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Abstract

Background Transmembrane protein 92 (TMEM92) has been implicated in the facilitation of tumor progression. Nevertheless,
comprehensive analyses concerning the prognostic significance of TMEMO92, as well as its role in immunological responses
across diverse cancer types, remain to be elucidated.

Methods In this study, data was sourced from a range of publicly accessible online platforms and databases, including
TCGA, GTEx, UCSC Xena, CCLE, cBioPortal, HPA, TIMER2.0, GEPIA, CancerSEA, GDSC, exoRBase, and ImmuCellAl.
We systematically analyzed the expression patterns of TMEM92 at both mRNA and protein levels across diverse human
organs, tissues, extracellular vesicles (EVs), and cell lines associated with multiple cancer types. Subsequently, analyses were
conducted to determine the relationship between TMEM92 and various parameters such as prognosis, DNA methylation,
copy number variation (CNV), the tumor microenvironment (TME), immune cell infiltration, genes with immunological
relevance, tumor mutational burden (TMB), microsatellite instability (MSI), mismatch repair (MMR), and half-maximal
inhibitory concentration (IC50) values.

Results In the present study, we observed a pronounced overexpression of TMEM92 across a majority of cancer types, which
was concomitantly associated with a less favorable prognosis. A notable association emerged between TMEMO92 expression
and both DNA methylation and CNV. Furthermore, a pronounced relationship was discerned between TMEM92 expression,
the TME, and the degree of immune cell infiltration. Intriguingly, while TMEM92 expression displayed a positive correlation
with macrophage presence, it inversely correlated with the infiltration level of CD8 + T cells. Concurrently, significant
associations were identified between TMEMO92 and the major histocompatibility complex, TMB, MSI, and MMR. Results
derived from Gene Set Enrichment Analysis and Gene Set Variation Analysis further substantiated the nexus of TMEM92
with both immune and metabolic pathways within the oncogenic context.

Conclusions These findings expanded the understanding of the roles of TMEM92 in tumorigenesis and progression and
suggest that TMEM92 may have an immunoregulatory role in several malignancies.
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Abbreviations CHOL Cholangio carcinoma
ACC Adrenocortical carcinoma COAD Colon adenocarcinoma
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BRCA  Breast invasive carcinoma lymphoma
CESC  Cervical squamous cell carcinoma and ESCA  Esophageal carcinoma
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HNSC Head and neck squamous cell carcinoma
KICH Kidney chromophobe
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KIRP  Kidney renal papillary cell carcinoma
LAML Acute myeloid leukemia
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LUAD Lung adenocarcinoma

LUSC  Lung squamous cell carcinoma

MEL Melanoma

MESO Mesothelioma

ov Ovarian serous cystadenocarcinoma
PAAD Pancreatic adenocarcinoma

PCPG  Pheochromocytoma and paraganglioma
PRAD  Prostate adenocarcinoma

READ Rectum adenocarcinoma

SKCM  Skin cutaneous melanoma

TGCT  Testicular germ cell tumors

THCA  Thyroid carcinoma

THYM Thymoma

UCEC  Uterine corpus endometrial carcinoma
UCS Uterine carcinosarcoma

UVM  Uveal melanoma

Introduction

The worldwide incidence of cancer is both significant and
on the rise [1]. The once-prevailing perception of cancer,
primarily centered around tumor cells, has evolved to
recognize the intricate interplay and reliance on the tumor
microenvironment (TME). The TME profoundly influences
the pathophysiological characteristics and therapeutic
outcomes in numerous malignancies [2].

TMEMs are a type of protein that traverse the entirety
of the lipid bilayer, firmly anchoring themselves within it
[3]. Current research has identified numerous TMEMs that
play pivotal roles in a spectrum of cellular activities. These
include involvement in neurological disorders [4], epidermal
keratinization [5], and glycosylation processes [6]. Notably,
several TMEMs, including TMEM200A [7], TMEM?205 [8],
and TMEMOB [9], have been pinpointed as key regulators
within the tumor immune microenvironment (TIME),
further underscoring their significance in the dynamics of
cancer progression.

The transmembrane protein 92 (TMEM?92) is situated on
the human chromosome within the 17q21.33 region and is
classified as a member of the TMEM protein family. Recent
research has suggested that TMEMO92 functions potentially
as a transmembrane adaptor, overseeing the regulation
of membrane-associated proteins, notably cell surface
receptors [10]. Specifically, TMEM92 has been identified
to mediate the degradation of key proteins like p-catenin
and E-cadherin by serving as an adaptor for E3 ubiquitin
ligase [11]. Furthermore, in the context of pancreatic
adenocarcinoma (PAAD), TMEM92 has emerged as a
pioneering prognostic marker, providing valuable insights
into clinical outcomes and the efficacy of immunotherapeutic
interventions [12]. Past studies have posited that TMEM92
may operate as an oncogene, bolstering breast tumor
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cell proliferation, invasiveness, and motility through the
modulation of epithelial-mesenchymal transition (EMT)-
associated proteins [13]. Despite the mounting evidence
positioning TMEMO92 as a promising biomarker across
diverse malignancies, a comprehensive understanding of
the mechanisms underlying its role in tumorigenesis and
progression, as well as its interplay with the TME, remains
to be elucidated.

