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Abstract
G-quadruplexes  (G4s)  are  structurally  unique,  four-stranded  nucleic  acid  formations
composed  of  guanine-rich  sequences  stabilized  by  Hoogsteen  hydrogen  bonds.  These
highly stable secondary structures have emerged as vital regulatory elements in DNA and
RNA  metabolism,  where  they  support  genomic  stability,  telomere  integrity,  and
transcriptional  control.  Their  regulation depends on G4 helicases -  specialized enzymes
that unwind G4 structures using energy derived from nucleoside triphosphate hydrolysis to
ensure  proper  cellular  function.  Among  them,  DEAH-box  helicase  36  (DHX36)  is  a
principally essential G4 helicase in human cells, capable of resolving G4s in DNA and RNA.
Its  activity  is  critical  for  preserving  genomic  integrity  and  regulating  broader  cellular
processes,  underscoring  its  potential  impact  on  human  health  and  disease.  This
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review  synthesizes  computational  and  experimental  approaches  to  discuss  the  interplay  within  the
DHX36-N6-methyladenosine  (m6A)-G4 axis  and its  role  in  RNA regulation  and cancer  genetics  or  epigenetics,
where it post-transcriptionally controls the expression of chromatin-modifying enzymes and oncogenic transcripts. It
examines the axis’s diverse activities, including roles in spermatogenesis, antiviral defense, and muscle development,
and  its  regulatory  effects  in  both  normal  physiological  and  diseased  states.  The  computational  identification  of
DHX36’s target G4 structures, combined with experimental methods, is crucial for advancing our understanding of
its biological functions and disease mechanisms. This approach enhances the accuracy of target recognition and
provides insights into the complex interactions within cellular processes that DHX36 may influence.

INTRODUCTION
G-quadruplexes (G4s) are highly stable, four-stranded secondary structures formed by tetrads of

guanine-rich sequences in DNA and RNA
[1]

. These distinctive configurations arise through pairing

neighboring guanine bases via Hoogsteen hydrogen bonds, which are further stabilized by monovalent

cations positioned within a central G4 cavity
[2]

. G4s are widely distributed in prokaryotic and eukaryotic

genomes, playing essential roles in telomere maintenance, nucleic acid metabolism, and genomic integrity

preservation
[1]

. Numerous studies have notably reported the formation of G4 structures common in the

promoter region of key regulatory genes such as MYC proto-oncogene (c-MYC), vascular endothelial growth

factor (VEGF), and hypoxia-inducible factor 1 subunit alpha (HIF1A), where they are hypothesized to

influence gene expression
[3,4]

. In mitochondrial DNA, transcription initiates in the D-loop, spanning the

entire genome and generating an abundance of guanine-enriched non-coding (nc) RNA transcripts that are

thus prone to G4 formation
[5]

. Emerging studies have indicated that these mitochondrial G4 structures,

alongside guanine-rich RNA-binding factor 1 sequences, are believed to participate in post-transcriptional

regulation within RNA granules, highlighting their potential intracellular regulatory roles
[6]

.

The stability and widespread presence of G4s have garnered interest due to their role in human health and

disease. G4s are linked to various conditions, such as cancer, neurodegenerative diseases, and developmental

issues, where they can disrupt normal cell functions. As a result, G4-resolving helicases, such as DEAH-Box

Helicase 36 (DHX36), are essential for rebuilding cellular structures and possibly influencing disease

pathways related to G4s. When DHX36 interacts with messenger RNA (mRNA) transcripts, it causes

structural changes, especially in the 3’-untranslated region (3’ UTR) regions rich in N6-methyladenosine

(m6A) modifications and closely linked to YT521-B homology (YTH) N6-methyladenosine RNA binding

protein F1 (YTHDF1) binding. These structural shifts may help YTHDF1 bind to m6A sites and promote

RNA degradation
[7]

.

m6A proteins regulate RNA through m6A, the most prevalent internal modification in eukaryotic RNA.

They are categorized as writers (methyltransferases that add m6A), erasers (demethylases that remove it),

and readers (proteins that recognize m6A to modulate RNA behavior)
[8,9]

. These proteins influence gene

expression by affecting splicing, stability, translation, and degradation. Writers catalyze the addition of m6A,

while erasers remove it, rendering the process reversible. Readers, including YTH domain proteins

(YTHDC1, YTHDC2, and YTHDF1-3), Heterogeneous nuclear ribonucleoproteins (HNRNPs), and

Insulin-like growth factor 2 mRNA-binding proteins (IGF2BPs), bind to m6A-modified RNA to mediate

their effects
[10]

. They influence RNA from synthesis through degradation, especially concerning stability,

translation, splicing, and export. Abnormal m6A modifications and dysregulation of these proteins are
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associated with diseases such as cancer and viral infections.

G4 helicases are essential for nucleic acid metabolism, mediating processes such as replication, repair,

recombination, transcription, and translation
[11]

. These enzymes aid in actively unwinding G4 structures,

positing them as crucial regulators in G4-mediated gene regulation
[12,13]

. DNA- and RNA-G4s are substrates

for members of the Asp-Glu-x-His (DExH) Box resolvase enzyme family, exhibiting high specificity for G4

structures
[14]

. DHX36 - also known as DDX36, RHAU (RNA helicase associated with AU-rich element),

KIAA1488, G4R1, and MLEL1 - has emerged as a central player
[15-17]

. DHX36 encodes a 1008 amino acid

protein with an approximate molecular weight of 114,760 Da, homologous to the Drosophila [maleless

(MLE)/MLE-like protein 1 (MLE1)] gene
[15]

. As with other helicases, DHX36 exhibits adenosine triphosphate

(ATP)-dependent G4 unwinding activity in both DNA and RNA. It was initially identified as G4 resolvase-1

due to its specificity for G4 substrates in human cells
[12,18]

. Structurally, DHX36 was also categorized as a

RHAU
[19]

, but later, functional and crystallographic studies further refined its classification to DHX36
[20]

.

These later studies, including those by Chen et al.
[21]

, narrowed their composition to a 440-amino-acid RNA

helicase core region and a 105-amino-acid RHAU-specific motif (RSM) that facilitates direct RNA

binding
[22]

. Heddi et al.
[23]

 also described that an 18-amino acid core sequence within the RSM is essential for

G4 interaction with G4s.

This comprehensive review will analyze the intricate genetic and epigenetic mechanisms of the

DHX36-m6A-G4 axis and its important implications for human health and disease, especially its role in

cancer development. The connection between this axis and cancer underscores the urgent need for further

research. Moreover, the review aims to offer valuable insights into future research directions for DHX36 and

its potential to influence new therapeutic approaches.

G-QUADRUPLEXES IDENTIFICATION AND THEIR SMALL MOLECULE LIGANDS
G-Quadruplexes (G4s) are nucleic acid structures formed by guanine-rich sequences that consist of

G-quartets connected by linked loop nucleotides, acting as regulators of nucleic acid metabolism
[24,25]

. Initially

identified in a groundbreaking 1962 study, the formation of G4 tetrameric structures was documented due to

their unique composition
[26]

. Since then, they have become a focus in medicinal chemistry due to their

noteworthy structural properties and functional significance in various biological health processes and

diseases
[27,28]

. Each G-tetrad comprises a square-planar arrangement of four guanine bases that form

quartets
[29]

 and is stabilized through Hoogsteen-style hydrogen bonding. This facilitates stacking interactions

among two or more G-tetrads to form G4s, which are further stabilized by cations such as K
+
, Na

+
, and

Li
+[5,25,30]

. Adjacent guanine bases connect via the hydrogen bonds, which occur via the guanine bases’ N1, N7,

O6, and N2 atoms. The topological variability of G4s, driven by differences in G-tract orientations and loop

arrangements, plays a substantial role in modulating G4-mediated biological functions
[30]

 [Figure 1].

