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ABSTRACT

Background: Bladder cancer is among the most lethal urinary system cancers across the globe. Macrophage 1 and
Macrophage 2 play an essential role in the pathogenesis of tumors. Nevertheless, prior studies failed to investigate the
implication of the two cells, working in combination, in the development, growth, progression and metastasis of bladder
cancer.

Methods: We computed the M1/M2 ratio of the samples retrieved from The Cancer Genome Atlas (TCGA) by using
the Cibersortx algorithm and calculated the ratio in 32 patients in our series by employing flow cytometry. SurvivalRan-
domForest was utilized to reduce the dimension of the list of the M1/M2-related genes, with an aim to obtain the most
survival-predictive gene (EMP1) encoding epithelial membrane protein 1 (EMP1). The EMP1 was biologically characterized
by using Gene Set Enrichment Analysis (GSEA), Gene Set Variation Analysis (GSVA), and Gene Ontology (GO). The
single-cell transcriptome (sc-RNA) analysis was then applied to further look into the function of EMP1. Finally, Cellchat
was employed to examine the interaction between macrophages and epithelium cells.

Results: The results showed that higher M1/M2 ratio was found to be associated with a more favorable prognosis of
bladder cancer. EMP1 was identified to be the key gene indicative of M1/M2 ratio and higher EMP1 expression was
associated with poor prognosis. Further analyses showed that EMP1 might promote tumor invasion and metastasis via
epithelial-mesenchymal transition (EMT) and focal adhesion (FA). Moreover, the expression level of EMP1 could serve
as an indicator of immunotherapy efficacy. The scRNA-seq data indicated that EMP1 in cancer cells was strongly asso-
ciated with tumor proliferation. Finally, the Cellchat results exhibited that EMP1 might promote the interaction between
macrophages and cancer cells through the fibronectin 1-syndecan 1 (FN1-SDC1) pathway.

Conclusion: Our study identified EMP1, an M1/M2-related gene, the expression of which may act as a prognostic
indicator for the proliferation, metastasis, and response to immunotherapy. EMP1 might be involved in the regulation
on M1/M2 ratio.
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INTRODUCTION

Bladder cancer is the second mortal urinary system cancer
across the globe[1,2]. For patients with localized and non-mus-
cle-invasive bladder cancer (NMIBC), surgery or radiotherapy
is currently the standard therapeutic approach. However, these
treatments are often ineffective in preventing recurrent or distant

metastatic diseases, especially in the case of bladder cancer,
which typically forms microscopic metastases.

Macrophage 1 (M1) and Macrophage 2 (M2) are two types of
macrophages that differentiate from monocytes under different
stimuli[3]. In tumors such as breast cancer, M1 and M2 mac-
rophages have been shown to have opposite effects on tumor
growth[4]. M1 macrophages are the predominant phenotype

DOI: 10.14440/bladder.2023.852

How to cite this article: LiJQ, LiuJY, Wang HL, Ma JP, Wang YZ, Xu WH. Single-cell analyses EMP1 as a marker of the ratio of
M1/M2 macrophages is associated with EMT, immune infiltration, and prognosis in bladder cancer. Bladder 2023;10:¢21200011.

S
https://bladder.polscientific.com mrﬂ

POL SCIENTIFIC



ARTICLE

in normal immunological responses, while M2 macrophages
induce immunosuppression and tumorigenesis[5]. Although the
prognostic value of M1 macrophages has been established, M2
macrophages have also been extensively investigated, but with
inconsistent results. Researchers have recognized the limitation
of analyzing the effect of M1 or M2 macrophages separately
and have attempted to combine them as an M1/M2 macrophage
ratio. In tumors such as oral squamous cell carcinoma[6], some
researchers have already proven the strong prognostic value of
the M1/M2 ratio. However, in bladder cancer, the value has not
yet been clearly investigated.

Epithelial membrane protein 1 (EMP1) is a member of the
epithelial membrane protein family (including EMP1, EMP2,
and EMP3) and is encoded by the same gene family as growth
arrest-specific 3 (GAS3) and peripheral myelin protein 22 kDa
(PMP22). It is an important target for tumor therapy [7]. Previous
research has confirmed that EMP1 is an important prognostic
factor that is closely related to tumor metastasis and proliferation
[8-10]. However, the relationship between EMP1 and tumors,
especially bladder cancer, has not been fully studied and needs
further exploration. Using Cox regression and SurvivalRandom-
Forest to perform dimension reduction, we found that EMP1 is
associated with poor prognosis in bladder cancer and further
explored its relationship with the M1/M2 macrophage ratio and
bladder cancer.

In this study, we identified EMP1 as the most valuable gene
related to the M1/M2 macrophage ratio through several bioin-
formatic approaches, and we performed its clinical, biological
and multi-omic characterization in both public databases and
our own patient cohort. Furthermore, this study revealed the
essential role of EMPI in predicting the response to immuno-
therapy or serving as a biomarker for bladder cancer. Finally, we
analyzed scRNA-seq data from the Gene Expression Omnibus
(GEO) database, in which our finding demonstrated EMP1’s
significant impact on the communication between myeloid cells
and other cell types.