In the present study, we embarked on a meticulous
exploration of multiple public databases to execute a
thorough pan-cancer analysis centered on TMEM92. These
encompassed evaluations of its expression profile, prognostic
attributes, genetic modifications, DNA methylation patterns,
and associated functional enrichments. Furthermore,
we scrutinized the interrelationships between TMEM92
expression and immune-centric genes, the extent of immune
cell infiltration, as well as the sensitivity to pharmacological
agents.

Materials and methods
Data collection and TMEM92 expression analysis

The expression data for RNA-sequencing, alongside clinical
information from the Cancer Genome Atlas (TCGA), Cancer
Cell Line Encyclopedia (CCLE), and Genotype-Tissue
Expression (GTEx), were procured from the UCSC XENA
database (https://xenabrowser.net/datapages/). Utilizing this
acquired data, an evaluation of TMEM92 expression was
undertaken across 31 standard tissues, 33 tumor tissues,
and an array of cancer cell lines. To ascertain differential
expression between malignant and standard tissues in 33
cancer types, a comprehensive integration of data from both
the GTEx and TCGA repositories was carried out. P <0.05
was deemed statistically significant for discerning expression
discrepancies between the aforementioned tissue types. All
statistical analyses were executed using the R software
platform, with subsequent visualization facilitated by the
“ggplot2” package. Moreover, the expression profiles of
TMEMB92 within extracellular vesicles (EVs) were deduced
from RNA-sequencing datasets encompassing diverse
human bodily fluids, as provided by ExoRBase 2.0 (http://
www.exorbase.org/). In addition, using the “Pathological
Stage Plot” module available on GEPIA (http://gepia.
cancer-pku.cn/), violin plots delineating TMEM92
expression across distinct pathological stages were obtained.
Immunohistochemical visual representations showcasing
TMEMB92 protein expression in clinical cancer samples, as
well as its subcellular localization within neoplastic cells,
were sourced from the HPA database (https://www.prote
inatlas.org/).
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TMEM92 prognostic analysis in pan-cancer

Survival outcomes, specifically overall survival (OS), were
extracted from the TCGA dataset. Based on the median
expression value of TMEMO92, patients were stratified into
two distinct groups: high-TMEM92 and low-TMEM92.
Survival analyses were subsequently conducted utilizing the
Kaplan—Meier estimator coupled with the log-rank test. The
generation of Kaplan—Meier survival curves was facilitated
by the deployment of the “survival” and “survminer”
packages within the R statistical environment.

Mutation analysis and methylation correlation

Data was procured from the cBioPortal platform (https://
www.cbioportal.org/). Specifically, we selected the “TCGA
Pan-Cancer Atlas Studies” under the “Quick select”
category and input “TMEM92” to investigate its genetic
alteration characteristics. Subsequent analysis of alteration
frequency across all TCGA tumors was undertaken using
the “Cancer Types Summary” module. Additionally, a
comprehensive representation of the protein structure,
inclusive of mutated sites within the 3D structure of
TMEM92, could be discerned via the “Mutations” module.
Methylation patterns and copy number variation (CNV)
values related to TMEM92 were also extracted from the
cBioPortal repository. Correlational analysis examining the
relationship between TMEM92 methylation and prognostic
implications in tumors was depicted through Kaplan—Meier
survival plots.

TME analysis

Utilizing the computational algorithm formulated by Zeng
et al., we probed the association between TMEM92 and
TME [14]. The relationship between the expression levels
of TMEMO?2 and the scores of gene signatures pertinent to
TME was elucidated using the designated R package.

Utilizing the “ESTIMATE” package, we computed
the following metrics within the TCGA cohort:
ESTIMATEScore, ImmuneScore, StromalScore, and
TumorPurity. The “ESTIMATE” algorithm, grounded on
gene expression signatures, is designed to extrapolate the
proportions of stromal and immune cells present within
tumor samples [15]. Within the TME, an augmented
presence of immune or stromal components typically
leads to elevated ImmuneScore or StromalScore values,
respectively.

Immune infiltration analysis

We leveraged three distinct datasets to explore the
association between TMEMO2 expression and the abundance

of various immune cell infiltrates across diverse cancers.
Initially, the panImmune feature matrix detailing immune
characteristics, as delineated by Thorsson et al., published in
Immunity, served as our primary data source for immune cell
infiltrates [16]. Subsequently, data was retrieved from the
ImmuCellAl database (http://bioinfo.life.hust.edu.cn/ImmuC
ellAT#!/), which similarly employed the CIBERSORT
algorithm. In the final phase, we utilized TIMER2.0 (http://
timer.cistrome.org/) to illustrate the interrelations between
TMEM92 expression and various immune cell infiltrates.
This was executed using an array of immune deconvolution
algorithms, specifically: CIBERSORT, CIBERSORT_
ABS, EPIC, MCPCOUNTER, QUANTISEQ, TIMER, and
XCELL. Through the integration of these three datasets, a
consistent narrative emerged, delineating the correlation
between TMEMO2 and the infiltration levels of the pertinent
immune cells.

