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A B S T R A C T

Background: Promoter hypermethylation is one of the events that downregulate microRNAs 
(miRNA), resulting in the differential expression of genes implicated in the progression of cancer. 
We previously reported that microRNAs (miRNA)-299-3p and − 30e target androgen receptor 
(AR) and are downregulated in advanced prostate cancer (PCa). Here we report that miR-34c, an 
AR targeting miRNA and miR-299-3p, both are differentially downregulated in PCa cells from 
African American (AA) and Caucasian American (CA) patients due to disparate promoter 
hypermethylation in these miRNA genes.
Methods: We performed bisulfite sequencing based promoter methylation analysis with or without 
treatment with DNA methyl transferase (DNMT) inhibitor 5-Aza-2′-deoxycytidine (AzaC). Lucif
erase reporter assays and RNA pulldown assays are conducted for miRNA -DNMT interaction 
analysis. We performed DNMT activity assays and ectopic expression of miRNAs to study their 
effects.
Results: We observed higher promoter methylation of these miRNA genes in cells derived from an 
AA patient compared to cells of CA origin, which can be reversed through AzaC treatment. Dif
ferential expression and activity of DNMT3A and 3B are noted in PCa cells from AA and CA 
origins. Immunoprecipitation of Ago revealed bound DNMT3A and 3B mRNAs with miRs-299-3p 
and − 30e in the RISC. Luciferase reporter assays confirmed binding of miRs-299-3p and − 30e to 
the UTRs of DNMT3A and 3B mRNAs. Overexpression of miRs-299-3p and − 30e downregulated 
DNMT3A/B mRNA and protein expression and DNMT activity of DNMTs. Ectopic expression of 
miR-299-3p restored expression of miRs-34c and − 30e in PCa cells. Similarly, overexpression of 
miR-30e restored expression of miRs-34c and -299-3p.
Conclusion: Our study provides evidence that ectopic expression of miRs-30e and -299-3p restore 
the loss of expression of miRs-299-3p and − 34c miRNAs mediated by DNMT-induced promoter 
hypermethylation. This study establishes a feedback regulation between AR targeting miRNAs 
and DNMTs in PCa cells and provides an insight into the mechanism of the aberrant expression of 
AR in advanced PCa that is potentially mediated through the downregulation of miRs-299-3p, 
− 34c and − 30e and stabilization of expression and activities of DNMTs.
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1. Introduction

Epigenetic mechanisms that significantly influence gene expression through transcription regulation, play crucial roles in aberrant 
expression of oncogenes and tumor suppressor genes implicated in cancer progression. DNA methylation through deposition of a 
methyl group at the cytosines of CpG dinucleotides that are over-represented in the gene promoters [1], can silence transcription of 
tumor suppressor genes [2]. In humans, CpG site methylation is mediated by three canonical DNMTs, DNMT1, DNMT3A and DNMT3B 
[3], of which DNMT1 is involved in methylation maintenance [4], while DNMT3A and DNMT3B are involved in de novo methylation 
[5]. Although tightly regulated in healthy tissues, aberrant expression and activity of DNMTs emerge in cancerous tissues through their 
mutations, overexpression, and/or phosphorylations [6–8]. Overexpression of DNMTs is noted to be associated with PCa that exhibits 
resistance to the FDA-approved AR antagonist drug enzalutamide [9]. Inhibition of DNA methylation and DNMT silencing showed 
improved sensitivity of PCa to enzalutamide [9].

Prostate cancer (PCa) claims a significant number of lives in men in the Western world [10]. As prostate tumor cells rely on an
drogens functioning through AR for growth, blocking of the AR signaling pathway through androgen deprivation therapy (ADT) and 
inhibition of AR functions through enzalutamide became the mainstay of therapy for aggressive and metastatic PCa [11,12]. Although 
initially effective, resistance to enzalutamide occurs, and eventually leads to the development of castration-resistant prostate cancer 
(CRPC) [12]. CRPC often results in metastasis and shorter patient survival [13]. The mechanisms of genetic and epigenetic alterations 
leading to the development of CRPC have been explored extensively which indicates that AR gene amplification, and mutations in AR 
along with its cofactors are responsible for aberrant transcriptional activities [14–16]. Epigenetic reprogramming is also activated 
during metastatic progression of PCa [17]. Importantly, differential methylation of gene promoters was noted in AA PCa patients 
compared to CA patents where AA PCa patients exhibit a positive correlation with increased DNA methylation and tumor aggres
siveness [18].

Silencing of miRNAs through promoter hypermethylation of miRNA host gene is a common event in PCa progression [19]. MiRNAs 
are regulatory molecules that cause gene silencing through translational repression and destabilization of specific mRNAs [20]. 
Aberrant expression of miRNAs is frequently noted during tumorigenesis and metastatic progression of various cancers including PCa 
20, 21. Studies have shown a negative correlation between androgen-dependent AR function and DNMT expression. Prolonged treat
ment with AR antagonists and ADT triggers increased DNMT activities and appearance of a splice variant of AR, which facilitates the 
development of drug-resistant and highly aggressive PCa [21]. It has been shown that the promoter of miR-375 is hypermethylated in 
AR-negative PCa cells, whereas the miR-375 promoter is almost unmethylated in AR-positive PCa cells [22]. miR-498 expression is 
negatively correlated with radio-resistance of esophageal cancer and increases radiosensitivity through inhibition of DNMT3B 
expression [23].

MicroRNAs have been shown to regulate the epigenome through modification of DNA methylation by targeting DNA methyl
transferases. miR-20a-5p targets DNMT3B and inhibits promoter methylation of retinol-binding protein in ovarian cancer [24]. 
miR-143 exerts its tumor suppressor functions and promotes cisplatin sensitivity of ovarian cancer cells through inhibition of DNMT3A 
[25].

We previously reported a reduced expression of three AR targeting miRNAs miRs-34c, 299-3p and − 30e in advanced PCa compared 
to uninvolved prostate tissues, specifically in tumors from AA patients compared to the CA patients [26–28]. Using cell culture and 
xenograft models, we demonstrated the tumor suppressor roles of miRs-299-3p and − 30e in PCa through primarily targeting AR. In 
this study, we show that differential promoter hypermethylation of AR-targeting miRNA genes is a contributing factor for the reduced 
expression of these miRNAs in AA and CA tumor cells. We also provide evidence that these miRNAs are involved in regulating 
DNMT3A and DNMT3B expression and themselves are regulated through a negative feedback loop.

