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INTRODUCTION
Prostate cancer (PCa) is the second-most prevalent 

cancer among men. GLOBOCAN 2022 estimates that PCa 
accounts for 7.3% of new cases and 4.1% of deaths out of all 

cancer types worldwide [1]. It is a complex and heterogeneous 
disease, displaying an extensive array of clinical signs that 
can range from mild to highly aggressive symptoms. As the 
disease advances, a significant number of patients develop 
distant metastases, resulting in 0.4 million fatalities each year 
this is anticipated to increase by more than double by 2040 [2]. 
To date, androgen-deprivation therapy (ADT) which targets 
androgen receptors remains a primary care for individuals 
diagnosed with locally advanced and metastatic prostate 
cancer (mPCa) [3]. Unfortunately, remissions are temporary 
because patients with mPCa will eventually show significant 
rates of post-treatment recurrence and become insensitive to 
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ABSTRACT
Epidermal growth factor receptor (EGFR) stands out to being a key player in promoting the progression to an 
invasive, metastatic state in prostate cancer (PCa). However, the precise molecular mechanisms regulating EGFR 
in relation to early detection and recurrence in advanced stages are still unclear. Thus, in the current study, we 
investigated the protein expression of EGFR in PCa patients and mouse tissue by immunohistochemistry and 
western blot technique using PCa cell lines. Relative expression of EGFR and its associated microRNAs (miRNAs) 
and circular RNAs (circRNAs) were investigated in PCa cell lines DU145 and LNCaP by real-time quantitative 
PCR and data were compared using a non-parametric t-test. In our study, we identified three up-regulated (hsa-
miR-1199, hsa-miR-7110, and hsa-miR-6778) and four downregulated (miR-936, miR-1275/4665-5p, miR-423-5p, 
and miR-493-5p) EGFR binding miRNAs in metastatic PCa. Furthermore, circRNAs, of EGFR and its associated 
phospholipid-binding protein, Annexin A2, such as hsa_circ_0035565, hsa_circ_0080228, hsa_circ_0080221, and 
hsa_circ_0080222 were upregulated in metastatic PCa cell lines, while their targets miR-936, miR-1275/4665-5p, 
miR-423-5p, and miR-493-5p were downregulated. EGFR is essential in driving the advancement of PCa towards 
an invasive and metastasis. miRNAs associated with EGFR, with their corresponding circRNAs, might play a 
significant role in regulating the differential expression of EGFR in hormone-dependent and hormone-independent 
metastatic PCa. 
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(PRAD) was assessed using the GEPIA database (http://
gepia2.cancer-pku.cn/) [19]. The database uses a log-rank 
test to compare the survival outcomes between high and low 
EGFR-expressed groups and Cox regression analysis to give 
the hazards on OS.

Identification of EGFR targeting miRNAs in-silico
MiRWalk 3.0 (http://mirwalk.umm.uni-heidelberg.

de/), a freely accessible, user-friendly, online database that 
predicts the miRNA targets precisely, was queried using the 
official gene symbol “EGFR” to search for miRNAs that 
potentially bind to its sequence, including regions like 5′-UTR, 
CDS, or 3′-UTR. The predicted miRNAs were subsequently 
cross-checked with other databases such as miRTarbase and 
TargetScan to confirm and validate their binding.

Determination of miRNA expression in prostate cancer and 
their in-silico validation

The expression pattern of miRNAs targeting EGFR 
was queried in NCBI’s data repository, the Gene Expression 
Omnibus (GEO) database. Briefly, each miRNA was queried 
in the “GEO profiles” with the specific keyword “PCa” to 
retrieve the datasets. Among the datasets, those containing 
hormone-dependent PCa tissue samples and/or metastatic PCa 
tissue, as well as those including PCa cell lines such as LNCaP 
and DU-145, were selected for further analysis. The selected 
datasets comprised the expression profiles of both miRNA 
and EGFR mRNA. Prior to analysis, all datasets underwent 
normalization using the Min–max normalization method to 
ensure consistency and reliability of the results. Subsequently, 
the raw data of the queried miRNAs, EGFR, and their respective 
reference housekeeping gene, U6 snRNA for miRNAs and 
GAPDH for EGFR, were noted and determined the expression 
pattern. Furthermore, validation of the differential expression 
of these miRNAs was performed through a comprehensive 
literature review via PubMed. This involved searching for 
studies containing western blotting, reverse transcription-
polymerase chain reaction, or immunohistochemistry (IHC) 
data related to each miRNA in both prostate cancer tissue and 
cell lines.  

