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ABSTRACT

Benign Prostatic Hyperplasia (BPH) is a common age-related condition that results in the enlargement of the
prostate gland, leading to symptoms such as frequent urination and urinary retention. While the pathogenesis
of BPH has traditionally been linked to hormonal changes, recent studies have uncovered the crucial role of
epigenetic alterations in its development. Epigenetic mechanisms such as DNA methylation, histone
modifications, and non-coding RNAs regulate gene expression without altering the DNA sequence, influencing
key biological processes such as cell growth, differentiation, and apoptosis. This review focuses on the impact of
DNA methylation and histone modifications in BPH pathogenesis, with an emphasis on their potential as
therapeutic targets. Understanding the molecular underpinnings of BPH at the epigenetic level provides
valuable insights into the development of novel diagnostic and therapeutic strategies for this prevalent
condition.
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INTRODUCTION

Benign Prostatic Hyperplasia (BPH) is a prevalent and significant medical condition among aging men, marked
by the non-cancerous enlargement of the prostate gland[1, 27. This condition often manifests as a range of
bothersome lower urinary tract symptoms (LUTS), including urinary frequency, urgency, weak stream,
nocturia, and in some cases, complete urinary retention[ 3, 47]. These symptoms, which tend to worsen with age,
significantly impair the quality of life and are often accompanied by a variety of psychological consequences such
as stress, anxiety, and depression. With the aging global population, BPH is projected to affect an increasing
number of men, making it a growing public health concern[5]. The pathogenesis of BPH is complex and
multifactorial, with several factors contributing to its onset and progression. Historically, the primary focus has
been on the role of androgens, particularly dihydrotestosterone (DHT), a potent androgen derived from
testosterone via the action of the enzyme 5a-reductase. DHT has long been known to stimulate prostate growth
and has been implicated in the development of BPH through its effects on prostate tissue[6, 7]. DHT binds to
androgen receptors in prostate cells, initiating a cascade of signaling pathways that promote cell proliferation,
survival, and the enlargement of the prostate[87. As a result, androgen deprivation therapies, such as 50-
reductase inhibitors, have been used for decades as first-line treatments for BPH, offering symptomatic relief by
reducing DHT levels and slowing prostate growth. However, despite the significant role of androgens in BPH,
recent advances in molecular biology have illuminated additional layers of regulation that influence prostate
tissue changes. Specifically, emerging research has highlighted the importance of epigenetic mechanisms in the
development and progression of BPH. Epigenetics refers to the heritable changes in gene expression or cellular
phenotype that do not involve alterations to the underlying DNA sequence[97]. These modifications can occur
at the level of DNA, histones, and non-coding RNAs, providing a sophisticated regulatory layer that can
modulate gene activity in response to various environmental and physiological stimuli. Epigenetic changes can
affect cellular processes such as gene expression, DNA repair, and cell differentiation, which in turn can influence
prostate cell function and contribute to the pathogenesis of BPH[107.

