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Prostate cancer ranks as the second most prevalent cancer in men globally. One of the evolving subjects of 
investigation in prostate cancer is the role of N6-methyladenosine (m6A) modifications. Hydroxychloroquine 
(HCQ), an autophagy inhibitor, was shown to be promising in enhancing the response to chemotherapy in 
prostate cancer. The interplay between autophagy and m6A is an emerging area of research. However, the 
relationship between m6A modifications and HCQ remains unclear. The objective of this study was to examine 
the effect of HCQ on the regulation of m6A methylation in prostate cancer. Initially, the cytotoxic effect of HCQ 
on LNCaP and PC3 cells was evaluated. The IC50 values for each cell were calculated. Finally, m6A levels in HCQ-
treated and untreated cells were determined using m6A RNA methylation quantification kit. HCQ showed a 
significant dose- and time-dependent reduction in cell viability. Following HCQ treatment, a statistically 
significant decrease in m6A levels was observed: from 0.050±0.001% to 0.013±0.02% in PC3 cells and from 
0.039±0.001% to 0.016±0.01% in LNCaP cells. The study unveils for the first time that HCQ affects m6A 
methylation in prostate cancer. The impact of autophagy inhibitor HCQ on m6A modifications introduces a novel 
dimension to its potential mechanisms of action. 
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Introduction 
 

Prostate cancer is the second most common type of 
cancer in men worldwide, after lung cancer. The global 
incidence and mortality rates of prostate cancer display a 
correlation with advancing age, with the average age at 
diagnosis exceeding fifty [1]. Androgen receptor (AR) 
signaling plays pivotal roles in prostate development, 
maintenance, and the progression of prostate cancer. The 
standard treatment for advanced prostate cancer involves 
a combination of androgen deprivation therapy with anti-
androgens and the administration of docetaxel. In most 
cases, androgen deprivation therapy may lose 
effectiveness, ultimately leading to the emergence of a 
life-threatening form of prostate cancer known as 
castration-resistant prostate cancer [2]. 

N6-methyladenosine (m6A) modifications represent 
the most prevalent type of modification in mammalian 
mRNAs when compared to other forms of RNA 
modifications. These modifications have been shown to 
play significant roles in tissue development, cell 
regeneration, differentiation, DNA damage response, and 
the development of cancer [3]. m6A modifications in 
mRNA or some non-coding RNAs such as long non-coding 
RNA (lncRNA) also play an important role in many cellular 
processes such as spermatogenesis, T-cell homeostasis, 
pluripotency and reprogramming [4,5]. In RNAs, m6A is 
typically located in stop codons, 3'UTR regions, and 
internal long exons. Following the discovery that m6A is 
the primary substrate of the fat mass and obesity-

associated protein (FTO) in a dynamic and reversible 
manner, m6A modifications have garnered considerable 
attention [4,5].  

m6A modifications in mammals are subject to dynamic 
and reversible regulation by a group of regulatory 
proteins. These modifications are introduced to RNA by 
the methyltransferases METTL3 and METTL14 ("writers") 
and removed by FTO or ALKBH5 ("erasers"). The 
recognition of m6A occurs in the nucleus through YTHDC1, 
HNRNPA2B1, and IGF2BP1/2/3, while in the cytoplasm, it 
is facilitated by YTHDF1/2/3, YTHDC2, eIF3, and 
IGF2BP1/2/3 ("readers") [6]. Dysregulation of these 
regulator proteins has been linked to a number of 
pathophysiological processes in many disorders, including 
cancer [7]. METTL14 has been shown to suppress the 
metastatic potential of cancer cells in hepatocellular 
carcinoma [8]. Alterations in m6A writer and eraser 
proteins have been shown to be crucial for self-renewal 
and tumorigenesis in glioblastoma stem cells [9]. In 
addition, it has been suggested that FTO may have an 
oncogenic function by affecting the expression of tumor 
suppressor genes and oncogenes in AML and squamous 
cell lung cancer [10]. The prevalence of m6A-related genes 
is high in prostate cancer. These genes have been shown 
to play multiple roles in the development, progression, 
and metastases of prostate cancer  [11,12]. Several 
research studies have also suggested that the regulation 
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of m6A could be a mechanism of resistance in the 
treatment of metastatic prostate cancer [13,14].    