Cell culture and transfection
PCa cell lines, LNCaP, DU145, and PC-3, were 

procured from NCCS Pune (India) and grown in RPMI-
1640 medium (HiMedia, India) supplemented with fetal 
bovine serum (10%), 100 U/ml penicillin, and 100 mg/
ml streptomycin. The cells were incubated at 37°C in a 5% 
CO2 humidified atmosphere. As described previously, for 
transfection, a transfection mixture was prepared in a 150 mM 
NaCl solution, incubated at room temperature, and added to 
the culture medium in a dropwise manner [8]. Furthermore, to 
generate stable PC-3 cell lines, a miRNAs expression vector, 
pCMV-MIR (M1005758 (#SC400690), Origene Technology 
Inc, USA), was used to construct the hsa-miR-936 plasmid 
vector for transfection. The transfected cells were then named 
as miR-PC-3 cells and selected using G-418.

ADT to form castration-resistant PCa [4–6]. The transition 
from epithelial to mesenchymal cells and their plasticity are 
key factors in driving the metastatic growth of PCa. Moreover, 
the epidermal growth factor receptor (EGFR) may play crucial 
roles in the initiation and progression of PCa. EGFR may 
play a role in regulating epithelial to mesenchymal transition, 
cell differentiation, cell proliferation, and angiogenesis, and 
eventually, promoting the dissemination and spread of cancer 
cells the dissemination, thus serving as a potential marker 
for heightened metastatic potential. PCa with elevated EGFR 
expression is associated with higher grade tumors, advanced 
stages, an increased likelihood of prostate-specific antigen 
recurrence, a poor prognosis, a higher incidence of castration-
resistant phenotype, and cancer metastasis. Therefore, 
understanding the key mechanisms driving the growth and 
metastasis of PCa cells is essential. On the other hand, in-
depth studies on EGFR expression in PCa with respect to 
tumor characteristics and tumor stages are limited [7–10].

Non-coding RNAs (ncRNAs) have recently emerged 
as key regulators of gene expression and signal transduction 
in both normal biological processes and disease development, 
especially in PCa [3]. Several studies have reported various 
ncRNA types that play crucial roles in PCa pathogenesis. These 
ncRNAs include microRNAs (miRNAs), long non-coding 
RNAs, and circular RNAs (circRNAs) [11,12]. The association 
between miRNA dysregulation and PCa, is not surprising, 
given the importance of miRNAs in regulating gene expression 
and influencing diverse cellular processes [13,14]. CircRNAs 
primarily serve as sponges for miRNAs, along with which, 
it controls alternative splicing, influences parental genes, 
sequesters proteins, and acts as scaffolds. These circRNAs have 
been established as crucial components in the development and 
advancement of human diseases, particularly cancer. Recent 
research has also suggested that they hold promise as diagnostic 
and therapeutic biomarkers of cancer [15,16]. The primary 
cause of the progression to mPCa may be attributed to the 
deprivation of various tumor suppressor miRNAs [17]. Several 
studies have indicated the key regulatory role of the circRNA-
miRNA-mRNA axis in controlling various cellular processes 
essential for cancer progression [18]. However, the underlying 
molecular mechanism of EGFR-circRNA, miRNA and mRNA 
mediated regulation of PCa development and progression 
remains unexplored. In an effort to better understand the factors 
influencing the differential expression of EGFR in PCa, the 
current study focused on miRNAs and circRNAs associated 
with EGFR that are crucial for the transition from hormone 
dependency to a metastatic phenotype in PCa. In the current 
study, we investigated miR-936-mediated regulation of EGFR, 
as well as other miRNAs involved in EGFR regulation among 
PCa patients.

MATERIALS AND METHODS

Analysis of EGFR expression and determination of percent 
survival

The relationship between EGFR expression levels 
and overall survival (OS) in prostate adenocarcinoma 
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Immunohistochemistry
The paraffin-embedded PCa tissue slices were acquired 

from the Department of Pathology of a tertiary care hospital 
in accordance with established core procedures after obtaining 
ethical approval. EGFR expression in hormone-dependent 
and metastatic tissues collected from PCa patients, and from 
animal studies, was measured using IHC staining as per a 
previous study [8]. The clinicopathological data is provided in 
a supplementary file (Table S1). Briefly, tissue sections were 
stained with hematoxylin–eosin to evaluate the histological 
structures and tumor grades before performing the IHC. After 
deparaffinization and blocking endogenous peroxidase, the 
sections were heated in 0.01 M citrate buffer solution (pH 6.0) 
in a water bath at 98°C for 20 minutes; subsequently, they were 
incubated with a diluted monoclonal antibody (1:100) to EGFR 
(sc-28385, Santa Cruz Biotechnology, TX, USA) overnight at 
4°C and visualized using a 3,3′-diaminobenzidine detection 
kit (Vector labs). The intensity of EGFR staining was assessed 
through Image J (IJ 1.46r).