In our research, we further investigated the
concomitant association between TMEM92 expression
and various immune-related genes. This included genes
associated with chemokines, chemokine receptors, the
major histocompatibility complex (MHC), as well as
immunosuppressive and immunostimulatory genes across
a spectrum of cancers. For this analysis, we employed the
“limma” package within the R statistical environment.
To facilitate a visual representation of our findings, the
“reshape2” and “RcolorBrewer” packages were used.

TMB, MSI, and MMR

In this study, the somatic mutation data related to tumor
mutation burden (TMB) were sourced from the Genomic
Data Commons (GDC) data portal, specifically from the
UCSC Xena repository (https://portal.gdc.cancer.gov/).
For each tumor sample, TMB assessment was conducted
using the “mafTools” package. Microsatellite instability
(MSI) data were derived based on methodologies outlined
in a prior published study [17]. We used TCGA expression
profile datasets to evaluate the expression levels of MMR
genes—namely, MLH1, MSH2, MSH6, PMS2, and
EPCAM—across various cancer types. Subsequently, to
ascertain the association between TMEMO92 expression
and TMB, MSI, or MMR genes, a Spearman’s correlation
analysis was conducted.

GSEA and GSVA analysis

To elucidate the potential signaling pathways influenced by
TMEM92 in tumorigenesis, a Gene Set Enrichment Analysis
(GSEA) was performed using the “clusterProfiler” package.
From this analysis, the most significant 20 terms—drawn
from both the Gene Ontology (GO) and the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways—with
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«Fig. 1 Profiling TMEM92 expression in cancers. (A) TMEM92
expression pattern in 31 types of normal samples from the GTEx
database. (B, C) TMEM92 mRNA expression in pan-cancer based
on TCGA(B) and GTEx-TCGA database (C). (D) TMEM92 expres-
sion pattern in 30 kinds of tumor cell lines from CCLE database. (E)
Expression profiles of TMEM92 in extracellular vesicles (EVs) from
ExoRBase 2.0. (F-L) Differential expression of TMEM92 in paired
tumors and adjacent normal tissues from TCGA database. (M—Q)
The correlation between TTMEMO92 expression and the pathologi-
cal stages of cancers using GEPIA. (R-U) The protein expression of
TMEM?92 in immunohistochemical images of normal (left) and tumor
(right) groups from the HPA database. The tumors examined are as
follows: (R) LIHC, (S) KIRC, (T) OV, and (U) BLCA. (V) Immu-
nofluorescence staining of the microtubules, endoplasmic reticu-
lum (ER), and nucleus for the subcellular distribution of TMEM92
expression in A549, CACO-2, and UOS cells based on the HPA data-
base

an adjusted P <0.05, were highlighted. Additionally, for a
comprehensive analysis, the Gene Set Variation Analysis
(GSVA) gene set was retrieved from the “hallmark gene
sets” module available in the Molecular Signatures Database
(MsigDB) accessible at (https://www.gsea-msigdb.org/gsea/
msigdb/index.jsp). In furtherance of this, GSVA scores were
computed to determine the correlations between TMEM92
expression levels and 50 well-established biological pro-
cesses or states across all tumor samples. A synthesis of
these correlation outcomes was provided for 33 tumor types.

Functional states analysis

In our study, the relationship between TMEM92 and 14
distinct cancer functional states was examined by leveraging
single-cell sequencing data. This analysis was facilitated by
the utilization of the “correlation plot” module accessible on
the CancerSEA website (http://biocc.hrbmu.edu.cn/Cance
rSEA/home.jsp).

Drug sensitivity analysis

In this study, we investigated the association between
TMEM92 expression and the half-maximal inhibitory
concentrations (IC50) of 192 therapeutic compounds
sourced from the GDSC2 database (https://www.cancerrxge
ne.org/) using Spearman’s correlation analysis.

Statistical analysis

Gene expression data underwent normalization via a log2
transformation. The relationship between two variables
was ascertained either through Spearman’s or Pearson’s
correlation tests. To compare differences between two
distinct groups, either the Student’s ¢-test or the Wilcoxon
rank sum test was employed. For comparisons involving
more than two experimental groups, one-way analysis of

variance (ANOVA) was used. For the assessment of survival
outcomes, both the Kaplan—Meier method and univariate
Cox regression analysis were employed. The statistical
evaluations of the bioinformatics results were carried out
with R software (Version 3.9.1). A P value of <0.05 was
deemed statistically significant. The significance levels
were denoted as follows: *, P<0.05; ** P<0.01; and ***,
P<0.001.