Hydroxychloroquine (HCQ) is a lysosomotropic amine 
traditionally used in the treatment of malaria and 
rheumatoid arthritis. As a derivative of chloroquine (CQ), 
HCQ has demonstrated the capability to inhibit 
autophagy. It has emerged as one of the most widely used 
autophagy inhibitors in both preclinical and clinical 
settings [15,16]. Although HCQ and CQ differ by only one 
hydroxyl group, the addition of this hydroxyl group results 
in a significant reduction in toxicity [17]. The inhibition of 
autophagy by HCQ enhances the response to 
chemotherapy in the majority of cases among prostate 
cancer patients [18,19]. The combination of HCQ with 
other agents could increase the cytotoxicity in cancer cells 
[20]. Autophagy levels rise due to castration resistance, 
but HCQ treatment has been found to reduce it [21]. 
Numerous clinical studies have been conducted and 
continue to explore the effects of using HCQ alone or in 
combination with other anticancer agents in various types 
of cancer [22–25] 

The significance of m6A in prostate cancer and the 
highly effective nature of HCQ in this cancer type 
underscore the need for a study that delves into the 
connection between these two factors. Upon conducting 
a literature search, it became apparent that no such study 
currently exists. Consequently, we have devised a 
research plan aimed at investigating the impact of HCQ on 
m6A levels in prostate carcinoma cells LNCaP and PC3. 

 

Materials and Method 
 
Cell Culture and Preparation of Hydroxychloroquine 
The human prostate cancer cell lines PC3, LNCaP, and 

healthy prostate cell line PNT1A were purchased from the 
American Type Culture Collection (ATCC, Rockville, MD, 
USA). The cells were grown in Roswell Park Memorial 
Institute-1640 medium (RPMI-1640, Thermo Fisher 
Scientific, MA, USA) containing high glucose, 
supplemented with 10% fetal bovine serum (FBS, Thermo 
Fisher Scientific, MA, USA) and 100 U/mL penicillin (Sigma-
Aldrich, St Louis, MO, USA), and 100 µg/mL streptomycin 
(Sigma-Aldrich, St Louis, MO, USA). The cultures were 
maintained at 37 °C in a humidified incubator 
(Thermoscientific, MA, USA) with 5% CO2. 

In order to create a stock solution of 5 mM HCQ (TRC, 
Toronto, Canada), 5 mg of the compound was dissolved in 
2300 µL of water. Subsequent dilutions for use in the 
experiments were prepared using RPMI-1640 (Thermo 
Fisher Scientific, MA, USA). 

 
Cell Viability Assay 
The effect of HCQ on the viability of prostate cancer 

cells PC3 and LNCaP, as well as normal prostate cells 
PNT1A, was assessed through the WST-1 assay (Roche 
Applied Science, Indianapolis, IN, USA). In brief, PC3, 
LNCaP, and PNT1A cells were seeded in 96-well culture 
plates at a density of 5×103 cells per well. Once the cells 
adhered, they were exposed to increasing concentrations 

of HCQ for 24, 48, and 72 hours. Subsequently, 10 µL of 
WST-1 reagent (Roche Applied Science, Indianapolis, IN, 
USA) was added to each well at the end of each time point, 
and the cells were incubated at 37°C for 2 hours in the 
dark. After incubation, the cells were analyzed using a 
microplate reader at a wavelength of 450 nm 
(Thermoscientific, MA, USA). The half-maximal inhibitory 
concentration (IC50) value of HCQ for each cancer cell line 
was determined using the linear regression model. Each 
experiment was conducted three times for each cell line. 

 

Isolation of Total RNA 
Total RNA from PC3 and LNCaP cells treated and 

untreated with IC50 of HCQ was extracted using RNeasy 
Mini Kit (Qiagen, Valencia, CA, USA). The isolation 
procedure was carried out following the manufacturer's 
instructions. In summary, the cells were pelleted in a 
centrifuge and subsequently treated with the provided kit 
buffers in the specified sequence. The samples were then 
processed through the column and treated with 
deoxyribonuclease I. After a series of washing steps, the 
RNAs were collected in a sterile microcentrifuge tube 
using the elution solution. The purity and concentration of 
the RNAs were determined using Nanodrop 
(Thermoscientific, MA, USA). To assess RNA quality, the 
samples were electrophoresed on a 1% formaldehyde 
agarose gel, and the quality was confirmed by observing 
the presence of distinct 18S and 28S bands.  

