and prognostic significance of DDRI1 across cancers. Our results showed
that DDR1 was dysregulated in 17 types of cancer, which was consistent with previous studies'"'***-?7. Our
in vitro results were also consistent with the results of bioinformatics analysis. In contrast, our research reached
the opposite conclusion in cervical cancer’. For example, DDRI is highly expressed in GBM and leads to the
resistance of tumor cells to radiotherapy and chemotherapy by affecting the Akt and mTOR signaling pathways!'!.
Inhibition of DDR1 activation attenuated the proliferation and migration of HNSCC cells and increased the
response to cisplatin®. Another study reported that DDRI1 promoted cell proliferation and migration of thyroid
cancer cells by regulating insulin receptor isoform-A (IR-A)?. Moreover, silencing of DDR1 increased cisplatin
sensitivity in LUAD cells with KRAS mutations”. DDR1 promoted the intrahepatic metastasis of colon cancer by
interacting with liver stromal cells to regulate liver stromal remodeling®. Regarding cervical cancer, our results
challenge previous research, which indicated that metformin inhibited the proliferation of cervical cancer cells
by upregulating the expression of DDR1'. This discrepancy may be due to differences in tumor cells, or the
lack of a rescue experiment in the previous research. Notably, the overexpression of DDR1 was correlated with
a better prognosis in KIRC, MESO, and UVM but was the opposite in COAD and UCS. Supporting that, DDR1
downregulation was found in ccRCC and related to shorter OS'. These findings demonstrate that DDR1 can be
used as a biomarker of prognosis for various cancers.

Both DNA methylation alterations and RNA methylation modification play a crucial role in tumorigenesis
Our study showed that DDR1 expression was significantly correlated with DNA methylation in eight tumors
(positively correlated in BRCA, KIRP, LIHC, LUAD, LUSC, THCA, and UCEC, but negatively correlated in
KIRC). Furthermore, DDR1 expression was positively correlated with the expression of m6A-, m5C-, and m1A-
related genes in most cancers, including HNSC, BLCA, LIHC, and THCA. These findings suggest that the change
in the epigenetic status of DDR1 may contribute to tumorigenesis. Tumors with defects in the MMR system will
cause high levels of MSI, which leads to the aggravation of TMB and results in tumor occurrence'®. Our results
illustrated that DDR1 expression was highly correlated with MMR gene expression, MSI, and TMB in most
cancers. These results indicate the function of DDRI in mediating tumorigenesis by regulating DNA and RNA
methylation, MMR gene expression, MSI, and TMB, which was consistent with previous studies!>®%,

Our results show that DDRI1 also plays a vital role in cancer immunity. TME plays a decisive role in tumor
initiation, progression, and the response to therapies”. According to ESTIMATE scores, there were negative cor-
relations between DDRI1 expression and stromal and immune cell content in the TME of 14 cancers, which was
supported by a previous study?®. Tumor-infiltrating immune cells made a vast contribution to the homeostasis
of TME and played a vital role in the occurrence, development, and immunotherapy response of tumors®. Our
data revealed that DDRI expression was negatively correlated with MO macrophages and activated CD4 memory
T cells in most cancers. Supported that, DDR1 overexpression was found in breast cancer and inhibited T cell
infiltration!?. Furthermore, our study also determined the co-expression of DDR1 with immune-related genes,
including chemokines, chemokine receptors, MHC, immunostimulatory-related genes, immunosuppressive-
related genes, and immune checkpoint-related genes. DDR1 expression was negatively correlated with most
immune-related genes, which contribute to tumor development but was positively correlated with TAPBP*3!,
In all, these results indicate that regulation of DDR1 expression may be a promising strategy to increase the
efficacy of immunotherapy.

