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An anoikis-related gene
signature for prediction of the
prognosis in prostate cancer

Xiaodong Zhao1,2†, Zuheng Wang1,2†, Zilu Tang1,2†, Jun Hu1,2,
Yulin Zhou2, Jingping Ge2*, Jie Dong2* and Song Xu1,2*

1Jinling School of Clinical Medicine, Nanjing Medical University, Nanjing, Jiangsu, China, 2Department
of Urology, Eastern Theater General Hospital of Medical School Of Nan Jing University, Nanjing,
Jiangsu, China
Purpose: This study presents a novel approach to predict postoperative

biochemical recurrence (BCR) in prostate cancer (PCa) patients which involves

constructing a signature based on anoikis-related genes (ARGs).

Methods: In this study, we utilised data from TCGA-PARD and GEO databases to

identify specific ARGs in prostate cancer. We established a signature of these

ARGs using Cox regression analysis and evaluated their clinical predictive efficacy

and immune-related status through various methods such as Kaplan-Meier

survival analysis, subject work characteristics analysis, and CIBERSORT method.

Our findings suggest that these ARGs may have potential as biomarkers for

prostate cancer prognosis and treatment. To investigate the biological pathways

of genes associated with anoikis, we utilised GSVA, GO, and KEGG. The

expression of ARGs was confirmed by the HPA database. Furthermore, we

conducted PPI analysis to identify the core network of ARGs in PCa.

Results: Based on analysis of the TCGA database, a set of eight ARGswere identified

as prognostic signature genes for prostate cancer. The reliability and validity of this

signature were well verified in both the TCGA and GEO codifications. Using this

signature, patients were classified into two groups based on their risk for developing

BCR. There was a significant difference in BCR-free time between the high and low

risk groups (P < 0.05).This signature serves as a dependable and unbiased prognostic

factor for predicting biochemical recurrence (BCR) in prostate cancer (PCa) patients.

It outperforms clinicopathological characteristics in terms of accuracy and reliability.

PLK1 may play a potential regulatory role as a core gene in the development of

prostate cancer.

Conclusion: This signature suggests the potential role of ARGs in the development

and progression of PCa and can effectively predict the risk of BCR in PCa patients

after surgery. It also provides a basis for further research into themechanismof ARGs

in PCa and for the clinical management of patients with PCa.
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1 Introduction

Prostate cancer (PCa) is the most common malignancy in men,

and the rate of occurrence is significantly associated with age (1). In

recent years, the number of new cases and the number of deaths from

PCa have remained high, and the age of the population affected has

been getting progressively younger (2). For patients with early-stage

disease, surgery can often achieve good results (3), while for patients

with late-stage disease, almost every treatment plan is associated with

serious side effects that can only benefit a small number of people (4).

Despite the availability of many therapies, PCa remains incurable. In

the treatment process, biochemical recurrence (BCR) is often an

unavoidable clinical phase. In PCa and other tumours, active

surveillance is an effective intervention. While proper intervention

can significantly delay disease progression, overtreatment can cause

serious complications. Achieving a balance between avoiding the

adverse effects of overtreatment and achieving early disease detection,

and trading minimal quality of life for maximum survival benefit, is

an unavoidable problem.

The detection of the prostate specific antigen (PSA) is the most

commonly used index for the active surveillance of patients with

PCa. BCR was defined as a rise in PSA level of 0.2 ng/ml or more in

patients after prostatectomy (RP) with an increasing trend on two

consecutive tests or an increase of more than 2 ng/ml from the PSA

nadir in patients treated with RT, and all patients were free of

clinically and/or radiologically detectable lesions (5). Statistically,

BCR occurs in 30-50% of PCa patients treated with RT (6) and in

20-40% of patients treated with radical RP (7). BCR is a significant

risk factor for PCa distant metastases, specificity and overall

mortality (8). Approximately 30% of patients with BCR will

develop clinically manifest distant metastases, resulting in 19% to

27% of patients dying within 10 years (9). In addition, it may be

useful in guiding the design of appropriate treatment and follow-up
Frontiers in Oncology 02
strategies for patients at higher risk. Although other indicators such

as Gleason score and PSA may predict prognosis in PCa patients,

their ability to predict BCR risk is limited. Previous studies have

shown that the AUC and C-index of PSA for predicting the risk of

biochemical recurrence in PCa patients are both less than 0.75, and

the AUC of Gleason score is only 0.715 (10, 11).Therefore, the

identification and construction of a more accurate and specific risk

signature is of great importance to guide the diagnosis, treatment

and follow-up of PCa patients.

In the onset and development of PCa, genes play an important

regulatory role. Differences in the prognosis of PCa patients result

from the interaction of genetics and environment (4). In

monitoring the status of PCa and evaluating the response to

treatment, the detection of gene expression levels has great

potential. To assess patient risk and provide scientific guidance

for targeted treatment, many genes have been included in guidelines

for gene testing. For example, autophagic and scorch-related gene

expression levels were used to try to predict BCR risk in PCa

patients (9, 12). Anoikis is an apoptotic process induced by loss of

cell adhesion to the extracellular matrix and is another form of

programmed cell death. Establishing anoikis resistance is a key link

to tumour interstitial transformation, which can significantly

promote tumour initiation and progression (13). In normal

prostate tissue, by inducing programmed apoptosis of epithelial

cells separated from the extracellular matrix, anoikis can preserve

the normal tissue structure of the prostate. The occurrence and

development of PCa may be promoted by the vascularisation of the

extracellular matrix and the production of anoikis resistance (14).