One of the most well-studied epigenetic modifications is DNA methylation, which involves the addition of a
methyl group to the 5' position of cytosine residues in CpG dinucleotides. DNA methylation can repress gene
expression by preventing the binding of transcription factors or by recruiting methyl-binding proteins that
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inhibit transcription. Aberrant DNA methylation patterns have been implicated in the development of various
diseases, including cancer and BPH[117. In the prostate, abnormal DNA methylation of genes involved in cell
cycle regulation, apoptosis, and androgen signaling has been observed in BPH tissue, suggesting that these
changes may contribute to the excessive prostate growth characteristic of the condition. Moreover, DNA
methylation changes in response to environmental factors, such as diet, lifestyle, and aging, may further
exacerbate the risk of BPH in susceptible individuals["127].
In addition to DNA methylation, histone modifications play a crucial role in regulating gene expression.
Histones are proteins that package DNA into a condensed structure called chromatin, and their post-
translational modifications can influence the accessibility of DNA to the transcriptional machinery[137.
Common histone modifications include acetylation, methylation, phosphorylation, and ubiquitination, each of
which can either activate or repress gene expression depending on the specific modification and its location
within the gene. For example, histone acetylation is generally associated with gene activation, as it relaxes the
chromatin structure, allowing greater access to transcription factors. Conversely, histone methylation can be
either activating or repressive, depending on the specific context[ 147]. Alterations in histone modifications have
been shown to play a role in various diseases, including prostate cancer and BPH. In BPH, changes in histone
acetylation and methylation patterns have been linked to the dysregulation of genes involved in cell
proliferation, apoptosis, and inflammation. These changes may contribute to the abnormal cellular behavior
observed in BPH, promoting the enlargement of prostate tissue and the development of LUTS[15].
Furthermore, the role of non-coding RNAs, including microRNAs (miRNAs) and long non-coding RNAs
(IncRNAs), has garnered increasing attention in the context of BPH. These non-coding RNAs do not code for
proteins but regulate gene expression at the transcriptional and post-transcriptional levels[167]. MiRNAs are
small, 20-24 nucleotide long RNAs that bind to messenger RNAs (mRNAs) to prevent their translation or
promote their degradation. Several miRNAs have been identified as key regulators of prostate cell function, and
their expression levels are often altered in BPH. For instance, miRNAs that target genes involved in cell cycle
regulation, apoptosis, and inflammation may play critical roles in the development of BPH by modulating
prostate cell behavior[177]. Similarly, IncRNAs, which are longer non-coding RNAs, have been shown to
regulate gene expression through various mechanisms, including chromatin remodeling, transcriptional
interference, and miRNA sponging. In BPH, the dysregulation of IncRNAs may contribute to the abnormal
growth and function of prostate cells. Given the emerging evidence linking epigenetic modifications to BPH,
there is a growing interest in understanding how these changes contribute to the disease process and how they
might be targeted for therapeutic intervention. The ability to reverse or modulate epigenetic changes holds
significant promise for developing novel treatments for BPH, particularly for patients who do not respond
adequately to current androgen-based therapies. By exploring the intricate network of DNA methylation,
histone modifications, and non-coding RNA regulation, this review aims to provide a comprehensive overview
of the epigenetic mechanisms involved in BPH and their potential as therapeutic targets. Through this in-depth
analysis, we seek to shed light on the complex molecular landscape of BPH and offer insights into how epigenetic
regulation may play a pivotal role in the pathogenesis and progression of this common and debilitating
condition.

DNA Methylation in BPH
DNA methylation is a biochemical process in which a methyl group is added to the 5-position of cytosine residues
in CpG dinucleotides, an event that can significantly influence gene expression[ 187. This modification is crucial
for normal cellular functions, including gene regulation, genomic stability, and X-chromosome inactivation.
However, when this process is disrupted, it can lead to aberrant gene expression, contributing to the
development of various diseases, including cancers and benign prostatic hyperplasia (BPH). In particular, DNA
methylation plays a significant role in the development and progression of BPH by altering the expression of
genes that control critical cellular processes such as cell proliferation, differentiation, and apoptosis[197. In the
context of BPH, DNA methylation alterations primarily affect the promoter regions of genes responsible for
regulating the cell cycle and programmed cell death. One of the most common forms of DNA methylation
alteration in BPH is hypermethylation, particularly of tumor suppressor genes like CDKN2A (which encodes
p16INK4a) and PTEN (phosphatase and tensin homolog)[207. Both CDKN2A and PTEN are crucial regulators
of the cell cycle and apoptosis. CDKN2A encodes a protein that inhibits cyclin-dependent kinases, preventing
uncontrolled cell cycle progression, while PTEN acts as a tumor suppressor by antagonizing the PISK-ART
signaling pathway, which is often activated in cancerous growths. The methylation-induced silencing of these
genes in BPH can result in the loss of control over cell proliferation, leading to an excessive growth of prostate
tissue, a characteristic feature of BPH[217].
Another significant aspect of DNA methylation in BPH is the hypomethylation of genes involved in
inflammatory processes. For instance, the NF-kB pathway, which is crucial for inflammation and immune
response, can be upregulated in BPH due to hypomethylation of associated genes. NI*-kB is known to contribute
to the inflammatory environment in various tissues, including the prostate, and prolonged inflammation is a
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well-established factor in the enlargement of prostate tissue[227. The activation of inflammatory pathways
through DNA hypomethylation may, therefore, exacerbate the progression of BPH by creating a favorable
environment for abnormal cell growth and tissue remodeling.
The DNA methylation changes observed in BPH are not solely the result of intrinsic genetic mutations but are
also influenced by environmental and lifestyle factors. Studies suggest that factors such as diet, smoking, and
exposure to certain chemicals can contribute to alterations in DNA methylation patterns, thus influencing the
development and progression of BPH. For example, diets rich in specific nutrients such as folate, which is
essential for DNA methylation, may impact the methylation status of critical genes[237. This underscores the
importance of lifestyle interventions as potential strategies for modifying disease risk. By promoting healthier
diets and reducing exposure to environmental toxins, it may be possible to mitigate the impact of aberrant DNA
methylation on BPH.
Research into DNA methylation biomarkers holds significant promise for improving the early diagnosis,
prognosis, and monitoring of BPH. As our understanding of the specific methylation changes associated with
BPH deepens, it may become possible to develop diagnostic tools that identify methylation alterations as early
indicators of the disease. These biomarkers could also be used to track disease progression and evaluate the
effectiveness of therapeutic interventions, offering a more personalized approach to BPH management[247. In
sum, DNA methylation plays a pivotal role in the development of BPH by modulating the expression of genes
that regulate cell growth, apoptosis, and inflammation. The identification of specific methylation changes in
BPH may not only enhance our understanding of the disease's molecular mechanisms but also provide new
opportunities for early diagnosis, risk assessment, and personalized treatment strategies. Moreover, lifestyle
changes that influence DNA methylation could offer promising avenues for preventing or slowing the
progression of BPH.