Mounting evidence has demonstrated that some new advances have been made in cancer treatment, such
as RNA interference®, targeting the ubiquitin-proteasome pathway™®, and targeting tumor suppressor genes*.
However, drug resistance is also a major obstacle in pre-clinical and clinical therapeutics. We analyzed the
correlation between DDR1 expression and ICs, of over 750 anti-cancer drugs. The results suggested that high
DDRI expression could reduce the sensitivity of many drugs but enhance the sensitivity of afatinib, gefitinib,
and lapatinib, indicating its potential role in drug resistance. This finding reveals that regulating the expression
of DDRI can also be a promising strategy to enhance the efficacy of the anti-cancer drugs, supported by previ-
ous research!?>?7,

Finally, we used the CancerSEA database and GSEA analysis to address the specific function of DDR1 across
different cancers. The results showed that DDR1 was closely related to angiogenesis, DNA damage, hypoxia,
stemness, and metastasis at the single-cell level in most cancers. Consistent with our data, DDRI is reported to
be involved in angiogenesis®, DNA damage®, hypoxia®’, stemness*'"?, and metastasis®® and thus is involved
in cancer development. The KEGG pathway analysis demonstrated that DDR1 expression was significantly
correlated with pathway of drug metabolism, regulation of autophagy, ribosome, and olfactory transduction.
Supporting these results, DDR1 has been reported to play a vital role in drug metabolism*® and autophagy'!,
leading to tumor progression.

Our study has several limitations. First, some contradictory findings of individual cancers in our study were
observed. Therefore, it is necessary to further investigate the expression and function of DDRI using a large
sample size. Second, our findings suggest that DDR1 can be serve as a prognostic factor for different tumors,
which needs further verification. Third, the effects of DDR1 on the tumor microenvironment and immunotherapy
require experimental and clinical validation. Last, the current study was conducted mostly based on bioinformatic
analysis and in vitro studies; further analysis of clinical samples from cancer patients are necessary to confirm
the aberrant expression of DDR1.

15,16
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Conclusions

In summary, our first pan-cancer analyses of DDR1 indicate that this factor is differentially expressed between
tumor tissues and normal tissues and reveals a correlation of DDR1 with DNA methylation and RNA meth-
ylation-related genes. Our findings suggest that DDR1 can serve as a prognostic factor for different tumors.
Moreover, DDRI1 expression is associated with the expression of MMR gene and with MSI, TMB, and immune
cell infiltration across different cancer types. Its impact on tumor immunity and drug sensitivity also varies with
tumor type. Importantly, in vitro experiments confirmed our bioinformatics analysis results in ccRCC, BCa, and
PCa cell lines. These findings may help clarify the role of DDR1 in tumorigenesis and development and provide
a reference for more accurate and personalized immunotherapy in the future.

Data availability

The datasets are available from TCGA database (http://cancergemome.nih.gov/) and GTEx database (http://gtexp
ortal.org/home/). The original contributions presented in the study are included in the article/Supplementary
Material. Further inquiries can be directed to the corresponding authors.

Received: 4 November 2022; Accepted: 11 January 2023
Published online: 08 April 2023

References

1. Sung, H. et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185
countries. CA Cancer J. Clin. 71, 209-249. https://doi.org/10.3322/caac.21660 (2021).

2. Riley, R. S. et al. Delivery technologies for cancer immunotherapy. Nat. Rev. Drug Discov. 18, 175-196. https://doi.org/10.1038/
541573-018-0006-z (2019).

3. Bifulco, C. B. & Urba, W. J. Unmasking PD-1 resistance by next-generation sequencing. N. Engl. J. Med. 375, 888-889. https://doi.
org/10.1056/NEJMe1606042 (2016).

4. Ferlay, J. et al. Cancer statistics for the year 2020: An overview. Int. ]. Cancer. https://doi.org/10.1002/ijc.33588 (2021).

5. Yeh, Y. C,, Lin, H. H. & Tang, M. J. Dichotomy of the function of DDRI in cells and disease progression. Biochim. Biophys. Acta
Mol. Cell Res. 1866, 118473. https://doi.org/10.1016/j.bbamcr.2019.04.003 (2019).

6. Valiathan, R. R. et al. Discoidin domain receptor tyrosine kinases: New players in cancer progression. Cancer Metastasis Rev. 31,
295-321. https://doi.org/10.1007/s10555-012-9346-z (2012).

7. Hebron, M. et al. Discoidin domain receptor inhibition reduces neuropathology and attenuates inflammation in neurodegenera-
tion models. J. Neuroimmunol. 311, 1-9. https://doi.org/10.1016/j.jneuroim.2017.07.009 (2017).

8. Sun, X. et al. Tumor-extrinsic discoidin domain receptor 1 promotes mammary tumor growth by regulating adipose stromal
interleukin 6 production in mice. J. Biol. Chem. 293, 2841-2849. https://doi.org/10.1074/jbc.RA117.000672 (2018).