Abbreviations

AA African American
ADT Androgen deprivation therapy
AR Androgen receptor
AzaC 5-Aza-2′-deoxycytidine
CA Caucasian American
CRPC Castration-resistant prostate cancer
DNMT DNA methyl transferases
FFPE Formalin fixed paraffin embedded
miRNA MicroRNA
PCa Prostate cancer
RISC RNA-induced silencing complex
RLU Relative Luciferase Units
RNA-IP RNA immunoprecipitation
snRNA Small nuclear RNAs
UTR Untranslated region
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2. Materials and methods

2.1. Patient tissues acquisition

Prostate clinical samples were procured from the CHTN (Cooperative Human Tissue Network, Southern division) at the University 
of Alabama at Birmingham (UAB) under the protocol approved by the Internal Review Board. Prostate tissues, obtained from radical 
prostatectomies, were evaluated by a pathologist and the formalin fixed paraffin embedded (FFPE) tissue sections were used for macro- 
dissection of tumor and uninvolved areas. RNA from the tissue samples was extracted and used for quantitative real-time PCR (qRT- 
PCR).

2.2. Quantitative real-time PCR

Total RNA from tissue samples and cells were extracted, used for cDNA synthesis, and qRT-PCR using our published protocols [26,
28]. A mirNome miRNA profiling kit (System Biosciences) for tissue samples and miScript RT II Kit (Qiagen) for cell lines were used for 
cDNA synthesis. Subsequent qRT-PCR was conducted using specific primers for miR-34e-5p, miR-299-3p and miR-30e and 3 small 
nuclear RNAs (U6 snRNA, RNU43 snoRNA, RNU1A snRNA) (System Biosciences) as internal controls, and 2X Maxima SYBR 
Green/ROX qPCR Master Mix (Thermo Fisher Scientific). For qRT-PCR of mRNAs, specific primers for the target mRNAs and EIF3D and 
RPL13a internal controls (10X QuantiTect primers, Qiagen) and QuantiTect SYBR PCR Kit (Qiagen) were used. The QuantStudio 7 
thermal cycler (Applied Biosystems) was used for qRT-PCR. The raw CT values were normalized with the reference genes to obtain ΔCT 
values and the relative expression of miRNAs and mRNAs between tumor and uninvolved tissues or experimental and control cells was 
analyzed using ΔΔCT method.

2.3. Cell lines and transfection

F-12 HAM Kaighn’s modification media (Sigma Aldrich) media were used for maintaining MDA-PCa-2b (RRID: CVCL_4748, ATCC) 
and PC-3 (RRID: CVCL0035, ATCC) cells. DMEM (Sigma Aldrich) were used for maintaining LNCaP-104S cells (RRID: CVCL_M126, a 
gift from Dr. Shutsung Liao from University of Chicago); RPMI-1640 base media (Sigma Aldrich) was used for maintaining C4-2B 
(RRID: CVCL4784 a gift from Dr. Leland Chung, Cedars-Sinai Medical Center) and 22Rv-1 cells (RRID: CVCL_1045, ATCC). All base 
media were supplemented with 10 % heat-inactivated or non-heat-inactivated (MDA-PCa-2b) Fetal Bovine serum (FBS) (Atlanta Bi
ologicals), 1 % antibiotic-antimycotic (Thermo Fisher Scientific), 1 % L-glutamine (Thermo Fisher Scientific). For MDA-PCa-2b cells, 
25 ng/mL cholera toxin, 10 ng/mL mouse EGF, 0.005 mM phosphoethanolamine, 100 pg/mL hydrocortisone, 45 nM sodium selenite 
and 0.005 mg/mL human recombinant insulin (Thermo Fisher Scientific) were used as additives. LNCaP-104S cells were maintained in 
complete media containing 1 nM dihydrotestosterone (Sigma Aldrich). All cell lines were authenticated within last 3 years by short 
tandem repeat profiling, and mycoplasma contamination was tested by DAPI staining of all cells to confirm mycoplasma-free status of 
the cells. Stable sublines of C4-2B and 22Rv-1 cells were generated as we described earlier [26,27]. For all experiments, stable cell lines 
with or without doxycycline (1 μg/mL) induction were used.

2.4. Promoter methylation analysis

Genomic DNA from LNCaP-104S and MDA-PCa-2b cells were extracted using QIAamp DNA Mini Kit (Qiagen) as per the kit pro
tocol. The integrity of the extracted DNA was evaluated using agarose gel electrophoresis. Genomic DNA samples from LNCaP-104S 
and MDA-PCa-2b cells were used for bisulfite conversion using the EpiTect Fast Bisulfite Conversion Kit (Qiagen) as per manufacturer’s 
protocol. Bisulfite converted DNAs were quantified using a nanodrop-1000 spectrophotometer and used for PCR amplification using 
specific primers for the promoter regions of miRs-34c and − 299 genes. Specific primer sequences are shown below:

miR-299 CpG Location 1: F: 5′-TTTGTGTGGTATTTGGAGAG-3′,
R: 5′-AATCAAAATCTCCTCCCC A-3’
miR-299 CpG Location 2: F: 5′TTAAATTAAGTTTTGTTTTGGGAAA-3’
R:5′ATCCCACATACATATTCAAAATATATATAA-3’
miR-34c CpG Location 1: F: 5′-GAATGAGGGAGTGGAGGAG-3’
R: 5′-ATACCAAACCTCCCCTTC C-3’
miR-34c CpG Location 2: F: 5′GTTTGGTATTTTTGGGGGTTA-3’
R: 5′-ACCACAATACAATCAACTAATAACACTAC-3’
miR-34c CpG Location 3: F: 5′-AGGTAGTGTTATTAGTTGATTGTATTGTG-3’
R: 5′-CCTCCAAAAATTTTACTTTCCTAAC-3’
GoTaq Green HotStart master-mix (2X) (Promega) was used for PCR amplification, and the amplified products were analyzed in 

agarose gels (NuSieve AGAROSE 3:1 Lonza 3:1). The specific bands were gel-extracted using the QIAquick Gel Extraction Kit (Qiagen) 
as per manufacturer protocol. Gel extracted PCR amplified products were ligated into the pGEMT-Easy vector (Promega). Plasmid DNA 
was extracted using PureYield Plasmid Miniprep Kit (Promega) and the cloned inserts were verified in agarose gels. Plasmid DNAs from 
at least five colonies for each sample were analyzed by DNA sequencing and the sequences were analyzed to identify the percentage of 
methylation of each individual CpG site across the selected colonies as well as the total percent methylation per CpG location for each 
individual colony.
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2.5. 5′-azacytidine treatment

Promoter methylation experiments were conducted using genomic DNAs from LNCaP-104S and MDA-PCa-2b treated with 5-Aza-2′- 
deoxycytidine (AzaC) (Selleckchem). Cells were grown to 70 % confluency and treated with DMSO or AzaC for 5 days with daily 
change in media containing DMSO or AzaC. Cells were harvested for genomic DNA extraction, bisulfite conversion, PCR amplification, 
cloning of the amplified products and sequence analysis.

