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ENO?2 affects the EMT process of renal cell carcinoma and
participates in the regulation of the immune microenvironment
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Abstract. Clear cell renal cell carcinoma (ccRCC) is a
frequent malignant tumor of the kidney which has a dismal
prognosis. At present, targeted therapies and immunotherapy
have achieved significant results; however, the overall survival
rate of patients with ccRCC remains unacceptably poor. It is
therefore necessary to find novel therapeutic and diagnostic
targets for ccRCC. It has been reported that enolase 2 (ENO2)
is an oncogene, although its function in the immune micro-
environment and in the growth of ccRCC has yet to be fully
elucidated. The present study analyzed the data of patients
with ccRCC both from the Gene Expression Omnibus (GEO)
and The Cancer Genome Atlas (TCGA) databases, and from
clinical samples obtained from Third Affiliated Hospital of
the Second Military Medical University to investigate the
role of ENO?2 in the progression of ccRCC and the correlation
between ENO?2 and certain clinical features. It was found that
the expression of ENO2 was elevated both in patients with
ccRCC retrieved from the GEO and TCGA databases and
in clinical ccRCC samples obtained from Third Affiliated
Hospital of the Second Military Medical University. In addi-
tion, the prognosis of patients was poorer when ENO2 was
highly expressed. Gene Ontology (GO) analysis and Gene Set
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Enrichment Analysis (GSEA) confirmed that ENO2 partici-
pated in the regulation of various pathways in ccRCC. In vitro
experiments including Cell Counting Kit-8 cell proliferation
assay, Transwell and Matrigel assays confirmed that ENO2
could promote the proliferation and migration of ccRCC cells.
Furthermore, a number of immunosuppressive indicators were
identified that positively correlated with ENO2 expression. In
conclusion, the present study revealed that ENO2 expression
promotes the proliferation, invasion and migration of ccRCC
cells, and may serve as a novel predictor to evaluate prognosis
and the efficacy of immune checkpoint blockade treatment for
patients with ccRCC.

Introduction

Renal cell carcinoma (RCC), which originates from renal
tubular epithelium, has become one of the most commonly
occurring malignant tumors. Over the course of the last
20 years, the incidence rate of RCC has been on the rise,
accounting for ~2-3% of all new cancer patients (1). Renal clear
RCC (ccRCC) is the main subtype of RCC (2). Regrettably,
numerous patients with ccRCC are diagnosed with advanced
tumors, and 25-30% of patients are identified as having tumor
metastasis at the time of diagnosis (3). At present, the great
strides that have been made in terms of comprehensive treat-
ment strategies have greatly improved the prognosis of patients
with ccRCC, although these treatment schemes have poor effi-
cacy for certain patients (1,4). Consequently, there is an urgent
need to find novel markers for the diagnosis and prediction of
curative effect of ccRCC.

The development of bioinformatics analysis in recent
years has rendered it possible to explore gene regulatory
networks (5). In the present study, differentially expressed
genes (DEGs) were screened from GSE40435, protein-protein
interaction (PPI) analysis was subsequently used to determine
the interaction between DEGs, and finally a cytoHubba plug-in
was used to identify hub genes in Cytoscape. These hub genes
were verified through multiple databases, which enabled the
target gene enolase (ENO?2) to be ultimately selected.

ENO2, also known as neuron specific enolase (NSE), is
mainly distributed in neuroendocrine cells. It is recognized
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as a tumor marker that fulfills an important role in tumor
development (6). ENO2 is highly expressed in glioblastoma
cells, wherein it activates the PI3K/Akt and anti-apoptotic
signaling pathways (7,8). In glioblastoma cells, ENO2 has
also been shown to indirectly regulate the participation of
actin in tumor migration (9,10). In addition, the serum ENO2
level may be used as a prognostic marker for patients with
pancreatic endocrine tumors and melanoma (11). Another
recently published study reported that ENO2 overexpres-
sion impacts the prognosis of patients with ccRCC through
participating in the glycolytic process of cancer cells in
papillary RCC (12). The aim of the present study was to
examine the potential role and function of ENO2 in the
immune microenvironment and in the growth of ccRCC.
During the course of this study, it was identified that ENO2
is highly expressed in ccRCC, acting as an independent risk
factor for predicting the prognosis of patients. A series of
in vitro experiments showed that knockdown of ENO2 could
affect the epithelial-mesenchymal transition (EMT) process
of tumors, and inhibit the migration and proliferation of
ccRCC cell lines. Finally, it was found that the expression of
ENO?2 is closely associated with tumor immune infiltration,
and may affect the effects of immune checkpoint blockade
(ICB) in patients with ccRCC.