There is no relevant research on the use of ARGs to predict the

prognosis of PCa, although some studies have shown that anoikis is

related to the prognosis of several common tumours. Our aim is to

investigate a possible association between ARG expression and

prognosis in PCa patients (Figure 1).
FIGURE 1

The flow diagram of this study.
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2 Methods

2.1 Data preparation

The data in this study were derived from two datasets. The

training set was derived from the TCGA database and included

transcriptomic and clinical data of 413 PCa patients with BCR

information. The validation set, including data from 248 PCa

patients, was derived from the Gene Expression Omnibus (GEO)

database (GSE116918). The search term “anoikis” was used to

extract ARGs from the GeneCard database, and genes with a

correlation score of 1.00 have been excluded (Supplementary

Table 1). Clinical and pathologic information from both cohorts

is shown in Table 1. R (version 4.2.1) was used for analysis.
2.2 Identification of differentially
expressed genes

Heatmap comparison of expression levels of anoikis-related

genes in PCa and normal prostate tissues. The DEGs of the ARGs

between the PCa tissues and the normal prostate tissues were

evaluated using the limma software in R (fold change (FC) > 1.5

together with the false discovery rate (FDR) < 0.05).
2.3 Prognostic anoikis-related signature
construction and validation

Prognostic ARS was constructed from TCGA database and

validated in TCGA and GEO databases. First, candidate prognostic

genes were obtained from DEGs by univariate Cox regression

analysis. Prognostically related genes were displayed in a forest

map (p<0.05). In order to minimise the risk of over-fitting, the

prognostic signature was established by means of Lasso-Cox

regression analysis and then verified by means of Lasso penalty

analysis. The list of signature genes (Table 2) and the formula for

the calculation of the risk score were then exported. Furthermore,

the ARS signature genes were preliminarily examined and verified

at the protein level using the Human Protein Atlas (HPA) site

(https://www.proteinatlas.org/).

risk score = sum(expression of the ARGn � coefficient)

Risk scores were calculated for each sample based on signature

genetics risk factors, and patients were divided into low and high risk

groups based on median risk scores. The R package “pheatmap” was

used to plot risk curves and survival status maps to show the BCR in

the high and low risk groups. PCA analysis was performed using

“ggplot2” R package to evaluate distribution of gene expression levels

in each group in signature. “Survival” and “survminer” were used for

survival and PFS analysis. In order to test the effectiveness of the

signature, the K-M survival curve and the time-ROC curve were

plotted using the R package “timeROC”. Univariate and multivariate

analyses were also performed to evaluate the predictive power of the

signature. Finally, we explored whether there were differences in

patients’ risk scores between different immunophenotypes or clinical
Frontiers in Oncology 03
characteristics using the “ggpubr” R package for clinical correlation

analysis and immunophenotyping analysis.
2.4 Nomogram construction
and verification

To further predict the efficacy of BCR for PCa patients, we

attempted to construct a nomogram using the R package “rms” by

considering the risk score and clinicopathological characteristics.

The predictive validity and clinical applicability of the nomogram
TABLE 1 Clinical characteristics of two cohorts of patients with PCa.

Variables TCGA dataset (n=413) GEO dataset (n=248)

Age (%)

≤65 297 (71.91) 87 (35.08)

>65 116 (28.09) 161 (64.92)

cT stage (%)

T1-2 298 (72.16) 127 (51.21)

T3-4 44 (10.65) 96 (38.71)

Unknow 71 (17.19) 25 (10.08)

cM stage (%)

M0 389 (94.19) NA

M1 2 (0.48) NA

Unknow 22 (5.33) NA

pT stage (%)

T1-2 151 (36.56) NA

T3-4 257 (62.23) NA

Unknow 5 (1.21) NA

pN stage (%)

N0 293 (70.94) NA

N1 68 (16.46) NA

Unknow 52 (12.60) NA

Residual tumor (%)

No 261 (63.20) NA

Yes 130 (31.48) NA

Unknow 22 (5.32) NA

Gleason score (%)

≤7 241 (58.35) 107 (43.15)

>7 172 (41.65) 141 (56.85)

BCR status

BCR 48 (11.6) 56 (22.58)

BCR-free 365 (88.4) 192 (77.42)
TCGA, The Cancer Genome Atlas; GEO, Gene Expression Omnibus; cT, clinical tumor; cM,
clinical metastasis; pT, pathology tumor; pN, pathology node; BCR, biochemical recurrence;
NA, Not Available.
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were evaluated by calibration curve analysis and survival analysis.

Finally, an independent prognostic analysis was performed to

determine whether the nomogram could be used as an

independent prognostic indicator.
2.5 Gene set variation analysis and gene
set enrichment analysis

In order to observe the expression and enrichment of the pathways

in the high and low risk groups, we performed gene set variation analysis

using the R package “GSVA”. Subsequently, the gene ontology (GO)

function enrichment analysis and the Kyoto encyclopedia of genes and

genomes (KEGG) pathway enrichment analysis were carried out.
2.6 Interacting protein network and
network core genes

A protein interaction network was constructed by analysing

protein interactions between ARGs using the STRING database. We

then performed single gene analysis and clinical correlation analysis

using ROC curves for each candidate core gene.
2.7 Statistical analyses

Statistical analysis was performed using R software version 4.0.2

and various R software packages. Mean ± standard deviation and

percentage were used for continuous variables and categorical

variables with normal distribution, respectively. Significant

statistical difference was defined as P<0.05 (two-tailed).
3 Result

3.1 To screen for candidate genes related
to prognosis

We first calculated the expression level of 337 ARGs extracted

from the gene map of 413 tumuor tissues and 52 normal tissues, and
Frontiers in Oncology 04
then searched for the corresponding differentially expressed genes.

27 genes were found to be upregulated and 73 genes downregulated

by PCa. A heat map depicted the differentially expressed DEGs

(Figure 2A). Volcano plot (Figure 2B) shows the differentially

expressed genes (DEGs).
3.2 Prognostic signature construction
and validation

Univariate Cox analysis was used to obtain 20 prognosis-

related ARGs (Figures 2C, D).To assess collinearity of these 20

genes, Lasso Cox regression analysis was used to determine

prognostic signature of 8 ARGs (EGF, MYC, PLK1, EZH2, AFP,

NOX4 , BMP6 , MMP11 ) (F i gur e s 2E , F , Tab l e 2 ) .

Immunohistochemistry results of 8 signature genes were obtained

from the HPA database (Figure 3): MYC, PLK1, EZH2, AFP, BMP6

and MMP11 in prostate and PCa tissues. PLK1 was highly

expressed in PCa tissues and MYC, EZH2, AFP and MMP11

were more highly expressed in PCa tissues, which was basically

consistent with the signature of the prognostic risk score. However,

due to differences in detection methods and lower sample size,

BMP6 expression was slightly lower in PCa. ARS prediction

performance was verified in both testing (TCGA) and validation

(GEO) sets. According to the prognostic risk score signature, the

risk scores of patients from the test and verification sets were

calculated. The samples in each cohort were divided into two high-

risk and low-risk groups in accordance with the median value of

the risk score (Figures 4A, B). Consistent with the expected results

of the signature, the number of patients with BCR increased as the

risk score increased (Figures 4D, E). The analysis of BCR-free

survival (Figures 4C, F) showed that the BCR-free survival rate of

the patients gradually decreased over time, and there were

significant differences in the BCR-free survival rate of the high-

risk and low-risk groups in the two cohorts (P<0.01). The AUC for

BCR-free survival at one year, three years and five years were 0.756,

0.823 and 0.797, respectively, showing an excellent predictive

performance (Figure 4G). The AUC of the risk score was 0.797,

significantly outperforming clinicopathological features, although

univariate Cox analysis showed that clinical T stage, pathological T

stage, N stage and Gleason score all had the potential to predict
TABLE 2 Eight ARGs greatly correlated with BCR-free survival outcome.