9. Dai, W. et al. Activation of transmembrane receptor tyrosine kinase DDR1-STAT3 cascade by extracellular matrix remodeling
promotes liver metastatic colonization in uveal melanoma. Signal Transduct. Target. Ther. 6, 176. https://doi.org/10.1038/s41392-
021-00563-x (2021).

10. Sun, X. et al. Tumour DDR1 promotes collagen fibre alignment to instigate immune exclusion. Nature 599, 673-678. https://doi.
0rg/10.1038/s41586-021-04057-2 (2021).

11. Vehlow, A. et al. Interaction of discoidin domain receptor 1 with a 14-3-3-beclin-1-Akt1 complex modulates glioblastoma therapy
sensitivity. Cell Rep. 26, 3672-3683. https://doi.org/10.1016/j.celrep.2019.02.096 (2019).

12. Shariati, M. et al. Combined inhibition of DDR1 and CDK4/6 induces synergistic effects in ER-positive, HER2-negative breast
cancer with PIK3CA/AKT1 mutations. Oncogene 40, 4425-4439. https://doi.org/10.1038/s41388-021-01819-0 (2021).

13. Xia, C. et al. Metformin inhibits cervical cancer cell proliferation by modulating PI3K/Akt-induced major histocompatibility
complex class I-related chain A gene expression. J. Exp. Clin. Cancer Res. 39, 127. https://doi.org/10.1186/s13046-020-01627-6
(2020).

14. Krazinski, B. E. et al. Altered expression of DDRI in clear cell renal cell carcinoma correlates with miR-199a/b-5p and patients’
outcome. Cancer Genom. Proteom. 16, 179-193. https://doi.org/10.21873/cgp.20124 (2019).

15. Zhao, B. S., Roundtree, I. A. & He, C. Post-transcriptional gene regulation by mRNA modifications. Nat. Rev. Mol. Cell Biol. 18,
31-42. https://doi.org/10.1038/nrm.2016.132 (2017).

16. Klutstein, M. et al. DNA methylation in cancer and aging. Can. Res. 76, 3446-3450. https://doi.org/10.1158/0008-5472.Can-15-
3278 (2016).

17. Jiang, M. et al. Alterations of DNA damage response pathway: Biomarker and therapeutic strategy for cancer immunotherapy.
Acta Pharm. Sin. B 11, 2983-2994. https://doi.org/10.1016/j.apsb.2021.01.003 (2021).

18. Picard, E. et al. Relationships between immune landscapes, genetic subtypes and responses to immunotherapy in colorectal cancer.
Front. Immunol. 11, 369. https://doi.org/10.3389/fimmu.2020.00369 (2020).

19. Xiao, Y. & Yu, D. Tumor microenvironment as a therapeutic target in cancer. Pharmacol. Therap. 221, 107753. https://doi.org/10.
1016/j.pharmthera.2020.107753 (2021).

20. Zhang, Y. et al. Single-cell RNA sequencing in cancer research. J. Exp. Clin. Cancer Res. 40, 81. https://doi.org/10.1186/s13046-
021-01874-1 (2021).

21. Weinstein, J. N. et al. The Cancer Genome Atlas pan-cancer analysis project. Nat. Genet. 45, 1113-1120. https://doi.org/10.1038/
ng.2764 (2013).

22. Cheng, X. et al. Systematic pan-cancer analysis identifies TREM2 as an immunological and prognostic biomarker. Front. Immunol.
12, 646523. https://doi.org/10.3389/fimmu.2021.646523 (2021).

23. Lai, S. L. et al. Collagen induces a more proliferative, migratory and chemoresistant phenotype in head and neck cancer via DDR1.
Cancers 11, 1766. https://doi.org/10.3390/cancers11111766 (2019).

24. Gu, T. L. et al. Survey of tyrosine kinase signaling reveals ROS kinase fusions in human cholangiocarcinoma. PLoS ONE 6, e15640.
https://doi.org/10.1371/journal.pone.0015640 (2011).

25. Xie, X. et al. Discoidin domain receptor 1 activity drives an aggressive phenotype in bladder cancer. Am. J. Transl. Res. 9, 2500-2507
(2017).