Western blot analysis
The proteins from the PCa cells were extracted, 

quantified, and separated on 10% Bis–Tris PAGE, and western 
blotting was carried out as described previously [20]. EGFR, 
p-Src, and GAPDH proteins were identified with specific 
monoclonal antibodies. The appropriate secondary antibodies 
conjugated with horseradish peroxidase were treated with the 
corresponding membranes for 2 hours at room temperature. The 
enhanced chemiluminescence system (MJEA13553, UVITEC, 
UK) was used to capture the images, and Image J (IJ 1.46 r) 
was used for densitometry analysis to quantify the protein 
bands. All primary antibodies were obtained from Santa Cruz 
Biotechnology, Santa Cruz, CA, and were used at a dilution of 
1:1000. The catalogue numbers for the primary antibodies are 
as follows: EGFR (sc-03-G), GAPDH (sc-25778), and p-Src 
(sc-101802). The secondary antibody was procured from Bio-
Rad, USA, and was used at a dilution of 1:3000. The catalogue 
numbers for the secondary antibodies are as follows: Goat anti-
Mouse IgG (H/L): HRP (#5178-2504), Goat anti-Rabbit IgG 
(H/L): HRP (#5196-2504).

Total RNA extraction and quantitative reverse 
transcription‑polymerase chain reaction (qRT-PCR)

Total RNA was extracted from the PCa cells 
using the TRIzol reagent (ThermoFisher Scientific Inc., 
USA) and the amount of RNA was measured using a 
Biospectrophotometer. Then, 1 μg of total RNA was used 
for the synthesis of cDNA (iScript cDNA synthesis kit, 
BioRAD, India) as directed by the manufacturer. qRT-
PCR was performed as previously described [20] using TB 
Green Premix Ex Taq II kit (#RR820A, Takara, Japan) in 
QuantStudio QS3 (ThermoFisher Scientifc Inc., USA). The 
gene-specific primers were designed using Primer3 software 
and procured from Barcode Biosciences, India. The relative 
expression levels were determined using the 2−ΔΔCT method, 
with the expression of GAPDH and U6 snRNA serving as 
endogenous controls.

Molecule Primer sequence Base 
pairs

EGFR
F: 5′AGATGGATGTGAACCCCGAG3′ 20

R: 5′GCCGTCTTCCTCCATCTCAT3′ 20

GAPDH
F: 5′TCGTGGAAGGACTCATGACC3′ 20

R: 5′ ATGATGTTCTGGAGAGCCCC3′ 20

hsa-miR-936
F: 5′ AACGAGACGACGACAGAC 3′ 18

R: 5′ ACAGTAGAGGGAGGAATCGCAG 3′ 22

U6 snRNA
F: 5′ CTTCGGCAGCACATATACTAAAA 3′ 23

R: 5′ CGCTTCACGAATTTGCGTGTCAT 3′ 23

hsa-miR-7110
F: 5′GCAGTGGGGGTGTGGGGA3 ′ 18

R: 5′CCAGTTTTTTTTTTTTTTTCTCTCTCT3 ′ 27

hsa-miR-1199
F: 5′AGACTGAGCCCGGGCCGC3′ 18

R: 5′GGTCCAGTTTTTTTTTTTTTTTCTG3′ 25

hsa-miR-6778
F: 5′GCAGAGTGGGAGGACAGGAG3 ′ 20

R: 5′AGGTCCAGTTTTTTTTTTTTTTTACC3 ′ 26

hsa_
circ_0080228

F: 5′GATACAGCTCAGACCCCACA 3′ 20

R: 5′CTGACATTCCGGCAAGAGAC3 ′ 20

hsa_
circ_0080221

F: 5′GGCAGGAGTCATGGGAGAAA3 ′ 20

R: 5′GAATTCGCTCCACTGTGTTGA 21

hsa_
circ_0080222

F: 5′GAAATCATACGCGGCAGGAC3 ′ 20

R: 5′TCACTGCTGACTATGTCCCG3 ′ 20

Statistical analysis
To analyze our data, we used GraphPad Prism 9.3.1, 

employing Mann–Whitney U test, Cohens d, effect size, and 
Two-way ANOVA test. p-values <0.05 were considered 
statistically significant.

In-silico identification of circRNAs and their binding with 
EGFR-associated miRNA

Three publicly available repositories of human 
circRNAs, circBank, circBase, and circinteractome were 
employed to identify EGFR-circRNA and Annexin A2 
(ANXA2)-circRNA. By querying the official gene symbols 
“EGFR” and “ANXA2”, a list of its circRNAs was obtained. 
To eliminate redundancy, the lists were merged and duplicate 
entries were removed. Then, each circRNA from the final list 
was screened further using the “miRNA” section of circBank 
database to explore its potential binding with the miRNAs that 
target only EGFR.