Results
Pan-cancer analysis of TMEM92 expression

Using the GTEx datasets, we initiated an assessment of the
physiologic gene profiles of TMEMO2 across an array of nor-
mal tissues, subsequently categorizing the expression from
low to high. As delineated in Fig. 1A, the small intestine
manifested the most pronounced expression of TMEM92,
while the majority of other standard samples predominantly
displayed diminished levels of TMEM92. Furthermore, an
exploration of TMEM92 expression across diverse tumors,
as indexed in the TCGA database, revealed heightened
expression in LUAD, PAAD, and STAD, yet diminished in
KICH (Fig. 1B). Given the limited array of normal samples
in the TCGA, a comprehensive analysis was facilitated by
amalgamating data from both the GTEx and TCGA datasets.
This enlarged dataset facilitated an investigation into the
expression across 33 tumor types, revealing that TMEMO92
mRNA expression was significantly augmented in 21 distinct
tumors, inclusive of BLCA, BRCA, CESC, COAD, ESCA,
GBM, HNSC, KIRC, KIRP, LAML, LGG, LUAD, LUSC,
OV, PAAD, READ, SKCM, TGCT, THCA, UCEC, UCS
(Fig. 1C). Contrarily, a decrease in TMEM92 was observed
in DLBC, KICH, and PRAD (Fig. 1C). Proceeding with data
from the CCLE database, it was discerned that TMEM92
expression levels were predominantly elevated across tumor
cell lines, reaching a zenith in KIRC (Fig. 1D). Drawing
from the ExoRBase 2.0 data, it was evident that TMEM92
expression levels in EVs (The sources are blood; urine; CSF
and bile) were generally subdued in a majority of tumor
cell lines, albeit an upsurge was noted in ESCC and MEL
(Fig. 1E).

In a subsequent analysis of paired tumors from the
TCGA dataset, TMEM92 displayed an elevated expression
in BRCA, HNSC, KIRC, KIRP, LUAD, and THCA,
whereas a decreased expression was observed in KICH
when juxtaposed with their respective matched normal
samples (Fig. 1F-L). Concurrently, box plots demonstrated
significant disparities in TMEM92 expression between
normal and tumor specimens across 12 distinct cancer
categories, as sourced from the TCGA dataset (Fig. STA-L).
A deeper probe into the data revealed heterogeneous
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TMEM92 expression across various stages of BRCA, KICH,
KIRC, PAAD, and THCA (Fig. IM-Q). Nevertheless, a
meaningful correlation between TMEMO9?2 expression and
disease stage was not discernible for other cancer types
(Fig. S2A-S). Focusing on protein expression, the HPA
database was used to assess TMEMO92 protein levels. The
interrogation revealed that in normal tissues, including liver,
kidney, ovary, urinary bladder (Fig. 1R-U), cerebral cortex,
endometrium, lung, and skin (Fig. SIM-P), TMEM92 was
either not detected or only faintly visible. In stark contrast,
the corresponding tumor specimens exhibited moderate
to pronounced staining for TMEM92. Concurrently,
immunofluorescence (IF) imagery for the TMEMB92 protein,
as sourced from the HPA, indicated its primary localization
within the nucleoplasm in A549, CACO-2, and U20S
cancer cell lines (Fig. 1V). Cumulatively, these observations
underscore that the upregulation of TMEM92 is pervasive at
both mRNA and protein levels in a majority of the evaluated
malignancies.

Prognostic significance of TMEM92

We explored the prognostic potential of TMEMO92 across
a spectrum of cancers. Our investigations revealed that
heightened TMEMO92 expression corresponded with reduced
survival durations in LUSC, LGG, PAAD, HNSC, ACC,
BRCA, CESC, and CHOL, as evidenced by Cox regression
survival analysis (Fig. 2A). This observation was congru-
ent with findings from the Kaplan—Meier survival analysis
(Fig. 2B-H). Consequently, TMEM92 appears to hold prog-
nostic relevance across diverse malignancies.

The genetic alteration landscape and methylation
analysis of TMEM92 in pan-cancer

By using the cBioPortal platform for genomic analysis, we
observed that the predominant genetic modification related
to TMEMO92 was characterized as “amplification.” This pat-
tern was discernible across virtually all TCGA cancer cases.
Notably, breast invasive carcinoma exhibited the most pro-
nounced alteration frequency, registering at 6.55% (Fig. 3A).

The cumulative somatic mutation frequency for
TMEMO92 was registered at 0.3%. Within this, missense
mutations constituted the primary category (Fig. 3B). The
specific alteration of P138Lfs*86 was identified in multiple
instances: 3 cases of UCEC, 2 of STAD, 1 of COAD, and
1 of HNSC. The P138 locus was conspicuously evident in
the 3D structural representation of the TMEM92 protein
(Fig. 3C). Within the altered group, several genes, namely
ALOX12P1, C90RF85, RUN6-69P, RPS15, LINC00971,
and PLKS5, demonstrated a propensity for genetic
modification (Fig. S3A).
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Subsequently, we conducted the Pearson’s correlation
between TMEM92 CNV and its mRNA expression. As
depicted in Fig. 4A, a positive correlation between CNV
and TMEMB92 expression was evident across a substantial
number of tumor types. Contrarily, in PAAD and THCA, an
inverse correlation was observed (Fig. 4A). Figure 4B-G
presents the six tumor types exhibiting the most pronounced
correlation scores.

