
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Junjiang Fu,
Southwest Medical University, China

REVIEWED BY

Angela Rita Elia,
Institute of Oncology Research (IOR),
Switzerland
Vinit C. Shanbhag,
University of Missouri, United States

*CORRESPONDENCE

Lei Sun

leisun@dmu.edu.cn

SPECIALTY SECTION

This article was submitted to
Cancer Immunity
and Immunotherapy,
a section of the journal
Frontiers in Immunology

RECEIVED 26 September 2022
ACCEPTED 12 December 2022

PUBLISHED 23 December 2022

CITATION

Shi C, Zhang L, Chen D, Wei H, Qi W,
Zhang P, Guo H and Sun L (2022)
Prognostic value of TMEM59L and
its genomic and immunological
characteristics in cancer.
Front. Immunol. 13:1054157.
doi: 10.3389/fimmu.2022.1054157

COPYRIGHT

© 2022 Shi, Zhang, Chen, Wei, Qi,
Zhang, Guo and Sun. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

TYPE Original Research
PUBLISHED 23 December 2022

DOI 10.3389/fimmu.2022.1054157
Prognostic value of TMEM59L
and its genomic and
immunological characteristics
in cancer
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Wenjing Qi2, Pengxin Zhang2, Huiqi Guo2 and Lei Sun1*

1Department of Pathology and Forensic Medicine, College of Basic Medical Sciences, Dalian
Medical University, Dalian, Liaoning, China, 2Department of Pathology, First Affiliated Hospital,
Dalian, China
Background: TMEM59L is a newly discovered transmembrane protein; its

functions in cancer remain unknown. This study was designed to reveal the

prognostic value and the functional role of TMEM59L in cancer.

Methods: The gene expression profiles, methylation data, and corresponding

clinical data of TMEM59Lwere retrieved fromTheCancer GenomeAtlas (TCGA)

and the Genotype-Tissue Expression database. Survival analysis was employed

to calculate the pan-cancer prognostic value of TMEM59L. The correlation

between TMEM59L expression and tumor immune microenvironment, as well

as DNAmethylation dynamics and genomic heterogeneity across cancers were

assessed based on data from TCGA.

Results: Our findings revealed that distinct differences of TMEM59L mRNA

expression were observed in different cancer types and that higher TMEM59L

expression was observed in the advanced pathological stage and associated

with worse prognosis in kidney renal papillary cell carcinoma, bladder urothelial

carcinoma, colon adenocarcinoma, and kidney renal clear cell carcinoma.

Pathway analysis indicated that TMEM59L exerted a key influence in cancer

development and in immune- and cancer-associated pathways such as

epithelial–mesenchymal transition and TGF-b signaling. Moreover,

correlation analysis hinted at a negative correlation of TMEM59L expression

with CD8 T cells, activated CD4 T cells, and several immunomodulators,

including IDO1, TIGIT, PD-L1, CTLA-4, and BTLA in various cancers. Survival

analysis indicated that the hypermethylation of TMEM59L gene was associated

with longer survival times. A significant correlation was also observed between

TMEM59L expression and immunophenoscore, homologous recombination

deficiency, loss of heterozygosity, tumor stemness score, and neoantigens in

various cancers. Importantly, we also identified numerous potential agents that

may target TMEM59L.
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Conclusion: Our study revealed the prognostic value as well as the genomic

and immunological characteristics of TMEM59L in cancers, highlighting the

promising potential for TMEM59L as a prognostic cancer biomarker and a

therapeutic target.
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1 Introduction

The global incidence and mortality of cancer remain on the

rise, with breast cancer, lung cancer, and colorectal cancer being

the most common types of cancer with the highest mortality rates

worldwide (1, 2). Cancer is a major cause of global mortality and a

significant impediment to increasing life expectancy in the global

population (3). Despite research efforts to improve cancer

diagnosis and treatment, the associated clinical outcome and 5-

year survival rate generally remain unfavorable, largely due to the

complexity of this disease (4–8).

A large body of evidence has confirmed that the tumor

microenvironment (TME) can determine abnormal tissue

functions, alter the malignant behavior of tumor cells, and play

vital roles in the consecutive evolution of malignant cancers and

tumor resistance to anticancer drugs (9–11). The TME,

characterized by hypoxia, oxidative stress, and abnormal levels

ofmultiple cytokines and growth factors, induces dysplasia, which

is defined as the emergence of heterogeneous tumor cell

populations with distinct genetic and phenotypic characteristics

(8, 12, 13). During cancer progression, tumor heterogeneity is

exacerbated by the maturation of both cellular and acellular

components of the TME (14, 15), enabling cancer stem cells

(CSCs) to survive and proliferate – a principal attribute that

underlies therapeutic resistance as well as tumormaintenance and

recurrence (16–20). Multiple studies have indicated that genomic,

epigenomic, and transcriptomic features are causally linked to the

regulation of cancer pathways that support tumor cell growth and

proliferation, and the phenomenon of cancer stemness (21–23).

For these reasons, the outcome of current cancer chemotherapy,

radiotherapy, and immunotherapy is far from satisfactory, and

treatment regimens require further optimization.