DNA-G4s: Within the human genome, DNA-G4s are highly prevalent, with early computational analyses

estimating an extensive array of potential quadruplex-forming sequences (PQS). The first attempt to

compute  the  number  of  G4s  in  the  human  genome  predicted  up  to  375,000  PQSs  via  a

machine-learning-based algorithm (Huppert and Balasubramanian, 2005). Later, Chambers et al.
[31]

employed high-throughput G4-sequencing (G4-seq) to analyze purified human DNA with ligand stabilizers,

uncovering ~700,000 PQS - an increase of ~350,000 PQS more than prior computational estimates,

attributable mainly to non-canonical G4s, such as bulged and long-looped structures, that were previously

missed. Moreover, Hänsel-Hertsch et al.
[32]

 employed chromatin immunoprecipitation sequencing

(ChIP-seq) with an anti-G4 antibody to map approximately 1,000-10,000 PQS in the human genome.

Marsico et al.
[33]

 expanded this mapping to multiple species, revealing that G4 enrichment in gene promoters

is distinct from mammals, such as humans and mice.
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Figure 1. G-quadruplex (G4) structure and topologies. (A) The nucleotide sequence of the G4 motif; (B) Schematic of topologies of G4s.

RNA-G4s: RNA-G4s are similarly enriched in the human transcriptome, forming diverse structural layers

despite their single-stranded nature. Using RNA-G4 sequencing (RNA-G4-seq), extensive in vitro maps of

G4 structures have been characterized in RNA from HeLa cells
[34]

. Eukaryotic systems are equipped with

robust machinery that globally unfolds RNA-G4s, whereas some bacterial species exhibit a noticeable

depletion of G4-forming sequences
[35]

. Given the single-stranded nature of RNA, RNA-G4s can form

intramolecular or intermolecular interactions, establishing two or more stacked layers of G-quartets
[36]

. They

are involved in essential cellular processes, including telomere maintenance and the regulation of gene

expression. Additionally, RNA-G4s modulate splicing and polyadenylation in pre-mRNA processing and

translation
[37]

, as stated in Tumor Protein P53 (TP53)
[38]

, NRAS Proto-Oncogene (NRAS)
[39]

, the apoptosis

regulator Bcl-2 (BCL2)
[40]

, the estrogen receptor-α[41]
, and membrane-type matrix metalloproteinases

[42]
.

G4s identification: The structure of G4 and its interaction with small molecules have been explored through

computational and experimental methods. Several algorithms, including quadruplex forming G-rich

sequences (QGRS) Mapper, QuadParser, and G4 Hunter, predict the potential for G4 formation in DNA.

Recent tools, including G4Boost, G4ShapePredictor, and precise exploration of nuclear G4s using

interpretable neural networks (PENGUINN), utilize machine learning to enhance prediction accuracy by

considering sequence composition, structural topology, and thermodynamic stability. Experimental

validation typically compares wild-type G4 sequences with their mutated forms, especially G-to-A

substitutions. G4Killer, an online tool, illustrates the combination of computational predictions with

experimental design, enabling researchers to reduce G4 propensity while maintaining sequence integrity.

These advancements underscore the increasing collaboration between bioinformatics and molecular biology

in elucidating the complexities of G4 structures. The computational tools for G4 studies are presented in

Supplementary Table 1 and have been thoroughly reviewed by Puig Lombardi and Londoño-Vallejo
[43]

, Kikin

et al.
[44]

, and Bedrat et al.
[45]

. Several biophysical and biochemical methods have validated the computational

prediction of G4s. Among these techniques are fluorescence resonance energy transfer (FRET), surface
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plasmon resonance technology, electrophoretic mobility shift assays (EMSA), circular dichroism (CD), and

others, as reviewed by Kwok and Merrick
[24]

 and summarized in Supplementary Table 2.

G4s-small molecule ligands: In recent years, the functional relationship between telomeres, oncogenes,

and cancer has driven significant interest in identifying potential G4 ligands that can be leveraged

for disease control, particularly in cancer therapies (Balasubramanian and Neidle 2009). The understanding

of helicases’ action on G4s has led to the development of numerous small molecules designed to stabilize G4

structures, impacting nucleic acid metabolism and opening pathways for therapeutic strategies
[46]

.

Notable G4-stabilizing ligands include AS1410, CX-5461, BRACO-19, C066-3108, CM03, MM41,

pyridostat in,  RHPS4,  te lomestat in,  quarf loxin,  and

5,10,15,20-tetrakis(1-methylpyridin-1-ium-4-yl)-21,23-dihydroporphyrin (TMPyP4), as shown in

Supplementary Table 3. These ligands are capable of recognizing G4s. They can influence numerous

regulatory processes critical to health and disease management, such as glioblastomas, lung cancer, and acute

myeloid leukemia.

THE GENETIC AND EPIGENETIC ROLES OF THE DHX36-M6A-G4 AXIS IN HEALTH
DEVELOPMENT
DHX36 enzymatically unwinds DNA-G4s and RNA-G4s, thereby regulating genomic stability, telomere

maintenance, and nucleic acid metabolism
[14]

. Through its targeting of G4 structures, DHX36 exhibits

significant biological potential and is implicated in various aspects of health development, including

spermatogenesis
[17,47]

 and the development of skeletal
[48,49]

, cardiovascular
[50]

, and neurological
[51]

 systems.

The DHX36-m6A-G4 axis is a core RNA post-transcriptional regulation system, which is an amalgamation

of RNA architecture and RNA adjustment to regulate gene expression. Instead of a set of loosely coupled

pieces, this axis works as a molecular switch that has a special helicase that coordinates the structure of the

RNA to allow epigenetic control of mRNA fate. The operational principle of this axis is that it is a sequential

and interdependent process where the helicase activity of DHX36 is used to open up the structural form of

RNA-G4 structures, thus regulating the stability and eventual fate of target mRNAs by determining the

accessibility of m6A epigenetic marks to their reader proteins
[7]

.

The process begins with the formation of stable RNA-G4 structures in guanine-rich regions of RNA, which

act as physical barriers that block other regulatory factors
[52]

. These four-stranded structures, especially those

found in 3’ UTR regions, can block an access site of possible modifications that would otherwise dictate RNA

fate. DHX36 is the specific initiator of the above cascade, and its binding and unwinding of RNA-G4

structures have an unusually high affinity. DHX36 breaks these stable conformations using its

ATP-dependent helicase activity, which establishes a critical remodeling of the target RNA that results in an

open and accessible conformation. This unwinding effect is most intense in the 3’ UTR region of the

mRNAs, as the regulatory elements are often located there.

This structural remodeling leads to the critical interdependence of the DHX36 activity and the

m6A-mediated regulation. DHX36 unwinding makes m6A modifications accessible in the lapsed RNA

structure, which was previously concealed by the folded RNA structure. The exposure facilitates the binding

of YTHDF1, which is a major m6A reader protein, to its target sites with a high affinity. In the absence of

unwinding by DHX36, YTHDF1 is unable to identify the m6A marks effectively, so the epigenetic

modification remains functionally silent even in the presence of the chemical modification. The authoritative

selection of RNA fate depends on the binding of YTHDF1 to the now-accessible m6A site, which mainly

facilitates the destruction of the target mRNA by recruiting cellular decaying machinery. Thus, DHX36
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becomes a molecular switch, the presence of which leads to remodeling of specific mRNAs and their

subsequent degradation by YTHDF1, resulting in a decrease in the level of proteins they encode, which

directly affects cellular phenotypes and fate choices
[7]

.

This axis in the normal development and cellular activity is a specific tool of post-transcriptional control in a

crucial transition. The DHX36-m6A-G4 pathway allows an individual to quickly regulate the stability of

particular mRNAs in response to developmental signals, providing a pathway of reversible and dynamic

regulation of genes that complements transcriptional control. DHX36 is critical in maintaining the normal

regenerative capacity by regulating transcripts important in myogenic differentiation
[53,54]

. It is this rapid and

reversible control that allows this axis to precisely regulate protein synthesis during stem cell activation,

proliferation, and differentiation. Similarly, in embryonic development, structural remodeling of mRNA

stability provides cells with an effective means of carrying out intricate gene expression programs, with

spatial and temporal specificity. The following sections explore these biological functions in depth,

summarizing current research implicated with DHX36.