Gene Coefficient Hazard ratio (95% CI) P value

EGF -0.3185 0.545 (0.391−0.759) <0.001

MYC 0.0053 1.436 (1.025−2.011) 0.035

PLK1 0.2349 2.501 (1.768−3.540) <0.001

EZH2 0.1989 2.745 (1.790−4.211) <0.001

AFP 0.2917 2.100 (1.324−3.330) 0.002

NOX4 0.0870 2.020 (1.443−2.826) <0.001

BMP6 0.0483 1.662 (1.301−2.124) <0.001

MMP11 0.2756 1.743 (1.429−2.125) <0.001
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patient prognosis (Figures 4H, 5A). Principal component analysis

(PCA) showed that the signature gene could effectively discriminate

the patients in the high-risk group from the low-risk group

(Figure 4I). A further multivariate analysis showed that the

signature gene could be used as an independent prognostic

indicator for the patients with PCa (Figure 5B). The results of

the progression-free survival (PFS) analysis are shown in Figure 5C.
Frontiers in Oncology 05
Immunotype analysis showed that the risk score of patients in the

C3 group was much lower than in the other groups (P<0.05), with

no statistical difference in the risk score between the other groups

(Figure 5D). Figures 5E–J show the outcome of the clinical

correlation analysis. Apart from age, there were significant

differences in risk scores at different stages of other

clinical characteristics.
B C D

E F

A

FIGURE 2

Establishment of prognostic features in PCa. (A) Heatmap depicts the variations ARGs expression. (B) Volcano plot of differentially expressed genes
(DEGs) in PCa. (C) Forest map shows prognosis related genes. (D) Forest map shows prognosis related genes. (E) LASSO coefficient of ARGs in PCa.
(F) LASSO regression analysis for the development of ARS.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1169425
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zhao et al. 10.3389/fonc.2023.1169425
3.3 Nomogram construction
and validation

To predict the 1-, 3- and 5-year BCR incidence in PCa patients,

we constructed a nomogram based on risk scores and

clinicopathological features (Figures 6A, C). Areas under the
Frontiers in Oncology 06
curve (AUCs) remained significantly above 0.75 (Figure 6D). The

calibration curves demonstrated the consistency between the

nomogram observed and predicted rates of PCa BCR-free survival

(Figure 6B). Univariable and multivariable Cox analysis further

confirmed the nomogram’s ability to predict BCR in PCa patients

(Figures 6E, F).
B C

D E F

G H I

A

FIGURE 4

Prognostic accuracy of the ARS. (A–C) The evaluation of prognostic characteristics in TCGA cohort: (A) The layout of increasing risk scores.
(B) The curve of BCR status. (C) Kaplan–Meier curves of survival outcome between two groups. (D–F) The evaluation of prognostic characteristics in
GEO cohort: (D) The layout of increasing risk scores. (E) The curve of BCR status. (F) Kaplan–Meier curves of survival outcome between two groups.
(G) ROC curves of predictive performance of the ARS in TCGA cohort. (H) ROC curve of prognosis signature and clinical factors. (I) The two risk
groups were distinguished by principal component analysis (PCA) in TCGA cohort.
FIGURE 3

Immunohistochemical results of the genes of ARS (Antibody Staining) (Human Protein Atls Database, https://www.proteinatlas.org/).
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3.4 Signalling pathway analysis

Gene set variation analysis (GSVA) was used to explore

potential differences in biological function and signalling

pathways between the different risk groups (Figure 7). Results

showed that many gene replication-related pathways were active
Frontiers in Oncology 07
in the high-risk group, including DNA replication and NER

pathways. The differential genes were highly enriched in functions

related to cell division, including mitotic nuclear division, nuclear

division, cell cycle, etc., according to both Gene Ontology (GO)

and Kyoto Encyclopedia of Genes and Genomes (KEGG)

analysis (Figure 8).
B

C D

E F G

H I J

A

FIGURE 5

(A, B) Cox regression analysis: (A) Univariate cox regression analysis. (B) Multivariate cox regression analysis. (C) Progress free survival analysis.
(D) Analysis of immunological classification. (E–J) The relationship between the signature and different clinical features: (E) Age. (F) Clinical tumor.
(G) Pathology tumor. (H) Pathology node. (I) Gleason. (J) Residual tumor.
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B

C D

E
F

A

FIGURE 6

Construction of an ARS-based nomogram. (A) A nomogram for predicting BCR-free survival in the TCGA cohort. (B) Nomogram calibration plots for
predicting OS at 1, 3, and 5 year in the TCGA cohort. (C) Time-dependent ROC analysis curve for the nomogram. (D) ROC curve of nomogram,
prognosis signature and clinical factors. (E) Univariate Cox analysis. (F) Multivariate Cox analysis. **, P<0.01, ***, P<0.001.
FIGURE 7

Gene set variation analysis.
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3.5 Network Core Gene and Single Gene
Analysis (SGA)

Protein interaction of differentially expressed genes was

analysed using STRING database. Five genes (EGF, MYC, PLK1,

EZH2, AFP) were identified as candidate core genes by protein

interaction network (Figure 9A).The ROC curve showed that PLK1

was most predictive of BCR risk at 3 years post-operatively

(Figure 9B). The areas under the AUC curve for 1, 3 and 5 year

BCR-free survival were 0.732, 0.701 and 0.652, respectively, which

were greater than 0.65 (Figure 9C). BCR-free survival analysis
Frontiers in Oncology 09
showed a progressive decrease in BCR-free survival over time,

with marked differences in BCR-free survival between high- and

low-expressing patients (Figure 9D).
3.6 Analysis of clinical correlation

Clinical correlation analysis showed that PLK-1 expression

level is not related to age, but is closely associated with other clinical

and pathologic phenotypes (Figures 10A–F). PLK-1 expression can

predict biochemical recurrence-free survival of PCa patients.
B

C

D

E

F

A

FIGURE 8

(A–C) GO and (D–F) KEGG analyses for differentially expressed genes among high and low risk groups.
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4 Discussion