MATERIALS AND METHODS

Data of Bladder Cancer Gathering and Processing

Bladder cancer samples with adequate clinical information
were gathered from The Cancer Genome Atlas (TCGA) da-
tabase and Gene-Expression Omnibus (GEO). In terms of the
TCGA cohort (403 bladder cancer samples), the RNA-seq data
and accompanying clinical information were extracted from the
TCGA database (http://cancergenome.nih.gov/), which was then
transformed into transcripts per kilobase million (TPM). Four
GEO microarray cohorts were employed in this study, and the
expression and survival information were retrieved from the GEO
database (https://www.ncbi.nlm.nih.gov/geo/), with background
adjustment, and were normalized using the RMA algorithm. Be-
fore further analysis, all gene expression data were log2 converted
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and quantile normalized utilizing the ‘normalizeBetweenArrays’
technique in the R package limma 3.46.0. For the analysis using
merged gene expression data from different data sets, we removed
the batch effects using the R package sva 3.36.0.

Inference of the Immune Infiltrating Microenviron-
ment

To evaluate the abundance of M1 and M2 cells, we employed
the Cibersortx algorithm (https://cibersortx.stanford.edu/), an
analytical tool to impute gene expression profiles and provide
an estimation of the abundances of member cell types in a mixed
cell population using gene expression data. Other algorithms,
including TIMER, CIBERSORT, MCPCounter, XCell, and EPIC
deconvolution algorithms, were also implemented in immuned-
econv R package 0.35.

Unsupervised Clustering for M1M2 ratio-related
genes

With the assistance of the R package ConsensuClusterPlus
1.54, it was possible to find robust M1M2 ratio-related clusters
in TCGA patients by using a consensus clustering technique of
partition (based on the Euclidean distance and Ward's linkage)
based on the M1M2 related genes. The cumulative distribution
function (CDF) and consensus heatmap were used to determine
the optimal K value. This method was performed 1000 times to
ensure the stability of the stratification process.

Dimension reduction for discovering core gene

The TCGA data were subjected to univariate Cox regression
analysis to identify the DEGs associated with any prognoses
with a P-value < 0.01. SurvivalRandomForest with 1000 trees
was used to validate the results and rank the importance of the
11 genes obtained by Lasso regression in the R package Surviv-
alRandomForest version 3.6.4.

Gene Set Variation Analysis (GSVA)

We downloaded canonical pathways gene sets from the Gene
Ontology (GO) and the Kyoto Encyclopedia of Genes (KEGG)
databases. The GSVA score was then measured for each blad-
der cancer sample using the GSVA algorithm in the R package
GSVA 1.36.2.

Gene Set Enrichment Analysis (GSEA)

The GSEA algorithm analyzed the enriched biological pro-
cesses between different groups. The data in TCGA were first
Transformed to be prepared for Linear Modelling by voom in
R package limma 3.46.0. The differential genes between the
two groups were calculated with the R package limma 3.46.0.
Subsequently, they were pre-ranked by log2 fold-change and
delivered to the R package clusterProfiler 3.18.1 for GSEA
analysis. The results with a p.adjust < 0.05 were recognized as
statistically significant.
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Multi-Omics Features of EMP1 high and low groups

Somatic mutations and somatic copy number alternations
(CNAs), which corresponded to the cases with RNA-seq data,
were downloaded from the TCGA database. GISTIC analysis was
performed online (https://www.genepattern.org/) to determine
the genomic event enrichment. CNAs associated with the two
groups and the threshold copy number at alteration peaks were
obtained using GISTIC 2.0 analysis.

Prediction of Immunotherapy Response

The IMvigor210 cohort, a urothelial carcinoma cohort treated
with the anti-PD-L1 antibody atezolizumab, was used to predict
patients’ responses to immunotherapy. Based on the Creative
Commons 3.0 License, complete expression and clinical data
were downloaded from http://research-pub. Gene.com/IMvig-
or210CoreBiologies. Raw data were then normalized using the
limma R package, and the count value was transformed into
TPM value.

Single-cell transcriptomic analysis

Single-cell RNA sequencing (scRNA-seq) gene expres-
sion data from 11 samples (GSM4006644, GSM4006645,
GSM4006646, GSM4006647, GSM4006648, GSM4751267,
GSM4751268, GSM4307111, GSM3729178, GSM3729179,
GSM5655079) were downloaded from published study via Gene
Expression Omnibus, through accession number GSE135337,
GSE145137, GSE130001 and GSE186520. we filtered cells
with a unique feature count of > 2500 or < 200 and cells with
a mitochondrial count of > 5%. Then, the default parameters
of the “NormalizeData” function of Seurat were used to nor-
malize the feature-expression measurements for every cell by
the total expression. Finally, 14348 cells were introduced into a
combined Seurat object via the “FindIntegrationAnchors” and
“IntegrateData” functions. Then, variable genes were carried
forward into scaling and principal component (PC) analysis.
Significant PCs (top 15) were used for t-SNE analysis and
clustering through “RunTSNE” (perplexity=100, max itera-
tion=3000) and “FindClusters” functions (resolution =0.5). To
identify cell types, we checked whether the well-studied marker
genes were the top differentially expressed genes (DEGs) and
annotated the most probable identity for each cell cluster. The
remaining cell types were then identified manually from the
cell marker database (http://biocc.hrbmu.edu.cn/CellMarker/).