DNA methylation signatures that are highly sensitive, specific,

and analyzable have an enormous potential as clinical cancer

biomarkers that play a non-negligible role in cancer diagnosis

and prognosis, providing new technical means for early detection

of different cancer types (24–27). Nevertheless, there is a need to

explore new potential targets or cancer biomarkers to ensure that

novel treatment regimens and appropriate combination therapy

strategies can be specifically tailored to individual patients.
02
Transmembrane protein 59–like (TMEM59L), also known as

brain-specific membrane-anchored protein BSMAP, was first

discovered in 1999 (28). In 2006, using reverse transfection cell

array technology, Mannherz et al. found that TMEM59L produced

pro-apoptotic effects through an unknown mechanism (29).

TMEM59L can regulate the N- and O-glycosylation steps that

occur during Golgi maturation and is associated with glycosylation

modifications of the amyloid precursor protein APP by inhibiting

APPmaturation, trafficking, and shedding (30). Recent studies have

demonstrated that the downregulation of TMEM59L can protect

neurons from oxidative stress, and that TMEM59L interacts with

ATG5 and ATG16L1, partially activating LC3 and triggering

autophagy (31, 32). Moreover, the homologue of TMEM59L,

transmembrane protein 59 (TMEM59), is hypomethylated in

late-onset Alzheimer’s disease, and methylation is involved in the

transcriptional regulation and thus protein expression of TMEM59

(33). However, there is currently a lack of in-depth reports on the

functional mechanism of TMEM59L, especially in the context of

cancer research.

In this study, we comprehensively explored TMEM59L gene

expression signature, its prognostic value, as well as its

association with immune cell infiltration and cancer-associated

pathways in various cancer types. Moreover, our study

underscores the importance of TMEM59L as a prognostic

biomarker and a treatment target and identified in TMEM59L

a molecule to be further explored.
2 Materials and methods

2.1 Datasets

The gene expression profiles, methylation data, and

corresponding pan-cancer clinical data were downloaded from

The Cancer Genome Atlas (TCGA) database (https://portal.gdc.

cancer.gov/), the Genotype-Tissue Expression (GTEx) dataset

was downloaded fromUCSC-hosted genomics platform (https://

xenabrowser.net/). The cancer type abbreviations are listed

in Table 1.
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2.2 Integrated network and
enrichment analysis

Each patient was divided into a high-expression or a low-

expression group based on the median of TMEM59L expression.

We used the GSVA R package to conduct the gene set enrichment

analysis (GSEA) to evaluate pathway enrichment for high- and
Frontiers in Immunology 03
low-TMEM59L expression groups (34). Hallmark gene sets

(h.all.v7.2.symbols) were collected from GSEA database (http://

www.gsea-msigdb.org/gsea/downloads.jsp). Reverse phase protein

array (RPPA) data from TCPA database (https://www.tcpaportal.

org/tcpa/index.html) were also used to assess pathway activity

score (PAS). The evaluated pathways included apoptosis, cell cycle,

DNA damage response, epithelial–mesenchymal transition (EMT),
TABLE 1 The cancer type abbreviations are as above.

ACC Adrenocortical carcinoma

BLCA Bladder Urothelial Carcinoma

BRCA Breast invasive carcinoma

CESC Cervical squamous cell carcinoma and endocervical adenocarcinoma

CHOL Cholangiocarcinoma

COAD Colon adenocarcinoma

COADREAD Colon adenocarcinoma/Rectum adenocarcinoma Esophageal carcinoma

ESCA Esophageal carcinoma

GBM Glioblastoma multiforme

GBMLGG Glioma

HNSC Head and Neck squamous cell carcinoma

KICH Kidney Chromophobe

KIPAN Pan-kidney cohort (KICH+KIRC+KIRP)

KIRC Kidney renal clear cell carcinoma

KIRP Kidney renal papillary cell carcinoma

LAML Acute Myeloid Leukemia

LGG Brain Lower Grade Glioma

LIHC Liver hepatocellular carcinoma

LUAD Lung adenocarcinoma

LUSC Lung squamous cell carcinoma

OV Ovarian serous cystadenocarcinoma

PAAD Pancreatic adenocarcinoma

PCPG Pheochromocytoma and Paraganglioma

PRAD Prostate adenocarcinoma

READ Rectum adenocarcinoma

SARC Sarcoma

STAD Stomach adenocarcinoma

SKCM Skin Cutaneous Melanoma

STES Stomach and Esophageal carcinoma

TGCT Testicular Germ Cell Tumors

THCA Thyroid carcinoma

UCEC Uterine Corpus Endometrial Carcinoma
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as well as hormone androgen receptor (AR), hormone estrogen

receptor (ER), tuberous sclerosis complex–mammalian target of

rapamycin (TSC–mTOR), receptor tyrosine kinase (RTK),

Ras/MAPK (mitogen-activated protein kinase), and PI3K/AKT

signaling pathways, all of which are notably associated with cancer.