RESULTS

EGFR is highly expressed in hormone-independent PCa
IHC analysis revealed the differential expression 

pattern of EGFR in both hormone-dependent and hormone-
independent PCa tissue samples. Furthermore, it demonstrated 
that there is a significantly higher expression of EGFR in a 
higher Gleason score (3+ staining) and poorly differentiated 
PCa. However, the EGFR is very low or null in early PCa 
incidence, which has 0 or 1+ staining intensity (Fig. 1a and 
b). Moreover, an in-silico data-based UALCAN analysis also 
showed a gradual increase in EGFR expression with an increase 
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in the Gleason score of PRAD (Fig. S1a). Furthermore, the OS 
analysis showed a correlation between high EGFR expression 
with poor survival of PRAD patients compared to low/medium 
expression of EGFR (Fig. S1b). Additionally, the expression 
pattern of EGFR was ascertained in PCa cell lines LNCaP and 
DU145 by qRT-PCR and western blot analysis (Table 2, Fig. 
2a–c). This increased expression pattern of EGFR in mPCa was 
also observed in in-silico analysis of PCa cell lines and tissue 
microarray data (Table S2, Fig. S2a and b).

EGFR-associated miRNAs and circRNAs are differentially 
expressed in PCa

MiRWalk 3.0 analysis revealed the 1,678 potential 
miRNAs binding to various regions of the EGFR gene, of 
which, 55 miRNAs binding to the 5′UTR, 731 to the 3′UTR, 
and 892 to the CDS region. Further validation for miRNA 
binding using miRDB and TargetScan revealed that only 29 
miRNAs binding EGFR were then scrutinized for experimental 
validation through a literature survey (Table S4). Finally, only 
six miRNAs, hsa-miR-1275, hsa-miR-423-5p, hsa-miR-493-
5p, hsa-miR-1199, hsa-miR-7110, and hsa-miR-6778 had 
experimental evidence reported and were thus selected and 
further assessed for their expression patterns in early hormone-
dependent PCa cells (LNCaP) and mPCa cells (DU145), as well 
as tissue samples (Table S3). Among the six miRNAs that were 
differentially expressed, miR-1275, miR-423-5p, and miR-
493-5p were downregulated in DU145 and highly expressed in 
LNCaP cells (Table S1, Fig. S3a). However, miR-1275/4665-
5p, miR-423-5p, and miR-493-5p were observed in the early 
neoplastic stage, as these tumor suppressor miRNAs have a 
seed sequence complementary to the EGFR 3′-UTR region that 
destabilizes mature mRNA synthesis post-transcriptionally (Fig. 
S4a). On the contrary, oncomiRs miR-1199 (p = 0.078), miR-
7110 (p = 0.003), and miR-6778 (p = 0.027) have shown higher 
expression in mPCa compared to hormone-dependent PCa, and 
these miRNAs also have a complementary seed sequence in 
the 5′-UTR of EGFR (Table S2, Figs. S3b and S4d). Our qRT-
PCR data is consistent with these observations, showing higher 
expression patterns of miR-1199, miR-7110, and miR-6778 in 
DU-145 cells compared to LNCaP (Table 2, Fig. 2c).

Furthermore, we investigated the exact reason behind 
the loss of EGFR-associated tumor suppressor miRNA in PCa. 
The in-silico analysis identified three EGFR-circRNAs namely, 
hsa_circ_0080228, hsa_circ_0080221, hsa_circ_0080222, and 
one ANXA2-circRNA, hsa_circ_0035549 (Table S5) that have 
the higher expression levels in mPCa cells DU-145, compared 
to hormone-dependent LNCaP (Table 2, Fig. 3b and c). It 

Figure 1. Representative immunohistochemical (a) and its analytical data 
(b) demonstrating EGFR expression pattern in clinical PCa specimens with 
different Gleason Score.

Table 1. circBank analysis for binding of tumor suppressor miRNAs with EGFR-circRNAs and ANXA2 circRNA.

miRNA circRNA Length miRanda binding 
site (positions)

Targetscan binding site 
(positions)

hsa-miR-423-5p hsa_circ_0080228 1,773 1,563 1579 1599 1585 1604

hsa-miR-4665-5p/ hsa-miR-1275 hsa_circ_0080221 1,640 424 1100 1524 439 553 1529 445 558

hsa-miR-4665-5p/ hsa-miR-1275 hsa_circ_0080222 874 240 255 369 261 374

hsa-miR-936 hsa_circ_0035565 308 145 164 170
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circ_0035549 (Fig. S5b and Table 1). Unfortunately, we could 
not find any EGFR-circRNA against hsa-miR-493-5p (Table 
1). Also, we could not find any suitable datasets as per our 
study’s requirement in the GEO database for the analysis of the 
differential expression of these circRNAs.