Differential Expression and Analysis of Signaling
Pathways

DEGs among clusters were detected by the Seurat function
“FindAllMarkers”. Volcano plots were applied to visualize the
genes with upregulated or downregulated expression. Genes
with Benjamini—-Hochbergadjusted P < 0.05 and absolute log2
fold change between two groups > two were used to analyze
functional enrichment using the GO and KEGG databases (clus-
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terProfiler 3.18.1). Additionally, ranked gene set enrichment
analysis (GSEA) was undertaken. Genes were ranked based
on their phenotypes, and the GSEA algorithm proposed by
Subramanian ef a/. [11] was used to compute the enrichment
score of each gene.

Ligand—Receptor Expression and Cell Interactions

Cell-to-cell communication (CellChat 0.0.2; R package) was
ascertained by evaluating the expression of pairs of ligands and
receptors within CellChatDB. human. We examined the interac-
tion between different cell types, and communication with many
cells of less than ten was filtered.

Statistical Analysis

Unpaired Student t-tests and Wilcoxon rank-sum tests
were applied to evaluate the statistical significance of nor-
mally-distributed and non-normally distributed variables,
respectively when comparing the two groups. Kruskal-Wallis
tests and One-way analysis of variance (ANOVA) were also
used to conduct difference comparisons of more than two
groups. Spearman and distance correlational analyses were
conducted using the R package Hmisc 4.4.1. Objects with a
Spearman correlation coefficient greater than 0.4 were strongly
correlated. The hazard ratios (HR) of all prognostic factors
were computed using a univariate Cox proportional hazards
regression model. The “surv_cutpoint” function of the R pack-
age survminer 0.4.8 was used to estimate the optimal cut-off
point for prognostic factors according to their relationship
with the patients’ survival probability with the maximum rank
statistic. Next, survival curves were drawn using the Kaplan—
Meier method. The statistical significance of the difference
in survival probability was estimated using the log-rank test.
The R package forestplot 1.10 was employed to demonstrate
the univariate prognosis analyses of different groups of prog-
nostic factors. The networks of canonical signaling pathways
were constructed using Cytoscape 3.7.2, and the hub pathway
was estimated by the Cytoscape plug-in CytoHubba. The R
package ComplexHeatmap 2.4.3 generated all the heat maps.
A Waterfall Chart was applied to exhibit the overview of the
gene mutation landscape, which was generated using the R
package maftools 2.4.12. The statistical difference of CNVs
between the EMP1 low and EMP1 high groups was deter-
mined using the R package cnvaq 0.1.3. Then, the IGV 2.8.2
software was employed to visualize the CNV landscape of the
two groups. All the above analyses were performed using the
R 4.0.0 software. All the statistical analyses were two-sided,
and a P < 0.05 was considered statistically significant.

Specimens and cell culture

This research was approved by the Ethics Committee. Spec-
imens (N=32) were histopathologically confirmed by three in-
dependent pathologists and derived with informed consent. We

£ 3

POL SCIENTIFIC



ARTICLE

recruited 32 biopsied bladder cancer patients and their tumor
excisions were placed in sterile 50 mL centrifuge tubes con-
taining RPMI1640 media (Invitrogen/GIBCO, Carlsbad, CA),
10% heated-inactivated fetal bovine serum (FBS, Gibco), and
1% antibiotics (100 U/mL penicillin, 100 pg/mL streptomycin).
The centrifuge tubes were transported from the operating room
to the laboratory or stored in liquid nitrogen.

HT1197 and RT112 cell lines were obtained from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA). Cells were
cultured in RPMI1640 media (Invitrogen/GIBCO, Carlsbad, CA)
supplemented with 10% heated-inactivated fetal bovine serum
(FBS, Gibco) and 1% antibiotics (100 U/mL penicillin, 100 pg/
mL streptomycin). All cell cultures were incubated at 37°C in a
humidified environment of 5% CO, in the air.

Real-time quantitative RT-PCR

The total RNA of patients was extracted by using a RNeasy
kit (Qiagen Sciences, Hilden, Germany) and using a PrimeScript
IT 1-strand ¢cDNA synthesis kit (TaKaRa, Dalian, China) to
obtain cDNA. qPCR was performed using a LightCycler 480
real-time PCR machine (Roche, Basel, Switzerland) with SYBR
and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as an
internal control. The resulting data from the PCR machine were
all analyzed based on the cycle threshold (DDCT) method, and
all primers were listed in supplementary Table S8.

Western blots

Cells in six-well plates were lysed with NP-40 buffer (Bey-
otime, Shanghai, China) with 0.1% mM phenylmethylsulfonyl
fluoride (PMSF) protease inhibitor cocktail (Roche Molecular
Biochemicals) for 30 min in ice. SDS was introduced to the
supernatant and boiled for 10 min after centrifugation at 12,000
xg for 10 min at 4°C. Before Western blotting, protein concen-
trations were determined by BCA assay. Cell lysates were sepa-
rated by SDS-PAGE and transferred to nitrocellulose filter (NC)
membranes (Millipore, Billerica, MA), then blocked with 5%
nonfat dry milk in TBST (20 mM Tris, pH 7.4, 150 mM NaCl,
0.1% Tween 20) for 2 h at room temperature, and then incubated
with anti-EMP1 (ab230445, Abcam, Cambridge, MA) antibody
or anti-GAPDH (LF205, Epizyme, Shanghai, China) antibody
at 4°C overnight. After three rounds of washing with TBST, the
membrane was incubated with a secondary antibody in PBS
for 1 h at room temperature in the dark. After using TBST for
washing three times, the membrane was scanned and analyzed
in an Odyssey infrared imaging system (Li-Cor Biosciences,
Lincoln, Nebraska USA).