The difference of PAS was evaluated using Student’s t-test, and the

resulting p-value was adjusted for false discovery rate (FDR), with

FDR ≤ 0.05 being considered significant. When PAS (TMEM59L

High expression) > PAS (TMEM59L Low expression), we

considered TMEM59L to have an activating effect on a specific

pathway; in the opposite case TMEM59L was considered to have

an inhibitory effect on a pathway.
2.3 Estimation of immune cell infiltration

The correlation of TMEM59L expression with the immune

infiltration level was assessed using the CIBERSORT algorithm

(https://cibersort.stanford.edu) (35). The stromal, immune, and

ESTIMATE scores for each patient were calculated using the

ESTIMATE algorithm (36). The immunophenoscore (IPS) for

each patient was calculated according to the method reported by

Charoentong (37). We also extracted the expression data of 155

immunomodulators including chemokines, receptors, MHC,

immune-inhibitors, and immune-stimulators from each

patient based on the study of Charoentong et al. (37) as well,

and correlation analyses were subsequently conducted to assess

the association between immunological characteristics and

TMEM59L across cancer types.
2.4 Methylation analysis

We downloaded the methylation data from TCGA database. In

total, 14 cancer types were selected and analyzed including Colon

adenocarcinoma (COAD), Colorectal carcinoma (COADREAD),

Thyroid carcinoma (THCA), Cholangiocarcinoma (CHOL), Liver

hepatocellular carcinoma (LIHC), Kidney renal papillary cell

carcinoma (KIRP), Pan-kidney cohort (KIPAN), Adrenocortical

carcinoma (ACC), Ovarian serous cystadenocarcinoma (OV),

Uterine Corpus Endometrial Carcinoma (UCEC), Rectum

adenocarcinoma (READ), Stomach and Esophageal carcinoma

(STES), Breast invasive carcinoma (BRCA), Bladder Urothelial

Carcinoma (BLCA), Kidney renal clear cell carcinoma (KIRC),

Prostate adenocarcinoma (PRAD), Stomach adenocarcinoma

(STAD), Lung squamous cell carcinoma (LUSC), Lung

adenocarcinoma (LUAD), Pancreatic adenocarcinoma (PAAD),

Glioma (GBMLGG), Esophageal carcinoma (ESCA), Kidney

Chromophobe (KICH), and Head and Neck squamous cell

carcinoma (HNSC). The cohort included more than 10 paired

cancer and adjacent non-cancer samples. Spearman correlation

analyses were performed to identify whether TMEM59L

expression was associated with methylation levels.
Frontiers in Immunology 04
2.5 Drug analysis

We recorded the drug sensitivity data from Genomics of

Drug Sensitivity in Cancer (GDSC) database (38) and the

Genomics of Therapeutics Response Portal (CTRP) database

(39). Spearman correlation analysis was carried out to identify

the association between gene mRNA expression and

drug response.
2.6 Statistical analysis

We computed the statistical analyses in the R (version 4.1.1).

Hazard analyses were carried out using Cox regression. Survival

curves were analyzed by log-rank test. Correlation coefficients

were obtained using the Spearman correlation method. Any p-

value less than 0.05 was considered statistically significant.
3 Results

3.1 TMEM59L mRNA expression in
human cancers

The TIMER online database (https://cistrome.shinyapps.io/

timer/) was first used to identify the expression of TMEM59L

mRNA transcripts in different types of cancer (Figure 1A).

Compared with corresponding normal tissues, TMEM59L

mRNA expression was significantly increased in six human

cancers, specifically BRCA, CHOL, LIHC, LUAD, PRAD, and

THCA. In contrast, TMEM59L expression was evidently lower in

BLCA, COAD, KICH, KIRC, KIRP, and STAD than that in the

normal tissues. Subsequently, a pan-cancer analysis demonstrated

that TMEM59L expression was decreased acrossmost cancer types,

such as GBM, GBMLGG, KIRP, COAD, KICH, KIRC, LGG,

KIPAN, COADREAD, STAD, UCEC, READ, STES, and BLCA

(Figure 1B). Considering the small number of normal samples in

TCGA database, we integrated the data of normal tissues from the

GTEx database with the data of TCGA tumor tissues to determine

the expression characteristics of TMEM59L across the pan-cancer

cohort. The results were similar; compared with its expression in

normal samples, TMEM59L was significantly downregulated in

most cancer types (Figure 1C).
3.2 TMEM59L expression profile at
different clinical stages or in different
cancer subtypes

We further analyzed TMEM59LmRNA expression tendency

at different clinical stages and in different cancer subtypes

(Figure 2A). Distinct differences could be observed in varying
frontiersin.org
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FIGURE 1

TMEM59L mRNA expression in different types of human cancers. (A) TMEM59L mRNA expression in different tumor types compared with normal
tissues in the TIMER database. (B) TMEM59L mRNA expression in different tumor types compared with normal tissues from TCGA database.
(C) mRNA expression of TMEM59L across tumor types using TCGA and GTEx data. (*P < 0.05, **P < 0.01, ***P < 0.001), ****p < 0.0001.
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clinical stages in several cancer types, including KIRP, BLCA,

COAD, and KIRC. Remarkably, in KIRP, BLCA, COAD, and

KIRC, later pathological stage showed higher TMEM59LmRNA

expression (Figures 2B–F). Furthermore, TMEM59L mRNA

expression in LUAD, GBM, HNSC, BRCA, KIRC, and STAD

was also significantly different based on the molecular specific

subtype (Figures 2G–M). To increase the reliability of our study,

we verified the protein expression level of TMEM59L. Based on

the HPA database (https://www.proteinatlas.org/), we further

explored the protein level of TMEM59L in normal tissues and

human cancers. Figure S1A showed the protein expression level
Frontiers in Immunology 05
of TMEM59L in normal tissues. The immunohistochemical

results showed that the expression level of TMEM59L is not

high in most tissues except for the pituitary gland; Subsequently,

we also explored the expression of TMEM59L in cancer tissues.