2.6. Luciferase reporter assays

The binding sites of miR-299-3p and miR-30e on the 3′UTRs of the target mRNAs (DNMT3A and DNMT3B) were determined by in- 
silico analysis and amplified from the genomic DNA extracted from PCa cell lines. Amplified products were sequence verified and 
cloned into pmirGLO Dual-Luciferase vector (Promega) at the NheI and SalI sites downstream of the firefly luciferase gene. For site- 
directed mutagenesis, a 3-base pair mutation was introduced at the 3′ end of the miRNA recognition site using the PCR based quick- 
change mutagenesis method. Site-directed mutagenesis primers (SDM primers) were designed to contain 16-24 base pairs homologous 
complementary regions at the 5′ end followed by 8-base pairs homologous complementary regions at the 3′ end. PCR amplified 
products were Dpn1 (New England Biolab) digested and used for transformation of E. coli. Plasmid DNAs were extracted, and the 
mutant inserts were sequence verified. The wild type or the mutated constructs were used for Dual Luciferase reporter assays. 22Rv-1- 
299 stable line and C4-2B-30e stable lines were seeded in 24-well dishes and transfected after 24hrs with either control luciferase 
reporter plasmids containing no 3′UTR inserts, experimental wild-type luciferase reporter plasmids or experimental mutated luciferase 
reporter plasmids. Twenty-four hours after transfection, cells were induced with doxycycline and incubated for an additional 48hrs. 
Next, cells were lysed and activities of the Firefly and Renilla luciferases were measured using the Dual-Glo Luciferase kit (Promega) as 
per manufacturer’s protocol. The luminescence from the firefly and Renilla luciferase was quantified using a plate-reader (Synergy 
Neo2 Plate Reader, BioTek). The luminescence in RLU was background corrected and normalized to get a ratio for control and 
experimental samples. Next, luciferase expression was calculated as the normalized ratio of experimental sample divided by the 
normalized ratio of control sample and plotted as a percentage.

2.7. RNA immunoprecipitation

Argonaut-2-based immunoprecipitation was performed for miR-299-3p expressing C4-2B cells using the EZ-Magna-RIP Kit (EMD 
Millipore) according to the manufacturer’s protocol and our published methods [26]. For each immunoprecipitation reaction, 
doxycycline induced or uninduced C4-2B-299 cells were harvested at 48 h post induction and lysed in RNA-IP lysis buffer. Lysates were 
incubated with Anti-Pan Ago mouse monoclonal antibodies or mouse IgG negative control antibodies conjugated magnetic beads 
(EMD Millipore). Phenol-chloroform extraction followed by ethanol precipitation were used for extraction of the precipitated RNAs. 
The precipitated RNA and the input RNA were used for cDNA synthesis and qRT-PCR for quantification of miR-299-3p. Biotinylated 
miR-30e Mimic (Qiagen) was used to precipitate DNMT3A and DNMT3B using RNA-IP assays. 22RV-1 cells were transfected with 
either negative control biotinylated mimics or biotinylated miR-30e mimic using RNAiMax following transfection conditions as per 
manufacturer’s protocol. After 48 h of transfection, cells were harvested, and miRNA-mRNA complexes were precipitated using 
streptavidin magnetic beads (Sigma Aldrich). Bead bound total RNA was isolated using phenol-chloroform extraction and ethanol 
precipitation. Input RNAs and the precipitated RNAs were used for cDNA synthesis and qRT-PCR for miR-30e-5p and DNMT3A and 
DNMT3B. The Ct values of the precipitated RNAs were normalized to the Ct values of the input samples and used to calculate the 
percent precipitation of the target mRNAs.

2.8. Western Blotting

Total proteins were extracted from the induced and uninduced stable C4-2B and 22Rv-1 sublines and used for SDS-PAGE followed 
by Western Blotting. Cells were harvested 48h post-induction and lysed using RIPA lysis buffer supplemented with protease and 
phosphatase inhibitors (Fisher Scientific). Fifty micrograms of total proteins were separated on a Bis-Tris gel and transferred to PVDF 
membranes. Transfer membranes were probed with primary antibodies specific for DNMT3A (Mouse monoclonal Santa Cruz) and 
DNMT3B (Rabbit polyclonal, ProteinTech) followed by goat anti-mouse or anti-rabbit secondary antibodies (Pierce). Alpha-Tubulin 
antibodies (Cell Signaling) were used as the internal controls. Positive signals were visualized upon reaction with ECL Chem
iluminescence substrate (BioRad) and imaged using a ChemiDoc MP Imaging System (BioRad). Comparative expression of DNMTs was 
determined based on densitometry analysis of the polypeptide band intensities normalized to internal controls using ImageJ software.

2.9. DNMT activation assay

The overall DNMT activity (de novo as well as maintenance DNA methyltransferases) in parental cells and transfected sublines was 
measured using the EpiQuik DNA Methyltransferase Activity/Inhibition Assay Kit (Epigentek), as per manufacturer’s protocol. 
Parental cells or transfected cells with or without induction were grown to ~80 % confluency and nuclear proteins were extracted 
using the EpiQuik Nuclear Extraction Kit (Epigentek) as per manufacturer’s protocol. Ten microgram nuclear extracts were bound to 
the microtiter plates and after washing off unbound proteins, capture antibodies for DNMTs followed by detection antibodies were 
added to the wells. After washing the unbound antibodies, developer solution was added to the wells and incubated for 3.5hrs. The 
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change in color of the solution was detected as a measure of DNMT activities in a spectrophotometer at 450 and 655 nm, and the 
background corrected values were processed by first subtracting the OD at 655 nm from OD at 450 nm. This background corrected 
values were used to calculate the DNMT activity using the following formula: 

DNMT Activity (OD / hour /mg)=

(
Sample ODbackground corrected − Blank ODbackground corrected

)

(protein μg* x hours**
)

* Corresponds to the amounts of nuclear proteins used in the assay in μg.** Corresponds to the initial incubation time in hours after 
addition of the samples/blank.

2.10. Statistical analysis

All statistical analyses were performed using Student’s t-test or one-way ANOVA for independent measures using GraphPad Prism. 
The statistical significance was set at p < 0.05. Data was represented as mean ± SD.