In the broader context of pan-cancer analysis, we mapped
the DNA methylation landscape of TMEM92. As depicted
in Fig. 4H, the lollipop chart elucidates a salient correlation
between TMEM92 expression and its methylation across 33
distinct tumor types. Predominantly, the data suggests an
inverse relationship between TMEMO92 expression and its
gene promoter methylation as quantified by the Pearson’s
correlation coefficient. Figure 4I-N depicts the six tumor
types manifesting the most pronounced correlation metrics.
To deepen the understanding on the interplay between
promoter methylation and prognostic implications, we
conducted a Kaplan—-Meier survival analysis spanning
various cancers. Notably, for patients diagnosed with
BLCA and UVM, a trend towards compromised OS was
observed in the presence of promoter hypermethylation, as
visualized in Fig. 40—P. Conversely, for patients with LGG,
promoter hypermethylation appeared to be associated with
an enhanced survival prognosis, as illustrated in Fig. 4Q.

Correlation analysis between TME and TMEM92
expression

The TME plays a pivotal role in modulating tumor progres-
sion, metastatic potential, and therapeutic responsiveness
[18]. In light of this, we endeavored to elucidate the relation-
ship between TMEM92 expression and various facets of the
TME. Figure 5SA, showcasing a heatmap, depicts the degree
of correlation between TMEM92 expression and specific
TME parameters. Notably, EMT2, EMT3, Pan_F_TBRs,
EMT1, and antigen_processing_machinery exhibited a posi-
tive correlation with TMEMO92 expression.

To bolster the evidence supporting the involvement
of TMEM92 within the TME, we analyzed the
ESTIMATEScore, ImmuneScore, and StromalScore across
33 cancer types, deriving these scores from expression data
profiles (Fig. 5B—D). Insights garnered from the ESTIMATE
algorithm revealed that in cancers such as THCA, KICH,
KIRC, GBM, ACC, KIRP, LIHC, BRCA, PAAD, LUSC, and
PRAD, TMEMB92 expression exhibited a positive correlation
with ESTIMATEScore, ImmuneScore, and StromalScore.

Furthermore, when ranked by the magnitude of
correlation, the top quintet of cancers displaying a
pronounced association between TMEM92 expression and
TME-associated scores were KICH, THCA, KIRC, GBM,
and PCPG as per ESTIMATEScore (Fig. 5SE); THCA, KICH,
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KIRC, ACC, and KIRP as per ImmuneScore (Fig. SF); and
KICH, THYM, DLBC, THCA, and PCPG according to
StromalScore (Fig. 5G).

Subsequent analyses discerning the correlation between
TMEMO?2 expression levels and a spectrum of immune-
related genes—encompassing those involved in immune
activation (Fig. S4A), immunosuppression (Fig. S4B),
chemokine synthesis (Fig. S4C), chemokine receptor
expression (Fig. S4D), as well as MHC (Fig. S4E)—
were executed across various cancer types. Intriguingly,
the majority of these immune-related genes manifested
co-expression patterns with TMEM92, with the exception
being in DLBC. This robust association underscores the
profound involvement of TMEM92 in the TIME.

The relevance of TMEM92 expression and immune
cell infiltrates in pan-cancer

Immune cells, encompassing components of both the adap-
tive and innate immune systems, permeate the TME and
exert considerable influence over the trajectory of tumor
evolution [19]. In our effort to delineate the nexus between
immune cell infiltration and TMEM92 expression at a pan-
cancer scale, we leveraged data concerning immune cell

@ Springer

infiltration sourced from an array of databases, subsequently
undertaking correlation analyses. It was discerned that the
expression of TMEMO2 exhibited a positive correlation with
the infiltration intensities of NKTs, monocytes, Th17 cells,
nTregs, and macrophages. Conversely, a negative correlation
was identified in relation to CD8 + T cells, CD8 + naive T
cells, T cells gamma delta, and B cells across a majority of
cancer types (Fig. 6A). Upon executing sequence analyses
via the TIMER2.0 portal, a marked positive association was
evident between TMEM92 expression and the infiltration
of macrophages. Simultaneously, a conspicuous negative
correlation surfaced between TMEMO92 and the infiltra-
tion degrees of CD8 + T cells (Fig. 6B). Correlations with
additional immune cell varieties are depicted in Fig. S3B.
Along with these findings, data sourced from “The Immune
Landscape of Cancer” reaffirmed that TMEMO92 expression
correlates positively with macrophage levels (Fig. 6C) and
negatively with CD8 + Tcell infiltration (Fig. 6D). Syn-
thesizing the aforementioned data, it can be inferred that
TMEMO92 may significantly influence its oncogenic potential
in a plethora of tumor types by modulating the infiltration
dynamics of immune cells.



Clinical and Translational Oncology (2024) 26:2701-2717

2709

A

tavel @) neave (

) non-significant . positive

D

ESCA, n = 180, r = 0.18(pearson). pvalue= 0.0179

B

BRCA, n = 1073, £ = 0.09(pearson), pvalue= 0.0034

C

CESC, n =292, r = 0.21(pearson), palue= 30-04

LI

®9.
02 .“'.. o TP ——— L ——
p o ; oM gt gy e —1 e T
@B o Y Tt oot 0n I TR X Tt Comairabinn
o4
< bl PN
] DG S e o
s 008 007 558 STAD, n = 412, 1 = 0.21(pearson), pvalue= 0 KIRC, n = 522, = 0.19(pearson), pvalue= 0 TGCT,n = 132, r = 0.32(pearson), pvalue= 2¢-04
2 4 L . .
@@ @
8 0.0 4 Py s '
00 a8 50 e ~
Lds o
L2 -3 - =
12 ] ooffe
-0.2 . i
[ . . o
S E I 2009000 < S o <00 < 9 O 24 o ) o <= ° o "
$Gtdhpteeiigesgspaeigsioziasggygys 2 . T
F X030 b X3 GY833 Foo~ @ £3%¢ 3 -4 = TMEM92 expression lg2(TPMS0.001) THEMS2 expression ogZ(TPMPO.00T) T THEMD2 xpression og2(TPMH.001)
Correlation between CNA and mRNA expression