As shown in Figure S1B, TMEM59L has a relatively high protein

expression level in colorectal cancer, pancreatic cancer, kidney

cancer, and liver cancer. These results were consistent with our

previous results that the later the stage, the higher mRNA level of

TMEM59L in COAD and KIRP. Figure S1C further showed the

representative IHC images of TMEM59L in colorectal and renal

cancer based on HPA database.
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3.3 Prognostic value of TMEM59L
mRNA expression

To further identify the prognostic value of TMEM59L, we

then performed a survival analysis on the data retrieved from the

TCGA database. Cox regression indicated that a high TMEM59L

expression was associated with shorter overall survival (OS) and

progression-free interval (PFI) of KIPAN, KIRP, BLCA, COAD,

COADREAD, OV, ACC, HNSC, and STAD (Figures 3A, B). In

contrast, higher TMEM59L expression predicted longer OS and

PFI in GBMLGG, LGG, and PAAD (Figures 3A, B). Further

survival curves also indicated that high TMEM59L expression

was associated with worse OS (Figures 3C–F) and PFI in BLCA,

COAD, KIRC, and KIRP (Figures 3G–J). Meanwhile, there was

no significant association between TMEM59L expression and

clinical outcome in other cancers.
Frontiers in Immunology 06
3.4 Association between TMEM59L
mRNA expression and cancer-related
pathways

To better understand the relevance and potential functions

of TMEM59L in cancer pathogenesis, we performed functional

enrichment analysis on the low and high TMEM59L expression

groups across several cancer types (Figure 4A). The results

indicated that TMEM59L expression was closely correlated

with cancer-related hallmarks, including epithelial-

mesenchymal transition (EMT), P53 pathway, E2F target, cell

cycle regulation at G2-M, KRAS signaling, WNT beta-catenin

signaling, and immune-related pathways, such as TGF-b, IL2-
STAT5, and TNFa signaling via NF-kB. Moreover, the pathway

activity analysis suggested that TMEM59L was significantly

involved in 10 salient cancer-related pathways, namely DNA
B

C D

E F

G

H I

J K

L M

A

FIGURE 2

TMEM59L expression at different clinical stages or subtypes of different cancers. (A) The difference of TMEM59L mRNA expression between
pathologic stages in the specific cancers. (B) Heatmap presents the TMEM59L mRNA expression profile among stages in the specific cancers.
(C–F) TMEM59L mRNA expression in pathologic stage of KIRC, KIRP, BLCA, and COAD. (G) The associations between subtypes and TMEM59L
expression. (H–M) TMEM59L mRNA expression in subtypes of BRCA, LUAD, GBM, KIRC, HNSC, and STAD. (ns: not significant, *P < 0.05, **P <
0.01, ***P < 0.001, ****p < 0.0001).
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damage response, apoptosis, RTK, cell cycle, Hormone AR,

Hormone ER, TSC–mTOR, Ras/MAPK, EMT and PI3K/AKT

signaling pathways (Figure 4B). The main pathway activated by

TMEM59L was EMT (28% activation vs. 3% inhibition),

especially in BLCA, BRCA, COAD, ESCA, OV, READ, STAD,

TGCT, and THCA (Figure S2), whereas the pathways inhibited

by TMEM59L included apoptosis (31% inhibition vs. 0%

activation) and cell cycle (22% inhibition vs. 0% activation).

When compared with low TMEM59L expression group, the

activities of EMT and estrogen receptor (ER) pathways were also

higher, whereas a lower pathway activity in cell cycle and DNA

damage response was observed in the high TMEM59L

expression group for patients with COAD (Figures 4C–F). The

above results suggested that TMEM59L exerts a key influence on

cancer pathogenesis and development.
Frontiers in Immunology 07
3.5 Interaction network of TMEM59L

Based on the GeneMANIA database, the 20 proteins most

closely correlated with TMEM59L expression, namely

TMEM59, GABRA3, ITM2B, AK5, CAMK2B, HMGB4,

BPIFB4, REEP2, ATP1B4, DNM1, RAB6B, GSTT1, PTPRN,

CPLX2, MUC1, GDAP1L1, CORO2B, KCNS2, ASCL1, and

KIF5A, were analyzed to construct a protein-protein

interaction network (Figure 5A). Subsequently, these

interacting genes were subjected to functional enrichment

analysis, and consistently with the previous results, these genes

were significantly enriched in the activation of EMT signaling

pathway and in the inhibition of apoptosis and cell cycle

signaling pathway (Figure 5B). Relative network analysis also

indicated that TMEM59L and its interacting genes were involved
B
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FIGURE 3