Materials and methods

Public data acquisition. The Gene Expression Omnibus
(GEO) database (https:/www.ncbi.nlm.nih.gov/geo/) was used
to query the gene expression information of the GSE40435,
GSE46699 and GSE53757 datasets. The clinicopathological
data and RNA-sequencing (RNA-seq) data of 531 patients
with ccRCC were obtained from The Cancer Genome Atlas
(TCGA) database (https:/portal.gdc.cancer.gov/).

PPI analysis. The STRING website (https:/string-db.org/cgi/)
was utilized for PPI analysis (13), and the 30 top hub genes
were identified through Cytoscape (14,15).

Patients and specimens. The present study was approved
(approval no. EHBHKY2021-01-005) by the ethics committee
of Second Military Medical University (Shanghai, China).
Written informed consent was obtained from all patients.
Clinical specimens of RCC, together with paired adjacent
tissues, were collected from 191 patients who underwent
surgical treatment in the urology department of Third
Affiliated Hospital of the Second Military Medical University
(Shanghai, China) between October 2014 and February 2019.
Clinicopathological variables of these samples were collected,
as shown in Table SI. Two pathologists evaluated the patho-
logical characteristics of ccRCC.

Immunohistochemistry (IHC) analysis. IHC was performed
according to the previously described protocol (16) using
rabbit anti-ENO2 antibody (1:1,000; cat. no. ab79757,
Abcam). The score of staining intensity was defined as
follows: Negative, 0; weak, 1; moderate, 2; and strong, 3.
The frequency of positive cells was defined as follows: <5,
0; 5-25, 1; 26-50, 2; 51-75, and 3; >75%, 4. Two independent
pathologists calculated the H-scores.

Cell lines. In the present study, a normal renal tubular epithe-
lial cell line (HK-2) and RCC cell lines (Caki-1, ACHN, A498,
786-0 and 769-P) were purchased from the Chinese Academy
of Sciences (Shanghai, China). All cell lines were cultured
in 5% CO, at 37°C. The media used were Gibco® McCoy 5A
medium, Gibco® RPMI-1640 medium and Dulbecco's modi-
fied Eagle's medium (DMEM) (Thermo Fisher Scientific,
Inc.). The culture medium contained 10% Gibco® fetal
bovine serum and 1% penicillin/streptomycin (Thermo Fisher
Scientific, Inc.).

Reverse transcription-quantitative (RT-q) PCR. TRIzol™
(Invitrogen; Thermo Fisher Scientific, Inc.) was used to extract
the total RNA of the cell lines, and PrimeScript™ RT Master
Mix (Takara Bio, Inc.) was subsequently used to reverse-tran-
scribe the RNA into cDNA according to the manufacturer's
instructions. Finally, TB Green® Fast PCR Mix (Takara Bio,
Inc.) was used for RT-qPCR as follows: Pre-denaturation at
95°C for 30 sec; 40 cycles of denaturation at 95°C for 5 sec,
annealing at 55°C for 30 sec and extension at 72°C for 30 sec.
mRNA expression levels were quantified using the 2-44¢4
method (17), and were standardized against those of B-actin.
The primer sequences were as follows: B-actin forward,
5'-GTACGCCAACACAGTGCTG-3' and reverse, 5'-CGT
CATACTCCTGCTTGCTG-3"; and ENO2 forward, 5-AGC
CTCTACGGGCATCTATGA-3" and reverse, 5S-TTCTCAGTC
CCATCCAACTCC-3.

Gene ontology (GO) analysis and gene set enrichment
analysis (GSEA). According to the median expression level of
ENO2, 531 RCC samples from the TCGA cohort were split
into groups with high and low ENO2 expression. The ‘cluster-
Profiler’ package was used for GO analysis and GSEA (18) in
order to further analyze the biological functional differences
between the two groups of samples.

Validation of ENO2 function in ccRCC progression in vitro.
The RCC cells were transfected with short hairpin (sh)RNAs
expressing lentivirus, as per the manufacturer's instructions.
The shRNA lentiviral plasmid and its negative control reagents
were purchased from TsingKe Biological Technology. shENO2
cells were obtained by antibiotic selection using puromycin
(5 pg/ml). The shRNA sequence was as follows: 5'-GCCGGA
CATAACTTCCGTAAT-3" The plasmid used as interference
vector was PDS278_pL-U6-shRNA-GFP-ccdB-puro.