3. Results

3.1. Differential expression and promoter methylation of miR-299 and miR-34c genes in prostate cancer

We examined the expression of miRs-34c-5p and -299-3p in total RNA extracted from macro-dissected prostate tumors and adjacent 
uninvolved tissues from AA and CA PCa patients. The patient inclusion criteria are PSA, Gleason score, surgical margins, lymph node 
invasion, extracapsular extension, and seminal vesicle invasion as we reported previously [28]. A comparative analysis of the fold 
change in expression between tumors and matched uninvolved tissues from different racial group of patients demonstrated a trend in 
downregulation of miRs-34c-5p and -299-3p in AA patients, whereas a broader distribution of CA patients could be noted who exhibit 
relatively higher expression levels. A 2.4- and 3.6-fold difference in the average expression of miR-299-3p and miR-34c-5p, 

Fig. 1. Differential expression and promoter methylation of miR-34c and-299-3p genes in AA and CA PCa. A: Average fold change in 
expression of miRs-34c and -299-3p in PCa tissues showed a significant down regulation of these miRNAs in tumors from the AA (n = 10) patients 
compared to the CA patients (n = 12) B: qRT-PCR analysis of the expression of miRs-299-3p and − 34c showed reduced expression of these miRNAs 
in MDa-PCa-2b cells compared to the LNCaP-104S cells. Data show the average ± SD of three biological replicates. C and D: Location of the CpG 
islands at the miR-34c and-299 gene promoters as predicted by the MethPrimer prediction tool. TSS: transcription start site. E–G: Bisulfite 
sequencing analysis showed a significant increase in the total methylation of the miR-34c promoter CpG sites in location 1 (E), location 2 (F), and 
location 3 (G) in MDA-PCa-2b cells compared to the LNCaP-104S PCa cells. H–J: Ball and Stick models for the miR-34c promoter CpG sites location 1 
(H), location 2 (I), and location 3 (J) showed Differentially Methylated Regions (DMRs) between MDA-PCa-2b and LNCaP-104S cells. Red color 
indicates the methylated sites in the MDA-PCa-2b cells which were not methylated in the LNCaP-104S cells as shown in black. K and L: Bisulfite 
sequencing analysis exhibited a significant increase in the total methylation of the miR-299 promoter CpG sites in location 1 (K) and location 2 (L) in 
MDA-PCa-2b cells compared to the LNCaP-104S PCa cells. M and N: Ball and Stick models for the miR-299 promoter CpG sites Location 1 (M) and 
location 2 (N) showed DMRs between MDA-PCa-2b and LNCaP-104S cells. Red color indicates the methylated sites in the MDA-PCa-2b cells which 
were not methylated in the LNCaP-104S as shown in black.
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respectively were noted between AA and CA tumors (Fig. 1A).
Differential expression of these miRNAs in PCa cell lines from AA (MDA-PCa-2b) and CA (LNCaP-104S) origins were observed. 

Noticeably lower levels of miRs-34c-5p (6.6-fold) and -299-3p 9.2-fold) were noted in MDA-PCa-2b cells compared to LNCaP-104S 
cells (Fig. 1B). As previous studies confirm epigenetic regulation as a causal factor for downregulation of miRNA expression in can
cer [29,30], these observations led us to investigate the promoter methylation status of miR-299 and miR-34c genes in MDA-PCa-2b and 
LNCaP-104S cell lines. We used MethPrimer tool [31] to predict the CpG islands within ~4000 bp upstream sequences from the first 
base of miR-34c and miR-299 genes. Our analysis showed the presence of one large CpG island spanning from − 1132 bp to − 265 bp for 
miR-34c promoter, which we analyzed separately as 3 CpG Locations (CpG Location 1: 1132 bp to − 773 bp; CpG Location 2: 733 bp to 
− 488 bp; CpG Location 3: 401 bp to − 265 bp), and two CpG locations for miR-299 promoter (CpG Location 1: 432 bp to − 233 bp; CpG 
Location 2: 199 bp to − 38 bp), for miR-299 (Fig. 1C and D).

Bisulfite conversion followed by sequence analysis revealed an overall increase in total promoter methylation for the CpG locations 
1, 2 and 3 for miR-34c promoter in the MDA-PCa-2b cells (34c-CpG Loc-1: 83 %; 34c-CpG Loc-2: 84 %; 34c-CpG Loc-3: 99 %) compared 
to the LNCaP-104S cells (34c-CpG Loc-1: 51 %; 34c-CpG Loc-2: 61 %; 34c-CpG Loc-3: 76 %) (Fig. 1E, F and G). Furthermore, 
differentially methylated sites (DMEs) were identified for the CpG locations 1, 2 and 3 in miR-34c promoter. These CpG sites were 
found to be methylated only in MDA-PCa-2b cells, but not in LNCaP-104S cells (Fig. 1H, I and J). Bisulfite sequence analysis for miR- 
299 promoter methylation also showed an overall increase in total promoter methylation for the CpG locations 1 and 2 for miR-299 
gene in the MDA-PCa-2b cells (299-CpG Loc-1: 20 %; 299-CpG Loc-2: 21 %) compared to the LNCaP-104S cells (299-CpG Loc-1: 1 %; 
299-CpG Loc-2: no methylation) (Fig. 1K and L). Specific DMEs for CpG Locations 1 and 2 in miR-299 also showed methylation only in 
MDA-PCa-2b cells but not in LNCaP-104S cells (Fig. 1M and N). These data demonstrated that miR-34c and miR-299 are differentially 
downregulated of in AA compared to CA PCa, and that these miRNA genes exhibited differential promoter hypermethylation in the AA 
MDA-PCa-2b compared to the CA LNCaP-104S PCa cells and that these miRNAs.

3.2. Inhibition of DNMT activity restored expression of miR-34c and miR-299-3p and reduced promoter methylation

We used DNA methyltransferase (DNMT) inhibitor AzaC to investigate the effect of inhibition of DNMTs on promoter methylation 