 

Determination of m6A Level 
The commercial m6A RNA methylation quantification 

kit (Abcam, USA) was used in accordance with the 
manufacturer's instructions to measure the level of m6A 
in the total RNAs of treated and untreated cells. Briefly, 
200 ng of RNA were seeded into each well, then a capture 
antibody solution was added to capture m6A RNAs. After 
the washing steps, a detection antibody solution was used 
to obtain signals. The colorimetric measurement of the 
m6A levels was then performed by reading each well's 
absorbance at a wavelength of 450 nm using a microplate 
reader (Thermoscientific, USA). 

 

Statistical Analysis 
GraphPad Prism 9.1.0 (La Jolla, CA, ABD) was utilized 

to perform statistical analysis. The data were displayed as 
the mean standard deviation of three independent 
experiments. Statistical differences between groups were 
analyzed considering sample distribution. m6A test results 
were analyzed by Student’s t-test. Two-way analysis of 
variance (ANOVA) followed by Tukey’s test was carried 
out for multiple comparisons of WST-1 data.  

 

Results  
 

Effect of HCQ on Cell Proliferation  
Increasing HCQ concentrations (10, 20, 40, 60, 80 and 

100 µM) were administered to LNCaP and PC3 cells for 24, 
48  and 72 hours to examine the sensitivity of each cell 
type to the growth-inhibiting effects of HCQ. The data 
from WST-1 assay indicated that HCQ inhibited the growth 
of LNCaP and PC3 cells in a dose- and time-dependent 
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manner. For PC3 cells, the viability of cells was statistically 
significantly reduced (p<0.05) at 80 μM and 100 μM of 
HCQ after 24 hours incubation, whereas significantly 
reduced viability was observed at 40 μM and higher 
concentrations for 48 hours treatment. Concentrations 
above 20 μM statistically significantly decreased the 
viability when treated for 72 hours (Figure 1a). Regarding 
LNCaP cells, cellular viability was statistically significantly 
decreased (p<0.05) at 40 μM and higher concentrations 
during 24 and 48-hour treatments. All HCQ concentrations 
statistically significantly reduced viability when applied for 
72 hours (Figure 1b). The cytotoxic effect of HCQ on 
healthy cells was determined using PNT1A normal 
prostate epithelial cells. The results of the WST-1 assay 
revealed that HCQ did not have a statistically significant 
effect on viability up to 100 μM treatment for 48 and 72 
hours (Figure 1c). 

 

 

Figure 1:  Effects of hydroxychloroquine on a) PC3, b) 
LNCaP, and c) PNT1A cell viability (*P < 0.05, **P < 
0.01, *** P < 0.005) 

 
Based on the outcomes of the cell viability assay by 

WST-1, the IC50 value of HCQ for each cancer cell line was 
calculated to determine the concentration at which the 
drug would be applied to cells in the m6Aassay. The 
calculation was carried out using the linear regression 
model. IC50 values for each time point and cell line were 
given in Table 1.  Subsequent experiments were 
conducted utilizing the determined IC50 values. PNT1A 

cells were exclusively employed for evaluating the 
cytotoxicity of HCQ. 
Table 1: IC50 values of hydroxychloroquine for PC3 and LNCaP 

cells 
 IC50 (M) 

 PC3 LNCaP 
24hr 284,7 133,2 
48hr 67,9 105,7 
72hr 44,9 52,0 

 

Alteration in m6A Levels Following HCQ Treatment 
The purity and quality of the isolated RNAs from PC3 

and LNCaP cells were verified by the presence of distinct 
28S and 18S ribosomal RNA (rRNA) bands, as observed on 
a 1% agarose gel. These bands were quantified using the 
ImageJ software program to analyze their intensities and 
served as internal RNA standards. The presence of these 
distinct rRNA bands, which are major components, 
validated and confirmed the integrity of the RNA samples 
and ensured that there was no degradation of the 
products. Additionally, our results achieved the generally 
accepted 28S:18S rRNA ratio of 2:1 for mammalian rRNA, 
indicating good RNA quality [26]. To assess the change in 
m6A levels in the samples, a commercial m6A RNA 
methylation quantification kit was employed. The cells 
were treated with the IC50 concentrations of the drug for 
72 hours. Thus, PC3 cells were treated with 44,9 μM of 
HCQ whereas LNCaP cells were treated with 52 μM of 
HCQ. Following the m6A quantification assay and the 
determination of optical densities, m6A% values were 
calculated in accordance with the manufacturer's 
protocol. Statistical analysis of the data demonstrated 
that the m6A level of both PC3 and LNCaP cells was 
statistically significantly reduced upon treatment with 
HCQ (p<0.05) (Figure 2). The m6A level of PC3 cells, which 
was 0.050±0.001% in the control group, decreased to 
0.013±0.02% in the HCQ-treated group. On the other 
hand, the m6A level of LNCaP cells, which was 
0.039±0.001% in the control group, reduced to 
0.016±0.01% in the HCQ-treated group. This represented 
a 2.4-fold decrease in m6A levels for LNCaP cells and a 3.9-
fold decrease for PC3 cells. 