Cell counting Kit-8 (CCK-8) cell proliferation assay. The cells
were inoculated into 96-well plates (2,000 cells per well) and
cultured for 0, 24, 48 and 72 h respectively, prior to evaluation
using CCK-8 (10 pl/well, Biosharp Life Sciences). Next, the
cells were incubated at 37°C for 1 h. Finally, the absorbance
was measured at 450 nm.

Transwell and Matrigel assays. The cells were suspended
in FBS-free medium, and 200 gl cell suspension was
inoculated into the wells of the Transwell chamber (Corning,
Inc.; 1x10° cells per well). For invasion assay, the Transwell
chambers were pre-coated with Matrigel (Corning, Inc.) and
incubated at 37°C for 24 h. Subsequently, 800 xl medium
containing 15% FBS was added at the bottom of the chamber.
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After 48 h, the cells were treated with 4% paraformaldehyde
at room temperature for 20 min. Subsequently, the cells
were stained with 0.1% crystal violet at room temperature
for 30 min, and finally the cells were washed with PBS. The
stained cells were counted and images were captured under an
optical microscope.

Western blot analysis of the model. The total protein was
extracted from cells by NP-40 Lysis Buffer (Beyotime Institute
of Biotechnology, Inc.). The protein concentrations were
measured by BCA Protein Assay Kit (Epizyme, Inc.) according
to the manufacturer's instructions. Proteins (30 pug/per lane)
were extracted using 10% SDS-PAGE and transferred to a
nitrocellulose membrane (Thermo Fisher Scientific, Inc.). The
membranes were blocked using Protein Free Rapid Blocking
buffer (Epizyme, Inc.) at room temperature for 10 min, and then
incubated overnight at 4°C with the following primary anti-
bodies: ENO2 (1:1,000; cat. no. ab79757; Abcam), N-cadherin
(1:1,000; cat. no. A19083), VIM (1:1,000; cat. no. A19607) and
B-actin (1:50,000; cat. no. AC026; all from ABclonal Biotech
Co., Ltd.). After washing the membrane, a secondary antibody
(horseradish peroxidase-conjugated goat anti-rabbit (1:5,000;
cat. no. BS13278; Bioworld Technology, Inc.) was added at
room temperature for 30 min. Finally, enhanced chemilumi-
nescence reagent (Biosharp Life Sciences) was used to detect
the amounts of proteins.

Immune infiltration analysis. Bindea et al (19) reported various
marker genes of immune cells. The single-sample GSEA
(ssGSEA) method was used to analyze the immune infiltra-
tion of TCGA samples (20). Finally, the degree of correlation
between ENO2 and the aforementioned 24 types of immune
cells was analyzed using Pearson's correlation method.

Analysis of the correlation of ENO2 expression with the tumor
immune dysfunction and exclusion (TIDE) score. The samples
in TCGA dataset were scored using the TIDE algorithm, and
the efficacy of ICB was predicted by analyzing the association
between ENO2 expression and TIDE score (21).

Statistical methods. The Wilcoxon signed rank test was used
for paired samples, and the Wilcoxon rank sum test was used
for unpaired samples. Survival curves were constructed,
and the survival rate was calculated using the Kaplan-Meier
method and the log-rank test. Univariate and multivariate Cox
regression analyses were used to determine the independent
prognostic factors, and the threshold for the P-value included
in multivariate analysis was 0.1. Pearson correlation analysis
was used to determine the correlation between ENO2 and
the expression levels of other genes. The ‘timeROC’ package
was used to plot the receiver operating characteristic (ROC)
curves. The mean * standard deviation (SD) was used to
express numerical data. P<0.05 was considered to indicate a
statistically significant difference. R language (version 4.0.3,
RStudio, Inc.) was used for all statistical analyses.

Results

ENO2 may have a significant role in ccRCC as a hub gene.
R language was used to analyze the GSE40435 dataset,
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and 220 DEGs were screened out (Fig. 1A). The correlation
between these DEGs was subsequently analyzed using a string
PPI network (Fig. 1B). A total of 30 top genes were screened
for possible hub genes based on the results of the Cytoscape
software (Fig. 1B and C). The 30 genes were then analyzed
according to prognosis in TCGA database, and 16 prognostic
genes were screened out (Fig. 1D). The datasets of GSE46699
and GSES53757 were selected to perform the difference
analysis, and the top 50 up- and downregulated genes with the
highest level of expression were examined. These were found
to intersect with GSE40435 to screen ENO2 (Fig. 1E and F),
indicating that ENO2 may be a key player in the development
of ccRCC as an oncogene.