hsa-miR-936 regulates EGFR expression and signaling axis
In our previous study, we delved into the interaction 

of a tumor suppressor miRNA, hsa-miR-936, with ANXA2 
and identified its binding sites in coding as well as 3′-UTR 
sections [8]. Considering the multifaceted regulatory potential 
of miRNAs, the present study further explored the interaction 
of hsa-miR-936 with EGFR mRNA. The in-silico investigation 
revealed that hsa-miR-936 seed sequences are complementary 
to EGFR’s coding as well as 3’UTR regions suggesting the 
potential existence of a significant interaction between hsa-
miR-936 and EGFR. (Fig. S5a). In PC-3 cells, the loss of hsa-
miR-936 is shown to increase tumorigenicity through EGFR 
expression. Its effects on EGFR-mediated downstream signaling 
were further investigated. EGFR expression was significantly 
reduced at the protein level in PC-3 cells following miR-936 
vector transfection, as demonstrated by a gain-of-function 
assay. The reduction in EGFR and pSrc expression (Fig. 4a) 
in our study demonstrates that miR-936’s ectopic expression 
influenced EGFR’s downstream effectors such as VEGF, HIF-
1α, vimentin, and MMP-9. The results also showed an increase 
in E-cadherin levels. Additionally, the protein expressions of 
pEGFR and other downstream signaling molecules, such as 
pAKT, pSTAT-3, and pERK, were downregulated following the 
overexpression of miR-936.

As per the previous report, xenografts of PC-3 cells 
with hsa-miR-936 have shown reduced tumor size compared 
to vector control [8]. The results indicated that the ectopic 
expression of hsa-miR-936 markedly inhibited tumor growth. 
Additionally, our immunohistochemical analysis showed a 
decrease in EGFR expression in the xenografts of PC-3 cells that 
expressed miR-936 in male BALB/c nude mice, in comparison 
to the vector control (Fig. 4b).

was found that the hsa_circ_0080228 and hsa_circ_0080221 
seed sequences are complementary to the tumor suppressor 
hsa-miR-423-5p, while the hsa_circ_0080222 seed sequence 
is complementary to hsa-miR-1275/4665-5p (Table 1). The 
hsa-miR-936 had seed sequence complementarity with hsa_

Table 2. Comparison of qPCR expression data of various miRNA, CircRNA, and EGFR in DU145, LNCap, and PC3 cell lines using effect size.

Parameter DU145 LNCap Cohens d Effect Size (r) Interpretation

qPCR data analysis

miR-1199 0.305 ± 0.021 0.215 ± 0.007 5.69 0.94 Large effect

miR-7110 0.01378 ± 0.0 0.000435 ± 0.000219 86.09 0.99 Large effect

miR-6778 0.00755 ± 0.0028 0.0053 ± 0.0014 0.998 0.446786 Small effect

circ_0080221 0.70015 ± 0.229 0.320215 ± 0.136465 2.011 0.7091 Medium effect

circ_0080222 128.965 ± 0.568 54.20537 ± 1.02510 90.17 0.999754 Large effect

circ_0080228 0.37723 ± 0.0553 0.079535 ± 0.017854 7.240 0.963901 Large effect

circ_ANXA2_0035549 1.702275 ± 0.032081 0.92201 ± 0.093381 11.175 0.984361 Large effect

EGFR 0.0305 ± 0.000976 0.009065 ± 0.000375 29 0.99763 Large effect

miR-936 0.442 ± 0.208625 4.79643 ± 0.893132 6.714 0.958385 Large effect

Parameter PC3 LNCap Cohens d Effect Size (r) Interpretation

circ_ANXA2_0035549 268 ± 42.42641 0.925 ± 0.091924 8.902 0.975681 Large effect

miR-936 0.74 ± 0.07071 4.795 ± 0.898026 6.366 0.954027 Large effect

Figure 2. qRT-PCR analysis shows the EGFR mRNA expression in DU-145 
and LNCaP cells (a); protein expression in DU145, PC-3, and LNCaP (b); and 
the expression of miR-1190, miR-7110, and miR-6778 in DU-145 and LNCaP 
cells.
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Figure 3. qRT-PCR analysis shows a significant expression of hsa-miR-936 in LNCaP cells, compared to PC-3, and DU145 (a). Also, qRT-
PCR analysis showing expression of ANXA2-circRNA (hsa_circ_0035565), (b) and EGFR-circRNAs, hsa_circ_0080228, hsa_circ_0080221, 
and hsa_circ_0080222, and (c) in mPCa and HDPCa cell lines.