BLCA, n =407, r = -0.21(pearson), p.value= 0 CHOL,n=36,r= HNSC, n=520,r= pvalue= 0.0441
08 e o
I
- s I sate. 33 -
tabel @) neaive @) non-signitcan 3 3 O £ =
E.2 g s "
gm_ ot
0.2 ] % gm
.‘ i
@ ;
00 @ @ I. o
. - § ™ 2 i T -0
TMEMS2 exression g2TPHS0.001)
5 L M N
T -02 .. . KIRC, n = 317, r = -0.41(pearson), palue= 0 SARC, n = 262, r = -0.46(pearson), p.value= 0 SKCM, n = 468, r = -0.3(pearson), palue= 0
% '.‘... o : TR iit
.... § ¢ §..5 W o ft
. EI Fon Hd |
-04 . . £ ) -
® i 1.i 1.2
%000 | It bt b
-06 o2 H Ed
@
o) S5 9322089389582 932:283822¢338L8¢:398 2 K .
Q 28 S adn® 2 0 G I Q O S X092 % € 0w g s owg | | i) L m—————— ! 1 L —————
33°C°3°8B32°0338RRE G883 RS0 * mamtmmomionom TR o L g wermeins
Correlation between Methylation and mRNA expression
O BLCA TMEMS92 Methylation OS Survival P UVM TMEMS2 Methylation OS Survival Q LGG TMEMS92 Methylation OS Survival
Strata = Gene=High Methylation (206) =+~ Gene=Low Methytation (205) Strata =+ Gene=High Methylation (40) = Gene=Low Methylation (40) Strata = Gene=High Methylation (263) =+ Gene=Low Methylation (262)
1.00- 1.00+4 1.00+
> 075- > 0751 > 075+
8 8 8
3 2 3
8 i} 8
& 050- ====-Mpo---o & 050 =------eeeeeeaoo & 080 =-------- -
g : : g g :
4 ! 4 ! 4 !
@ ; ' 3 1 @ o0 | 1
025+ ! ' D 025- ' -
p=0.022 ' p=0.0061 ' p<0.0001 ! '
1 . 1 H H
000+ ' ' 0004 ! 0,00+ ' '
) 1000 2000 3000 4000 5000 ) 500 1000 1500 2000 2500 ) 2000 4000 6000
Time (days) Time (days) Time (days)
Number at risk Number at risk Number at risk
s 206 46 20 6 3 1 g 40 26 10 1 0 0 £ 263 34 8 1
2] 205 56 19 6 1 1 @ 40 29 19 5 2 1 7] 262 25 6 0
0 1000 2000 3000 4000 5000 0 500 1000 1500 2000 2500 0 2000 4000 6000

Fig.4 CNV and methylation of TMEM92. (A) The relationship
between TMEMO92 expression and CNV. (B—G) The top 6 positively
correlated. (H) The correlation between TMEM92 expression and

The relationships between TMEM92 expression
and TMB, MSI, and MMR

Alterations in TMB, MSI, and MMR often culminate in the
accumulation of neo-antigens, which in turn augments the
likelihood of T cell recognition [20]. In light of this, we
undertook an investigation to elucidate the interrelationship
between TMEMO92 expression and the parameters of TMB,
MSI, and MMR. Analysis revealed a positive correlation
between TMEMO2 expression and TMB in both TGCT and

methylation. (I-N) The top 6 negatively correlated. (O—W) Kaplan—
Meier curves illustrate the relationships between TMEM92 methyla-
tion levels with OS (0-Q)

ESCA. Conversely, a negative association was identified in
BLCA, LUAD, and READ (Fig. 7B). Furthermore, signifi-
cant associations between TMEMO92 expression and MSI
were observed in six cancer types: ESCA, TGCT, MESO,
COAD, OV, and UCS. Notably, patients with OV and UCS
demonstrated a negative correlation with TMEMO92 expres-
sion, whereas the remaining cancer types manifested an
inverse correlation (Fig. 7C). Detailed scatter plots for each
of the aforementioned tumors are presented in Fig. S5A, B.
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Fig.6 Relationship between TMEM92 expression and immune cell
infiltration in different cancers. (A) Correlations between TMEM92
expression level and immune cells in pan-cancer using the ImmuCel-
1AI database. (B) Correlation between TMEM92 expression and the

Subsequent to discerning a link between TMEM92
expression and the mutation indicators TMB and MSI,
we delved deeper to ascertain the relationship between
TMEMO92 expression and deficits in MMR. Our analysis
revealed prominent associations across 33 cancer types, with
the exceptions being READ, UVM, GBM, DLBC, MESO,
LAML, BRCA, PCPG, and LIHC (Fig. 7A). Cumulatively,
these results suggest that TMEM92 could serve as a prospec-
tive biomarker for genome stability across most cancerous
conditions.