ENO?2 is highly expressed in TCGA and clinical ccRCC
cohorts, and its upregulation is associated with clinical
prognosis. Subsequently, the expression pattern of ENO2 in
the available ccRCC dataset was examined in order to illus-
trate the potential impact of ENO2. The results of the paired
or unpaired sample analysis showed that ENO2 expression
was more prominent in ccRCC tissues compared with normal
tissues (Fig. 2A and B). Furthermore, low ENO2 expression
in patients with ccRCC was associated with improved overall
survival (OS) and disease-free survival rates according to
the prognostic analyses (Fig. 2C and D). ENO2 expression
was identified as a predictor of OS in patients with ccRCC
through univariate and multivariate Cox analyses (Table I).
Time-dependent ROC analysis revealed that the area under the
curve (AUC) was 0.593, 0.626 and 0.679 when the 3-, 5- and
10-year OS rates respectively were taken as the endpoint of the
TCGA cohort (Fig. 2E).

The THC results revealed that ccRCC tissues (n=191)
exhibited more positive cells and a higher degree of ENO2
antibody staining compared with the nearby normal tissues
(n=177), and a representative IHC image is shown in Fig. 2G.
ENO?2 expression was found to be a predictor of OS in patients
with ccRCC through using univariate and multivariate
Cox analyses (Table II). The optimal cut-off number was 6
(H-score) according to AUC, which was calculated using
5-year survival data and was 0.788 (Fig. 2F). In accordance
with the cutoff value, the patients were subsequently classified
into two groups: The ENO2 high expression group (n=130)
and the ENO2 low expression group (n=61). Patients with low
expression of ENO2 had superior OS rates according to the
Kaplan-Meier analysis (Fig. 2H).

GO and GSEA analysis of ENO2 expression. To further
study the underlying molecular mechanism of ENO2 in the
progression of ccRCC, 18,521 DEGs were screened from
TCGA transcriptome data, and the 2,440 genes whose
expression levels were most closely linked with the expres-
sion of ENO2 were then extracted. ENO2 was found to be
mainly associated with the processes of keratinocyte differ-
entiation, keratinization and epidermal cell differentiation
according to GO analysis, and the intracellular locations
where ENO2 was mainly active were the nuclear nucleo-
some, endoplasmic reticulum lumen and cornified envelope
(Fig. 3A).

The biological functions associated with ENO2 were
subsequently determined by GSEA. These findings
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Figure 1. Screening for differential genes via TCGA and the GEO database. (A) Screening of 220 upregulated genes compared with normal tissues in
GSE40435 (llog2(FC)I>2, P<0.05). (B and C) By analyzing the association among the 220 DEGs, a PPI network was established. A total of 30 top hub genes
were finally selected, which are shown in the outer circle. (D) A total of 16 hub genes associated with prognosis were screened according to TCGA database.
(E) Compared with normal tissues, 50 upregulated genes were screened in GSE46699 and GSE53757 (llog2(FC)I>2, P<0.05), and one target gene was screened
out. (F) Compared with normal tissues, 50 downregulated genes were screened in GDE46699 and GSE53757 (llog2(FC)I>2, P<0.05), and no hub genes were
screened out. GEO, Gene Expression Omnibus; DEG, differentially expressed gene; TCGA, The Cancer Genome Atlas; PPI, protein-protein interaction.

demonstrated that ENO2 was closely correlated with a number
of cancer-associated pathways, including EMT, oxidative
phosphorylation, fatty acid metabolism, hypoxia and bile acid
metabolism (Fig. 3B). Among these, the EMT pathway was

found to have the highest enrichment score. Moreover, public
data of RCC in TCGA showed that ENO2 expression was
highly correlated with multiple currently known EMT marker
genes (Fig. 3C).
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Figure 2. ENO2 high expression is associated with clinical prognosis in ccRCC. (A) ENO2 expression levels in TCGA dataset unpaired samples (P<0.05).
(B) ENO2 expression levels in TCGA dataset paired samples (P<0.05). (C) The TCGA dataset's DSS analysis of the ENO2 high- and low-expression groups
(P<0.05) is shown. (D) The TCGA dataset's OS analysis of the ENO2 high- and low-expression groups is shown (P<0.05). (E) The ROC curves used in the
TCGA cohort to predict the 3-, 5-, and 10-year OS rates of patients with ccRCC based on the ENO2 level. (F) The ROC curves used in the external validation
cohort to predict the 1-, 3-, and 5-year OS of patients with ccRCC based on the ENO2 level (H-score). (G) ENO2 expression levels in the external validation
cohort (P<0.05) are shown; the IHC images represent ENO2 protein expression in ccRCC and adjacent tissues. (H) The external validation cohort dataset's
OS analysis of the ENO2 high- and low-expression groups (P<0.05). ““P<0.001. ENO2, enolase 2; ccRCC, clear cell renal cell carcinoma; TCGA, The Cancer
Genome Atlas; ROC, receiver operating characteristic; DSS, disease-free survival; OS, overall survival; IHC, immunohistochemistry analysis.