Figure 4. (a) Western blot data showing the expression of EGFR and its downstream signaling molecule pSrc upon stable transfection of pre-miR-936 
in PC-3 cells and GAPDH was used as a loading control. (b) Immunohistochemical data demonstrating reduced EGFR expression in xenografts of 
PC-3 cells expressing miR-936 in male BALB/c nude mice compared to vector control.
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processes and gene expression in a context-dependent manner 
[24]. For example, the miR-1275 has been shown to have the 
ability to foster or impede the progression of human cancer 
by regulating the levels of various targets in distinct cellular 
pathways such as PI3-AKT, Wnt, and a few others [36,37]. 
Han et al. [38] has revealed that miR-1275 serves as a tumor 
suppressor, and this miRNA induces apoptosis in breast 
cancer by inhibiting cell proliferation, differentiation, tumor 
development, invasion, and migration. Through bioinformatics 
analysis, we have gathered additional evidence to support this 
assertion. Our findings indicate a reduced expression of miR-
1275 in mPCa in comparison to HDPCa. Additionally, binding 
studies have revealed specific binding sites for this miRNA in the 
EGFR gene. In contrast to the aforementioned tumor suppressor 
miRNAs, in-silico investigations and qRT-PCR findings have 
revealed that hsa-miR-1199-5p, hsa-miR-7110, and hsa-miR-
6778-5p exhibit similar expression patterns to EGFR in both 
HDPCa and mPCa. In oral squamous cell carcinoma and 
gastric cancer, miR-7110 and miR-6778-5p demonstrated 
increased expression levels, respectively, in comparison to their 
corresponding normal tissue, providing additional evidence 
for our study [39,40]. Some studies reported miR-1199-5p as 
a tumor suppressor [41,42], but in this study, hsa-miR-1199-5p 
showed higher expression in mPCa compared to HDPCa. These 
EGFR-associated miRNAs, when considered as a whole, could 
have a significant impact on the varying expression patterns of 
EGFR in PCa. 

The impact of hsa-miR-936 on the progression of PCa 
has been outlined in a recent study published by our team. The 
absence of hsa-miR-936 plays a crucial role in the shift from 
HDPCa to mPCa. Additionally, our research indicates that hsa-
miR-936 acts as a distinct post-transcriptional regulator of the 
calcium-dependent phospholipid binding protein ANXA2 in both 
hormone-dependent and hormone-independent PCa [8]. Given 
that one miRNA may control several genes, we hypothesized 
that hsa-miR-936 could also regulate EGFR since EGFR and 
ANXA2 interact with each other and are on the same signaling 
pathway [20]. By directly binding to the 3′-UTR of EGFR, 
miR-936 affects the expression of EGFR in PCa. Furthermore, 
hsa-miR-936 showed a differential expression pattern in DU-
145 and LNCaP, demonstrating a negative correlation with 
EGFR levels. Functional studies have additionally illustrated 
that elevated levels of hsa-miR-936 overexpressed PC-3 cells 
lead to decreased EGFR expression. Moreover, low expression 
of EGFR is also observed in xenograft tissue derived from 
hsa-miR-936 overexpressing PC3 cells, underscoring the role 
of hsa-miR-936 in regulating EGFR alongside other EGFR-
associated miRNAs in PCa.

The reduced accumulation of miR-936 along 
with miR-1275, miR-423-5p, and miR-493-5p may reflect 
diminished levels of EGFR expression in HDPCa and loss of all 
these EGFR-associated tumor suppressor miRNAs may be the 
reason behind the transition from HDPCa to mPCa. In mPCa, 
miR-1199-5p, miR-7110, and miR-6778-5p are upregulated, 
supporting their oncogenic role. On the other hand, these 
oncomirs are not highly expressed in HDPCa, and their binding 
affinity to the EGFR 5′-UTR position may also be a strong 
reason for the abundant expression of EGFR in mPCa. All of 

DISCUSSION
Prostate carcinomas showcase a notable degree of 

heterogeneity and can either stay confined within the prostate 
or metastasize to nearby lymph nodes and other organs [21,22]. 
The development of PCa unfolds in stages, with most tumors 
initially reliant on androgens for growth, leading to the primary 
treatment modality of androgen ablation [23]. Nonetheless, in 
numerous cases, tumor cells progress to a hormone-resistant 
state, resulting in androgen-independent tumors with heightened 
proliferation and invasion capabilities. Although there are 
many different ways for metastasis, the molecular mechanisms 
responsible for PCa development, progression, and hormone-
independence are not clear yet [24,25]. This has resulted in a 
therapeutic bottleneck for PCa. Thus, it is crucial to identify 
and investigate the key molecules involved in the process of 
PCa development.