Flow cytometry
Tumor excisions from patients were cut into small pieces and
homogenized in a cold staining buffer to make single-cell sus-
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pensions in the presence of collagenase. The cells were stained
with fluorescence-labeled FITC-CD11b antibody, APC-CD68
antibody, PE/Cy7-CD80 antibody, and PE/Cy7-CD206 antibody
(Biolegend, San Diego, CA). Stained cells were measured on an
FC500 flow cytometer (Beckman, Indianapolis, Indiana USA)
and analyzed by Kaluza software (Beckman).

RESULTS

The predictive value of M1M2 macrophages and
the M1M2 ratio correlated genes

To evaluate the prognostic value of the M1M2 ratio in bladder
cancer, we retrieved the TCGA data from the GDC data portal
(https://portal.gdc.cancer.gov/) and excluded samples with purity
less than 60%. The Cibersortx algorithm was utilized online
(https://cibersortx.stanford.edu/) to estimate the cell infiltration
(Table S1). We then filtered out those samples in which the quan-
tity of Macrophage 1 or 2 was zero. After that, we observed that
the survival curves were separated by the optimal cutoff value
of the M1M2 ratio (Fig. 1A). Subsequently, experiments were
performed to validate the association between the M1M?2 ratio
and survival in patients with bladder cancer. Tumor resections
were collected from 32 patients diagnosed with bladder cancer,
and their clinical information was listed (Table S2). All of the
patients underwent surgery, and there was no distant metastasis.
The median follow-up time was 1173 days. Tumor tissues were
stained for CD11b, CD68, CD80 (M1), and CD206 (M2) with
flow cytometric analysis to determine the M1M2 ratio (Fig.
1B). Combining tumor resection flow cytometry results and
survival data from 32 patients, we found that patients with a
higher M1M2 ratio separated by the best cut-off value had better
survival than patients with a lower ratio (Fig. 1C) which was
consistent with TCGA database analysis result. To investigate
the inner significance of the M1M2 ratio, we identified genes
that were highly correlated to the M1M2 ratio (|r[>0.3, Spearman
correlation, Table S3). These genes clustered the samples into
groups through an unsupervised clustering algorithm. Based on
the results of a consensus matrixes heatmap (Fig. 1D, SIA-C),
the Delta area curve, tracking plot, and cumulative distribution
function (CDF, Fig. S1D-F), the optimal K value (the number
of groups) was 3, and the assignment of each sample was listed
(Table S4). A total of 1389 intersected differentially expressed
genes (DEGs) among these three clusters were detected by R
package limma 3.46.0 (Figure 1E, Table S5). As illustrated
in the networks of canonical signaling pathways visualized by
clueGO (a Cytoscape plug-in), these DEGs were highly enriched
in Myeloid leukocyte migration (Fig. 1F).
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Figure 1. The association between M1M2 ratio and bladder cancer prognosis. (A) The survival curve of 271 patients from TCGA was divided into
two groups with high and low ratios based on their optimal cut-off value. (B) Results from three representatives of 32 bladder cancer patients depicted
in cytometry plots and the relative quantification of M2-like macrophages (CD206) and M1-like macrophages (CD80) gating on CD11b*CD68" cells. (C)
Survival data of 32 patients divided into two groups with high and low ratios using the best cut-off value. (D) Consensus matrixes of TCGA cohort for
k = 3. (E) Venn plot generated to show DEGs among these three clusters. (F) Cytoscape plug-in ClueGo exhibiting the GO clustering result. (G) The
relation between error rate and the number of trees running the SurvivalRandomForest algorithm. (H) The relative importance of 17 genes selected by
dimension reduction. (I) Survival curve of 403 TCGA patients categorized into two groups with high and low ratios based on the median level of EMP1.

(J, K) Forest plots depicting the result of univariate and multivariate Cox regression analysis of these eight genes.
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To identify the most prognostic gene, we first performed uni-
variate COX regression analysis with the survival status and time
of patients as the dependent variables, and filtered out 253 genes
(P <0.01, Table S6). Then, we applied SurvivalRandomForest
to further reduce the dimensionality based on the survival of
patients. We set the total number of trees to 1000 and obtained
the lowest error rate when there were 194 trees (Fig. 1G, S1H).
This resulted in 17 genes that were the most predictive of patients’
survival (Table S7). The actual variable importance of these
genes is shown in Figure 1H. We selected the top eight genes
for further investigation (SERPINB7, ANXA1, CCL26, MYOS5A,
DUSPI14, SERPINB2, CFL2, and EMPI). Survival analysis
revealed a significant difference in long-term survival between
patients stratified by the median level of these eight genes (Fig.
11, S2A-D). The hazard ratio (HR) for each of these genes was
higher than 1.0, with a P-value lower than 0.05 by univariate COX
regression analysis (Fig. 1J). However, multi-COX regression
analysis indicated that only EMP1 was associated with survival
when combining all the genes (Fig. 1K). Therefore, we chose
EMP1 as the key gene for subsequent analysis.