ENO2 knockdown inhibits EMT and ccRCC progression. To
verify the role that ENO2 has in the progression of EMT and
ccRCC, the expression level of ENO2 in human normal renal
tubular epithelial cells (HK?2) and in a panel of ccRCC cell
lines (Caki-1, 786-0, 769-P, ACHN and A498) was detected
in in vitro experiments. These experiments showed that
ccRCC cells had considerably greater levels of ENO2 expres-
sion compared with HK2 cells (Fig. 4A), a finding that was
consistent with our results showing that the expression of
ENO2 in ccRCC tissue was greater compared with normal

tissue (Fig. 2B). To determine the role of ENO2 in ccRCC,
ENO2 knockdown in ACHN and 769-P cells was carried out
by performing stable transfections of control shRNA or ENO2
shRNA using lentiviral vectors. E-cadherin, N-cadherin
and the EMT-induced transcription factor vimentin (VIM)
are three proteins that are often measured to determine the
extent of EMT (22). By using western blotting to identify these
crucial EMT-associated molecules, the expression levels of
N-cadherin and vimentin were found to be markedly decreased
when ENO2 was knocked down (Fig. 4B and C). To determine
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Table I. Univariate and multivariate analysis of the correlation between ENO2 expression and overall survival in The Cancer

Genome Atlas patients with clear cell renal cell carcinoma.

Univariate analysis

Multivariate analysis

Characteristics Total (n) Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value
T stage 539

T1 and T2 349 Reference

T3 and T4 190 3.228 (2.382-4.374) <0.001 1.648 (0.723-3.756) 0.235
N stage 257

NO 241 Reference

N1 16 3.453 (1.832-6.508) <0.001 1.711 (0.857-3.418) 0.128
M stage 506

MO 428 Reference

M1 78 4.389 (3.212-5.999) 2.861 (1.679-4.875) <0.001
Pathologic stage 536

Stages I and II 331 Reference

Stages IIT and IV 205 3.946 (2.872-5.423) <0.001 1.146 (0.449-2.921) 0.776
Sex 539

Female 186 Reference

Male 353 0.930 (0.682-1.268) 0.648
Age 539

<=60 269 Reference

>60 270 1.765 (1.298-2.398) <0.001 1.725 (1.123-2.652) 0.013
Histologic grade 531

G1&G2 249 Reference

G3&G4 282 2.702 (1.918-3.807) <0.001 1.710 (1.038-2.816) 0.035

ENO2 539 1.317 (1.124-1.544) <0.001 1.263 (1.033-1.545) 0.023

CI, confidence interval.

the role of ENO2 in cell proliferation, CCK-8 analysis was
performed, and the results demonstrated that significantly
reduced ENO2 gene activity led to a reduction in the ability of
the RCC cell lines to proliferate (Fig. 4D and E). Subsequently,
the effect of ENO2 on the migration and invasion of 769-P
and ACHN cells was detected using Transwell and Matrigel
assay analysis. When compared with the control group, the
results demonstrated that ENO?2 silencing caused a significant
decrease in the migratory and invasive capabilities of the two
cell lines (Fig. 4F and G). The aforementioned results implied
that ENO2 may influence the EMT process, contributing to the
development of ccRCC.