Correlation analysis between mRNA expression of TMEM59L and prognostic value. (A) The Overall survival (OS) difference between high and low
TMEM59L expression groups. (B) The Progression-free interval (PFI) difference between high and low TMEM59L expression groups. (C–J) OS
and PFI difference between high and low TMEM59L expression groups in BLCA, COAD, KIPAN, and KIRC.
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in cancer-related pathways, such as TSC/mTOR, RTK, EMT,

Ras/MAPK, and PI3K/AKT signaling, particularly in ACC,

BLCA, COAD, READ, STAD, KIRP, KIRC, KICH, and

PAAD (Figure 5C).

3.5.1 Association of TMEM59L expression with
the tumor immune microenvironment

As the pathway enrichment analysis revealed that TMEM59L

was closely related to inflammation and immune function, we

further investigated the link between TMEM59L expression and

immune cell infiltration levels using the CIBERSORT algorithm.

The results demonstrated that TMEM59L expression was distinctly

negatively correlated with immune infiltration levels in LUSC,

SARC, COADREAD, LUAD, HNSC, CESC, BRCA, and TGCT,

especially with the levels of CD8 T cell and activated CD4 T cells

(Figure 6A and Table S1). We then further assessed Spearman’s
Frontiers in Immunology 08
correlation coefficient of TMEM59L and immune scores across

distinct cancer types using the ESTIMATE algorithm. A

significantly positive correlation between TMEM59L and stromal

scores was detected, yet a negative correlation with immune scores

across many cancer types (Table S2). IPS has been shown to

effectively predict the response rate to anti-CTLA-4 and anti-PD-1

therapy. For this reason, we investigated the link between

TMEM59L expression and the IPS across various cancer types.

Figure 6B showed that TMEM59L expression was evidently

negatively correlated with IPS in several types of cancers,

including GBMLGG, LGG, OV, CESC, KIRC, SKCM, KIRP, and

KIPAN. Moreover, IPS analysis demonstrated that TMEM59L

expression was positively associated with immune checkpoints

(CP) and suppressor cells (SCs) but was negatively correlated with

MHC, average Z-score (AZ), and effector cells (ECs) in most

tumors, all the p-values are less than 0.05.
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FIGURE 4

Association between TMEM59L and pathways in cancers. (A) Enrichment analysis for cancer signaling between high and low TMEM59L
expression tumor tissues. NES is the normalized enrichment score in the GSEA algorithm. (B) The combined percentage of the effect of
TMEM59L on pathway activity indifferent types of human cancers. (C–F) The differences of epithelial mesenchymal transition (EMT), Cell Cycle,
Hormone estrogen receptor (ER), and DNA damage pathways activity between high and low TMEM59L expression groups in COAD.
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We also demonstrated that TMEM59L expression was

negatively linked with the expression of many immune

modulators, including PD-L1, IDO1, TIGIT, CTLA-4, and

BTLA in various cancers (Figure 6C). TMEM59L also showed

a negative correlation with tumor mutational burden (TMB) in

many cancers, such as HNSC, LUAD, LIHC, KIRC, BRCA,

THCA, BLCA, KIRP, LGG, ESCA, PAAD, UCEC, and STAD

and a negative correlation with microsatellite instability (MSI) in

UCEC, ACC, ESCA, LAML, and STAD, which suggest that

TMEM59L may reflect cancer immunogenicity in these cancer

types (Figures 6D–E and Table S3). Subsequently, based on the

IMvigor210 cohort, we also found a link between the high

expression of TMEM59L and poor clinical response to

immune therapy (Figure 6F). These observations may hint at

an intricate interplay between TMEM59L and the immune
Frontiers in Immunology 09
microenvironment, although more in-depth investigations are

needed to unveil the specific molecular mechanisms.

To further clarify the possible role of TMEM59L in the

tumor microenvironment, we analyzed single-cell sequencing

data from BRCA-GSE148673 dataset through the TISCH

database (a scRNA-seq database that provides extensive cell

type annotations at the single-cell level, allowing TME

exploration across various cancers). The results of UMAP

showed that 28 clusters were identified in the BRCA-

GSE148673 dataset (Figure S3A), and then the corresponding

clusters were labeled into nine different cell subpopulations,

including B cell, CD4 T conv, CD8 T cell, endothelial, epithelial,

fibroblasts, malignant, mono/macro, and Tprolif (Figure S3B).