 

 

Figure 2: m6A percentage in a) PC3 and b) LNCaP cells 
after treatment with hydroxychloroquine (*P < 
0.0001). c) Relative m6A level of control cells to PC3 
and LNCaP cells after hydroxychloroquine treatment 
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Discussion  
 
Given the absence of evidence regarding the 

relationship between HCQ and m6A, it was aimed to 
investigate this association using two distinct subtypes of 
prostate carcinoma cells. Androgen dependency is a 
crucial characteristic of prostate carcinoma that 
significantly influences treatment outcomes [2]. In this 
study, PC3 and LNCaP cell lines were employed, 
representing androgen-independent and androgen-
dependent human prostate cancer cell lines, respectively. 
PC3 cells are derived from bone metastases and display 
highly aggressive behavior, which contrasts with the 
behavior seen in most clinical cases of prostate cancer. 
Conversely, LNCaP cells originate from lymph node 
metastases and exhibit a biologically slower behavior, 
consistent with most cases observed in clinical settings 
[27,28]. Because of these differences and the varying 
effects of drugs on the subtypes, both cell lines were used 
in this study to provide a comprehensive approach. 

Over the past few decades, Hydroxychloroquine (HCQ) 
has emerged as a compelling candidate for cancer 
therapy, showcasing its remarkable capacity to impede 
the process of autophagy. This unique characteristic has 
brought HCQ to the forefront of research in the field of 
oncology, where it has garnered significant attention for 
its potential anti-cancer properties across a range of 
cancer types, including prostate cancer [15,16]. It 
influences how lysosomes break down proteins by altering 
the pH level and encourages the accumulation of LC3 and 
P62 proteins in autophagy bodies [29,30]. The inhibition 
of autophagy by HCQ has been shown to sensitize tumors 
to previously resistant treatment regimens or enhance the 
response to existing treatments [18,19]. In a study 
investigating the effect of the combination of HCQ with an 
apoptosis inhibitor on prostate cancer cells, it was shown 
that the combination of the drugs increased cytotoxicity 
in prostate cancer in vitro and in vivo. The modulation of 
reactive oxygen species was suggested as a potential 
mechanism for the increased cytotoxicity due to 
autophagy inhibition [20]. In an in vivo study, researchers 
have shown that HCQ also inhibits autophagy in 
castration-resistant prostate cancer cells and stated that 
cellular apoptosis is induced as a result of inhibition [21]. 
Numerous investigations have delved into the potential 
applications of HCQ in the realm of cancer, with a 
particular emphasis on its connection to the intricate 
autophagy process. However, despite the substantial 
body of research in this area, there remains a notable 
dearth of studies scrutinizing the interplay between HCQ 
and the m6A mechanisms, which are critical in the 
regulation of gene expression and post-transcriptional 
modifications [4,5]. Considering this research gap, our 
study aimed to investigate this effect in prostate cancer 
cells. At first, the effect of HCQ on cellular proliferation 
was investigated and the concentration to be used for the 
m6A test was determined. WST-1 assay data revealed that 
HCQ had dose- and time-dependent anti-proliferative 
effects on both PC3 and LNCaP cells. Importantly, it was 

found to have no toxic effect on normal prostate cells, 
indicating that HCQ could be safely used in the study. The 
IC50 concentration of the drug was determined for both 
cell lines and found to be fairly close to each other as, 44,9 
μM for PC3 and 52 μM for LNCaP cells when treated for 
72 hours. Consequently, these concentrations of HCQ 
were applied to the cells for the specified time period 
before conducting the m6A assay. 