Several studies indicate that changes in various 
pathways involving growth factor receptors contribute to this 
multistep process. Notably, EGFR is often overexpressed 
in advanced PCa and is linked to a more aggressive clinical 
outcome [7,26,27]. The present in-silico analysis revealed 
that PCa patients with elevated EGFR expression and a high 
Gleason score (>6.0) have a poorer survival rate (Fig. S1). 
Androgens decrease EGFR levels in the normal prostate, but 
not in prostate cancer. Similarly, our IHC data and western blot 
analysis also suggested higher expression of EGFR in mPCa 
compared to hormone-dependent PCa (Figs 1a and 2b). These 
findings suggest the loss of EGFR regulation and alterations 
in its signaling pathways might help in the phenotypic shifting 
of prostate tumors from androgen dependent to androgen 
independent [27]. However, the precise molecular mechanism 
responsible for the varying expression of EGFR in PCa remains 
inadequately understood.

Several studies indicate that aberrant miRNA 
expression contributes to the initiation and advancement of 
cancer by dysregulating the target gene’s expression [28,29]. 
Modulating the miRNA expression has the major advantage 
of targeting several genes and pathways simultaneously 
which is not possible with the genes [30]. Similar to other 
malignancies, PCa has a distinctive miRNA expression profile, 
which has been the basis for the functional study of miRNA 
in PCa. Accumulated evidence suggests that miRNAs serve as 
tumor suppressors or oncogenes depending on the target gene. 
Dysregulation of miRNAs may serve important roles in the 
initiation and progression of cancer of various tissue origins 
including PCa [31–33]. In this context, our study delved into 
the possibility of using miRNA to regulate EGFR in PCa to 
identify the underlying reason for the varying levels of EGFR 
expression. The investigation revealed an inverse correlation in 
the levels of expression between EGFR and hsa-miR-423-5p, 
hsa-miR-1275/4665-5p, as well as hsa-miR-493-5p. Similarly, 
a study by Wang et al.  [34] has demonstrated that hsa-miR-
493-5p is not highly expressed in the mPCa cell lines PC-3 
and DU-145, whereas functional research has substantiated 
that the overexpression of miR-493-5p leads to a decrease in 
the expression of EGFR in PC-3 and DU-145 cells. Moreover, 
miR-423-5p inhibits the proliferation, invasion, and metastasis 
of PCa [35]. The miRNA has the potential to impact cellular 
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in mPCa DU-145 cells compared to HDPCa cell line LNCaP 
and accelerated the transition from HDPCa to mPCa through 
upregulation EGFR by functioning as a molecular sponge for 
hsa-miR-1275/4665-5p, hsa-miR-423-5p, and hsa-miR-936. 
These EGFR-circRNAs and ANXA2-circRNA, which exerts 
a cancer-promoting role in mPCa may serve as a potential 
therapeutic target against the PCa transition. Consequently, 
we identified six noteworthy miRNAs, of which, hsa-miR-
1275/4665-5p, hsa-miR-423-5p, and hsa-miR-493-5p showed 
similar expression patterns like hsa-miR-936; conversely, 
hsa-miR-1199, hsa-miR-7110, and hsa-miR-6778 showed 
reciprocal expression pattern in PCa. These miRNAs hold 
potential as key players in bridging the transition from hormone 
dependence to a metastatic phenotype in PCa. Three EGFR-
circRNAs, hsa_circ_0080228, hsa_circ_0080221, and hsa_
circ_0080222, were found to sponge tumor suppressor miRNAs 
such as hsa-miR-1275/4665-5p, hsa-miR-423-5p, and hsa-miR-
493-5p. Unfortunately, no EGFR-circRNA was identified to 
bind to hsa-miR-936. Given the significance of the ANXA2-
EGFR signaling axis in PCa and the role of hsa-miR-936 in 
regulating ANXA2 expression, we investigated the potential 
of ANXA2-circRNAs as sponges for hsa-miR-936. Only one 
ANXA2-circRNA, hsa_circ_0035565, exhibited seed sequence 
complementarity and reciprocal expression with hsa-miR-936. 
Unlike conventional molecular-targeted drugs and antibody 
drugs that control ANXA2-EGFR signaling axis, replacement 
therapy using antisense EGFR-circRNAs against hsa_
circ_0080228, hsa_circ_0080221, and hsa_circ_0080222 along 
with hsa_circ_0035565 may control the expression of EGFR 
and ANXA2 by restating the expression of tumor suppressor 
miRNA in mPCa. Therefore, this therapeutic strategy is a next-
generation drug modality that can treat prostate cancer patients 
with high unmet medical needs. Previously, our research 
focused on investigating the role of hsa-miR-936 in PCa, 
demonstrating its significance as a tumor suppressor miRNA 
that targets the calcium-dependent phospholipid binding protein 
ANXA2, when knocked down contributes to the development 
of a metastatic phenotype [8]. 