ENO?2 is associated with the immune microenvironment of
ccRCC. Immune checkpoint therapy is an important method
for treating RCC. It is well recognized that EMT is important
for the immunosuppression of malignant tumors (23). In the
present study, it was hypothesized that ENO2 was associated
in some way with the immune microenvironment of RCC.
According to the transcriptome data extracted from TCGA
c¢cRCC cohort, the R estimate package was utilized for the
immune score computation (24), and this analysis revealed that
the immune score was higher in clusters with higher expression
levels of ENO2 (Fig. 5A), suggesting that ENO2 may regulate

immune cells in the ccRCC microenvironment. Immune cell
infiltration in the tumor microenvironment (TME) may affect
the efficacy of immunotherapy. Subsequently, the association
between 24 different immune cell types and ENO2 expres-
sion in the TME was assessed using the ssGSEA method. It
was found that ENO2 expression was positively correlated
with natural killer (NK) cells, dendritic cells (DCs), CD8 T
cells, eosinophils, macrophages, aDCs, Thl cells, cytotoxic
cells and regulatory T cells (Treg) (Fig. 5B). Subsequently,
the interactions between ENO2 and numerous key chemo-
kines were examined in order to elucidate the mechanism via
which ENO2 may be associated with immune cells. These
findings demonstrated a strong correlation between ENO2
expression and the chemokine ligands CCL3, CCL4 and
CCLS5 (Fig. 5C), which have been demonstrated to be effective
regulators of tumor-associated macrophages (TAMs) (25) and
tumor-infiltrating neutrophils (TINs) (26). A total of 2 pheno-
types of TAM are antitumor M1 macrophages and primitive
M2 macrophages. It has been established that a number of
carcinogenic pathways can be activated by M2 macrophage
polarization to assist in the growth of tumors (27). In addition,
in human cancers, neutrophils N1 and N2 perform various roles
in different types of human cancer. As a result, it was possible
to hypothesize that ENO2 may promote the infiltration of N2
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Table II. Univariate and multivariate analysis of the correlation between ENO?2 expression and overall survival in Third Affiliated
Hospital of the Second Military Medical University patients with clear cell renal cell carcinoma.

Univariate analysis

Multivariate analysis

Characteristics Total (n) Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value
Age 191 1.043 (1.004-1.084) 0.031 1.032 (0.988-1.077) 0.153
Sex 191
Male 130 Reference
Female 61 0.741 (0.267-2.058) 0.565
Fuhrman 191
Furhman I 25 Reference
Furhman IT 128 1.086 (0.238-4.962) 0916 0.922 (0.197-4.310) 0918
Furhman IIT 24 3.783 (0.762-18.777) 0.104 2.141 (0.388-11.814) 0.383
Furhman IV 14 0.935 (0.085-10.316) 0.956 0.449 (0.039-5.126) 0.519
Stage 191
Stage 1 154 Reference
Stage 2 14 4373 (1.160-16.486) 0.029 3.578 (0.892-14.349) 0.072
Stage 3 22 6.692 (2.426-18.457) <0.001 5.504 (1.897-15.973) 0.002
Stage 4 1 137.741 (13.295-1427.065) <0.001 27.013 (2.027-359.924) 0.013
ENO?2 (H-score) 191 1.209 (1.021-1.433) 0.028 1.233 (1.031-1.474) 0.022
CI, confidence interval.
neutrophils and M2 macrophages. In the present experiments, Discussion

it was found that the cell markers for M2 macrophages and
N2 neutrophils were favorably linked with ENO2, thereby
confirming our conjecture (Fig. 5D and E). Subsequently, the
possible correlation between ENO2 and several immunosup-
pressive markers was examined. It is worth noting that most
correlations were found to have a high level of significance,
including those with M2 macrophages (CD163 and VISG4)
(Fig. 5D) and Treg (CCRS8, TGFBI1, STAT5b and FOXP3)
(Fig. 5F). Depleted T cell markers, such as programmed cell
death protein 1 (PDCDL1), cytotoxic T-lymphocyte associated
protein 4 (CTLA4), lymphocyte activating 3 (LAG3) and
hepatitis A virus cellular receptor 2 (HAVCR?2), were posi-
tively linked with ENO2 expression (Fig. 5G). Collectively,
these results suggested that a high expression of ENO2 may
regulate the tumor immune response.

Increased expression of ENO2 is associated with higher
immune dysfunction scores and poorer efficacy of ICB in
patients with ccRCC. To verify the prognostic value of ENO2
for ICB prognosis, TIDE analysis was performed on 531 cases
of ccRCC in the ccRCC TCGA cohort. According to this
analysis, several immunological checkpoints were found to be
significantly associated with ENO2 expression (Fig. 5G). The
immune responses of the low expression group of ENO2 were
scored more favorably compared with those of the high expres-
sion group (Fig. 6A). In addition, increased ENO2 expression
was found to be associated with higher immune dysfunction
scores, according to Pearson correlation analysis (Fig. 6B) and
the TIDE scores (Fig. 6C). Similarly, the high expression of
ENO?2 was found to predict the poor efficacy of ICB in patients
with ccRCC (27.4 cf. 47.7%) (Fig. 6A).