Reproduction and fertility

Spermatogenesis

Spermatogenesis is a highly complex developmental process essential for male fertility, comprising three key

stages: mitosis, meiosis, and spermiogenesis
[55]

. Initially, spermatogonial stem cells undergo proliferation,

leading to the formation of diploid spermatocytes. These cells subsequently enter meiosis I and II, resulting

in haploid spermatids, which are ultimately transformed into spermatozoa and stored in the epididymis
[17]

. It

has been previously reported that expression of DHX36 is exceptionally high in the human testis
[15]

,

suggesting a pivotal role in regulating spermatogenesis.

Recent studies have revealed the specific functions of DHX36 within this developmental context. Zhang et

al.
[56]

 postulated that DHX36 promotes the expression of critical proteins involved in spermatogenesis,

including SPO11 initiator of meiotic double strand breaks (SPO11), a key initiator of meiotic double-strand

breaks, and synaptonemal complex protein 1 (SYCP1), which is essential for the formation of the

synaptonemal complex in spermatocytes by unwinding the G4 motifs in their promoters and coding regions.

In parallel, Gao et al.
[47]

 proved that DHX36 may bind to DNA-G4 motifs in the KIT proto-oncogene (c-KIT)

promoter, facilitating its expression and promoting spermatogonial differentiation [Figure 2]. These findings

collectively highlight the critical role of DHX36 in meiotic initiation and progression, with its absence

leading to disrupted spermatogenesis and male infertility.

Several genes crucial for spermatogenesis have been identified with significant expression in testicular

tissues. These include testis-specific protein Y-linked 4 (TSPY4), leucine zipper protein 4 (LUZP4),

anomalous homeobox (ANHX), MAGE family member A4 (MAGEA4), and fibroblast growth factor

receptor 3 (FGFR3), as revealed by total RNA sequencing (RNA-seq) analyses conducted by Siebert-Kuss et

al.
[57]

. Further significant genes were recognized in spermatocytes, including ferritin heavy chain-like 17

(FTHL17), Synaptogyrin 4 (SYNGR4), aurora kinase A (AURKA), and ovo-like transcriptional repressor 1

(OVOL1). Other key players in the spermatogenesis process include transition protein 1 (TNP1), protamine

1 (PRM1), high mobility group box 4 (HMGB4), Cation channel sperm associated 3 (CATSPER3), and

tektin2 (TEKT2)
[17,58]

.

This section highlights the role of DHX36 in spermatogenesis, particularly in regulating meiotic and

spermatogenic genes through G4 interactions, as studied by Zhang et al.
[56]

 and Gao et al.
[47]

. These studies

show DHX36 boosts the expression of SPO11, SYCP1, and c-KIT, but its regulatory mechanisms are not fully

understood. RNA-seq identified sperm-related genes such as TSPY4, LUZP4, FTHL17, and TNP1, though
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Figure 2. Proposed role of DHX36 and key regulators in spermatogenesis. (A) Schematic overview of spermatogenesis, progressing from
spermatogonia through primary and secondary spermatocytes to spermatids and mature spermatozoa. Arrows indicate developmental
progression. Key regulators act at distinct stages: c-KIT supports stem cell maintenance in spermatogonia; SPO11 initiates meiotic
recombination in primary spermatocytes; and SYCP1 contributes to synaptonemal complex formation in secondary spermatocytes; (B)
Mechanistic representation of DHX36 activity. DHX36 binds to G-quadruplex (G4) structures in m6A-modified RNA, promoting RNA
remodeling and facilitating translational regulation during meiosis; (C) Summary of critical regulators involved in spermatogenesis. SPO11
is required for meiotic double-strand breaks and recombination; SYCP1 is essential for synaptonemal complex assembly; and c-KIT
mediates proliferation and differentiation of spermatogonial stem cells. Together with DHX36, these regulators coordinate proper meiotic
progression and germ cell maturation. DHX36: DEAH-box helicase 36; SYCP1: synaptonemal complex protein 1; c-KIT : KIT
proto-oncogene; SPO11: SPO11 initiator of meiotic double strand breaks.

DHX36’s influence via G4 structures remains unclear. Its effects on chromatin, transcription, and

post-transcriptional processes across spermatogenic stages are poorly known. Future research should map

DHX36-G4 interactions with G4-seq and clustered regularly interspaced short palindromic repeats

(CRISPR). In vivo models, including DHX36 knockout mice, are crucial for examining stage-specific impacts

on meiosis and spermiogenesis, especially AURKA and CATSPER3, related to chromosomal segregation and

sperm motility. Multi-omics approaches, including epigenomics and proteomics, are essential for

understanding DHX36’s regulatory role. Addressing these gaps will enhance insights into DHX36’s function

in spermatogenesis and male reproductive health.

During spermatogenesis, genes such as SPO11, SYCP1, and c-KIT are regulated by m6A at various stages,

especially in pachytene, diplotene spermatocytes, and round spermatids. High-throughput methods have

identified many m6A-targeted transcripts in male germ cells
[59]

. Another research issue is whether m6A

modifies SPO11, SYCP1, and c-KIT, affecting DHX36’s binding and activity. A thorough investigation is

needed.

Female fertility

Oocytes with an intact nuclear membrane are called germinal vesicles, known for active transcription of

mRNA and ribosomal RNA (rRNA). As the oocyte grows, transcription declines as chromatin condenses.

Typical nucleoli are replaced by atypical nucleolus-like bodies, which decrease during development
[60]

. The

role of G4 in the growth and development of oocytes remains unexamined and requires further investigation.

A recent study by Jiao et al.
[61]

 explored the physiological role of DHX36 in oocyte and early embryo

development using an oocyte-specific conditional knockout mouse model, along with RNA-seq and Assay

for transposase-accessible chromatin using sequencing (ATAC-seq) analyses, as well as fluorescence imaging

of G4 probe and anti-G4 antibody. G4 structures have accumulated within chromatin-accessible regions in

the mRNA and pre-rRNA transcription of knockout oocytes. This study highlighted the physiological

significance of DHX36 in maintaining female fertility, underscoring its critical role in rRNA homeostasis

and chromatin configuration through the G4 unwinding mechanism. Furthermore, Lu et al.
[62]

 stated
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that many RNA-G4 in oocytes are essential for maintaining the translatome at a low level before meiosis

resumes. Furthermore, removing RNA-G4s mediated by DHX36 facilitates a translational switch and is

necessary for an ef fect ive maternal-to-zygotic transit ion. This study uti l ized BYBX {(Z)-3-

(2-amino-2-oxoethyl)-1,1-dimethyl-2-  [(3-methylbenzo[d]  thiazol-2  (3H)-yl idene)

methyl]-1H-benzo[e]indol-3-ium bromide}, a small-molecule ligand that stabilizes RNA-G4s, to induce

oocyte developmental defects, which were partially reversed upon overexpression of DHX36.

m6A is vital for oocyte and follicle development. Regulators such as METTL3 aid maturation, prevent DNA

damage, and ensure correct chromosome alignment during meiosis. Abnormal m6A can impair

development, cause early ovarian aging, and lead to female infertility, emphasizing its importance in

reproductive health
[63]

. Search snippets indicate that METTL3 and DHX36 have distinct roles in RNA

regulation, but their direct interaction remains unclear and requires further investigation.

Cardiac development and regeneration

Post-transcriptional regulation of mRNA translation and stability is essential for maintaining proper heart

function
[64]

. This regulation is achieved by involving RNA-binding proteins, particularly G4 helicases, which

have been established as key players in modulating gene expression. However, the specific mechanisms by

which G4 resolvase activity influences cardiac function remain unexplored
[65]

. Research by Jiang et al. shows

that deleting DHX36 in postnatal mouse cardiomyocytes impairs heart function. They found DHX36 binds

to the 5’ and 3’ UTRs of yes1-associated transcriptional regulator (YAP1) and HEXIM P-TEFb complex

subunit 1 (HEXIM1), destabilizing these transcripts but increasing their translation
[66]

. Reduced levels of

YAP1 and HEXIM1 due to DHX36 deletion highlight DHX36’s role in postnatal heart development and

function.