The biological value of EMP1

We first validated the correlation between the number of mac-
rophages and EMP1. EMPI was moderately correlated with the
MI1M2 ratio and M2, and highly related with M1 (Fig. 2A—C),
while there was no correlation between EMPI and CD8+T cells
(Fig. S3A). The correlation between EMPI and the markers
level of M1 and M2 was also presented (Fig. S3B). GSVA was
applied to score each sample's enrichment of macrophage-re-
lated pathways. EMP1 was highly correlated with macrophage
differentiation and myeloid differentiation (Fig. 2D). Regarding
the significant impact of EMPI on M1 and M2, six algorithms,
including TIMER, CIBERSORT, MCPCounter, XCell, EPIC,
and ssGSEA, were implemented to comprehensively compute
the relation between EMP1 expression and immune cell infil-
tration via the R package immunedeconv 0.35 (Fig. 2E). It was
found that increased cells such as fibroblasts, DCs, Tregs, and
Monocytes were related to EMP1, with worse survival proba-
bility. Then GSEA analysis was performed in the Hallmark, and
KEGG gene was set to investigate the biological function of
EMP] (Fig. 2F—G). Consequently, EMP] was testified to pos-
itively correlate with epithelial-mesenchymal transition (EMT)
and focal adhesion (FA), which can be an essential reason for
EMP] inducing metastasis of bladder cancer. Previous research
has confirmed that EMT and focal adhesion may be related to
tumor metastasis [12-15].

The results of qPCR on tumor tissues and adjacent normal
tissues of 32 patients showed that the expression of EMPI in
normal bladder tissues was higher than that in tumor tissues (Fig.
2H). The same results were also observed in cell experiments.
The results based on Western blotting showed that the expres-
sion of EMP1 in the normal bladder cell line (SV-HUC-1) was
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higher than that of seven bladder tumor cell lines (HT-1197,
RT-112, 647-V, J82, EJ, T24 and UM-UC-3) (Fig. 2I). This is
an interesting phenomenon, so next we continue to analyze the
clinical value of EMP1.

The clinical value and multi-omics characteriza-
tion of EMP1

To evaluate the clinical value of EMPI, we collected five
cohorts and generated a forest plot. EMPI showed great pre-
dictive value in three out of five cohorts, with P-values lower
than 0.05 (Fig. 3A). For GSE32894, the largest cohort, the HR
value was more than 2, and the Kaplan-Meier curve revealed a
significant difference between the high and low EMP1 groups,
separated by the median level of EMPI (Fig. 3B). To validate
EMP1 s clinical value, we collected frozen bladder cancer tis-
sues from 32 patients with complete clinical information (Table
S3). We also combined the RT-PCR results with patient survival
data and found that patients with high EMP1 expression had a
significantly lower long-term survival rate than those in the low
group, separated by the median level of EMPI (Fig. S3C). To
exclude other factors affecting survival, we applied multivariate
Cox regression in the merged cohort and our validation cohort
(Fig. 3C-D). We concluded that EMPI could be an independent
risk factor for bladder cancer.

To further investigate the genomic heterogeneity of patients
with different EMPI levels, we compared the tumor mutation
burden (TMB) and the mutational signatures of the EMP1 high
and low groups, separated by the median level of EMPI. We
found no significant difference in TMB between the two groups
(Fig. 4A). We identified four mutational signatures that were
highly correlated with bladder cancer, namely, SBS1 (age-re-
lated), SBS2 and SBS13 (APOBEC activity-related), and SBS5
(ERCC2 mutation-related). The EMPI low group had signifi-
cantly more mutations in APOBEC-related signatures (SBS2 +
SBS13), while the EMP1 high group had more SBS1 and SBS5
signatures (Fig. 4A). Among the frequently mutated genes, the
EMPI low group harbored significantly more mutations of
KDM6A, FGFR3, and SYNEI1, while the PIK3CA mutation
was more enriched in the EMP1 high group (Fig. 4A). Human
chromosome 17p11.2, the region of the EGFR gene, showed
more amplification in the EMP1 low group. Moreover, the EMP1
high group had more EMPI copy number gain, and the EMP]
low group had more EMPI copy number loss, corresponding
to the EMP]I expression level. The copy number variation of
macrophage markers such as IFNG, CD68, and CD163M also
exhibited a significant difference between the EMP1 high and
low groups (Fig. 4A).