In the present study, it has been shown that ENO2 expression
was more prominent in ccRCC tissues compared with normal
tissues, and ENO2 served a critical function in boosting ccRCC
cell migration and proliferation. Moreover, its high expression
has been linked to a poor prognosis for patients with ccRCC.
GSEA pathway analysis revealed that ENO2 could participate
in the regulation of EMT, hypoxia, oxidative phosphoryla-
tion, and other pathways in ccRCC cells. The EMT signaling
pathway was specifically studied in view of the fact that this
pathway showed the highest enrichment score. ‘EMT’ is the
term used to describe the biological process whereby epithe-
lial cells undergo a particular program to change into cells
having a mesenchymal character (28). Through the process
of EMT, epithelial cells obtain infiltration and metastasis
characteristics (29). This constitutes a crucial stage in the
spread of malignancies, and EMT is involved in a number of
different types of malignant cancers (30). In addition, there
are studies reporting that EMT in cancer cells leads to the
generation of cancer stem cells, which may contribute to
tumor recurrence following treatment (31,32). Downregulation
of epithelial-specific markers, a rise in mesenchymal markers,
and the development of an invasive phenotype are among
the characteristics of EMT. During EMT, the levels of key
components, such as E-cadherin, N-cadherin and VIM, are
increased significantly (33). Therefore, it was hypothesized
that ENO2 may regulate the ccRCC phenotype via regulating
the EMT process. The in vitro experiments performed in the
present study demonstrated that downregulation of the ENO2
gene led to the downregulation of these key factors of EMT.
Knockdown of the ENO2 gene was also shown to significantly
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reduce the migration, invasion and proliferation of the different
ccRCC cell lines.

In addition, EMT is also able to regulate the immune
response. In melanoma, EMT has been shown to generate
regulatory T cells, resulting in the poor effectiveness of
immunotherapy (34). Furthermore, numerous studies have
indicated that EMT fulfills a key role in the immunosuppres-
sion of malignant tumors (23). As a result, it was possible to
hypothesize that ENO2 may be involved in modulating the
TME of ccRCC. ccRCC usually has a high level of immune
infiltration (35). A variety of immune cells enter the TME to
create a vital micro-environment that is involved in numerous
aspects of tumorigenesis. Immune cell infiltration in TME
was reported to be linked with the prognosis and response
to ICB treatment in patients with ccRCC (36,37). In the
present study, ENO2 expression was found to be significantly

and positively correlated with aDCs, CD8 T cells, cytotoxic
cells, eosinophils, DCs, macrophages, Thl cells, NK cells
and Treg. The majority of immune cells in TME congregate
in different subsets, and have varying or even opposing
functions, depending on the degree and type of illness. Two
phenotypes of TAM exist, namely antitumor M1 macrophages
and primitive M2 macrophages. A significant aspect of the
development of cancer, as demonstrated by a wide number
of studies, is the switch from the M1- to the M2-like macro-
phages (38). N1 and N2 neutrophils fulfill different functions
in malignancies. Strong anticancer activity is demonstrated by
N1 neutrophils, and through secreting cytokines, these cells
may aid in CD8* T cell recruitment and activation (39). The
present study revealed a favorable correlation between ENO2
and M2 macrophages and N2 neutrophil markers, suggesting
that ENO2 may be associated with the conversion of TAMs
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and TINs. To examine the association between ENO2 and
tumor immunity in more detail, Pearson correlation analysis
was used to investigate the correlation between ENO2 and a
number of immunological checkpoint molecules, including
PDCDI1, CTLA4, LAG3 and HAVCR2. Immune checkpoints
are a group of molecules that control the level of immune
activation, and abnormalities in their expression or function
have a significant role in the development of tumors. Due to
the activation of immunological checkpoints in tumors, which
prevent the antigen presentation process in the TME, immune
cells are unable to perform their normal functions (40). A
previous study highlighted that ENO2 fulfills an important

role in glycolysis in tumors, and silencing or overexpression
of ENO2 can significantly decrease or increase lactate levels
in the TME, respectively (12). Numerous studies have revealed
that excessive lactate in the TME contributes to the establish-
ment of an immunosuppressive environment that favors both
tumor cell growth and immune escape (41). Accumulation of
lactate in the TME leads to extracellular acidification, and
lactic acidosis impairs the function of cytotoxic T lympho-
cytes through inhibiting T cell receptor-triggered activation
of p38 and JNK/c-Jun pathways (42). In addition, increased
lactate levels in the TME have been shown to directly inhibit
the cytolytic function of NK cells, which are subsequently