In addition to its role in mRNA stability and translation, DHX36 regulates ventricular chamber development

through a combination of transcriptional and post-transcriptional mechanisms. Huang et al.
[50]

 reported that

DHX36 modulates the expression of NK2 homeobox 5 (NKX2-5) and Hes-related family BHLH

transcription factor with YRPW motif 2 (HEY2), two critical transcriptional factors in cardiac development.

By interacting with the G4 structures within the mRNAs of these genes, DHX36 concomitantly facilitates

their expression, thereby contributing to the proper development of ventricular chambers [Figure 3]. The

studies above indicate that DHX36 is crucial for postnatal cardiomyocyte function by modulating YAP1 and

HEXIM1. YAP1, a key player in the Hippo signaling pathway, plays a significant role in cardiomyocyte

growth and repair. The destabilization of its mRNA after DHX36 knockdown reveals a new aspect of

post-transcriptional regulation in this pathway. Lower HEXIM1 levels imply DHX36 may affect transcription

in cardiomyocytes. It’s unclear whether DHX36’s effects are solely from G4 resolution or involve other

RNA-protein interactions. Future research should explore whether pharmacologically targeting DHX36 can

improve cardiac repair, especially in ischemic heart disease or heart failure. Studying DHX36 in

patient-derived cardiomyocytes or engineered tissues may connect mouse findings with clinical applications.

Skeletal muscle development and regeneration

The development and regeneration of skeletal muscle tissues are intricately linked to muscle stem cells,

commonly referred to as satellite cells (SCs), which are associated with myofibers beneath the basal lamina
[54]

.

The myogenesis process relies on the activation of SCs, which can differentiate into new muscle fibers
[53]

.

DHX36 contributes to the activation of the SCs through the regulation of guanine nucleotide-binding

protein G(I) subunit alpha-2 (GNAI2) mRNA translation by unwinding its RNA-G4 structures at the 5’ UTR

region
[48]

 [Figure 3]. This facilitates the translation of GNAI2, a key downstream effector in activating SCs

and skeletal muscle development. This mechanistic insight highlights the regulatory role of DHX36 in

maintaining muscle tissue homeostasis.
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Figure 3. Role of DHX36 in cardiovascular and skeletal muscle development. HEXIM1: HEXIM P-TEFb complex subunit 1; YAP1:
yes1-associated transcriptional regulator; GNAI2: guanine nucleotide-binding protein G(I) subunit alpha-2; DHX36: DEAH-box helicase
36.

Zhang et al.
[7]

 investigated the DHX36 binding specificity and its effect on RNA structures using RNA

Bind-n-Seq (a high-throughput method for identifying the RNA-binding proteins and qualitatively defining

the relative dissociation constants) with the RHAU53 [RNA helicase associated with AU-rich element

(RHAU)53] peptide and RNA Structure-seq in wild-type and DHX36-knockout C2C12 mouse myoblast

cells. Their findings revealed that DHX36 binding sites are abundant in m6A-modified regions and are

associated with YTHDF1 binding. This study highlights how DHX36 binding affects mRNA structures and

proposes a mechanism by which changes in RNA secondary structure contribute to post-transcriptional

regulation by facilitating YTHDF1 binding. Recently, Zhang et al. introduced a tool that disrupts DHX36’s

binding to RNA-G4 using RNA-G4-based proteolytic targeting chimeras. This causes DHX36 degradation

via the proteasome, promoting RNA-G4 formation in mRNA. The tool inhibited RNA-G4-mediated

amyloid beta precursor protein (APP) expression and affected skeletal muscle stem cell proliferation by

downregulating GNAI2, impairing muscle development
[67]

.
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In a 2022 study, the same team identified the role of Lockd, a long non-coding RNA (lncRNA), as a

significant player in SC activation and muscle regeneration
[49]

. Lockd enhances the stabilization and binding

of DHX36 to eukaryotic translation initiation factor 3 subunit B (EIF3B) protein, forming a complex that

promotes the synthesis of acidic nuclear phosphoprotein 32 family member E (ANP32E) protein, a protein

essential for myoblast proliferation. This regulatory axis - Lockd/DHX36/ANP32E - promotes myoblast

proliferation and skeletal muscle regeneration, underscoring the collaborative interplay between RNA

molecules and helicases in promoting muscle regeneration.

DHX36 interacts with RNA entities such as long non-coding RNA (SmaRT) and Spire1 G4 structures. Its

depletion reduces Spire1 expression, highlighting its role in promoting skeletal muscle differentiation.

lnc-SmaRT can repress Spire1 by base pairing with its G4. Ultimately, DHX36 boosts Spire1 expression,

supporting muscle differentiation
[68]

. These findings highlight DHX36’s multifaceted roles in muscle

development and regeneration, emphasizing its potential as a therapeutic target for improving muscle repair.

Neurological development

The regulation of DNA-G4s during learning and memory is crucial in neurobiology. DNA-G4s temporarily

accumulate in activated neurons within milliseconds to minutes in response to new experiences
[51]

. In the

neurobiological context of fear extinction - a process in which learned fear responses diminish without

reinforcement
[69]

, enabling adaptation to changing environments - G4s play an essential role. Marshall et

al.
[51]

 utilized CRISPR-based gene editing in male C57 black 6 (C57/BL6) mice to investigate how DNA-G4s

dynamically modulate gene expression in neurons, uncovering a mechanism in which DHX36 helicase is

selectively recruited to G4 sites. DNA-G4s accumulate in neurons and dynamically control the activation and

repression of genes underlying long-term memory formation; the underlying mechanism of DNA-G4

regulation in the brain involves site-directed deposition of DHX36. They revealed that this targeted

recruitment of DHX36 supports timely gene activation and repression linked to long-term memory, showing

helicases such as DHX36 can modulate complex cognitive processes. However, the roles of DHX36, and

other helicases in neurodevelopment are largely unknown. Because DHX36 impacts gene regulation in

memory pathways and its disruption relates to neurological impairments, further research is needed to better

understand its role in memory disorders, cognitive issues, and neurodegenerative diseases.

m6A modification is crucial for regulating gene expression and cell differentiation in radial keratinocytes and

adult neural stem cells during mammalian brain neurogenesis. It prolongs the cell cycle and delays

differentiation by promoting the decay of key mRNAs
[70]

. m6A also affects self-renewal, differentiation, and

lineage decisions of various stem cells. This methylation is enriched in conserved motifs of the aNSC

transcriptome, partly supporting neural stem cell proliferation and the development of newborn neurons in

the adult brain
[71]

.

While DHX36’s role in resolving G4s for gene regulation linked to learning and memory is recognized, and

m6A’s importance in neural stem cell fate is known, their interaction during neurogenesis is largely

unexplored. Studying the DHX36-m6A-G4 pathway could reveal new regulatory layers affecting brain

development and disorders.

DHX36-m6A-G4 axis in RNA regulation

Research suggests the relationship is a complex interplay, not one-way. An m6A modification near or within

a G4 structure may act as a switch to control DHX36’s binding or unwinding activity
[72]

. This modification

could alter the electrostatic landscape or the precise geometry of the G4 structure, making it a more or less

optimal substrate for DHX36. Alternatively, m6A reader proteins (such as YTHDF proteins or YTHDC1)

could bind first and either recruit or hinder DHX36’s access to the adjacent G4
[ 7 3 ]

. The second
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Figure 4. DHX36-m6A-G-quadruplex (G4) axis. Arrows showed the effect of m6A proteins and their regulation of RNA through m6A,
whereas writers (methyltransferases that add m6A), erasers (demethylases that remove it), and readers (proteins that recognize m6A to
modulate RNA behavior), which finally regulate G-quadruplex. DHX36: DEAH-box helicase 36.