Fig. 2. Treatment with AzaC restored expression of miRNAs and reverted promoter methylation. A and B: qRT-PCR analysis exhibited 
increased expression of miR-34c (A) and miR-299-3p (B) in LNCaP-104S and MDA-PCa-2b cells upon treatment with AzaC compared to DMSO 
treatments. Data show the mean ± SD of 3 independent experiments. C and D: Bisulfite sequencing analysis showed a significant reduction in the 
total methylation of the miR-34c promoter CpG sites in location 2 (C) and in location 3 (D) in MDA-PCa-2b and in LNCaP-104S cells upon treatment 
with AzaC compared to the respective DMSO controls. Data show the mean ± SD of at least 5 colonies/cell line. E and F: Ball and Stick models for 
the miR-34c promoter CpG sites location 2 (E), and location 3 (F) upon AzaC treatment showed 100 % reversal of DMRs in MDA-PCa-2b cells, which 
are unmethylated in LNCaP-104S cells. Red color indicates the methylated sites in the MDA-PCa-2b cells, whereas black indicates unmethylated 
sites. Data show the mean ± SD of at least 5 colonies/location. G and H: Bisulfite sequencing analysis showed a significant reduction in the total 
methylation of the miR-299 promoter CpG sites in location 2 (G) and in location 3 (H) in MDA-PCa-2b and LNCaP-104S cells upon treatment with 
AzaC compared to the respective DMSO controls. Data show the mean ± SD of the sequencing data from at least 5 colonies. I and J: Ball and Stick 
models for the miR-299 promoter CpG sites in location 1 (I), and in location 2 (J) upon AzaC treatment showed demethylation of the 3 out of 4 sites 
(loc-1) and 4 out of 7 sites (loc 2) in DMRs in MDA-PCa-2b cells, which are unmethylated in the LNCaP-104S cells.
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of miRNA genes. We observed that for both miRNA gene promoters, treatment with 250 nM of AzaC restored expression of miR-34c 
and miR-299-3p in LNCaP-104S cells (1.9-fold and 2.9-fold, respectively) compared to the control (DMSO treatment) (Fig. 2A). The 
dose and the time of treatment of AzaC was empirically determined to obtain optimum restoration based on the doses and times used in 
a previously published study [32]. MDA-PCa-2b cells, on the other hand required a higher dose of AzaC (1 μM) to restore expression of 
miRs-34c and -299-3p (4.7-fold and 3.2-fold, respectively) when compared to the control (Fig. 2B). The dose and the time of treatment 
for this cell line was optimized using published information [33]. Bisulfite sequence analysis of the promoter methylation upon AzaC 
treatment showed a decrease in total methylation in the CpG sites in miR-34c gene (Loc-2: 100 %–22 %; Loc-3: 100 %–18 %) in 
MDA-PCa-2b cells when compared to the DMSO treated cells (Fig. 2C and D). A similar decrease in promoter methylation for miR-34c 
gene in the CpG sites in locations 2 and 3 in LNCaP-104S cells treated with AzaC (Loc-2: 84 %–24 %; Loc-3: 91 %–23 %) was noted 
when compared to DMSO treated cells. A reversal of methylation in the differentially methylated CpG sites for miR-34c gene in Loc-2 
and Loc-3 was noted in MDA-PCa-2b cells treated with AzaC when compared to the DMSO treated cells (Fig. 2E and F). No changes 
were observed for the Loc-1 CpG sites. (Supplemental Fig. 1). Similarly, there was an overall decrease in methylation in the CpG sites 
for miR-299 gene in MDA-PCa-2b cells (Loc-1: 45 %–9 %; Loc-2: 80 %–30 %) treated with AzaC when compared to the DMSO treated 
cells and in LNCaP-104S cells (Loc-1: 9 %–0 %) compared to DMSO treated cells (Fig. 2G and H). A 50%–75 % reversal of methylation 
in the differentially methylated CpG sites for miR-299 gene in Loc-1 (75 %) and Loc-2 (50 %) was noted in MDA-PCa-2b cells treated 
with AzaC when compared to the DMSO treated cells (Fig. 2I and J). A higher decrease in total methylation in the CpG locations for 
miR-299 gene in the MDA-PCa-2b cells was noted when compared to the LNCaP-104S cells (Fig. 2G and H). In summary, these ob
servations confirms that − 299 and miR-34c gene promoters are differentially methylated in PCa cells from AA and CA origins by 
DNMTs and can be reversed upon inhibition of DNMTs.

3.3. Differential expression and activities of DNMTs in prostate cancer cells

Next, we intended to monitor the expression and activity of DNMTs in AA and CA cell lines as our previous results confirmed 
differential methylation of miR-299 and miR-34c promoters in MDA-PCa-2b and LNCaP-104S cells. Although DNMT3A and DNMT3B 
are the enzymes responsible for de novo methylation and are often involved in cancer progression [34,35], we also monitored the 
expression and activity of DNMT1, the enzyme responsible for maintenance methylation, as its role in cancer progression has been 
documented in multiple studies [36,37]. Quantitative RT-PCR analysis revealed differential endogenous expression pattern of DNMT1, 
DNMT3A and DNMT3B mRNAs in different PCa cell lines, C4-2B, 22Rv-1, LNCaP-104S and PC-3 from CA origin and MDA-PCa-2b from 
AA origin (Fig. 3A, B and C). We noted that DNMT1 and DNMT3B but not DNMT3A mRNAs showed a higher expression in the AA cell 
line (MDA-PCa-2b) compared to the CA cell lines. We next examined the activity of DNMTs in the nuclear protein extracts from 
MDA-PCa-2b and LNCaP-104S cells using an ELISA-based colorimetric activity assay, which measured overall activities from all three 
DNMTs. Our results showed an increased DNMT activity in the MDA-PCa-2b cells compared to the LNCaP-104S cells (Fig. 3D), which 
aligns with our observation of higher promoter methylation of miRNA genes and increased requirement of AzaC to restore expression 
of miRs-299-3p and − 34c in these cells.

3.4. Regulation of DNMT3A and DNMT3B expression by AR targeting miRNAs

Apart from being regulated by epigenetic modifications, miRNAs themselves can directly target and regulate epigenetic modulators 
such as DNMTs and histone modifiers [38]. In this regard, we intended to identify whether the AR-targeting miRNAs also target any of 
the DNMTs such as DNMT1, DNMT3A and DNMT3B in PCa. In silico analysis of the target prediction databases (miRDB, TargetScan) 
suggested that both DNMT3A and DNMT3B have binding sites at their 3′UTRs of miR-299-3p and miR-30e, another AR-targeting 
miRNA (Fig. 4A). We previously reported the miR-30e functions as a tumor suppressor miRNA [26] and exhibited significant 
downregulation in PCa tumors, specifically in AA tumors compared to CA tumors [28]. In this study, we examined the regulation of 

Fig. 3. Differential expression and activities of DNMTs in PCa cells. A and B: qRT-PCR analysis showed lower DNMT1 (A) and DNMT3B (B) 
mRNA expression in all CA PCa cells compared to the AA MDA-PCa-2b PCa cells. C: qRT-PCR analysis showed higher DNMT3A mRNA expression in 
all CA PCa compared to the AA cells. D: ELISA-based DNMT activity assay showed an overall higher DNMT activity in MDA-PCa-2b cells compared 
to the LNCaP-104S cells.

K. Ganapathy et al.                                                                                                                                                                                                    Heliyon 11 (2025) e41948 

7 



expression of DNMT3A and DNMT3B by direct targeting of miR-299-3p and miR-30e. Induced 22Rv-1-299 cells were transiently 
transfected with the luciferase reporter constructs containing the 3′UTRs of DNMT3A and DNMT3B with wild type or mutated binding 
sites for miR-299-3p. Our results showed decreased luciferase activities for both DNMT3A (46 %) and DNMT3B (48 %) mRNAs for the 
construct with the wild type binding sites, which was not noted in the mutated constructs. The control luciferase reporter construct did 
not show any alterations in the luciferase activity (Fig. 4B and C). For the reporter assay for miR-30e targeting of DNMT3A and 
DNMT3B mRNAs, doxycycline induced C4-2B-30e cells were used. Luciferase reporter assays using constructs containing the wild type 
and mutated binding sites for miR-30e at the 3′UTR of DNMT3A and DNMT3B were performed using induced C4-2B-30e cells. Reduced 
luciferase activity was noted in transfected cells for both DNMT3A (53 %) and DNMT3B (50 %) wild type 3-UTR containing constructs, 
but not upon mutation of the single binding site in DNMT3A and double binding sites in DNMT3B UTRs. The control luciferase reporter 
construct showed no decrease in luciferase activity upon transfection into the induced C4-2B-30e cells (Fig. 4D and E). These results 
confirm destabilization of DNMT3A and DNMT3b mRNAs by miRs-299-3p and − 30e.