https://www.spandidos-publications.com/10.3892/or.2022.8470

10 CHEN et al: ENO2 AFFECTS EMT AND IMMUNE MICROENVIRONMENT OF CCRCC

3000 el
Th1 cells - &
o 20001 NK cells - @
8 NK CD56dim cells A ®
2 10001 pDC - @
2 TReg - &
E 0 Neutrophils . *p<0.05
aDC . . *‘p<0~01
] &) P value
-1000 T T T pg 0.75
25 50 75 Tem{ ———@ oED
Expression of ENO2 Macrophages -| ® 025
Log, (TPM+1) Cytotoxic cells - o ;
C Eosinophils 1 —————@ Correlation
< 10 Tcells{ —————@ O 0.05
+ 8 — Th2cels { —— @ 8 210
2E |  High Temy ———@ O 020
8‘;“ 2 Thi7 cells 4 ————@& O 0.25
= 0 - CD8Tcells { —@ ’
coLs ‘ ‘ ‘ ‘ ‘ ‘ ‘ T helper cells { ——®
‘ Tgd{ —@
CCL4 ‘ ‘ ‘ ‘ Mast cells 4 ——®
{ NK CD56bright cells 1  ——®
CCL5 M H l‘ ‘ ‘ e Bcells 4 ——®
| - . TRHY b
Z-score 5 5 _4 01 2 iDC 1o+

0.00 0.05 0.10 0.15 0.20 0.25

O
m

=10 =10

+ 8 + 8
85 6 B Low SE 6 M Low
zkE 4 H High zE 4 M High
IS w o

S o So

cD163 CD63
VSIG4 CXCR4

[ & M -~ K 1
Zscore 3 5 109123 Zseore Ty 50 2

=10 ~10

T 8 T 8
85 6 M Low SE 6 M Low
Z= 4 M High zkE= 4 M High
w o w o

So ‘ So

core | LI - oTLAY
TGFB1 | ‘ ‘ = PDCD1 -
STAT5B e LAG3 o
FOXP3 ‘ ’ ’ H - HAVCR2 M‘ ‘ -

4 (. |
28005y 5500 25 25008 "5 5 2
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able to induce the differentiation of monocytes into DCs  macrophages through decreasing the expression of CCL2 and
with an immunosuppressive phenotype (43-45). Moreover, IL-6 (46). Therefore, it was possible to hypothesize that ENO2
lactic acidosis has been shown to inhibit the function of M1  affects tumor immune cell infiltration by regulating the level
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of lactic acid in TME, which therefore fulfills a key role in the
immunosuppression of ccRCC.

At the end of the 19th century, the idea of tumor immuno-
therapy was initially proposed. It alludes to a form of therapy
that eliminates cancer cells by utilizing the autoimmune
system. However, it is difficult to assess the efficacy of these
blockades (47). The prognosis of tumor patients is significantly
impacted by the immunological infiltration of various types
of immune cells in the tumor (48). Recent studies have identi-
fied two unique tumor immune evasion pathways (49,50).
Infiltrating T cells are eliminated by immune-suppressive
factors in certain tumors, although in others, significant levels
of cytotoxic T cell infiltration are present (51). Peng et al (21)
created a new computational framework to integrate the
two tumor immune escape mechanisms through the TIDE
score. These two distinct tumor immune escape pathways
are assessed by TIDE using a collection of gene expression
indicators, and a higher TIDE score denotes a less effective
ICB therapy. A favorable correlation between the immune
dysfunction score and the TIDE score, and the expression of
ENO?2 was identified in the present study. In the present study,
the low expression group of ENO2 was found to have a 20.3%
higher response rate to immune checkpoint therapy compared
with the high expression group, which suggested that patients
who express less ENO2 may benefit more from ICB treatment.

In conclusion, the present study has emphasized the clinical
significance of ENO2 in ccRCC, and its possible mechanism
has been discussed. It was found that ENO2 could regulate
the EMT process and regulate the proliferation, metastasis and
invasion of ccRCC. In addition, ENO2 was shown to be asso-
ciated with the immune score of ccRCC. Finally, the present
study has disclosed the correlation between ENO2 and tumor
immunosuppression, and has also suggested that ENO2 may
be used as a potential predictor of the efficacy of ICB.
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