With the improvement in the life expectancy of human beings

and the worsening of the ageing process, the incidence rate of PCa

will continue to increase. Although the treatment of PCa has

evolved into a long-term comprehensive treatment modality,

including active surveillance, surgery, androgen ablation,

radiation therapy, and chemotherapy, it is still difficult to avoid

the occurrence of BCR with the advancement of treatment

modalities (15). More than half of the patients with PCa will be

subjected to BCR after radical treatment, and about 35% of them

will be subjected to BCR within 10 years after surgery (16). BCR is

the central node of PCa progression, increasing the risk of castrate-

resistant disease progression and distant metastases (17). Due to

patients’ poor compliance, low follow-up frequency and insufficient

follow-up time, BCR cannot be detected early enough for timely

intervention. As a result, local recurrence or distant metastasis and

progression to metastatic castration-resistant PCa (mCRPC) occur,

and the opportunity for treatment is lost. Although medical

advances and developments have significantly improved the cure

rate of PCa, the malignant stage of the disease is unknown,

frequently leading to non-standardised subsequent treatment.
Frontiers in Oncology 10
In the long-term follow-up and monitoring of PCa patients,

recurrence is the focus of attention. It is expected that PCa-related

deaths can be effectively prevented by routine monitoring for BCR

(18). Research findings show that the new adjuvant ADT

combination regimen can provide long-term (>4 years) BCR-free

benefits in high-risk patients (19). Therefore, BCR risk stratification

for PCa patients is highly advisable, which may lead to more

frequent surveillance, early intervention and even adjuvant

treatment decisions. More and more clinicians are paying

attention to precise intervention in tumour diseases with the

development of precision medicine. By comprehensively analysing

tumour recurrence, metastasis, progression and other related risk

factors, the task of precise intervention is to determine the risk

stratification of patients (3). More active follow-up and intervention

measures should be taken for patients at intermediate and high risk

to delay the progression of the disease, and efforts should be made

to minimise unnecessary treatment for patients at low risk to reduce

the burden of disease on patients. However, as PCa continues to be

studied, routine indicators such as PSA detection, Gleason score

and pathological stage are difficult to adapt to the needs of

individual differences and complex diseases, and fail to provide

accurate prediction of BCR risk in PCa (20). Further investigation of
B

C D

A

FIGURE 9

(A) Protein interaction network of signature genes. (B) ROC curve of candidate core genes. (C) Time-dependent ROC analysis curve for PLK1.
(D) Single gene BCR-free survival analysis.
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potential BCR regulatory mechanisms and development of novel

clinical predictive signatures are urgently needed.

Genomic and transcriptomic analysis of tumors have shown

that genetic alterations and/or differential expression can partially

reveal the potential mechanism of tumour initiation and

development, providing a potential target for targeted treatment

of PCa (21). Intervening at the gene level will undoubtedly become

an important part of treating cancer in the future. Therefore,

continuing to search for target genes that may be related to the

BCR of PCa is far-reaching in developing gene therapy. ARGs have

attracted increasing attention from clinical and scientific

researchers as a new hotspot gene. It refers to the process of

programmed cell apoptosis that occurs after cells are detached
Frontiers in Oncology 11
from the primary extracellular matrix (22). This process is

essential for the maintenance of tissue homeostasis and can

remove dislocated or sloughed off cells under physiological or

pathological conditions (23). The development of anoikis

resistance allows tumour cells to escape anoikis when they detach

from the extracellular matrix or adhere to other tissues and organs.

This enables distant metastasis (24). The study suggests that while

apoptosis, necrosis and autophagy are associated with tumour

growth, the relationship between anoikis and tumour metastasis is

more significant (25). Further experiments have shown that the

endothelial cells that have acquired anoikis resistance tend to have a

high rate of proliferation, a high rate of invasion and a low rate of

apoptosis (13). In addition, anoikis has also been found to be closely
B

C D

E F

A

FIGURE 10

The relationship between the expression of EGF and different clinical features: (A) Age. (B) Clinical tumor. (C) Pathology tumor (D) Pathology node.
(E) Gleason. (F) Residual tumor.
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related to the spread and high recurrence rate of glioma (26). Thus,

the development of anoikis resistance is considered to be a sign that

tumour cells are invading, metastasizing and relapsing.

ARGs play important roles in the progression of several tumors,

especially in the process of metastasis: FAIM2 overexpression is

associated with adverse clinical outcome in lung cancer (27),

L1CAM affects the prognosis of endometrial cancer (EC) (28).

Chen has been successful in constructing a prognostic signature

using ARGs, which has shown a good predictive effect on the

prognosis of EC (27). More and more studies have shown that

ARGs also play a key role in the occurrence and development of

PCa. ARGs, which are key to the survival of circulating tumour cells

in PCa, may be related to epithelial-mesenchymal transformation in

the process of PCa metastasis (25). Research has shown that the

Rad9 protein is able to promote cell migration and resistance to

anoikis, thereby promoting the progression of PCa (29). The

nuclear localisation of parathyroid hormone-related peptide

confers anoikis resistance on PCa cells, which is conducive to the

metastatic progression of PCa (30). Depleting mitochondrial DNA

in prostate epithelial cells induces the cell to develop anoikis

resistance and enhances its invasive ability by activating the

PI3K/Akt2 signalling pathway (31). Although previous studies

have shown that ARGs are closely related to PCa migration and

invasion activity, there has been no study on the use of ARG

expression levels for BCR risk assessment in PCa patients. Based on

this, we constructed a signature that can effectively predict the risk

of BCR in PCa patients using ARGs, which has good predictive

power for BCR risk (AUC=0.823), higher than other

clinicopathological data such as PSA and Gleason scores (10, 11),

and more accurate than other signatures (32, 33). A number of

researchers have explored the feasibility of genetic prediction of

biochemical recurrence in prostate cancer patients. Mei successfully

constructed a signature based on N7-methylguanine-related genes

for predicting biochemical recurrence of prostate cancer, but with a

maximum AUC of 0.768 (34). An ferroptosis-related gene signature

was developed to predict biochemical recurrence of prostate cancer,

with a maximum predictive AUC of 0.766 (35). The lipid

metabolism gene signature has also been attempted to predict

biochemical recurrence in prostate cancer patients, but its

predictive validity for patients from the TCGA database was not

high, with an AUC of 0.734 (33).The DNA repair gene signature

can also be used to predict biochemical recurrence of prostate

cancer, and although it has good predictive power for biochemical

recurrence within one year (AUC=0.827), its long-term predictive

power is unstable (AUC[5]=0.691) (32). In this study, a model of

apoptosis-associated genes was constructed and its predictive

validity for biochemical recurrence in prostate cancer patients was

higher and more stable. The AUCs were 0.756, 0.823 and 0.797 for

1-, 3- and 5-years, respectively, and we further constructed a

predictive Norman plot with AUCs of 0.782, 0.814 and 0.830 for

1-, 3- and 5-years, respectively.