Finally, we performed GSVA analysis in the meta-cohort
to score the enrichment of pathways from the GO and KEGG
databases for each sample. The volcano plot shows the most
differentially enriched pathways between the EMP1 low and
high groups (Fig. 4B), including CXCR chemokine receptor
binding, antigen processing and presentation, and MHC II
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protein complex, which are essential for M1M2 function and
chemotaxis. The heatmap shows that the EMPI high group is

1 and ™
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active in myeloid cell differentiation, proliferation, and regu-
lation (Fig. 4C).
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Figure 2. EMP1 deficiency inhibits bladder cancer cell migration and invasion, whereas overexpression promotes this process. (A-C)
Correlation between EMP1 and levels of M1M2 ratio, M1, and M2, respectively. (D) Correlation matrix exhibiting the association between EMP1
and Myeloid cell development pathway. (E) Heatmap for the infiltration of immune cells with rows representing different kinds of immune cells and

columns representing different samples with ECMI increasing from left to right. (F, G) GSEA running plot demonstrating the biological process of

hallmark and KEGG enriched in EMP1 high and low. (H) gPCR of tumor tissues and adjacent normal tissues of 32 patients. (I) Western blot analysis
of EMP1 expression in the normal bladder epithelial cell line SV-HUC-1 and seven bladder cancer cell lines (including HT-1197, RT-112, 647-V, J82,

EJ, T24, and UM-UC-3). * P < 0.05.
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Figure 3. EMP1 is the most prominent gene associated with prognosis. (A) Forestplot was plotted to present the predictive value of EMP1 in each
cohort. (B) Kaplan-Meier survival analysis of EMP1 high group and EMP1 low group in GSE32894 cohort. (C, D) Forestplot showing the independent

predictive value of EMP1 when combing clinical information in Merge-cohort and our validation cohort.

The efficacy of EMP1 in predicting the response of
immunotherapy

Since EMP] is related to immune infiltration and immune-rel-
evant pathways, we investigated its potential value in predicting
the response to immunotherapy. We collected data from IMvig-
or210, in which mice received anti-PD-1. There was a significant
difference in EMP1 expression between the anti-PD-1 response
and non-response groups, with a Wilcoxon test P-value less than
0.05 (Fig. 4D). More mice in the EMPI high group achieved
a good effect of immunotherapy than in the EMP1 low group
(Fig. 4E). Moreover, the mice in the EMP1 high group had a
significantly longer survival time than those in the EMPI low
group (Fig. 4F). This phenomenon may be attributed to the dif-
ferent expression of immune checkpoint molecules. As shown
in Figure 4G, most of the immune-suppressive IC molecules,
such as CTLA-4, PD-1, and ICOS, were more expressed in
the EMPI high group. However, the trend of TNFRSF14 was
the opposite, and further research is needed to investigate the

=

underlying mechanism.

Single-cell analysis of the role of EMP1 in bladder
cancer

To investigate the role of EMPI at a higher resolution lev-
el, we collected 11 samples (GSM4006644, GSM4006645,
GSM4006646, GSM4006647, GSM4006648, GSM4751267,
GSM4751268, GSM4307111, GSM3729178, GSM3729179,
GSM5655079) that underwent 10xgenomics standard single-cell
transcriptome analysis. We filtered out cells with a unique feature
count of > 2500 or < 200 and cells with a mitochondrial count
of > 5%. After normalization and scaling, we combined 14348
cells into a Seurat object. We then projected the single-cell data
into two-dimensional space using uniform manifold approxima-
tion and projection, including initial PCA analysis (Fig. S4A),
and labeled 13 clusters with different cell types. We extracted
the DEGs between each cluster with p-value-adjusted < 0.05
and log2FC > 0.5 (Fig. 5A). To identify cell types, we checked

Bladder | 2023 | Vol. 10 | €21200011

POL SCIENTIFIC



ARTICLE

whether the well-studied marker genes were among the top DEGs
and annotated the most probable identity for each cell cluster. We
identified the remaining cell types by manually retrieving them
from the cell marker database (http://biocc.hrbmu.edu.cn/Cell-
Marker/, Fig. 5B). The tSNE plot showed the distribution of cells

from each GEO data set (Fig. SC). We presented the abundance
of M1, M2, and Myeloid cells and annotated them according to
their surface markers (CD14, CD274, CD163, MbSR1, etc., Fig.
5D-E). Interestingly, EMPI was moderately expressed in every
cell type, without a significant difference (Fig. S4B).
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Figure 4. Genomic alteration landscape according to EMP1 and the predictive value of EMP1 for immunotherapy response. (A) from the top to

the bottom panels showing tumor mutation burden (TMB), the relative contribution of four mutational signatures, selected differentially mutated genes (>

5%) and broad-level copy number alterations (> 20%), and specific genes. The proportion of patients in each alteration is displayed in the right bar charts.

(B) Volcano plot exhibiting the differentially enriched GO pathways between EMP1 high and low groups in merged-cohort. (C) Heatmap illustrating the
GSVA score of macrophage-related pathways between EMP1 high and low groups. (D) Violin plot presents the levels of EMP1 between EMP1 high and

low groups. (E) Stacked bar chart showing the proportion of immunotherapeutic response in different EMP1 groups. (F) Kaplan-Meier survival analysis

of EMP1 high group and EMP1 low group in IMvigor210 cohort. (G) The boxplot of the ten immune checkpoint levels in EMP1 high and low groups.
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Figure 5. Single-cell transcriptomic analysis reveals the transcriptome of cells in the tumor microenvironment of bladder cancer samples. (A)
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the expression of macrophage-related markers on myeloid linage cells. (E) The composition of myeloid linage cells shown on tSNE graph. (F-G) GSEA

and GO analysis elucidating EMP1 relevant pathways.