infiltration of macrophages and CD8" T cell, utilizing the TIMER 2.0
database. (C, D) Scatter plots of macrophages (C) and CD8" T cell
(D) infiltration levels related to TMEMO92 expression are presented

Functional enrichment analysis of TMEM92
in multiple cancers

In an endeavor to discern the biological processes or signal-
ing cascades intertwined with TMEM92 in oncological con-
texts, we utilized GSEA and GSVA (Fig. 8). Through GO
terms, our findings underscored the profound involvement
of TMEM92 in immune regulatory pathways across pan-
cancer, prominently in domains such as adaptive immune
response, immune effector processes, activation of multiple
cells within the immune response, and both positive and
negative modulations of the immune system process. This
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Fig.7 Expression of TMEM92 is correlated with TMB, MSI, and MMR. (A) The heatmap displays the correlations between TMEM92 and
MMR genes in pan-cancer. Radar maps of correlations between TMEM92 expression and TMB (B) and MSI (C)

also extended to the production and regulation of cytokines
(Fig. 8A-F). Concurrently, KEGG analysis signified a
prominent connection between TMEMO92 and pathways like
cytokine-cytokine receptor interaction and ECM-receptor
interaction, among other established pathways. Additionally,
metabolic pathway associations were unearthed specifically
within DLBC, ESCA, and LUAD contexts.

A visualization of GSVA for assorted hallmark path-
way enrichment scores with TMEMO92 expression levels is
illustrated as a heatmap (Fig. 8M), leveraging data from the
MsigDB database. Our analysis pinpointed a positive cor-
relation of TMEM92 with several oncogenic pathways, nota-
bly hypoxia, EMT, and angiogenesis, alongside pathways
pertinent to substance metabolism. The cellular immune
factor inflammatory responses, encompassing factors like
interferon-gamma, interferon-alpha, IL6, and TGF-beta,
manifested a pronounced positive association with TMEM92

@ Springer

across a multitude of tumors. Such findings are congruently
echoed in Fig. 8N.

The functional states of TMEM92 across different
cancers in scRNA-Seq datasets

To explore the potential pathophysiological mechanisms
underlying the role of TMEM92 in oncology, we examined
the interrelation between TMEMO2 and the functional states
of various cancers at the single-cell resolution, leveraging
the CancerSEA database. Our analysis unveiled a positive
correlation between TMEM92 expression and several cellu-
lar processes, notably angiogenesis, metastasis, quiescence,
differentiation, and hypoxia. Conversely, TMEM92 expres-
sion exhibited a pronounced negative correlation with pro-
cesses such as the cell cycle, DNA damage, DNA repair, and
proliferation (Fig. 9A). The intricacies of this correlation
between TMEM92 and the functional states across eight
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distinct cancer types are delineated in Fig. 9B-I. It is par-
ticularly noteworthy that the relationship between TMEM92
and functional states may exhibit a stronger correlation in
lung adenocarcinoma, a subtype of non-small cell lung can-
cer, compared to other pathological types of lung cancer
(Fig. 9B, C).

Correlation of sensitivity to drug (1C50)
with TMEM92 expression

Gene modifications play a pivotal role in determining clinical
treatment responses [21]. In light of this, an investigation
was conducted to discern the relationship between mRNA
expression levels of TMEMO92 and IC50 values relative to
antineoplastic agents as sourced from the GDSC database.
Our analysis covered 192 drugs, and we ultimately
determined that 151 drugs were statistically correlated
with TMEM92. Notably, 144 drugs exhibited a positive
correlation while 7 manifested a negative correlations.
Drugs displaying the most robust positive correlations
comprised AZD5991, BIBR-1532, EPZ004777, Sabutoclax,
Venetoclax, Pyridostain, PCI-34051, and Telomerase
Inhibitor IX. Comprehensive results from the drug
sensitivity evaluation are documented in the Supplementary
Table S1. It is pertinent to highlight that widely prescribed
antineoplastic agents in carcinoma management—namely
cisplatin, gemcitabine, sorafenib, paclitaxel, docetaxel,
crizotinib, oxaliplatin, and tamoxifen—presented elevated
IC50 metrics in patients manifesting heightened TMEM92
expression levels.

Discussion

Carcinogenesis is fundamentally underpinned by the
ubiquitous presence of driver mutations and epigenetic
aberrations even within ostensibly normal tissues [22]. In
our present work, a comprehensive pan-cancer assessment of
TMEMO2 was conducted. The genetic alterations landscape
of TMEMB92 across diverse cancer types was unveiled, with
amplification emerging as the predominant alteration. DNA
methylation, an epigenetic mechanism pivotal in modulating
gene expression, exhibits aberrant patterns strongly linked
to oncogenesis [23]. We discerned a pronounced inverse
correlation between TMEMO92 expression and DNA
methylation. Furthermore, survival analyses across cancers
indicated that hypermethylation of the TMEM92 promoter
was associated with improved OS in patients diagnosed with

LGG, conversely being detrimental for patients diagnosed
with UVM and BLCA. This directed our hypothesis towards
the possible involvement of the mutational and epigenetic
states of TMEM92 in tumorigenesis.