DHX36-m6A-G4 model suggests DHX36 unwinds G4s, changing RNA structure to expose or hide m6A sites

and regulate their function. When DHX36 unwinds G4, the RNA becomes accessible [Figure 4]. This can

expose a previously hidden m6A site, allowing it to be recognised by reader proteins such as YTHDF1, a

well-characterized translational enhancer
[7,73]

. Functionally, this unwinding simultaneously removes the

structural barrier to translation and exposes the m6A site. The m6A site is then bound by YTHDF1, which

directly recruits translation initiation factors, leading to the potent activation of protein synthesis. This

creates a powerful “on” switch for genes that need rapid and robust expression (e.g., key transcription factors

during differentiation, oncogenes in cancer)
[74]

. If an unwound G4 exposes an m6A site bound by a

decay-promoting reader such as YTHDF2 [which recruits the carbon catabolite repression 4

(CCR4)-negative on TATA-less (NOT) complex], it could target mRNA for degradation. The outcome

depends on the proteins present and the cellular context. Many oncogenes and pro-survival mRNAs are rich

in 5’ UTR G4s and regulated by m6A
[ 7 5 ]

. The DHX36-m6A axis may be a key mechanism for the

dysregulated, high-level expression of specific genes in cancers. This makes the axis a promising therapeutic

target.

THE GENETIC AND EPIGENETIC ROLES OF THE DHX36-M6A-G4 AXIS IN DISEASES
The malfunction of DHX36-m6A-G4 results in disease, and a cohesive model can be used to describe how

disturbance at the level of DHX36 activity predetermines the appearance of foreseeable effects in a variety of

pathological conditions. In the disease conditions associated with the downregulation, mutation, or

inactivation of DHX36, the axis is impaired in a way that the RNA-G4 structures on the most important

regulating mRNAs remain uncleaved
[7,65]

. As a result, these mRNAs are abnormally stabilized since YTHDF1

is unable to be recruited to facilitate their degradation, resulting in excessive protein products. It is
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specifically this dysregulation that is involved in cardiac hypertrophy, whereby DHX36 downregulation

results in a pathological gene expression program supporting the disease progression
[52]

. The identical

principle of mechanisms is probably applicable to various settings: any illness that entails mishandling of

genes having target RNA-G4 structures in the neighborhood of functional m6A sites might well be caused by

or worsened by DHX36 malfunction.

Cancer is especially a compelling environment with respect to this cohesive model of dysregulation. Altered

RNA metabolism and post-transcriptional control are common in tumors, and the DHX36-m6A-G4 axis

provides a mechanistic description of the manner in which these changes occur
[76,77]

. In case one of the tumor

suppressor mRNAs was a target in this axis, its pathological stabilization under the influence of DHX36

dysfunction may cause unregulated growth and survival of cells. Besides, hyperactivity or overexpression of

DHX36 may lead to the overdegradation of tumor suppressors or other proteins that defend the mRNA,

which would equally contribute to oncogenesis
[78]

. The axis thus acts as a vital regulatory node with a status

that is critically dependent on precise regulation and deregulation, which is a general route to pathology in

various disease states.

Beyond its foundational roles in organ development and function, DHX36 also possesses a pivotal role in the

pathology of various diseases, including multiple types of cancers
[79,80]

, viral infections
[81-84]

, tuberculosis

(TB)
[85]

, lung edema
[86]

, obesity
[87]

, male infertility, and embryonic lethality
[88-90]

, as well as neurological

diseases
[91]

. In the subsequent sections, we will discuss DHX36’s implications in disease treatment, exploring

how its regulatory roles could transform therapies across a spectrum of severe human conditions.

Cancers

Using the GEPIA2 database (http://gepia2.cancer-pku.cn/#index)
[92]

, mRNA expression of DHX36

(ENSG00000174953) across multiple cancer types revealed significantly elevated levels in diffuse large B-cell

lymphoma (DLBC), pancreatic adenocarcinoma (PAAD), and thymoma (THYM), with no notable decrease

in other cancer types [Figure 5]. Experimental data corroborate this, with multiple studies indicating

heightened levels of helicase enzymes in various cancers [Table 1].

Cancer involves epigenetic dysregulation beyond genetic mutations. The DHX36-m6A-G4 axis is crucial in

post-transcriptional control, affecting cancer gene expression by resolving G4s in promoters, impacting

chromatin and transcription
[93]

. DHX36 unwinds G4s, influencing oncogene silencing or tumor suppressor

activation, with m6A modifications modulating this. mRNAs for chromatin modifiers contain G4s and m6A

marks; DHX36 exposes m6A sites, guiding reader proteins such as YTHDF1 or YTHDF2, affecting histone

and DNA modifier proteins and the epigenetic landscape
[94]

. G4 structures also regulate lncRNAs, with

DHX36 activity influencing their role in recruiting repressive complexes, adding an RNA-driven epigenetic

layer
[95]

. Overall, the DHX36-m6A-G4 axis integrates nucleic acid structures into gene expression, and its

dysregulation promotes abnormal transcription in cancer. Targeting it offers a potential epigenetic therapy.

DHX36 generally induced tumor-repressive effects in specific cancers, such as in testicular cancer
[79]

, colon
[96]

,

and lung
[97]

 cancers. In other contexts, DHX36 has been demonstrated to facilitate tumor growth, specifically

in the proliferation of breast cancer (BC)
[98]

 and leukemia cells
[80,99]

. Also, cervical cancer recognized DHX36

in HeLa cell lysate without a mechanistic investigation
[12]

. The following subtitles will examine the roles of

DHX36 in different cancer types, elucidating how it influences cancer biology in suppressive and

proliferative capacities.

http://gepia2.cancer-pku.cn/#index
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Figure 5. The mRNA expression of DHX36 (ENSG00000174953) in 33 different cancer types and the matched normal samples
(http://gepia2.cancer-pku.cn/#analysis). T: Tumors tissues; N: normal tissues; BRCA: breast invasive carcinoma; CESC: cervical
squamous cell carcinoma; COAD: colon adenocarcinoma; DLBC: diffuse large B-cell lymphoma; GBM: glioblastoma multiforme; KIRC:
kidney renal clear cell carcinoma; KIRP: kidney renal papillary cell carcinoma; LIHC: liver hepatocellular carcinoma; LUAD: lung
adenocarcinoma; LUSC: lung squamous cell carcinoma; OV: ovarian serous cystadenocarcinoma; PAAD: pancreatic adenocarcinoma;
READ: rectum adenocarcinoma; SKCM: skin cutaneous melanoma; STAD: stomach adenocarcinoma; TGCT: testicular germ cell tumor;
THCA: thyroid carcinoma; THYM: thymoma; UCEC: uterine corpus endometrial carcinoma; UCS: uterine carcinosarcoma; DHX36:
DEAH-box helicase 36; ACC: adenoid cystic carcinoma; BLCA: bladder cancer; CHOL: cholangiocarcinoma; ESCA: esophageal carcinoma;
HNSC: head and neck squamous cell carcinoma; LAML: acute myeloid leukemia; LGG: low-grade gliomas; MESO: mesothelioma; PCPG:
pheochromocytoma and paraganglioma; PRAD: prostate adenocarcinoma; SARC: sarcoma; UVM: uveal Melanoma.

Testicular cancer

Although testicular cancer is relatively rare in the general population, it is one of the most common

malignancies among men
[100]

. The majority of these cases originate from testicular germ cell tumors

(TGCTs)
[101]

, which have a strong potential to metastasize to organs such as the retroperitoneal lymph

nodes
[102]

, brain
[103]

, and heart
[104]

. Emerging evidence suggests that some non-coding RNAs, including

Piwi-like RNA-mediated gene silencing 1 (PIWI)-interacting RNAs (piRNAs), play key regulatory roles in

TGCTs, acting as either tumor suppressors or oncogenes; thus, they can act as potential diagnostic

biomarkers and for the development of novel therapies
[105]

. piRNAs are a class of testis-specific non-coding

RNAs that have emerged as possible mediators in the oncogenesis and progression of testicular cancer. This

regulatory function opens pathways for their use as diagnostic biomarkers and targets for novel therapies.