Since EMP1 is commonly expressed in most cells (Fig. S4C),
we focused on EMP] in epithelial cells[16]. We performed GSEA
analysis to explore the EMPI relevant pathways and GO anal-
ysis to extract the enriched pathways of DEGs between EMP1
high and low cells. We found that EMPI was not only highly
associated with extracellular matrix (ECM) receptor interaction
and focal adhesion (Fig. SF), which corresponded to our results
in bulk-RNA-seq, but also enriched in epithelial cell prolifera-
tion-related pathways (Fig. 5G).

Cellchat reveals the inner cell communication
pattern

Since EMP] is closely related to the M1M2 ratio, we focused
on the cell communication pattern among various types of cells.
The GSEA results showed that EMP1 was closely correlated with
EMT and other biological processes related to ECM components
(Fig. SF-G). Therefore, we explored cell communication based on
ECM signaling pathways containing Collagen, FN1, LAMININ,
THBS, and VTN networks. We used the R package CellChat 0.0.2
to generate the general interaction number and strength, showing
that Stem cells and Myeloid cells were actively communicating
with other cells (Fig. 6A-B), and the interaction between M1

10

=

and M2 with Stem cells was also strong (Fig. 6C-D). Next, we
depicted the distribution of specific signaling axes from the five
ECM signaling pathways among different cell-cell communica-
tions (Fig. 6E). Surprisingly, in the interactions involving Myeloid
lineage cells, the FN1-SDC1 axis was highly active, indicating
that Myeloid cells may have an impact on cancer cells. We plot-
ted the cell-cell communication via FN1-SDC1 in a chord graph
(Fig. 6F). In the FN1-SDCI1 signaling network, we found that the
signal sent from epithelial cells lacked interaction among tumor
cells, while immune cells significantly affected various epithelial
cells (Fig. 6G). Correspondingly, we presented the contribution
of'each L-R pair in FN1, Collagen pathway, and LAMININ (Fig.
6H, SS5A-B). A violin plot showed the expression status of all the
receptors and ligands involved in the FN1 signaling pathways.
FN1 and CD44 were highly expressed in myeloid cells, while
SDC-1 was mainly expressed in epithelial cells (Fig. 61). To
further investigate the ECM communication pattern of different
types of cells, we performed hierarchical clustering. The most
suitable number of groups was three, based on Silhouette metrics
(Fig. 6J). Pattern 3, in which VTN and FN1 pathways played
a dominant role, was more active in B cells, Myeloid cells, and
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Macrophage cells (Fig. 6K).

The distinct cell communication between EMP1
high and low group

To investigate the impact of EMP1 on cell-cell interaction,
we divided samples into EMPI high and low groups, based on
the average EMP1 level of epithelial cells. The EMP1 low group
had lower interaction number and strength than the EMP1 high
group (Fig. 7A). The EMPI high group enhanced the internal
communication of epithelial cells and weakened the commu-
nication between Myeloid lineage cells (Fig. 7A). Among the
various types of ECM signaling pathways, all pathways except
LAMININ were more active in the EMPI high group than in
the EMPI low group (Fig. 7B) [17]. The circle plot shows the
significantly lower interaction number and strength among cells
inthe EMP1 low group (Fig. 7C-D). Considering the importance
of the FN1 pathway, as previously mentioned, we focused on
the difference in FN1 activity between the EMP1 high and low
groups. The EMPI low group had a much weaker interaction
among cells than the EMP1 high group (Fig. 7E). Moreover, the
FNI1 signaling was significantly more active in the EMP] high
group, which indicates that EMP] may increase the efficacy of
M2 through the FN axis (Fig. 7F). We also compared the activ-
ity of the other four pathways between the EMP1 high and low
groups, and the results are presented in supplementary figures
(Fig. S6A-D).

DISCUSSION

We innovatively started our research from the M1/M2 ratio,
which reflects the balance of macrophages in the tumor micro-
environment (TME). Macrophages can be divided into M1 type,
which promotes tumor regression, and M2 type, which promotes
tumorigenesis[18]. Previous studies have confirmed that M1 or
M2 macrophages play a role in the occurrence and prognosis of
bladder cancer[19-21], but no research has combined the two to
further explore the mechanism in bladder cancer. In our study, we
first combined M1 and M2 macrophages in a public database and
patient flow cytometry results to explore their association with
bladder cancer. To gain insights into the mechanisms of bladder
cancer progression and how M1M2 macrophages function within
them, we derived the most survival-predictive gene associat-
ed with M1M2 macrophages, EMP1, through dimensionality
reduction using SurvivalRandomForest. We found that EMP1
was associated with epithelial-mesenchymal transition (EMT)
and focal adhesion by bioinformatics analysis, suggesting that
EMPI is related to tumor metastasis and invasion[12-15]. We
further investigated the role of EMP]I in epithelial cells and its
biological function at a higher resolution level using single-cell
transcriptome analysis. We found that EMPI was associated
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with extracellular matrix (ECM) receptor interaction and focal
adhesion [14,15,22,23] and was also enriched in epithelial cell
proliferation-related pathways. This corresponded to our results
in bulk-RNA-seq, demonstrating the role of EMP1 in metastasis
and proliferation. We also explored the relationship between
EMPI and M1M2 cells using Cellchat and found that myeloid
cells mainly interacted with epithelial cells through the FN1-
SDCI1 pathway, which has been confirmed to be related to tumors
in other types of cancers[24-28]. Cells with high expression of
EMP1 had significantly more active FN1-SDC1, and more active
macrophage and epithelial cells, indicating that EMP [ may regu-
late the biological process of epithelial cells through FN1-SDC1.