3.5. Interaction of DNMT3A and DNMT3B with miR-299-3p and miR-30e

To confirm the direct interactions between miR-299-3p and DNMT mRNAs, RNA immunoprecipitation was conducted using 
Argonaut (Ago)-2-antibodies using C4-2B-299 cells with or without induction with doxycycline. Our results from qRT-PCR analysis 
showed significant enrichment of DNMT3A (1.9-fold) and DNMT3B (1.6- fold) mRNAs in the Ago-2 antibody mediated precipitated 
RISCs from the induced C4-2B-299 cells compared to uninduced controls. No enrichment of DNMT mRNAs was noted when nonspecific 
control IgG was used (Fig. 4F). Additionally, qRT-PCR analysis of the input RNA showed decreased DNMT3A and DNMT3B mRNA 
expressions (38 % and 55 %) in the induced C4-2B-299 cells compared to uninduced controls (Fig. 4G). We previously reported an 
enrichment of miR-299-3p (3.2-fold) in the Ago-2 antibody mediated precipitated RISCs from the induced C4-2B-299 cells compared to 
the uninduced controls and an increased expression of miR-299-3p in the input samples from the induced C4-2B-299 cells [27]. Next, 
22Rv-1 cells were used to study direct interactions between the miR-30e and DNMT3A and DNMT3B mRNAs. We used biotinylated 
miR-30e mimic or negative control mimic for transient transfection of 22Rv-1 PCa cells. Precipitation of RNA complexes with 
streptavidin beads and qRT-PCR analysis of the precipitated RNA showed enrichment of DNMT3A and DNMT3B mRNAs (6.5 % and 5 

Fig. 4. MicroRNAs miRs-299-3p and -30e interact with DNMTs in PCa cells. A: Sequence of the binding sites of miRs-299-3p (A) and − 30e (B) 
at the 3′UTRs of DNMT3A and DNMT3B mRNAs as predicted by the TargetScan database search. Two binding sites were predicted for miR-30e on 
the 3′UTR of DNMT3B mRNA (B). B and C: Luciferase reporter assays showed binding of miR-299-3p to the specified seed sequences at the 3′UTR of 
DNMT3A (B) and DNMT3B (C) mRNAs as observed by the decreased luciferase activity upon transfection with the construct containing the wild-type 
(WT) but not with the mutated (Mut) 3′UTRs of DNMT3A (B), and DNMT3B (C). Data show the mean ± SD of three independent experiments D and 
E. Luciferase reporter assays showed binding of miR-30e to the specified seed sequences at the 3′UTR of DNMT3A (D) and DNMT3B (E) mRNAs as 
observed by the decreased luciferase activity upon transfection with the construct containing the wild-type (WT) but not with the mutated (Mut) 
3′UTRs of DNMT3A (D) and DNMT3B (both sites) (E). Data show the mean ± SD of three independent experiments. F: qRT-PCR analysis of the pan- 
Ago2 antibody-based RNA-IP experiment showed enrichment of DNMT3A and DNMT3B mRNAs in the RISC of the induced C4-2B-299 cells 
compared to the uninduced controls. G: qRT-PCR analysis of the 10 % input RNA showed decreased expression of DNMT3A and DNMT3B mRNAs in 
the induced C4-2B-299 cells line compared to the uninduced controls. Data show the mean ± SD of three biological replicates. H: qRT-PCR analysis 
of the biotinylated mimic-mediated RNA precipitation showing enrichment of miR-30e, DNMT3A and DNMT3B mRNAs relative to input samples in 
the 22Rv-1 cells upon transfection of biotinylated miR-30e mimic compared to the control mimic. VEGFA mRNA was used as a negative control, 
which showed no precipitation with biotinylated miR-30e mimic nor the control mimic. I: qRT-PCR analysis of the 10 % input samples showed an 
increased expression of miR-30e and decreased expressions of DNMT3A and DNMT3B mRNAs in 22Rv-1 cells transfected with biotinylated miR-30e 
mimic. Data show the mean ± SD of three biological replicates.
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%, respectively) in the cells transfected with biotinylated miR-30e mimic but not in the cells transfected with negative control mimic 
(Fig. 4H). In our previous report, we confirmed precipitation of miR-30e in cells transfected with biotinylated miR-30e, which was not 
noted for the negative control mimic [26]. To rule out the possibility of nonspecific interactions, we monitored expression of VEGFA 
which was not a target of miR-30e. No precipitation of VEGFA mRNA in the cells transfected with either miR-30e mimic or control 
mimic was noted confirming the specificity of the RNAIP experiments (Fig. 4H). qRT-PCR analysis of the input RNA samples showed 
decreased expression of DNMT3A and DNMT3B mRNAs (DNMT3A: 17 %; DNMT3B: 30 %) in cells transfected with miR-30e mimic 
compared to the negative control mimic (Fig. 4I). We previously reported an increased expression of miR-30e in 22Rv-1 cells trans
fected with miR-30e mimic [26]. These observations confirm the interaction of miRs-299-3p and − 30e with DNMT3A and DNMT3b 
mRNAs in a complex.

3.6. Expression of miR-299-3p and miR-30e reduced expression and activities of DNMTs

Our results confirmed direct interactions between miRs-299-3p and − 30e with DNMT3A and DNMT3B mRNAs, which led us to 
study the effect of overexpression of miR-299-3p and miR-30e on DNMT3A and DNMT3B mRNA and protein expression, and enzymatic 
activity. C4-2B-299 and 22Rv-1-299 cells with or without induction were used for expression analysis using qRT-PCR. Our results 
showed decreased mRNA levels for both DNMT3A and DNMT3B (16 % and 38 %, respectively) in the induced C4-2B-299 and 22Rv-1- 
299 cells (DNMT3A: 26 % and DNMT3B 24 %) compared to the uninduced controls (Fig. 5A and B). We previously reported a tumor 
suppressor function of miR-299-3p in xenograft tumors of C4-2B-299 cells [27]. Expression of miR-299-3p reduced tumor growth 
prolonged survival and decreased AR and Ki67 in tumor tissues. To corroborate the in vitro effects of miR-299-3p on DNMT to in vivo 
results, we examined the expression of DNMT3A and DNMT3B mRNAs in mice tumors expressing miR-299-3p. qRT-PCR analysis 
showed significant downregulation of these DNMT mRNAs in tumors expressing miR-299-3p induced with the feed containing 