Recent studies show piR-36249 interacts with DHX36, promoting its translation and increasing

2’-5’-oligoadenylate synthetase 2 (OAS2) expression. This inhibits testicular cancer cell growth and

migration, while promoting apoptosis
[79]

. In this way, DHX36 can potentially be implicated as a tumor

suppressor in testicular cancer, mediating cellular pathways that curb cancer progression.

TGCTs pose a major threat to young men, with studies highlighting piRNAs in tumor development. The

interaction between piR-36249 and DHX36 increases OAS2 expression, reducing tumor growth and spread.

A key research gap is understanding how DHX36 exerts its tumor-suppressive effects, including other

interactions. Future research should focus on in vivo validation, DHX36’s role in different TGCT subtypes,
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Table 1. Roles of DHX36 in cancer, viral, tuberculosis, male infertility, neurological, and obesity diseases

Diseases Types Results References

Cancer Testicular 2; 2’-5’-oligoadenylate synthetase-2 upregulation and testicular cancer repression [79]

Cervical Cervical cancer progression without mechanistic investigation [12]

Colon
G-quadruplex-forming sequences containing lncRNA induce colon cancer cell migration by
inhibiting DHX36 function

[96]

Lung DHX36 knockdown promoted tumor growth and colony formation [97]

Breast

DHX36 knockdown enhanced invasion but decreased migration of MDA-MB-231 and BT549
cells
DHX36 knockdown increased tumor growth and cancer cell invasion in the xenograft mouse
model

[112]

DHX36 knockdown increased paired-like homeodomain 1, leading to cancer progression [98]

DHX36 has an oncogenic effect, enhancing BC progression and invasiveness [78]

Head and
neck

Overexpression of the DHX36, OPA1 mitochondrial dynamin-like GTPase, and SUMO-specific
peptidase-2 genes in HNSC tumors may be involved in the progression of HNSC

[115]

Leukemia DHX36 is associated with the Aven complex, promoting the survival of leukemic cells [99]

Expression of numerous transcription factors and oncogenes in response to DHX36 knockout is
linked to cancer progression

[80]

Viruses
Oncolytic
viruses

Knocking down MyD88/DHX36 enhanced the production of oncolytic herpes simplex virus in
A172 cells, suggesting that DHX36 may improve oncolytic virus efficiency by increasing its yield
within tumor cells

[84]

Hepatitis C
virus

Manoalide inhibits the human DHX36 ATPase by targeting its helicase core, which is shared
with HCV NS3, thereby reducing viral replication

[82]

Hepatitis B
virus

DHX36 binds strongly to this G4 structure and mutants in the HBV genome, indicating it may
influence HBV replication and disease development

[81]

Influenza A
virus

DHX36 and eukaryotic translation initiation factor 2 alpha kinase 2 (PKR) interact to form a
complex when dsRNA is present, leading to the formation of an antiviral stress granule (avSG)
in cells infected with viruses

[83]

The DDX1-DDX21-DHX36 complex functions as a dsRNA sensor for influenza A virus,
triggering the TRIF pathway to activate type I interferon responses in the cytoplasm of myeloid
dendritic cells

[130]

Tuberculosis
Bioinformatic analysis of genes revealed high expression of DHX36, BAX, and ARPC1B in TB
patients

[85]

Male infertility
and embryonic
lethality

DHX36 knockdown disrupts normal meiosis progression and hinders spermatogenesis by
inducing dysregulated transcription of essential genes, such as SPO11 and SYCP1, which are
crucial for chromosome pairing and recombination during meiosis

[56]

DHX36-deficient mice showed significantly smaller testes and a complete absence of mature
sperm, leading to a severe impairment in spermatogonial differentiation

[47]

Neurological diseases DHX36’s role in regulating the translation of the G4C2 repeat sequence [91]

DHX36 knockdown in cultured neurons increased the number of neurons with
mushroom-shaped spines

[133]

DHX36 knockdown inhibited brain-derived neurotrophic factor (BDNF), a vital protein for
dendritic morphogenesis

[134]

Obesity
DHX36 unwinds the RNA-G4 structure of miR-26a, thereby enhancing its maturation and
biological activity

[87]

DHX36: DEAH-box helicase 36; HCV: hepatitis C virus; HBV: hepatitis B virus; TRIF: TIR domain-containing adaptor-inducing interferon (IFN)-beta;
SPO11: SPO11 initiator of meiotic double strand break; SYCP1: synaptonemal complex protein 1; BAX: BCL2-associated X protein; TB: Tuberculosis;
OPA1: OPA1 mitochondrial dynamin-like GTPase; HNSC: head and neck squamous cell carcinomas; SUMO: small ubiquitin-like modifier.

and whether targeting it alone or with treatments could improve outcomes. Developing piRNA-based

diagnostics and therapies targeting DHX36 could transform TGCT management, pending further research.
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Cervical cancer

Cervical cancer ranks among the top five most common cancers and cancer-related deaths in women

worldwide. Approximately 90% of cervical cancers are squamous cell carcinomas, while the remaining 10%

are adenocarcinomas
[106]

. A primary factor in the onset of cervical cancer is human papillomavirus (HPV)

infection, a sexually transmitted virus that affects 160 to 289 out of 10,000 persons each year
[107]

. Regarding

the role of DHX36 in cervical cancer, Vaughn et al.
[12]

 observed an elevated level of DHX36 expression in

HeLa cells, a commonly used cervical cancer cell line. However, the mechanistic role of DHX36 in cervical

cancer progression remains unexplored.

Extensive research has identified pathways such as phosphoinositide 3-kinase (PI3K)/Protein Kinase B

(AKT) and Proto-oncogene Int-1 homolog (Wnt)/β-catenin in cervical cancer; however, the role of DHX36 -

a helicase linked to G4 resolution and oncogenic regulation - remains unclear. Vaughn et al.
[12]

 noted higher

DHX36 expression in HeLa cells, suggesting a link to cervical cancer; however, its specific roles in disease

progression have yet to be examined. This indicates a significant research gap, as DHX36’s interactions with

G4 structures and its influence in other cancers suggest it may impact oncogenic proteins or signaling

pathways in cervical cancer. Future studies should investigate DHX36’s role, including its effects on targets

such as transcription factors or cell cycle regulators and interactions with HPV oncoproteins. Exploring

DHX36 as a therapeutic target or biomarker may offer new strategies for cervical cancer. Addressing these

could improve understanding of cervical cancer biology and aid targeted therapy development.

Colon cancer

Colorectal cancer (CRC) ranks as the second most lethal cancer globally, with projected rises in incidence

and mortality in the coming decades
[108]

. Notably, research has revealed that DHX36 plays a role in CRC

progression through its interactions with specific lncRNAs. In a study about this interaction between

lncRNAs  and  DHX36,  Matsumura  et  al .
[ 9 6 ]

 demonstrated  that  the  G-quadruplex-forming

sequence-containing lncRNA (GSEC) interacts with DHX36 to inhibit its activity, thereby enhancing colon

cancer cell migration. When DHX36 expression was knocked down, the effects of GSEC knockdown on

reduced cell migration were reversed, highlighting GSEC’s crucial role in promoting colon cancer cell

migration by inhibiting DHX36 function. This study demonstrated that the lncRNA GSEC promotes CRC

progression by inhibiting DHX36, thereby facilitating cancer cell migration. This underscores the role of

RNA-protein interactions, especially G4 structures, in CRC development. While DHX36’s involvement in

migration through GSEC is known, its broader regulatory roles in other oncogenic pathways are unclear.