In this study, a predictive signature consisting of eight ARGs

[EGF (36), MYC (37), PLK1 (38), EZH2 (39), AFP (40), NOX4

(41), BMP6 (42), MMP11 (43)] was established and its correlation

with anoikis was verified by a literature search. EGF is not only

involved in regulating the physiological function of the prostate,
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but also induces PCa cell proliferation and invasion (44).The

polymorphism of EGF may lead to early recurrence in PCa

patients treated with androgen blockade, which is expected to

become a potential therapeutic target for castration-resistant PCa

(45). MYC is a proto-oncogene, and its activatio1n is the basis for

the initiation and development of PCa (46). The gene copy

number and the expression level of MYC are closely related to

the severity of PCa: MYC is significantly over-expressed during

the progression of PCa, and the amplification of MYC may be

associated with a higher Gleason score (47). However, even in the

stage of prostate intraepithelial neoplasia, an increase in the

number of copies of the MYC gene can be observed (48).

Further studies are therefore needed to investigate the role of

MYC in PCa. In the onset and development of PCa, PLK1 also

plays an important role. Overexpressed PLK1 in Pten-deficient

male mice can induce PCa, and the high expression of PLK1 is

positively correlated with the high level of PCa (49). Furthermore,

PLK1 is involved with the biological process of regulating other

gene products, such as the activation of MYC, suggesting a

possible regulatory node for the onset and development of PCa.

EZH2, an epigenetic regulator, overexpressed in various tumours,

can help cells acquire invasive properties (50). Studies have shown

that overexpression of the EZH2 enhancer in PCa leads to

negative regulation of the interferon-stimulated gene, thereby

reducing the therapeutic effect of tumour immune checkpoint

blockade in PCa (51).EZH2 plays its oncogenic role by acting as a

co-activator of a number of key transcription factors in metastatic

castration-resistant PCa cells (52). AFP, an important serological

marker for hepatocellular carcinoma, teratoma and other cancers,

is mainly expressed in the liver and the yolk sac of the foetus (53).

As a peptide derived from the active site of AFP, the AFP peptide

is a potential growth factor for PCa. AFP peptide showed a

specific effect on the PCa cell line DU-145. It significantly

increased its proliferative activity (54). A group of gene markers

including AFP showed good predictive ability for the risk of

postoperative BCR in PCa patients with Gleason score≥7

(53).NOX4 is widely distributed in the matrix of PCa and has

been shown to be involved in transforming primary prostate

fibroblasts into cancer-related fibroblasts (55). Elevated NOX4

expression was observed in prostate patients with reduced

survival. Down-regulation of NOX4 expression provides

theoretical support for targeted matrix therapy of PCa, as it is

expected to inhibit the production process of PCa cells and

increase the rate of apoptosis (56). In comparison with benign

prostate hyperplasia, the expression of BMP-6 is upregulated in

PCa, especially in metastatic PCa. BMP-6 has been shown to

significantly increase the migration and invasion ability of PCa

cells in in vitro cell experiments. It promotes PCa metastasis,

particularly the process of bone metastasis, which is an indicator

of poor clinical outcome (57). MMP11 expression is thought to be

associated with clinical outcome in various tumours (58). Higher

levels of MMP11 have been observed in patients with advanced,

high-grade, metastatic and castration-resistant PCa, which is often

associated with a shorter survival time (58, 59). In our study,

MMP-11, which promotes BCR in PCa, is also associated with

poor patient prognosis.
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We further analyzed the protein interactions of 8 model genes

in the STRING database and obtained the protein interaction

network (Figure 9A). The results showed that EGF, MYC, PLK1,

EZH2, and AFP have significant interactions with each other and

with other genes, indicating potential as candidate network core

genes. In order to further evaluate the predictive potential of the

aforementioned genes for the risk of BCR in patients, we plotted

ROC curves, which showed that among the core genes in the

candidate network, the expression level of PLK1 was the most

accurate in predicting the risk of BCR in patients. The areas under

ROC curve of 1-, 3- and 5 years were respectively 0.732, 0.701 and

0.652.Therefore, we ultimately chose PLK1 as the network core gene

for our study.

PLK1 is a cell cycle-regulating serine/threonine kinase that

plays a critical role in the dominant division process of normal

and cancerous cells (60). It has been confirmed that PLK1 is

overexpressed in various human malignant tumour tissues, and

PLK1 expression level significantly correlates positively with

tumour cell proliferation ability, metastatic potential and poor

prognosis (61). Cell separation can induce upregulation of PLK1

expression, and high levels of PLK1 enhance cancer cell

resistance to anoikis through regulation of b-catenin expression

(38). Depleting PLK1 can significantly inhibit tumour cell

proliferation in vitro and induce tumour cell apoptosis (62).

Researchers have become interested in studying urothelial

tumours because of the regulatory role of PLK1 in a variety

of tumours. Immunohistochemistry has shown that PLK1 is also

significantly overexpressed in PCa tissue, and clinical correlation

analysis showed a positive correlation between its expression

level and Gleason score (62). In vitro cell experiments have

confirmed that upregulation of PLK1 expression can induce

epithelial-mesenchymal transformation of prostate epithelial

cells, increasing their migration ability and malignant

transformation potential (61); animal experiments have found

a significant increase in PLK1 expression in PCa xenograft

animal models with castration resistance, suggesting that PLK1

may promote disease progression in PCa (63). PLK1 may be a

key factor in initiating and developing PCa, but unfortunately

researchers have failed to correlate PLK1 expression levels with

patient prognosis. Therefore, by performing a BCR-free survival

analysis, we investigated the feasibility of using PLK1 alone to

predict BCR in patients. The survival curve showed a significant

difference in BCR-free survival between the high and low PLK1

expression groups; clinical correlation analysis showed that PLK1

expression level was not related to age, but was significantly

associated with clinicopathological characteristics such as T

stage. Our study not only provides further confirmation of the

promoting effect of PLK1 on the malignant phenotype of PCa,

but also suggests that there is a correlation between PLK1 and

its BCR in PCa patients. It is possible that PLK1 may have an

impact on the prognosis of PCa patients through a variety of

pathways. Targeting PLK1 may be an effective addition to the

diagnosis and treatment of PCa through further research into its

underlying mechanisms.