For the BRCA-GSE148673 data set, TMEM59L is mainly

expressed in fibroblasts (Figures S3C, D). Previous studies
B

CA

FIGURE 5

Association between interaction genes of TMEM59L and pathways in cancers. (A) Interaction Network of TMEM59L constructed by GeneMANIA.
(B) The combined percentage of the effect of interaction genes of TMEM59L on pathway activity in different types of human cancers, the
number in each cell means that the percentage of cancer types, in which TMEM59L showed significant association with the specific pathway,
among the selected cancer types. (C) Association between interaction genes of TMEM59L and known pathways in ACC, BLCA, COAD, READ,
STAD, KIRP, KIRC, KICH and PAAD. (solid line: activation; dashed line: inhibition), the different colors of the lines represent different types of
cancer.
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have shown that fibroblasts are mainly involved in the activation

of the EMT pathway to promote metastasis (40–42), and

functional enrichment analysis subsequently conducted further

confirmed our speculation that the activity of the EMT and

angiogenesis pathways in TMEM59L high-expressing cell cluster

(fibroblasts) was significantly increased (Figures S3E, F). All the

above results indicated that TMEM59L participates in tumor

invasion and metastasis through the activity EMT pathway,

which was consistent with our previous results.

We also performed GSEA analysis using TCGA-BRCA bulk

RNA-seq data to compare the expression level of TMEM59L

concerning related signaling pathways. The cancer-associated

pathway signatures were extracted from Jiao Hu et al. (43), the

cancer-immunity cycle reflects the anticancer immune response

(44), and the activation levels cancer-immunity cycle were

retrieved from tracking tumor immunophenotype (TIP) (45)
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(http://biocc.hrbmu.edu.cn/TIP/). And as shown, TMEM59L

was significantly positively correlated with oncogenic pathways

(such as Ta_pathway, EMT_differentiation, and Myofibroblasts

pathway) (Figure S4A). Interestingly, we further found that

TMEM59L is negatively correlated with cancer immunity cycle

pathways which further confirmed that TMEM59L is related to

the immunosuppressive microenvironment (Figure S4B).
3.6 DNA methylation alterations
across TMEM59L gene across
different human cancers

Epigenetic changes such as DNA methylation play key roles in

modulating the behaviors of cancer cells and immune tolerance

(46), thus we explored whether epigenetic regulation is involved in
B C

D

E F

A

FIGURE 6

Relationship between TMEM59L expression and the tumor-immune microenvironment. (A) The correlation of TMEM59L expression with
immune cell infiltration levels in pan-cancer. (B) The correlation between TMEM59L expression and the Immunophenoscore (IPS) across various
cancer types. CP, immune checkpoints; SC, suppressor cells; EC, Effector cells; AZ, Average Z-score. (C) Correlation between TMEM59L and 155
immunomodulators, including chemokine, receptor, MHC, immuno-inhibitor, and immuno-stimulator across cancers. (D, E) Correlation of
TMEM59L expression with tumor mutation burden (TMB) and microsatellite instability (MSI) in multiple cancer. (F) Patients with high TMEM59L
expression have a worse clinical response to immune therapy in IMvigor210 cohort. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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TMEM59L mRNA expression. As shown in Figure 6A, the

methylation levels of TMEM59L gene in distinct cancers were

highly heterogeneous (Figure 7A). The TMEM59L gene was

hypermethylated in most cancers, including COAD (Figure 7B),

BRCA (Figure 7C), PAAD (Figure 7D), HNSC (Figure 7E), BLCA,

UCEC, KIRC, and LUSC, whereas it was hypomethylated in KIRP,

LUAD, and THCA (P < 0.05, Figure S5). Spearman correlation

analysis indicated that TMEM59L expression correlated negatively

with its gene methylation level in BLCA, BRCA, COAD, UCEC,

HNSC, LUAD, PAAD, and THCA (FDR < 0.05; Figure 7F and

Figure S6). Subsequently, survival analysis also showed that the

hypermethylation of the TMEM59L gene correlated with longer

survival times than the survival times associated with the

hypomethylation of TMEM59L gene (P < 0.05, Figure 7G),

especially in COAD, KIRC, and KIRP. The hypermethylation of

TMEM59L was significantly correlated with longer OS and PFI

(Figures 7H–M). No association was found between TMEM59L

methylation and survival in other cancer types.
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3.7 Correlation analysis of TMEM59L
expression with stemness index and
genomic heterogeneity across cancers

Stem cell–like characteristics have been established as the

main cause of chemoresistance (47, 48) and the key drivers of

tumor progression (49–51). In the present study, we conducted

correlation analyses to identify the association between

TMEM59L expression and tumor stemness scores (RNA and

DNA stemness scores). A significant negative correlation

between DNA stemness score and TMEM59L expression in

most tumors was observed in LGG, ESCA, SARC, STES,

GBMLGG, STAD , COAD, L IHC , BRCA , TGCT ,

COADREAD, BLCA, PRAD, and KICH (Figure 8A). Similar

results were seen when assessing the correlation between RNA

stemness score and TMEM59L expression in most cancers,

except for GBM, GBMLGG, LGG, and PCPG (Figure 8B).