Despite the reliability and accuracy of our in-silico 
methods and results, further molecular biology investigations, 
including dual luciferase assays, are required to elucidate the 
interplay between these miRNAs and the EGFR gene in driving 
the phenotypic shift in PCa. Additionally, in-vitro experimental 
validations are crucial to substantiate the relationship between 
EGFR-circRNAs and ANXA2-circRNA in the PCa progression. 
However, though our findings provide a scope and molecular 
basis for future studies aimed at combating the progression of 
PCa, they need further experimental support to fully validate 
the proposed mechanisms.

CONCLUSION
The current study demonstrates that the differential 

expression of EGFR plays a crucial role in the transition from 
HDPCa to mPCa. The differential expression pattern of EGFR-
associated miRNAs and circRNAs in HDPCa and mPCa 
could be a major reason for the altered expression of EGFR 
and can provide new insights into the specific mechanisms of 
PCa progression. Furthermore, elevating hsa-miR-936, hsa-

this evidence clearly implies that instead of targeting a single 
miRNA, upregulating tumor suppressor miRNAs such as miR-
1275, miR-423-5p, and miR-493-5p while downregulating a 
trio of oncomirs (miR-1199-5p, miR-7110, and miR-6778-5p) 
might result in a better clinical outcome in PCa. As the loss 
of expression of tumor suppressor miRNAs tends to be both 
the cause and the outcome of metastasis in PCa [8,43,44], we 
looked into the possibility of circRNA-mediated regulation of 
these miRNAs in PCa. 

Although the biological functions of most circRNAs 
remain unclear, growing evidence suggests that circRNAs 
regulate gene expression by acting as sponges for miRNAs, 
interacting with RNA-binding proteins, and even directly 
translating into proteins [18,45,46]. To the best of our knowledge, 
we demonstrated for the first time, three EGFR-circRNAs: 
hsa_circ_0080228, hsa_circ_0080221, and hsa_circ_0080222 
expressions in PCa. These EGFR-circRNAs exhibited similar 
expression patterns as EGFR in both HDPCa and mPCa cell 
lines. Additionally, their expression levels demonstrate a 
reciprocal relationship with miR-1275, miR-423-5p, miR-
493-5p, and miR-936. In-silico analysis showed that there are 
miRNA-responsive elements of these anti-oncomirs (miR-1275, 
miR-423-5p) in both EGFR-circRNAs and 3′-UTR of EGFR. 
Therefore, we assume that the loss of miR-1275/4665-5p in 
mPCa may be due to the binding of hsa_circ_0080221, hsa_
circ_0080222, and miR-423-5p by hsa_circ_0080228. Similar 
to our observation in PCa, a recent study using TNBC also 
reported that hsa_circ_0080222 promotes cancer progression 
[47]. Despite the regulatory function of hsa-miR-493-5p and 
hsa-miR-936 on EGFR expression, no EGFR-circRNAs were 
found to bind to both of these miRNAs. The hsa-miR-936 
also regulates ANXA2 which is upstream to EGFR [20], we 
checked into the possibility of ANXA2-circRNAs binding to 
hsa-miR-936 and, to our surprise, only one ANXA2-circRNA, 
hsa_circ_0035549 was found. As we suspected this, ANXA2-
circRNA has shown very low expression as like ANXA2 and 
EGFR in LNCaP cells allowed miR-936 to suppress ANXA2 
and EGFR mRNA expression. The loss of hsa-miR-936 is 
one of the main reasons for the transition to the metastatic 
stage from HDPCa [8]. To date, no study has reported hsa_
circ_0035549 and its regulatory relationship with miR-936. By 
considering a higher expression of hsa_circ_0035549 in mPCa 
and their binding towards hsa-miR-936, this study endeavors 
to unravel the underlying reasons behind the loss of this tumor-
suppressing miRNA. Through the outcomes of the present 
study, we could build a linkage between EGFR-mRNA, EGFR- 
and ANXA2-circRNA, and EGFR-associated miRNAs. Owing 
to that these circRNAs can perform their function as a sponge 
of tumor suppressor miRNAs, we came to the conclusion 
that the trio of EGFR-circRNA and ANXA2-circRNA may 
decoy these miRNAs, resulting in the positive regulation of 
EGFR, thus accelerating metastasis in PCa. More importantly, 
silencing ANXA2-circRNA along with EGFR-circRNAs may 
downregulate the functions of EGFR in mPCa by restating 
tumor suppressor miRNAs expression that supresses EGFR.

To recapitulate briefly, EGFR-circRNAs (hsa_
circ_0080228, hsa_circ_0080221, and hsa_circ_0080222) and 
ANXA2-circRNA (hsa_circ_0035549) were highly expressed 
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