There are several limitations to this study. Firstly, the

retrospective studies that have been carried out must be
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validated by numerous prospective experiments. Secondly,

although we have demonstrated a difference in prognosis

between the high-risk group and the low-risk group, it remains

to be investigated whether there is a difference in the response to

adjuvant therapy, such as immunotherapy, between the two

groups. Finally, the specific mechanism of ARGs’ effect on PCa

BCR is still unknown. More work needs to be done to elucidate

the mechanism of action and to identify targets for clinical

diagnosis and therapy.
5 Conclusions

To summarise, we constructed a characteristic consisting of 8

ARGs. It is possible to classify PCa patients into a high-risk, and a

low-risk, group. The clinicopathological characteristics and the risk

of BCR are significantly different between the two groups. Stricter

clinical surveillance and even adjuvant therapy may be required in

high-risk patients. As a potential core gene, PLK1 may play a key

regulatory role. This study is a new and effective tool for risk

assessment of BCR in PCa and confirms the clinical value of in-

depth investigation of ARGs in PCa.
Data availability statement

Publicly available datasets were analyzed in this study. This data

can be found here: TCGA, https://portal.gdc.cancer.gov/, GEO, https://

www.ncbi.nlm.nih.gov/, HPA, https://www.proteinatlas.org/,

GeneCard, https://www.genecards.org/.
Ethics statement

Written informed consent was obtained from the individual(s)

for the publication of any potentially identifiable images or data

included in this article.
Author contributions

XZ is responsible for research design and manuscript writing,

ZW and ZT are jointly responsible for statistical analysis and

graphics drawing. JH and YZ are responsible for manuscript and

graphic modification. JG, JD and SX provided academic and

scientific guidance. All authors have reviewed and approved

the manuscript.
Acknowledgments

Thanks to TCGA, GEO and HPA databases for providing a

meaningful data set platform.
frontiersin.org

https://portal.gdc.cancer.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.proteinatlas.org/
https://www.genecards.org/
https://doi.org/10.3389/fonc.2023.1169425
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zhao et al. 10.3389/fonc.2023.1169425
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated
Frontiers in Oncology 14
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1169425/

full#supplementary-material
References
1. Zarei A, Javid H, Sanjarian S, Senemar S, Zarei H. Metagenomics studies for the
diagnosis and treatment of prostate cancer. Prostate (2022) 82(3):289–97. doi: 10.1002/
pros.24276

2. Tang DG. Understanding and targeting prostate cancer cell heterogeneity and
plasticity. Semin Cancer Biol (2022) 82:68–93. doi: 10.1016/j.semcancer.2021.11.001

3. Papachristodoulou A, Abate-Shen C. Precision intervention for prostate cancer:
Re-evaluating who is at risk. Cancer Lett (2022) 538:215709. doi: 10.1016/
j.canlet.2022.215709

4. Sekhoacha M, Riet K, Motloung P, Gumenku L, Adegoke A, Mashele S. Prostate
cancer review: genetics, diagnosis, treatment options, and alternative approaches.
Molecules (2022) 27(17):5730. doi: 10.3390/molecules27175730

5. Sun JX, Liu CQ, Zhong XY, Xu JZ, An Y, Xu MY, et al. Statin use and the risk of
prostate cancer biochemical recurrence following definitive therapy: A systematic
review and meta-analysis of cohort studies. Front Oncol (2022) 12:887854.
doi: 10.3389/fonc.2022.887854

6. Kupelian PA, Mahadevan A, Reddy CA, Reuther AM, Klein EA. Use of different
definitions of biochemical failure after external beam radiotherapy changes conclusions
about relative treatment efficacy for localised prostate cancer. Urology (2006) 68
(3):593–8. doi: 10.1016/j.urology.2006.03.075

7. Roehl KA, HanM, Ramos CG, Antenor JA, CatalonaWJ. Cancer progression and
survival rates following anatomical radical retropubic prostatectomy in 3,478
consecutive patients: long-term results. J Urol (2004) 172(3):910–4. doi: 10.1097/
01.ju.0000134888.22332.bb

8. Lalonde E, Ishkanian AS, Sykes J, Fraser M, Ross-Adams H, Erho N, et al.
Tumour genomic and microenvironmental heterogeneity for integrated prediction of
5-year biochemical recurrence of prostate cancer: a retrospective cohort study. Lancet
Oncol (2014) 15(13):1521–32. doi: 10.1016/s1470-2045(14)71021-6

9. Hu D, Cao Q, Tong M, Ji C, Li Z, Huang W, et al. A novel defined risk signature
based on pyroptosis-related genes can predict the prognosis of prostate cancer. BMC
Med Genomics (2022) 15(1):24. doi: 10.1186/s12920-022-01172-5

10. O'Brien MF, Cronin AM, Fearn PA, Smith B, Stasi J, Guillonneau B, et al.
Pretreatment prostate-specific antigen (PSA) velocity and doubling time are associated
with outcome but neither improves prediction of outcome beyond pretreatment PSA
alone in patients treated with radical prostatectomy. J Clin Oncol (2009) 27(22):3591–7.
doi: 10.1200/jco.2008.19.9794

11. Hu XH, Cammann H, Meyer HA, Jung K, Lu HB, Leva N, et al. Risk prediction
models for biochemical recurrence after radical prostatectomy using prostate-specific
antigen and Gleason score. Asian J Androl (2014) 16(6):897–901. doi: 10.4103/1008-
682x.129940

12. Wen C, Ge Q, Dai B, Li J, Yang F, Meng J, et al. Signature for prostate cancer
based on autophagy-related genes and a nomogram for quantitative risk stratification.
Dis Markers (2022) 2022:7598942. doi: 10.1155/2022/7598942