Homologous recombination is a critical pathway for double-
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FIGURE 7

DNA methylation alterations of TMEM59L across different human cancers. (A) The methylation difference between tumor and normal samples of
TMEM59L in different human cancers. (B–E) TMEM59L methylation in COAD, BRCA, HNSC, and PAAD. (F) The correlation between methylation
and mRNA expression of TMEM59L in different human cancers. (G) The OS and PFS difference between higher and lower TMEM59L methylation
groups in different human cancers. (H–M) The prognosis analysis of TMEM59L methylation in COAD, KIRC and KIRP.
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strand break repairs (52, 53), thus homologous recombination

deficiency would result in a high level of genomic instability,

leading to a loss of heterozygosity and ultimately cell death (52,

54). Homologous recombination deficiency cancers have been

shown to be markedly correlated with sensitivity to platinum-

based chemotherapeutic drugs and PARP inhibitors (55, 56). In

the current study, the expression of TMEM59L was closely

related to homologous recombination deficiency status in most

tumors (Figure 8C), and further loss of heterozygosity analysis

showed a significantly positive association between loss of

heterozygosity status and TMEM59L expression in several

cancers, such as COAD, COADREAD, LAML, KIRP, PRAD,

HNSC, LIHC, TGCT, and BLCA but a negative association with

GBM, GBMLGG, LUAD, BRCA, SARC, and THCA (Figure 8D).

Neoantigens were reported to be critical targets of

immunotherapy and were correlated with improved clinical

outcome and response rate to immune checkpoint blockade in

several cancers, such as non-small cell lung cancer and

melanoma (57–61). Our study discovered that TMEM59L
Frontiers in Immunology 12
expression was linked with neoantigens in only a limited

number of cancers, such as COAD, COADREAD, GBM,

UCEC, while no link was evident in other cancers (Figure 8E).
3.8 Drug sensitivity analysis

Genomic aberrations would impact the sensitivity of

malignant tumors to drug therapy (including chemotherapy

and targeted therapy) (62). Since TMEM59L expression was

closely associated with the genomic heterogeneity of various

cancers, we then performed the drug sensitivity analysis on the

GDSC (38) and CTRP databases. The results indicated that

patients with high TMEM59L expression were more susceptible

to AG-01469, BMS-754807, SB 505124, CIL70, DBeQ, ML162,

ML210, axitinib, alisertib, olaparib, PYR-41, GMX-1778, BMS-

195614, and B52334 (negative correlation with IC50, p < 0.05;

Figures 9A, B). This implied that the dysregulation of TMEM59L

could lead to anti-tumor drug resistance.
B
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FIGURE 8

Correlation analysis of TMEM59L expression with stemness index and genomic heterogeneity across cancers. (A, B) The association between
TMEM59L expression and tumor stemness score (DNAss and RNAss) in different cancers. (C) The association between TMEM59L expression and
the homologous recombination deficiency (HRD) in different types of cancer. (D, E) The correlation of TMEM59L expression with heterozygosity
(LOH) and Neoantigens (NEO) in different types of cancer.
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4 Discussion

Transmembrane proteins (TMEMs) are proteins that span the

entirety of the cell membranes (63), andmany of such proteins play

an important role in cancer development and cancer cell

dissemination (64, 65), by mediating signal transduction between

the cytoplasmic proteins and extracellular environment (66).

Therefore, TMEMs represent attractive drug targets for cancer

therapy (64). TMEM59L is a newly discovered brain-specific

membrane-anchored protein that has been reported to act as a

pro-apoptotic protein (29, 31). TMEM59L downregulation protects

neurons from oxidative stress (31). Recent studies have also shown

that TMEM59L can also regulate autophagy-related biological

processes (32). However, there is currently a dearth of systematic

studies in the literature on the TMEM59L regulation of tumor

pathophysiology across cancer types.

In the present research, we assessed the pan-cancer

expression of TMEM59L and the correlation of dysregulation

of TMEM59L expression with clinical outcome of patients. The

results indicated that TMEM59L expression was altered in

different types of cancer and associated with the clinical

outcome of cancer patients. TMEM59L expression was

evidently downregulated across most cancer types compared

to its expression in the corresponding normal tissues. Further

analysis demonstrated that distinct differences was observed in

different clinical stages of several cancer types, such as KIRP,

BLCA, COAD, and KIRC, where advanced tumor stage

correlated with higher TMEM59L mRNA expression.

Therefore, in these specific cancer types TMEM59L may serve

as a tumor promoting factor. Additionally, survival analysis

confirmed that TMEM59L was a risk factor in patients with

KIRP, BLCA, COAD, and KIPAN (KIRC+KIRP+KICH).
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The mechanism by which TMEM59L regulates tumorigenesis

and cancer pathophysiology remains unclear, but the relationship

we observed between TMEM59L and the hallmarks of cancer could

improve our understanding of the functional roles of TMEM59L.

GSEA analysis demonstrated thatTMEM59L expressionwas strictly

linked with hallmarks of malignancy and immune-related pathways

inmost cancers, such as EMT, P53, apoptosis, cell cycle,WNT, IL-6-

JAK-STAT3, IL2-STAT5 and TGF-b signaling pathways.

Genetic and epigenetic changes play key roles in immune

tolerance and cancer development (46). In our study, the abnormal

hypermethylation of TMEM59L was associated with decreased

mRNA levels and better clinical outcomes for several cancers, such

as KIRP, KIRC, and COAD, suggesting that hypermethylation of

TMEM59L gene may be key regulatory mechanism for TMEM59L

expression in these cancers. Interestingly, in line with our previous

findings, high TMEM59L expression were associated with poor

prognosis in COAD, KIRC, and KIRP. Thus, we speculated that

the epigenetic changes of TMEM59L gene may promote the

occurrence of KIRC, KIRP, and COAD in some cases.