Within the context of prostate cancer, the study of 
m6A-related genes has gained substantial attention, 
primarily due to their pivotal roles in numerous aspects of 
cancer, encompassing the initiation of the disease, its 
relentless progression, and the critical influence they 
exert on responses to therapeutic interventions. [11–
13,31]. Dysregulated m6A modification machinery has 
been found to impact the expression of genes associated 
with cell migration, invasion, epithelial-to-mesenchymal 
transition, leading to enhanced metastatic potential, and 
genes linked to drug metabolism, DNA repair, and cellular 
survival, contributing to resistance to therapeutic 
interventions [11,12]. Furthermore, altered m6A 
modifications in genes regulating AR expression and 
activity can influence AR mRNA stability and translation 
efficiency, thereby affecting AR signaling and contributing 
to prostate cancer progression. Studies have shown that 
m6A methylases METTL3 and METTL14 are upregulated in 
prostate cancer, and their overexpression promotes 
cancer cell proliferation and invasion. Additionally, the 
downregulation of the demethylase FTO has been 
observed, correlating with increased tumor growth and 
aggressiveness [13,14]. Altered expression of the m6A 
reader YTHDF2 has also been reported, with its loss being 
associated with poor patient survival. These findings 
suggest that m6A levels are elevated in prostate cancer. 
These findings collectively point to a pronounced 
elevation in m6A levels within the context of prostate 
cancer [11,12]. This emerging understanding underscores 
the complexity of the m6A regulatory network and its 
profound impact on the clinical landscape, offering a 
promising avenue for further investigations into the 
molecular intricacies of the disease and the development 
of potential therapeutic strategies. When LNCaP and PC3 
cells were treated with HCQ, a decrease in the total m6A 
level was observed. Specifically, the m6A level exhibited a 
2.4-fold decrease in LNCaP cells, while a 3.9-fold decline 
was observed in PC3 cells. This outcome implies that one 
of the anti-carcinogenic mechanisms of action of HCQ in 
prostate cancer may involve the disruption of m6A 
regulations. It's even conceivable that the m6A 
modification machinery is more dysregulated in PC3 cells 
compared to LNCaP cells. The fact that HCQ had a more 
pronounced effect on PC3 cells may suggest that it 
interferes with m6A modifications in genes associated 
with cell movement, invasion, DNA repair, or cell survival, 
as opposed to genes controlling AR regulation. 

Autophagy and m6A (N6-methyladenosine) are two 
distinct biological processes that play important roles in 
cellular function and regulation. Intriguingly, the interface 
between autophagy and m6A has garnered attention, as 
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various m6A writers and erasers have been identified as 
pivotal players in regulating autophagy-related processes 
[32,33]. For example, several m6A writers and erasers 
have been found to regulate autophagy-related 
processes. Inhibition of the m6A writer METTL3 was 
shown to promote autophagy and enhance cellular 
response to nutrient deprivation [34,35], while the 
inhibition or downregulation of the m6A erasers ALKBH5 
and FTO were found to inhibit autophagy under specific 
conditions [36,37]. m6A modification on specific mRNAs 
such as ATG5 or ATG7 can affect their stability and 
translation, thereby modulating the levels of autophagy-
related proteins [36]. Additionally, m6A modification has 
been linked to the regulation of the autophagy-related 
kinase ULK1, a key initiator of the autophagy process 
[38,39]. The intricate crosstalk between autophagy and 
m6A modifications continues to be an evolving area of 
research, with the precise underlying mechanisms still 
unraveling [32,33]. Although the precise mechanisms 
underlying the interplay between autophagy and m6A are 
still being elucidated, these findings suggest that m6A 
modification can influence autophagy and, in turn, 
autophagy-related processes can impact the m6A 
landscape.  

HCQ, in this context, emerges as a notable player. HCQ 
has demonstrated considerable promise as an autophagy 
inhibitor, a property that has been substantiated in 
preclinical studies and some clinical trials [22–25]. 
However, it has not been extensively explored in the 
context of m6A modifications until now. This dual role of 
HCQ, as an autophagy modulator and its potential 
connection to m6A modifications, exemplifies the 
multifaceted nature of this drug and its significance in the 
broader landscape of cancer and cellular regulation 
research. As the exploration of these interrelated 
processes unfolds, it promises to open up novel avenues 
for therapeutic interventions and a deeper understanding 
of the intricate biology governing both normal and 
diseased cellular states. Our results reveal that the m6A 
level in prostate cancer cells is significantly reduced when 
treated with HCQ. This observation could suggest that 
autophagy is inhibited due to m6A modifications, or it 
could mean that the m6A level changes because of 
autophagy inhibition. In either case, these findings hint at 
a new dimension for research involving HCQ. It's crucial to 
recognize that the field of m6A research is continuously 
evolving. To gain a comprehensive understanding of the 
intricate connection between HCQ and m6A modification 
in cancer biology, extensive research, including 
investigations into m6A regulatory proteins, is necessary. 
These studies will provide insights into the magnitude and 
functional implications of this relationship, offering 
valuable contributions to cancer research. 
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