Fig. 5. Expression of miRs-299-3p and -30e downregulated expression and activities of DNMT3A and DNMT3B. A–C: qRT-PCR analysis 
showed decreased expression of DNMT3A and DNMT3B mRNAs in the induced C4-2B-299 (A) and 22Rv-1-299 (B) cells and in the xenograft tumors 
of C4-2B-299 (C) compared to the uninduced control cells and tumors. D and E: Western blot (D) and densitometric (E) analysis showed a reduced 
expression of DNMT3A in the induced C4-2B-299 (upper two panels) and 22Rv-1-299 (lower two panels) cells compared to the uninduced cells. 
Alpha-tubulin was used as the loading control. Data show the mean ± SD of 3 independent experiments. F and G: Western blot (F) and densitometric 
(G) analysis showed a reduced expression of DNMT3B in the induced C4-2B-299 (upper two panels) and 22Rv-1-299 (lower two panels) cells 
compared to the uninduced cells. Alpha-tubulin was used as the loading control. Data show the mean ± SD of 3 independent experiments. H and I: 
qRT-PCR analysis showed reduced expression of DNMT3A and DNMT3B mRNAs in the induced C4-2B-30e (H) and 22Rv-1-30e (I) cells compared to 
the uninduced control cells. Data show the mean ± SD of 3 independent experiments. J and K: Western blot (J) and densitometric (K) analysis 
showed a reduced expression of DNMT3A in the induced C4-2B-30e (upper two panels) and 22Rv-1-30e (lower two panels) cells compared to the 
uninduced cells. Alpha-tubulin was used as the loading control. Data show the mean ± SD of 3 biological replicates. L and M: Western blot (L) and 
densitometric (M) analysis showed a reduced expression of DNMT3B in the induced C4-2B-30e (upper two panels) and 22Rv-1-30e (lower two 
panels) cells compared to the uninduced cells. Alpha-tubulin was used as the loading control. Data show the mean ± SD of 3 biological replicates. As 
the figure has several panels, all Western blots are presented as cropped images. Full blots are presented in the Supplementary information file. N 
and O: DNMT activity assays showed an overall decreased activity upon miRs-299-3p and − 30e expression in the induced C4-2B-299 and 22Rv-1- 
299 (N), and in the C4-2B-30e and 22Rv-1-30e (O) cells compared to the respective uninduced controls. Data show the mean ± SD of 3 biolog
ical replicates.
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doxycycline (dox-feed) compared to tumors from mice given regular feed (Fig. 5C). Western blot analysis showed significant down
regulation of DNMT3A and DNMT3B in the induced C4-2B-299 (33 % and 30 %, respectively) and 22Rv-1 cells (58 % and 22 %, 
respectively) compared to the uninduced controls (Fig. 5D, E, F and G). To study the effect of miR-30e restoration, both induced 
C4-2B-30e and 22Rv-1-30e cells were used for expression analysis of DNMT mRNAs and proteins. Our analysis showed decreased 
expressions of both DNMT3A and DNMT3B (70 % and 74 %, respectively) mRNAs in induced C4-2B-30e cells and 22Rv-1-30e cells (49 
% and 40 %, respectively) compared to the uninduced controls (Fig. 5H and I). Western blot analysis showed downregulation of 
DNMT3A and DNMT3B in the induced C4-2B-30e (44 % and 16 %, respectively) and 22Rv-1-30e cells (50 % and 25 %, respectively) 
compared to the uninduced controls (Fig. 5J, K, L and M). A comparative analysis of the results showed an average of 1.25-fold 
upregulation of miRs-30e and − 34c-5p, and an average of 0.36-fold reduction in DNMT3A and DNT3B expression in cells with the 
restored expression of miR-299-3p. The relative changes in miRNAs and DNMTs can be calculated as a net upregulation of miRNAs by 
1.6-fold compared to the levels of DNMTs. Similarly, an average of 2.7-fold upregulation of miRs-299-3p and 34c, and 0.59-fold 
reduction in DNMTs were noted in cells expressing miR-30e. These changes show a net upregulation of miRNAs by 3.3-fold 
compared to the levels of DNMTs. Hower these estimation does not reflect the actual effects as the binding stoichimetry and 
miRNA turnover can influence the efficacy of destabilization of mRNAs by miRNAs.

Next, we determined DNMT activities using ELISA since promoter methylation is dependent on the activity of DNMTs in these cells. 
The assays showed a significant decrease in the overall DNMT activities in the induced C4-2B-299 cells (36 %) and 22Rv-1-299 cells 
(38 %) compared to the uninduced controls (Fig. 5N). DNMT activity assays also showed a significant decrease in the overall DNMT 
activities in induced C4-2B-30e cells (13 %) and 22Rv-1-30e cells (25 %) compared to the uninduced controls (Fig. 5O). Taken 
together, these studies confirmed that both miR-299-3p and miR-30e regulate expression and activities of DNMT3A and DNMT3B.

3.7. Expression of DNMT-targeting miRNAs increased expression of miRNAs that showed loss of expression in prostate cancer cells

From our results, it is evident that miR-299-3p and miR-34c-5p are directly regulated through promoter methylation by DNMTs and 
in turn, miR-299-3p and miR-30e directly target and regulate DNMT3A and DNMT3B activities. To test the rescue effect of miRNAs on 
the expression of other miRNAs that are methylated, we studied the effect of overexpression of miR-299-3p on the expression of miR- 
34c-5p and miR-30e. We used two PCa cell lines overexpressing miR-299-3p (C4-2B-299 and 22Rv-1-299) for expression analysis of 
these miRNAs by qRT-PCR. Our analysis showed that increased expression of miR-299-3p in the induced C4-2B-299 cells restored 
expression of miR-30e (1.2-fold) as well as miR-34c-5p (1.3-fold) compared to the uninduced control cells (Fig. 6A). Similar effects 
were noted in the induced 22Rv-1-299 cells, which showed that increased expression of miR-299-3p restored expression of miR-30e 
(2.3-fold) and miR-34c (3-fold) compared to the uninduced control (Fig. 6B). We next examined the effect of overexpression of miR- 
30e on the expression of miR-34c-5p and miR-299-3p. We used cell lines overexpressing miR-30e (C4-2B-30e and 22Rv-1-30e) for 
expression analysis of these miRNAs by qRT-PCR. Our analysis showed that increased expression of miR-30e in the induced C4-2B-30e 
cells partially restored expression of miR-299-3p (1.1-fold) as well as miR-34c (1.4-fold) compared to the uninduced control (Fig. 6C). 
qRT-PCR analysis also showed that increased expression of miR-30e in the induced 22Rv-1-30e cells showed rescue effects on 
expression of miR-299-3p (1.6-fold) and miR-34c (1.8-fold) compared to the uninduced control (Fig. 6D). These results confirmed that 
increased expression of miRs-299-3p or − 30e override the loss of expression of miR-299-2p and miR-34c miRNAs mediated by DNMT 
induced promoter methylation.