CRC therapies target pathways such as VEGF/vascular endothelial growth factor receptor (VEGFR),

epidermal growth factor receptor (EGFR), and Wnt/β-catenin, but how DHX36 interacts with G4 in these

pathways remains understudied. Since DHX36 can unwind G4 motifs, it may affect oncogene or tumor

suppressor expression. Future research should explore DHX36’s influence on G4 elements in CRC signaling,

potentially revealing new therapeutic targets. Combining DHX36 modulation with current treatments could

improve outcomes, warranting further studies.

Lung cancer

Lung cancer is a common and deadly cancer worldwide, mainly caused by tobacco smoking. It is frequently

diagnosed and is the leading cause of cancer deaths
[109]

. A bioinformatics study was done by Cui et al.
[97]

, who

identified DHX36 as an independent prognostic indicator for non-small cell lung cancer (NSCLC), revealed

through the cancer genome atlas (TCGA) and gene expression omnibus (GEO) bioinformatic analysis. They

found that knocking down DHX36 enhances tumor growth and colony formation. These findings suggest

that DHX36 acts as a tumor suppressor in lung cancer, opening potential avenues for therapeutic targeting.

Although bioinformatic analyses highlight DHX36’s promise, experimental validation is essential. Therefore,
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we recommend further research to evaluate the impact of DHX36 knockdown on these key target pathways,

which may help refine strategies in lung cancer management.

The study of Cui et al.
[97]

 highlighted DHX36 as a new prognostic marker and potential tumor suppressor,

offering insights into NSCLC. While bioinformatics link DHX36 to tumor suppression, there’s a gap in

experimental validation, especially its interactions with VEGF, KRAS proto-oncogene (KRAS), and

PI3K/AKT/mechanistic target of rapamycin kinase (mTOR). Future studies should validate DHX36’s

mechanisms in vitro and in vivo, and evaluate its potential with current therapies. Exploring DHX36’s role in

the tumor microenvironment and immune regulation could improve NSCLC treatment.

Breast cancer

The global burden of BC incidence and mortality continues to increase worldwide because of the growth and

aging of the population
[110]

. By 2040, the burden of BC is expected to rise to over three million new cases and

one million deaths every year
[111]

. Regarding the role of DHX36 in BC, Zeng et al.
[112]

 demonstrated that

DHX36 lentiviral knockdown in BC cell lines (MDA-MB-231 and BT549) enhanced their invasion

capabilities and disrupted the cell cycle of cells. Besides, DHX36 knockdown synchronized the S-phase cell

population and desensitized cells to the cytotoxic effect of cisplatin. In a mouse xenograft tumor model,

DHX36 lentiviral knockdown increased tumor growth and invasiveness and decreased cellular apoptosis.

These findings highlight DHX36’s role in moderating BC progression.

In a recent study, Lu et al.
[62]

 investigated the link between DHX36 activity and its roles in transcriptional

regulation in Michigan cancer foundation-7 (MCF-7) through inducing cleavage under targets and

tagmentation (CUT&Tag) for protein-DNA interactions mapping. Subsequently, the genes directly regulated

by DHX36 were identified using the auxin-inducible degron protein degradation system and an improved

method for sequencing nascent RNA, acrylonitrile-mediated uridine-to-cytidine conversion sequencing

(AMUC-seq). The results revealed a significant enrichment of G4 structures at DHX36 target sites,

predominantly located in active genomic regions. These findings underscore the potential role of DHX36 in

modulating gene transcription through G4 structures. Further insights are provided by Booy et al.
[98]

, who

identified a regulatory relationship between DHX36 and the tumor suppressor gene paired-like

homeodomain 1 (PITX1) in BC cells. This study revealed that the endogenously expressed DHX36 protein

interacts with PITX1 mRNA, modulating its protein expression in BC cells (MCF-7). Decreased DHX36

expression significantly upregulated PITX1, while only marginally altering mRNA levels, suggesting that

DHX36 plays a role in controlling BC development. However, given the complexity of DHX36’s regulatory

roles, more detailed investigations are crucial to fully elucidate its potential as a therapeutic target in BC.

Recently, our laboratory studied the oncogenic role of DHX36 in BC progression and invasiveness
[78]

. The

research demonstrates that elevated expression of DHX36 is associated with enhanced malignant behaviors

in BC cells, including increased proliferation, migration, and invasion. Mechanistically, DHX36 likely exerts

its oncogenic effects by regulating the expression of key genes involved in cancer progression, potentially

through its known function as a G4 helicase that modulates gene expression at both transcriptional and

post-transcriptional levels. These findings suggest that DHX36 could serve as a potential prognostic

biomarker and a novel therapeutic target for BC treatment, particularly for aggressive or metastatic forms of

the disease.

A significant gap exists in understanding DHX36’s pathways, interactions in oncogenic networks, and its

potential as a biomarker or therapeutic target across BC subtypes. Future research should explore its

tissue-specific functions, interactions with pathways such as PI3K/AKT/mTOR, and clinical significance
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in vivo. Examining DHX36’s role in chemotherapy resistance, especially in triple-negative breast cancer

(TNBC), could inform new combination therapies. Addressing these gaps is vital to harnessing DHX36’s

potential to improve BC treatment and outcomes.

Head and neck cancers

Head and neck cancers (HNC) primarily originate in the squamous cells lining mucosal surfaces of the head

and neck, affecting regions such as the mouth, throat, and voice box
[113]

. Less commonly, HNC may arise in

the salivary glands, sinuses, or muscles or nerves in the head and neck
[114]

. To elucidate the role of DHX36 in

HNC, a comprehensive in silico analysis was conducted to identify the gene signature on chromosome 3q.

The signature encompassed DHX36 , OPA1 mitochondrial dynamin-like GTPase (OPA1), and

SUMO-specific peptidase 2 (SENP2), which showed significant correlation in head and neck squamous cell

carcinomas (HNSC)
[115]

. This study offers a promising pathway for understanding HNC pathogenesis,

especially in relation to angiogenesis. However, the lack of experimental validation highlights the need for

functional studies to clarify the mechanistic roles of EGFR, PI3K/AKT/mTOR, Janus Kinase (JAK)/signal

transducer and activator of transcription (STAT), Nuclear Factor Kappa B (NF-κB), and hepatocyte growth

factor (HGF)/MET proto-oncogene (MET) in HNC development. Future research should focus on in vitro

and in vivo experiments to verify their functions, assess their potential as therapeutic targets, and examine

their interactions with established oncogenic pathways.

Leukemia

Leukemia is the most prevalent form of childhood cancer, accounting for 28% of all cases, followed closely by

brain and other nervous system tumors
[116]

. The pathogenesis of leukemia is multifactorial, involving the

dysregulation of several essential genes that present viable targets for therapeutic intervention. Recent

findings from Thandapani et al.
[99]

 determined the role of Aven in stimulating mRNA translation of the

mixed lineage leukemia proto-oncogene, facilitating the transcription of leukemia-associated genes.

Crucially, DHX36 has been identified as a component of the Aven complex, which is essential for the

efficient translation of G4 mRNAs and promotes the survival of leukemic cells. Studies with DHX36

knockout in Jurkat cells show that losing DHX36 unwinds G4 structures in promoters and genes, increasing

transcription factors and oncogenes
[80]

. Continued research into DHX36’s interactions and regulatory

functions in leukemia may yield novel strategies for managing this prevalent childhood cancer.

The discussion of Aven and DHX36 emphasizes their role in supporting leukemic cell survival via mRNA

translation and G4 regulation, making them promising targets. However, research gaps exist, particularly

regarding their interactions with other oncogenic pathways in vivo and across leukemia subtypes. Future

studies should focus on inhibiting DHX36’s G4 unwinding in preclinical models and combining this with

current treatments to combat resistance. More research into DHX36’s regulation in leukemogenesis may

reveal new biomarkers or drug targets, advancing personalized medicine for pediatric leukemia.