Tumor immunotherapy has made remarkable achievements in

cancer treatment (67). Immune checkpoint blockade therapy has

significantly prolonged the survival in many cancers typically

associated with poor prognosis, such as melanoma and non-small

cell lung cancer (68). However, immunotherapy is still only

available for a subset of patients, and immunotherapy response

rates vary widely across cancer types (69, 70). Our study found that

in addition to regulating pathways involved in cancer progression,

TMEM59L was also involved in immune regulatory pathways such

as IL6-JAK-STAT3, IL2-STAT5, and TGF-b signaling. Correlation

analysis showed that TMEM59L expression negatively correlated

with activated CD4 T cells and CD8 T cells in most cancer types,

and further IPS analysis also replicated the same trend; TMEM59L
BA

FIGURE 9

Drug sensitivity analysis. (A) The correlation between TMEM59L expression and the sensitivity of GDSC drugs in pan-cancer. (B) The correlation
between TMEM59L expression and the sensitivity of CTRP drugs in pan-cancer. Blue bubbles represent negative correlations, red bubbles
represent positive correlations, the deeper of color, the higher of the correlation. Bubble size is positively correlate with the FDR significance.
Black outline border indicates FDR ≤ 0.05.
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expression was negatively related to IPS score, AZ, and ECs, while

being positively associated with SCs, indicating that TMEM59L

could play a key role in the immunosuppressivemicroenvironment.

At the same time, the close association of TMEM59L with most

immunomodulators and immune checkpoints also implied that

TMEM59L could predict the clinical response of patients to

immune checkpoint blockade, and this was validated in the

IMvigor210 cohort, as high expression of TMEM59L correlated

with a worse clinical response to PD-L1 therapy. Taken together, all

of the results presented above suggested that TMEM59L may exist

in an ‘immune-excluded’ TME, consistent with higher stromal

scores and activation of TGF-b signaling pathways. Despite the

currently unclear role of TMEM59L in T cell suppression, our study

indicated thatTMEM59L could represent a potential novel immune

target, and the application of anti-TMEM59L antibodies after other

therapeutic interventions may be an effective therapeutic strategy.

The study bears few limitations. First, the bioinformatic

analysis needs to be corroborated by experimental validation via

immunostaining of the normal and tumor tissues. Then,

mechanistic investigation is required to confirm the functional

association between TMEM59L and cancer- and immune

pathways, as well as the epigenetic regulation of TMEM59L

expression in specific cancers.

In conclusion, by combining a multi-omics approach, we

comprehensively explored TMEM59L gene expression signature,

its prognostic value, as well as its association with immune cell

infiltration and cancer-associated pathways in various cancer types.

Our findings revealed that TMEM59L expression was correlated

with poor prognosis across multiple tumor types, especially in

COAD, KIRP, and KIRC. Moreover, our study also indicated that

TMEM59L may represent a potential novel immune target and

could play an immune-regulatory role in tumors. This study

underscores the importance of TMEM59L as a prognostic

biomarker and a treatment target and identified an area to be

explored further in the future.
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FIGURE S1

The expression of TMEM59L in normal and cancer tissues based on the

HPA database. (A) The expression of TMEM59L in healthy tissues. (B) The
expression of TMEM59L in human cancer tissues. (C) The representative

IHC images of TMEM59L in colorectal and renal cancer based on HPA

database .(Scale bar: 100 µm).

FIGURE S2

The differences of EMT pathway activity between high and low TMEM59L

mRNA expression in different types of cancer. (A) BRCA, (B) BLCA, (C)
COAD, (D) ESCA, (E) READ, (F) OV, (G) TGCT, (H) THCA, (I) STAD.

FIGURE S3

The single-cell RNA sequencing analysis exhibits the expression pattern as

well as the signal pathway of TMEM59L. (A, B) The UMAP projection of all
clusters and cell subpopulations. (C, D) TMEM59L expression from BRCA-

GSE148673; (E) GSEA showed the the activity of the hallmark EMT
pathways in different cells based on TISCH database; (F) GSEA showed

the enriched upregulated hallmark pathways in different cells based on

TISCH database.

FIGURE S4

Correlations between TMEM59L and enrichment scores of cancer-

associated pathways. (A) Correlations between TMEM59L and the
enrichment scores of cancer-associated pathways. (B) Correlations

between TMEM59L and the steps of the cancer immunity cycle. Solid

lines represent a positive correlation, dashed lines represents a negative
correlation, and the the colors represent significant P-values.

FIGURE S5

The methylation difference between tumor and normal samples of
TMEM59L in different human cancers. (A) BLCA, (B) KIRC, (C) KIRP, (D)

UCEC, (E) LUSC, (F) LUAD, (G) THCA.

FIGURE S6

The correlation between methylation and mRNA expression of TMEM59L
in different human cancers. (A) BLCA, (B) BRCA, (C) COAD, (D) HNSC, (E)

LUAD, (F) PAAD, (G) THCA, (H) UCEC.
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