The TME is not a mere passive entity; rather, it actively
propels cancer progression [24]. Our findings underscored
a positive correlation between TMEM92 expression across
cancers and TME, particularly in relation to EMT markers—
processes known to augment tumor initiation and metastatic
capacity [25]. It is empirically supported that TMEM92
modulates EMT-associated proteins, bolstering breast
cancer cell viability [13]. Aligning with this, our dataset
indicates that TMEM92 may influence the EMT cascade
and instigate carcinogenic processes. Moreover, evaluations
of StromalScore and ImmuneScore gauged the degree of
stromal and immune cell infiltration, with higher scores and
diminished tumor purity correlating with advanced tumor
stage and poor OS [26].

Anti-tumor immunity is primarily orchestrated by
immune cells capable of potent immune reactions [27,
28]. Nevertheless, malignant cells have evolved intricate
mechanisms, such as augmenting negative regulatory
pathways, to elude immune scrutiny [19]. The presence of
immunosuppressive cells is intricately linked with resistance
to immunotherapy [29]. In our study, we analyzed the
abundance of immune cells across 33 cancer types. The
data revealed a positive correlation between TMEM92
expression and macrophage levels, but a negative correlation
with CD8+ T cell infiltration. Such patterns suggest that
TMEMO92 may interact with immune cells across a spectrum
of cancers, potentially serving as an indicator of immune
responsiveness and efficacy of immunotherapies.

MSI testing and TMB stand as genomic indicators,
identifying patients poised to benefit from immune
checkpoint inhibitors [30]. TMB is regarded as a prognostic
marker for pembrolizumab monotherapy in cases of
advanced tumors, while detection of high MSI via liquid
biopsy has been associated with sustained immunotherapy
responses in pancreatic cancer [31, 32]. Our findings linked
TMEM92 expression with TMB and MSI across multiple
malignancies. At the same time, a significant correlation was
observed between TMEMO92 expression and mutation rates
of MMR genes, underscoring the potential of TMEMO92 as
a therapeutic guide in oncology.

Building upon the established association between
TMEMO92 and TME, we utilized GSEA and GSVA to elu-
cidate the regulatory mechanism of TMEM92 in a pan-can-
cer context. Our results highlighted positive correlations of
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«Fig.8 GSEA and GSVA of TMEM92 in pan-cancer. GO annotations
of TMEM92 in the indicated six types of tumors, including ACC
(A), CESC (B), DLBC (C), ESCA (D), LUAD (E), and SKCM (F).
KEGG annotations of TMEM92 in the indicated six types of tumors,
including ACC (G), CESC (H), DLBC (I), ESCA (J), LUAD (K),
and SKCM (L). The top 20 GSEA terms are displayed. (M) Heat-
map for different hallmark pathway enrichment scores with TMEM92
expression level. (N) GSVA data of TMEM92 in the indicated six
types of cancers

TMEMO2 expression with angiogenesis, metastasis, cellular
quiescence, differentiation, and hypoxia. This establishes
theoretical evidence of the intricate interplay with immunity
and cancer metabolism in TMEM92.

In terms of pharmacological sensitivity, 144 out of
192 evaluated anti-cancer drugs, encompassing numerous
conventional drugs, demonstrated diminished efficacy in the
high-expression TMEM92 cohort. This suggests that there
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Fig.9 CancerSEA was used for single-cell analysis to determine the
functions of TMEM92. (A) Average correlations between TMEM92
and functional states in different cancers from cancerSEA. (B-I)
Functional relevance of TMEM92 in LUAD (B), NSCLC (C), RCC

is a potential involvement of TMEMO92 in drug resistance.
Focal adhesion kinase (FAK), a pivotal regulator of cellular
adhesion and migration, is implicated in resistance to cancer
therapeutics. Current preclinical evidence suggests enhanced
utility of FAK inhibitors when combined in specific patient
populations [33]. Collectively, our analyses point to
TMEMB92 as a potential therapeutic target to some extent.

While our investigation pioneers a pan-cancer analysis
of TMEMO92 from multifaceted viewpoints, it is not devoid
of limitations. The intricacies of the role of TMEM92 in
cancer largely hinge upon bioinformatics analyses, with
limited direct experimental validation currently available.
Consequently, we aim to explore the multifarious roles,
mechanistic underpinnings, and therapeutic potential
of TMEMO92 across diverse cancers via a slew of
experimental designs.
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suggest a negative correlation
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Conclusion

In the present study, we elucidated the tumorigenic
significance and prognostic implications of TMEM92
across a spectrum of cancers. Our findings highlighted
associations between TMEMO92 expression and multiple
oncogenic factors, including DNA methylation,
TME, immune cell infiltration, immune-associated
gene expression, MSI, TMB, MMR genes, and drug
susceptibility. These findings augment the understanding
on the multifaceted roles of TMEMO92 in cancer initiation
and progression, laying the groundwork for potential
clinical interventions targeting TMEM92 in forthcoming
therapeutic strategies.
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