26. Vella, V. et al. DDR1 regulates thyroid cancer cell differentiation via IGF-2/IR-A autocrine signaling loop. Endocr. Relat. Cancer
26, 197-214. https://doi.org/10.1530/erc-18-0310 (2019).

27. Nokin, M. J. et al. Inhibition of DDR1 enhances in vivo chemosensitivity in KRAS-mutant lung adenocarcinoma. JCI Insight 5,
137869. https://doi.org/10.1172/jci.insight.137869 (2020).

28. Romayor, I. et al. Tumor DDRI deficiency reduces liver metastasis by colon carcinoma and impairs stromal reaction. Am. J. Physiol.
Gastrointest. Liver Physiol. 320, 1002-1013. https://doi.org/10.1152/ajpgi.00078.2021 (2021).

Scientific Reports|  (2023) 13:5779 https://doi.org/10.1038/s41598-023-27975-9 nature portfolio


http://cancergemome.nih.gov/
http://gtexportal.org/home/
http://gtexportal.org/home/
https://doi.org/10.3322/caac.21660
https://doi.org/10.1038/s41573-018-0006-z
https://doi.org/10.1038/s41573-018-0006-z
https://doi.org/10.1056/NEJMe1606042
https://doi.org/10.1056/NEJMe1606042
https://doi.org/10.1002/ijc.33588
https://doi.org/10.1016/j.bbamcr.2019.04.003
https://doi.org/10.1007/s10555-012-9346-z
https://doi.org/10.1016/j.jneuroim.2017.07.009
https://doi.org/10.1074/jbc.RA117.000672
https://doi.org/10.1038/s41392-021-00563-x
https://doi.org/10.1038/s41392-021-00563-x
https://doi.org/10.1038/s41586-021-04057-2
https://doi.org/10.1038/s41586-021-04057-2
https://doi.org/10.1016/j.celrep.2019.02.096
https://doi.org/10.1038/s41388-021-01819-0
https://doi.org/10.1186/s13046-020-01627-6
https://doi.org/10.21873/cgp.20124
https://doi.org/10.1038/nrm.2016.132
https://doi.org/10.1158/0008-5472.Can-15-3278
https://doi.org/10.1158/0008-5472.Can-15-3278
https://doi.org/10.1016/j.apsb.2021.01.003
https://doi.org/10.3389/fimmu.2020.00369
https://doi.org/10.1016/j.pharmthera.2020.107753
https://doi.org/10.1016/j.pharmthera.2020.107753
https://doi.org/10.1186/s13046-021-01874-1
https://doi.org/10.1186/s13046-021-01874-1
https://doi.org/10.1038/ng.2764
https://doi.org/10.1038/ng.2764
https://doi.org/10.3389/fimmu.2021.646523
https://doi.org/10.3390/cancers11111766
https://doi.org/10.1371/journal.pone.0015640
https://doi.org/10.1530/erc-18-0310
https://doi.org/10.1172/jci.insight.137869
https://doi.org/10.1152/ajpgi.00078.2021

www.nature.com/scientificreports/

29. Lei, X. et al. Immune cells within the tumor microenvironment: Biological functions and roles in cancer immunotherapy. Cancer
Lett. 470, 126-133. https://doi.org/10.1016/j.canlet.2019.11.009 (2020).

30. Schaafsma, E. et al. Pan-cancer association of HLA gene expression with cancer prognosis and immunotherapy efficacy. Br. J.
Cancer 125, 422-432. https://doi.org/10.1038/s41416-021-01400-2 (2021).

31. Li, L. et al. Pan-cancer analysis of prognostic and immune infiltrates for CXCs. Cancers. https://doi.org/10.3390/cancers13164153
(2021).

32. Tan,D.S. et al. Anti-cancer drug resistance: Understanding the mechanisms through the use of integrative genomics and functional
RNA interference. Eur. J. Cancer (Oxford) 46, 2166-2177. https://doi.org/10.1016/j.ejca.2010.03.019 (2010).

33. Narayanan, S. et al. Targeting the ubiquitin-proteasome pathway to overcome anti-cancer drug resistance. Drug Resist. Updates
48, 100663. https://doi.org/10.1016/j.drup.2019.100663 (2020).