One limitation of this study is the discrepancy between the WB
results and the qPCR results and survival analysis. The WB and
gPCR results showed that the normal bladder cells had higher
EMP]I content than the bladder cancer cells such as RT-112, which
seemed to indicate that EMPI might have a negative effect on
cancer occurrence. However, the survival analysis showed that
patients with high EMPI content had a worse prognosis. This
may be due to the fact that some genes play different roles in
different stages of cancer development, or in tumorigenesis and
metastasis, such as TGF-f. TGF- acts as a tumor suppressor early
in the carcinogenesis process but turns into a tumor promoter at
a later stage [29]. We speculate that EMPI may have a similar
dual role, showing a negative effect during the transformation of
normal cells into tumors, and a positive effect on the metastasis
and proliferation of bladder cancer after tumor formation. To
address this problem, our follow-up research will continue to
explore the specific mechanism of EMPI.

EMPI may have potential value in clinical prediction, for
example, patients with high EMP1 in tumor tissue may have
more metastases. In addition, EMP1 may also have great po-
tential in clinical treatment. Immunotherapy is one of the hopes
of curing cancer, but it also faces many challenges, such as per-
sonalized precision treatment[30]. Studies have confirmed that
macrophages can be used as therapeutic targets and play a role
in tumor immunotherapy [31]. Currently, the approved immune
checkpoint inhibitors (ICIs) in bladder cancer are mainly PD-1/
PD-L1 related drugs, such as atezolizumab, pembrolizumab,
nivolumab, etc. [32]. By comparing the response of EMP1 high
and low groups to immunotherapy, we found that patients with
high EMP1 expression had a poor immunotherapy effect and
survival. Interestingly, the EMP1 high expression group had a
high expression of immune checkpoint proteins such as CTLA4,
PD-1, and ICOS, except for the TNF receptor family member
TNFRSF14. Therefore, EMP1 may become a potential biomarker
for checkpoints and personalized precision therapy strategies
such as anti-PD-1, CTLA4, and ICOS, while a low expression
of EMP1 may guide anti-TNF therapy.
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Figure 6. CellChat algorithm revealing macrophage communication characteristics in bladder cancer. (A-B) Interaction number and strength
among all types of cells. (C-D) Interaction number among macrophages and the other cells. (E) Summary of ligand-receptor interactions between different
cell clusters via ECM-related signaling pathways. (F) Chord plot demonstrating the interaction between different cell types via FN1 signaling network. (G)
Connection plot illustrating the interaction between cells in TME. (H) Bar plot exhibiting the relative contribution ligand-receptor in FN1 regarding pathways.
(1) Violin plots presenting FN1-related protein levels on different cell types. (J) Line chart displaying the measure score in a different number of commu-
nication patterns. (K) Heatmap demonstrating the different cell communication patterns in different cells and the pathway composition of each pattern.
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Figure 7. Cell communications difference between EMP1 high and low groups. (A) Bar plot depicting different interaction numbers and strengths
between EMP1 high and low groups. (B) Bar plot illustrating the relative and absolute pathway activity comparison between EMP1 high and low groups.
(C-E) Circle plot presenting the interaction difference between EMP1 high and low groups in the whole picture or focusing FN1 pathway. (F) Heatmap
displaying the cell-cell communication difference via FN1 signaling pathway.

The association between EMP1 and the FN1-SDC1 axis was
revealed by single-cell analysis and Cellchat. The underlying
mechanism of this interaction remains to be elucidated. Therefore,
the next step of this study is to conduct animal in vivo experiments
to validate the findings from the in vitro assays. Furthermore, the
clinical significance of EMP1 in the precision and personalized
treatment of bladder cancer will be explored.

In conclusion, the M1/M2 ratio was identified as a negative
prognostic marker of bladder cancer through TCGA and flow
cytometry analysis. To investigate the underlying mechanism,
the most relevant and significant gene related to the M1/M2
ratio, EMP1, was discovered. EMP1 was found to be highly
associated with EMT, FA, and proliferation through TCGA
and experimental data. Moreover, EMP1 could also serve as a
predictor of immunotherapy response. Furthermore, scRNA re-
vealed a widespread expression of EMP1 in different cell types.
Focusing on the epithelial cells, GSEA analysis demonstrated a
positive correlation between EMP1 and bladder cancer, EMT,
and ECM. The Cellchat result indicated that M1/M2 mainly
interacted with epithelial cells through the FN1-SDCI1 axis,

Bladder | 2023 | Vol. 10 | €21200011

which was more active in the EMP1 high group. Taken together,
these data suggested that EMP1 might be a potential prognostic
marker for predicting bladder cancer proliferation, metastasis,
and response to immunotherapy, and that EMP1 might modulate
tumor proliferation and metastasis and improve the prognosis of
cancer patients by regulating the M1/M2 ratio.
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