13. Mesquita APS, Matsuoka M, Lopes SA, Pernambuco Filho PCA, Cruz AS, Nader
HB, et al. Nitric oxide regulates adhesiveness, invasiveness, and migration of anoikis-
resistant endothelial cells. Braz J Med Biol Res (2022) 55:e11612. doi: 10.1590/1414-
431X2021e11612

14. Toivanen R, Mohan A, Shen MM. Basal progenitors contribute to repair of the
prostate epithelium following induced luminal anoikis. Stem Cell Rep (2016) 6(5):660–
7. doi: 10.1016/j.stemcr.2016.03.007

15. Tosoian JJ, Gorin MA, Ross AE, Pienta KJ, Tran PT, Schaeffer EM.
Oligometastatic prostate cancer: definitions, clinical outcomes, and treatment
considerations. Nat Rev Urol (2017) 14(1):15–25. doi: 10.1038/nrurol.2016.175

16. Xu Z, Chen S, Zhang Y, Liu R, Chen M. Roles of m5C RNA modification
patterns in biochemical recurrence and tumor microenvironment characterization of
prostate adenocarcinoma. Front Immunol (2022) 13:869759. doi: 10.3389/
fimmu.2022.869759
17. Antonarakis ES, Feng Z, Trock BJ, Humphreys EB, Carducci MA, Partin AW,
et al. The natural history of metastatic progression in men with prostate-specific
antigen recurrence after radical prostatectomy: long-term follow-up. BJU Int (2012)
109(1):32–9. doi: 10.1111/j.1464-410X.2011.10422.x

18. Luo C, He S, Zhang H, He S, Qi H, Wei A. Clinical and biological significance of
DNA methylation-driven differentially expressed genes in biochemical recurrence after
radical prostatectomy. Front Genet (2022) 13:727307. doi: 10.3389/fgene.2022.727307

19. Efstathiou E, Davis JW, Pisters L, Li W, Wen S, McMullin RP, et al. Clinical and
biological characterisation of localised high-risk prostate cancer: results of a
randomised preoperative study of a luteinising hormone-releasing hormone agonist
with or without abiraterone acetate plus prednisone. Eur Urol (2019) 76(4):418–24.
doi: 10.1016/j.eururo.2019.05.010

20. Wang K, Zhong W, Long Z, Guo Y, Zhong C, Yang T, et al. 5-methylcytosine
RNA methyltransferases-related long non-coding RNA to develop and validate
biochemical recurrence signature in prostate cancer. Front Mol Biosci (2021)
8:775304. doi: 10.3389/fmolb.2021.775304

21. Talkar SS, Patravale VB. Gene therapy for prostate cancer: A review. Endocr
Metab Immune Disord Drug Targets (2021) 21(3):385–96. doi: 10.2174/
1871530320666200531141455

22. Tajbakhsh A, Rivandi M, Abedini S, Pasdar A, Sahebkar A. Regulators and
mechanisms of anoikis in triple-negative breast cancer (TNBC): A review. Crit Rev
Oncol Hematol (2019) 140:17–27. doi: 10.1016/j.critrevonc.2019.05.009

23. Chen Z, Liu X, Zhu Z, Chen J, Wang C, Chen X, et al. A novel anoikis-related
prognostic signature associated with prognosis and immune infiltration landscape in
clear cell renal cell carcinoma. Front Genet (2022) 13:1039465. doi: 10.3389/
fgene.2022.1039465

24. Shi T, Zhang C, Xia S. The potential roles and mechanisms of non-coding RNAs
in cancer anoikis resistance. Mol Cell Biochem (2022) 477(5):1371–80. doi: 10.1007/
s11010-022-04384-6

25. Wen S, Niu Y, Lee SO, Chang C. Androgen receptor (AR) positive vs negative
roles in prostate cancer cell deaths including apoptosis, anoikis, entosis, necrosis and
autophagic cell death. Cancer Treat Rev (2014) 40(1):31–40. doi: 10.1016/
j.ctrv.2013.07.008

26. Zhu Z, Fang C, Xu H, Yuan L, Du Y, Ni Y, et al. Anoikis resistance in diffuse
glioma: The potential therapeutic targets in the future. Front Oncol (2022) 12:976557.
doi: 10.3389/fonc.2022.976557

27. Chen S, Gu J, Zhang Q, Hu Y, Ge Y. Development of biomarker signatures
associated with anoikis to predict prognosis in endometrial carcinoma patients. J Oncol
(2021) 2021:3375297. doi: 10.1155/2021/3375297

28. Chen J, Gao F, Liu N. L1CAM promotes epithelial to mesenchymal transition
and formation of cancer initiating cells in human endometrial cancer. Exp Ther Med
(2018) 15(3):2792–7. doi: 10.3892/etm.2018.5747

29. Broustas CG, Zhu A, Lieberman HB. Rad9 protein contributes to prostate
tumour progression by promoting cell migration and anoikis resistance. J Biol Chem
(2012) 287(49):41324–33. doi: 10.1074/jbc.M112.402784

30. Park SI, McCauley LK. Nuclear localisation of parathyroid hormone-related
peptide confers resistance to anoikis in prostate cancer cells. Endocr Relat Cancer
(2012) 19(3):243–54. doi: 10.1530/erc-11-0278

31. Moro L, Arbini AA, Yao JL, di Sant'Agnese PA, Marra E, Greco M.
Mitochondrial DNA depletion in prostate epithelial cells promotes anoikis resistance
and invasion through activation of PI3K/Akt2. Cell Death Differ (2009) 16(4):571–83.
doi: 10.1038/cdd.2008.178