Histone Modifications in BPH
Histone modifications refer to the post-translational changes that occur on histone proteins, which form the
structural components of chromatin. These modifications, including acetylation, methylation, phosphorylation,
and ubiquitination, regulate chromatin structure and gene expression. In the context of BPH, histone
modifications play a crucial role in regulating genes involved in prostate cell proliferation, differentiation, and
apoptosis[257]. Histone acetylation is often associated with gene activation. Increased acetylation of histones,
particularly at the promoter regions of growth factors such as VEGF (vascular endothelial growth factor) and
EGF (epidermal growth factor), has been linked to enhanced cell proliferation and angiogenesis in BPH. On the
other hand, histone methylation can either activate or repress gene expression depending on the specific methyl
group added and the location of the modification. For example, trimethylation of histone H3 lysine 4 (H3K4me3)
is generally associated with gene activation, while trimethylation of histone H3 lysine 27 (H3K27me3) is
associated with gene silencing[267]. The balance between acetylation and methylation in the prostate gland is
critical for maintaining normal prostate tissue homeostasis. Dysregulation of these modifications can lead to the
abnormal growth of prostate cells, contributing to the development and progression of BPH. Targeting histone-
modifying enzymes, such as histone deacetylases (HDACs) and histone methyltransferases, may offer promising
therapeutic strategies for managing BPH.