4. Discussion

In this study, we showed promoter hypermethylation of miRs-34c and − 299 miRNA genes in various PCa cells, including the cells 
of AA origin. miR-34c, a member of the miR-34 family, showed a negative correlation with the expression of AR in PCa tumors, and has 

Fig. 6. Expression of miR-299-3p and -30e restored expression of downregulated miRNAs in PCa cells. A and B: qRT-PCR analysis showed 
increased expression of miR-30e and miR-34c-5p in the induced C4-2B-299 cells (A) and 22Rv-1-299 (B) cells compared to the uninduced controls. 
Data show the mean ± SD of 3 independent experiments. C and D. qRT-PCR analysis showed increased expression of miR-299-3p and miR-34c-5p in 
the induced C4-2B-30e cells (C) and 22Rv-1-30e (D) cells compared to the uninduced controls. Data show the mean ± SD of 3 independent 
experiments.
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a binding site in the 3′UTR of the AR and exhibited a direct interaction with AR mRNAs [39]. It has been noted that epigenetic reg
ulatory mechanisms often govern the expression of intergenic miRNAs in cancer. Therefore, intergenic miRNAs, miRs-299 and -34c, 
may be regulated by the same mechanism. Downregulation of miRs-34c and its family member − 34b in various cancers has already 
shown significant correlation with CpG island hypermethylation [40]. However, our study provides the first demonstration of a higher 
percentage of total number of methylated CpGs and a distinctly different pattern of CpG sites methylated in the miR-34c gene promoter 
in cell lines derived from racially disparate PCa patients. In support of our observation, a previous study reported differential 
downregulation of miR-34b in AA tumors compared to CA tumors, and confirmed promoter hypermethylation of miR-34b gene as the 
causal factor for its downregulation in PCa [41]. We also showed a racially disparate pattern of CpG island methylation in the miR-299 
gene promoter in PCa cell lines. Regarding expression of miR-299, several studies reported the DNA hypermethylation of miRNA genes 
on 14q32.31 which also contains the miR-299 gene [30,42–44]. Our study is the first to demonstrate that promoter methylation is a 
contributing factor of downregulated expression of miR-299-3p in PCa. We also noted AzaC treatment-based reversal of promoter 
methylation and restored expression of miRs-299 and miR-34c in both AA and CA PCa cell lines.

We also reported differential expression and activities of the DNMTs (DNMT1, DNMT3A and DNMT3B) which are frequently 
overexpressed in multiple cancers [45]. We showed increased expression of DNMT1 and DNMT3B in the AA PCa cells compared to CA 
cells, which corroborated with our observations of increased total miRs-299 and miR-34c promoter methylation in AA compared to CA 
PCa cells. Taken together, our results demonstrated that aberrant promoter methylation of miR-299 and miR-34c by DNMTs is 
responsible, in part, for their downregulation in PCa, where differential methylation of specific CPG sites and overall promoter 
hypermethylation affect racially disparate expression.

It has been known that DNMTs are aberrantly expressed in cancer cells and modulate the expression of coding and noncoding genes 
through epigenetic regulations. While miRNAs are regulated by DNMTs, miRNAs themselves can also regulate DNMTs directly or 
indirectly, thereby offering a powerful tool to reverse the malignant behavior of cancer cells through modulation of the epigenetic 
machinery [45]. Previous studies have reported that DNMT3A and DNMT3B are the direct targets of miRs-101, -143, − 152, − 148a and 
− 29 in several cancer types [46–51]. In this study, results based on luciferase reporter assays, RNA-IP and ELISA-based activity assays 
collectively showed that miR-299-3p and miR-30e directly target and regulate DNMT3A and DNMT3B mRNA expression and modulate 
DNMT activities, which may alter the epigenetic landscape to exert an overall tumor suppressor function. In summary, we identified 
miR-299-3p and miR-30e to be epigenetic miRNAs (epi-miRNAs) as upstream regulators of the DNA methylation epigenetic machinery 
with the potential to reverse aberrant methylation patterns that contribute to gene silencing in PCa.

The complex functional relationship between miRNAs and the epigenetic machinery is a key feature in understanding and 
manipulating gene expression profiles that contribute to tumorigenesis. Specifically in cancer, several studies have explored miRNA 
regulation by DNMTs such as miR-29b-DNMT3A/3B in ovarian cancer [52], miR-200b-DNMT3A in breast cancer [53], 
miR-143-DNMT3A in colorectal cancer [46], miR-152-DNMT1 in cholangiocarcinoma [54], miR-148/152-DNMT1 in breast cancer 
[51] and miR-145-DNMT3A in ovarian cancer [55]. Our study exhibited a miRNA-DNMT feedback loop that maintains a balance of 
expression of miR-299-3p and miR-34c and DNMTs. The aberrant functioning of DNMTs can disrupt the balance and result in loss of 
expression of these miRNAs in PCa. Our observation also revealed a possibility that restored expression of these miRNAs can have a 
rescue effect on the expression of other tumor suppressor miRNAs that directly undergo DNMT-mediated promoter methylation in PCa. 
Our results from miR-299-3p expression in PCa cells showed not only reduced expression and activities of DNMTs by miR-299-3p but 
also restored expression of miR-30e and miR-34c-5p. Along this line, DNA methylation has also been implicated in the downregulation 
of miR-30 family members [56,57]. Hence, it can be speculated that restored expression of miR-30e upon overexpression of 
miR-299-3p is an effect of miR-299-3p mediated dampening of DNMT activities. This effect was noted in both androgen-sensitive 
C4-2B and androgen-insensitive 22Rv-1 PCa cells, which shows that restoration of miRs-299-3p and − 30e is effective in PCa cells 

Fig. 7. miRNA-DNMT feedback loop in PCa progression.
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irrespective of the androgen sensitivity status.

5. Conclusion

We demonstrated the involvement of a miRNA-DNMT regulatory loop in PCa progression (Fig. 7). We hypothesized that there is an 
increased expression of the tumor suppressor miRNAs, such as miR-299-3p, miR-30e and miR-34c-5p, in the normal tissues. Of these 
miRNAs, miR-299-3p and miR-30e directly target and downregulate the expression of DNMT3A and DNMT3B, and overall DNMT 
activity, to maintain the epigenetic modulators under control. However, in PCa, high expression of DNMT3A and DNMT3B [58] can 
downregulate the expression of miR-299-3p and miR-34c-5p through promoter hypermethylation as seen in this study. This collective 
downregulation of the tumor suppressor AR-targeting miRNAs due to promoter hypermethylation could result in PCa progression. It 
has been documented that enzalutamide resistant PCa cells express DNMT at a higher concentration and targeting DNMTs improve 
enzalutamide sensitivity of PCa cells [9]. This is a major disadvantage of enzalutamide treatment as reduced AR function may promote 
DNMT activities and AR-independent PCa progression. Because miR-299-3p and − 30e target both AR and DNMTs, restored expression 
of these miRNAs may avoid, or delay the development of enzalutamide resistance mediated by increased DNMT expression and 
promoter methylation leading to biochemical recurrence of PCa.
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