32. Long G, Ouyang W, Zhang Y, Sun G, Gan J, Hu Z, et al. Identification of a DNA
repair gene signature and establishment of a prognostic nomogram predicting
biochemical-recurrence-free survival of prostate cancer. Front Mol Biosci (2021)
8:608369. doi: 10.3389/fmolb.2021.608369
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2023.1169425/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1169425/full#supplementary-material
https://doi.org/10.1002/pros.24276
https://doi.org/10.1002/pros.24276
https://doi.org/10.1016/j.semcancer.2021.11.001
https://doi.org/10.1016/j.canlet.2022.215709
https://doi.org/10.1016/j.canlet.2022.215709
https://doi.org/10.3390/molecules27175730
https://doi.org/10.3389/fonc.2022.887854
https://doi.org/10.1016/j.urology.2006.03.075
https://doi.org/10.1097/01.ju.0000134888.22332.bb
https://doi.org/10.1097/01.ju.0000134888.22332.bb
https://doi.org/10.1016/s1470-2045(14)71021-6
https://doi.org/10.1186/s12920-022-01172-5
https://doi.org/10.1200/jco.2008.19.9794
https://doi.org/10.4103/1008-682x.129940
https://doi.org/10.4103/1008-682x.129940
https://doi.org/10.1155/2022/7598942
https://doi.org/10.1590/1414-431X2021e11612
https://doi.org/10.1590/1414-431X2021e11612
https://doi.org/10.1016/j.stemcr.2016.03.007
https://doi.org/10.1038/nrurol.2016.175
https://doi.org/10.3389/fimmu.2022.869759
https://doi.org/10.3389/fimmu.2022.869759
https://doi.org/10.1111/j.1464-410X.2011.10422.x
https://doi.org/10.3389/fgene.2022.727307
https://doi.org/10.1016/j.eururo.2019.05.010
https://doi.org/10.3389/fmolb.2021.775304
https://doi.org/10.2174/1871530320666200531141455
https://doi.org/10.2174/1871530320666200531141455
https://doi.org/10.1016/j.critrevonc.2019.05.009
https://doi.org/10.3389/fgene.2022.1039465
https://doi.org/10.3389/fgene.2022.1039465
https://doi.org/10.1007/s11010-022-04384-6
https://doi.org/10.1007/s11010-022-04384-6
https://doi.org/10.1016/j.ctrv.2013.07.008
https://doi.org/10.1016/j.ctrv.2013.07.008
https://doi.org/10.3389/fonc.2022.976557
https://doi.org/10.1155/2021/3375297
https://doi.org/10.3892/etm.2018.5747
https://doi.org/10.1074/jbc.M112.402784
https://doi.org/10.1530/erc-11-0278
https://doi.org/10.1038/cdd.2008.178
https://doi.org/10.3389/fmolb.2021.608369
https://doi.org/10.3389/fonc.2023.1169425
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zhao et al. 10.3389/fonc.2023.1169425
33. Cai Y, Lin J, Wang Z, Ma Y, Pan J, Liu Y, et al. Identification and validation of a lipid
metabolism gene signature for predicting biochemical recurrence of prostate cancer after
radical prostatectomy. Front Oncol (2022) 12:1009921. doi: 10.3389/fonc.2022.1009921

34. Mei W, Jia X, Xin S, Liu X, Jin L, Sun X, et al. A N(7)-methylguanine-related
gene signature applicable for the prognosis and microenvironment of prostate cancer. J
Oncol (2022) 2022:8604216. doi: 10.1155/2022/8604216

35. Lv Z, Wang J, Wang X, Mo M, Tang G, Xu H, et al. Identifying a ferroptosis-
related gene signature for predicting biochemical recurrence of prostate cancer. Front
Cell Dev Biol (2021) 9:666025. doi: 10.3389/fcell.2021.666025

36. Kottke TJ, Blajeski AL, Martins LM, Mesner PW Jr., Davidson NE, Earnshaw
WC, et al. Comparison of paclitaxel-, 5-fluoro-2'-deoxyuridine-, and epidermal growth
factor (EGF)-induced apoptosis. Evidence for EGF-induced anoikis. J Biol Chem (1999)
274(22):15927–36. doi: 10.1074/jbc.274.22.15927

37. Mo H, Guan J, Mo L, He J, Wu Z, Lin X, et al. ATF4 regulated by MYC has an
important function in anoikis resistance in human osteosarcoma cells. Mol Med Rep
(2018) 17(3):3658–66. doi: 10.3892/mmr.2017.8296

38. Lin DC, Zhang Y, Pan QJ, Yang H, Shi ZZ, Xie ZH, et al. PLK1 Is transcriptionally
activated by NF-kB during cell detachment and enhances anoikis resistance through
inhibiting b-catenin degradation in esophageal squamous cell carcinoma. Clin Cancer Res
(2011) 17(13):4285–95. doi: 10.1158/1078-0432.Ccr-10-3236

39. Ferraro A, Mourtzoukou D, Kosmidou V, Avlonitis S, Kontogeorgos G,
Zografos G, et al. EZH2 is regulated by ERK/AKT and targets integrin alpha2 gene
to control Epithelial-Mesenchymal Transition and anoikis in colon cancer cells. Int J
Biochem Cell Biol (2013) 45(2):243–54. doi: 10.1016/j.biocel.2012.10.009

40. Lu S, Ma Y, Sun T, Ren R, Zhang X, Ma W. Expression of a-fetoprotein in
gastric cancer AGS cells contributes to invasion and metastasis by influencing anoikis
sensitivity. Oncol Rep (2016) 35(5):2984–90. doi: 10.3892/or.2016.4678

41. Kim H, Sung JY, Park EK, Kho S, Koo KH, Park SY, et al. Regulation of anoikis
resistance by NADPH oxidase 4 and epidermal growth factor receptor. Br J Cancer
(2017) 116(3):370–81. doi: 10.1038/bjc.2016.440

42. Macabenta F, Sun HT, Stathopoulos A. BMP-gated cell-cycle progression drives
anoikis during mesenchymal collective migration. Dev Cell (2022) 57(14):1683–
1693.e1683. doi: 10.1016/j.devcel.2022.05.017

43. Takeuchi T, Adachi Y, Nagayama T, Furihata M. Matrix metalloproteinase-11
overexpressed in lobular carcinoma cells of the breast promotes anoikis resistance.
Virchows Arch (2011) 459(3):291–7. doi: 10.1007/s00428-011-1125-7

44. Shen Y, Lee HJ, Zhou R, Kim H, Chen G, Cho YC, et al. d-catenin participates in
EGF/AKT/p21(Waf) signaling and induces prostate cancer cell proliferation and
invasion. Int J Mol Sci (2021) 22(10):5306. doi: 10.3390/ijms22105306

45. Teixeira AL, Ribeiro R, Cardoso D, Pinto D, Lobo F, Fraga A, et al. Genetic
polymorphism in EGF is associated with prostate cancer aggressiveness and
progression-free interval in androgen blockade-treated patients. Clin Cancer Res
(2008) 14(11):3367–71. doi: 10.1158/1078-0432.Ccr-07-5119
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