Non-Coding RNAs in BPH

In addition to DNA methylation and histone modifications, non-coding RNAs (ncRNAs), particularly
microRNAs (miRNAs), have emerged as crucial regulators in the pathogenesis of benign prostatic hyperplasia
(BPH). These small RNA molecules, typically 20-24 nucleotides in length, do not encode proteins but instead
regulate gene expression at the post-transcriptional level. miRNAs exert their influence by binding to
complementary sequences on messenger RNAs (mRNAs), thereby either inhibiting translation or promoting
mRNA degradation[277]. Through these mechanisms, miRNAs contribute to the regulation of various cellular
processes, including cell differentiation, proliferation, apoptosis, and inflammation—all of which are critical in
BPH development[27, 287. BPH is a common condition characterized by the non-cancerous enlargement of the
prostate gland, often leading to urinary symptoms. The pathophysiology of BPH is complex and involves an
imbalance between pro-growth and anti-growth signals in prostate cells, leading to the abnormal proliferation
and survival of cells within the prostate. Evidence suggests that dysregulation of miRNA expression plays a
significant role in driving these pathological changes. For instance, miR-21 has been implicated in promoting
cell survival and proliferation in BPH. It targets several tumor suppressor genes, including PTEN (phosphatase
and tensin homolog) and PDCD4 (programmed cell death 4), both of which are involved in regulating cell cycle
progression and apoptosis[287. The downregulation of these tumor suppressors by miR-21 results in the
enhanced proliferation of prostate cells, a hallmark of BPH. Elevated levels of miR-21 have been observed in
both prostate tissues and serum samples of patients with BPH, indicating its potential as a diagnostic biomarker.
In addition to miR-21, other miRNAs, such as miR-155 and miR-146a, have been found to play important roles
in the inflammatory processes associated with BPH[297. Chronic inflammation is a significant contributor to
the pathogenesis of BPH, as it promotes the recruitment of immune cells and the release of pro-inflammatory
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cytokines that stimulate prostate cell proliferation. miR-155 is known to modulate the expression of several
genes involved in inflammation, including components of the NF-kB signaling pathway, which regulates
immune responses[ 30 ]. Overexpression of miR-155 in BPH has been linked to the amplification of inflammatory
signaling, thus exacerbating prostate tissue inflammation and contributing to the disease's progression.
Similarly, miR-146ais involved in regulating immune responses by targeting genes like TRAF6 (TNF receptor-
associated factor 6) and IRAK1 (interleukin-1 receptor-associated kinase 1), which are key mediators of the
inflammatory response. In BPH, increased levels of miR-146a may further exacerbate inflammation and promote
the development of prostate enlargement by enhancing the activation of inflammatory pathways[317].
The study of non-coding RNAs in BPH is a rapidly expanding area of research, offering valuable insights into
the molecular mechanisms underlying the disease. By identifying miRNAs that are differentially expressed in
BPH tissues, researchers are uncovering potential biomarkers for early diagnosis and prognosis.[31]
Furthermore, the therapeutic targeting of specific miRNAs offers the possibility of novel treatment strategies
for BPH. For example, miRNA-based therapies that either inhibit the expression of pro-proliferative miRNAs
like miR-21 or restore the function of tumor suppressor miRNAs could potentially halt or reverse the
pathological changes seen in BPH. Overall, the involvement of non-coding RNAs, particularly miRNAs, in BPH
underscores the complexity of gene regulation in prostate tissue. As our understanding of the molecular
landscape of BPH continues to grow, it is likely that ncRNAs will play an increasingly important role in the
development of more effective diagnostic and therapeutic approaches for this common prostate condition.
Epigenetic Modulation as a Therapeutic Strategy
Given the significant role of epigenetic alterations in the pathogenesis of BPH, targeting these modifications
presents a promising strategy for developing new treatments[327]. DNA methyltransferase inhibitors, histone
deacetylase inhibitors, and small molecules that target histone methyltransferases are all potential therapeutic
approaches for modulating the epigenetic landscape of BPH. Additionally, the use of miRNA-based therapies to
restore normal gene expression patterns offers a novel approach to managing the disease[327. Current
treatment options for BPH, such as alpha-blockers and 5-alpha-reductase inhibitors, focus on modulating
hormonal pathways, but these therapies often come with side effects. Epigenetic therapies, which target the
molecular mechanisms underlying prostate cell growth and survival, may provide more effective and targeted
treatments with fewer side effects. However, further research is needed to better understand the clinical
implications of these epigenetic changes and to identify specific biomarkers that can guide therapy.
CONCLUSION
Epigenetic alterations, including DNA methylation and histone modifications, play a crucial role in the
development and progression of BPH. These modifications regulate key genes involved in prostate cell
proliferation, differentiation, and apoptosis, offering potential therapeutic targets for the disease. Further
research into the epigenetic mechanisms underlying BPH will provide valuable insights into its pathogenesis
and pave the way for the development of more targeted and effective treatments. Understanding the interplay
between epigenetics and other factors such as hormones, inflammation, and genetics will be key to advancing
our knowledge of BPH and improving patient outcomes.
Future Directions
Future studies should focus on the development of non-invasive biomarkers based on epigenetic changes to
improve the early diagnosis and monitoring of BPH. Additionally, clinical trials evaluating the efficacy of
epigenetic-modulating therapies in BPH are necessary to determine their therapeutic potential. Understanding
the interactions between various epigenetic modifications and other molecular pathways in prostate cells will
enhance the precision of BPH treatments, leading to personalized approaches for managing this prevalent
condition.
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