34. Gao, L. et al. Overcoming anti-cancer drug resistance via restoration of tumor suppressor gene function. Drug Resist. Updates 57,
100770. https://doi.org/10.1016/j.drup.2021.100770 (2021).

35. Yuge, R. et al. Silencing of discoidin domain receptor-1 (DDR1) concurrently inhibits multiple steps of metastasis cascade in gastric
cancer. Transl. Oncol. 11, 575-584. https://doi.org/10.1016/j.tranon.2018.02.003 (2018).

36. Ongusaha, P. P. et al. p53 induction and activation of DDR1 kinase counteract p53-mediated apoptosis and influence p53 regula-
tion through a positive feedback loop. EMBO J. 22, 1289-1301. https://doi.org/10.1093/emboj/cdg129 (2003).

37. Takai, K. et al. Discoidin domain receptor 1 (DDR1) ablation promotes tissue fibrosis and hypoxia to induce aggressive basal-like
breast cancers. Genes Dev. 32, 244-257. https://doi.org/10.1101/gad.301366.117 (2018).

38. Baltes, F et al. Targeting discoidin domain receptor 1 (DDR1) signaling and its crosstalk with $(1)-integrin emerges as a key factor
for breast cancer chemosensitization upon collagen type 1 binding. Int. J. Mol. Sci. https://doi.org/10.3390/ijms21144956 (2020).

Acknowledgements
The authors would like to thank TCGA, GTEx, CCLE, GSCA, and CancerSEA databases for the availability of
the data.

Author contributions

N.E, EL., and L.Y. designed the study. L.Y. and Y.Z. performed the data analysis, and L.Y. wrote the original draft.
N.E,EL, Y.Z, Y.T., YW. and P.J. edited the draft and performed the statistical analysis. All authors contributed
to the article and approved the submitted version.

Funding
This work was supported by Key R & D (Social Development) Projects of Jiangsu Province (BE2018629) and
Wauxi “Taihu Talents Program” Medical and Health High-level Talents Project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-27975-9.

Correspondence and requests for materials should be addressed to EL. or N.E.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023)13:5779 | https://doi.org/10.1038/s41598-023-27975-9 nature portfolio


https://doi.org/10.1016/j.canlet.2019.11.009
https://doi.org/10.1038/s41416-021-01400-2
https://doi.org/10.3390/cancers13164153
https://doi.org/10.1016/j.ejca.2010.03.019
https://doi.org/10.1016/j.drup.2019.100663
https://doi.org/10.1016/j.drup.2021.100770
https://doi.org/10.1016/j.tranon.2018.02.003
https://doi.org/10.1093/emboj/cdg129
https://doi.org/10.1101/gad.301366.117
https://doi.org/10.3390/ijms21144956
https://doi.org/10.1038/s41598-023-27975-9
https://doi.org/10.1038/s41598-023-27975-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A pan-cancer analysis of DDR1 in prognostic signature and tumor immunity, drug resistance
	Methods
	Data collection. 
	DDR1 methylation profile in pan-cancer based on GSCA. 
	Correlation of DDR1 expression with RNA methylation-related genes. 
	Analysis of the relationship between DDR1 and prognosis. 
	Correlation of DDR1 expression with mismatch repair gene expression, microsatellite instability, and tumor mutation burden. 
	Relationship between DDR1 expression and immunity. 
	Drug sensitivity analysis. 
	Single-cell sequencing data analysis. 
	Gene set enrichment analysis. 
	Cell culture. 
	Reverse transcription-quantitative polymerase chain reaction. 
	Statistical analysis. 

	Results
	Differential expression of DDR1 between tumor and normal tissue samples. 
	DDR1 is associated with expression levels of DNA methylation and RNA methylation-related genes across cancers. 
	Prognostic significance of DDR1. 
	Correlation of DDR1 expression levels with mismatch repair gene expression, microsatellite instability, and tumor mutation burden. 
	Relationship between DDR1 expression and tumor microenvironment. 
	Relationship between DDR1 expression and levels of tumor immune cell infiltration. 
	Relationship between DDR1 expression and levels of immune-related genes. 
	The prediction of the correlation between DDR1 expression and drug sensitivity. 
	Expression pattern of DDR1 in single-cell and its relationship with cancer functional status. 
	Gene set enrichment analysis of DDR1. 

	Discussion
	Conclusions
	References
	Acknowledgements