The context-dependent dual role of DHX36 in cancer

DHX36 has a dual role in cancer, which is due to several reasons. First, while DHX36’s core mechanism is G4

unwinding, its ultimate effect is dictated by cellular context and target gene specificity: in scenarios where it

primarily resolves G4s in tumor suppressor genes such as PITX1 in BC
[98]

. Its activity is tumor-suppressive,

whereas targeting G4s in oncogenes, as identified in leukemia
[80]

, shifts its role to pro-tumorigenic. Second,

the outcome is strongly influenced by the cell’s m6A landscape. Unwinding a G4 to expose an m6A site can

have opposing effects - for instance, YTHDF1 binding could enhance translation of an oncogene, while

YTHDF2 binding could promote decay of a tumor suppressor mRNA - making the epitranscriptomic state a

critical determinant. Finally, DHX36’s interactions with specific cofactors, such as the lncRNA GSEC in
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Figure 6. Schematic representation of DHX36 involvement in viral infections. DHX36 interacts with multiple viruses and modulates their
replication or host responses. In oncolytic viruses, DHX36 downregulates MX2, enhancing herpes simplex virus-1 (HSV-1) yield and
contributing to glioblastoma cell killing. In Hepatitis C virus (HCV) infection, DHX36 and viral NS3 promote viral replication. In Hepatitis B
virus (HBV), DHX36 shows strong binding affinity to G-quadruplex (G4) structures, though the biological consequences remain to be
clarified (needs future investigations). In Influenza A virus (IAV) infection, DHX36 forms a complex with PKR, promoting antiviral stress
granule (avSG) formation and enhancing type I interferon (IFN) responses. The red arrow means decrease or downregulation. The green
arrow means increase or upregulation. DHX36: DEAH-box helicase 36.

colon cancer
[96]

 or the Aven complex in leukemia
[99]

, can modulate its activity and guide target selection,

thereby shifting its overall influence toward oncogenic or tumor-suppressive pathways.

Viral infection

The DHX36-m6A-G4 axis adds a layer of epigenetic and post-transcriptional regulation at the host-virus

interface. It shows how m6A, the most common mRNA modification, prevents G4 RNA structure

formation, affecting their access to the resolvase DHX36
[117]

. During viral infections, both host and viruses

utilize this mechanism: the host regulates G4-containing immune genes, while viruses encode G4 structures

in their genomes, where DHX36 influences replication or translation in an m6A-dependent way. For

example, a key G4 in the hepatitis B virus (HBV) pre-core promoter, which DHX36 binds strongly
[81]

,

suggests that its stability and function are affected by the epitranscriptomic state of viral RNA. Consequently,

targeting this axis offers a novel therapeutic approach, with small molecules potentially modulating DHX36

activity or m6A levels to destabilize essential viral G4s or enhance G4-driven antiviral host responses.

In the following paragraphs, we will discuss the role of DHX36 for improving the yield of oncolytic viruses

for cancer treatment and its induced antiviral effects against the hepatitis C virus (HCV), the HBV, and the

influenza A virus [Table 1 and Figure 6].

Oncolytic Viruses: Oncolytic viruses have emerged as a promising therapeutic approach for various types of

cancer, leveraging their ability to replicate selectively in tumor tissues
[118]

. The effectiveness of these viruses is

attributed to several mechanisms, including the direct lysis of cells, induction of immunological cell death,

and activation of both host innate and adaptive immune responses
[119]

. Various viruses, including

herpesviruses, retroviruses, adenoviruses, vaccinia, and poliovirus, have undergone clinical trials to evaluate

their safety and efficacy in cancer treatments
[120]

. Research by Ren et al.
[84]

 highlighted the association between

MX dynamin-like GTPase 2 (MX2) protein accumulation and decreased herpes simplex virus-1 (oHSV-1)

                                                                                               



El-Far et al. J Transl Genet Genom. 2026;10:89-118 Page 107

yield in glioblastoma (A172) cell lines. Interestingly, MX2 depletion resulted in a decrease in mRNA levels of

MYD88 (an innate immune signal transduction adaptor), and DHX36 in A172 cells. In addition,

MYD88/DHX36 knockdown increased virus yield in A172 cells, suggesting that DHX36 may enhance the

effectiveness of oncolytic viruses by increasing their yield within tumor cells.

m6A is an RNA modification affecting herpes simplex virus (oHSV) activity, with HSV-1 infection lowering

m6A by degrading methyltransferase 14 (METTL14) via infected cell protein 0 (ICP0). This reduction

enhances the anti-tumor effects of oHSV in glioma models
[121]

. Targeting m6A components such as

METTL14 or insulin-like growth factor 2 MRNA binding protein 3 (IGF2BP3) may enhance oHSV cancer

therapy. More research on DHX36 and m6A in G4 regulation in oncolytic viruses is suggested for cancer

treatment.

Hepatitis C virus: HCV is a hepatotropic RNA virus that can induce acute and chronic hepatitis, often

resulting in cirrhosis and hepatocellular carcinoma
[122]

. Given its high prevalence and chronicity, HCV

presents a globally significant public health challenge
[123]

. HCV’s non-structural protein 3 (NS3 protein) is

known to possess nucleoside triphosphatase (NTPase) and RNA helicase activities, which are essential for

viral replication. Consequently, NS3 is proposed as an ideal target for the development of antiviral drugs
[124]

.

Research by Salam et al.
[82]

 demonstrated that manoalide could inhibit the ATPase activity of human DHX36,

as well as RNA binding and helicase activities of NS3, by targeting the helicase core domain conserved in

both HCV NS3 and DHX36, thereby effectively inhibiting viral replication.

Hepatitis B virus: With approximately 250 million people worldwide chronically infected with HBV, this

virus is a significant cause of cirrhosis and hepatocellular carcinoma
[125]

. Although nucleotide analogs and

interferons (IFNs) can inhibit HBV replication to alleviate the disease, this does not fully eradicate the virus.

Therefore, developing new anti-HBV medicines is essential to control HBV worldwide
[126]

. Helicases are vital

in regulating viral replication and modulating innate immune signaling pathways
[127]

. Meier-Stephenson et

al.
[81]

 reported a unique G4 structure in the pre-core promoter region of the HBV genome, which is crucial

for the viral life cycle.

Influenza A virus: Retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) function as cytoplasmic

sensors for viral RNA to initiate antiviral responses, including the production of type I IFN
[128]

. Influenza A

viruses lacking the non-structural protein 1 (NS1) efficiently induce antiviral stress granules (avSG) and

increase the production of IFN
[129]

. Yoo et al.
[83]

 demonstrated that DHX36 is a crucial molecule for RIG-I

signaling by regulating the activation of eukaryotic translation initiation factor 2 alpha kinase 2 (PKR) in host

cells infected with the influenza A virus ΔNS1 strain. In this context, DHX36 and PKR form a complex in the

presence of double-stranded RNA (dsRNA), triggering the formation of an avSG in virus-infected cells.

Consequently, DHX36 facilitates the binding of dsRNA and the phosphorylation of PKR through its

ATPase/hel icase act ivi ty . Addit ional ly , Zhang et al .
[ 1 3 0 ]

 identi f ied the DEAD-box hel icase 1

(DDX1)-DEAD-box helicase 21 (DDX21)-DHX36 complex as a dsRNA sensor for influenza A virus,

utilizing the TIR domain-containing adaptor-inducing interferon (IFN)-beta (TRIF) pathway to activate type

I IFN responses in the cytosol of myeloid dendritic cells.

Tuberculosis

TB is caused by Mycobacterium tuberculosis (M. tuberculosis), which infects approximately one-quarter of

the world’s population, of whom 5%-10% develop active disease
[131]

. The potential epigenetic role of the

DHX36-m6A-G4 axis in TB presents a compelling, though still emerging, mechanism by which the host

orchestrates its immune response to M. tuberculosis. The observed upregulation of DHX36 in the peripheral

blood mononuclear cells of TB patients
[85]

 suggests that its involvement is more than incidental. We can
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hypothesize that this helicase may function at the nexus of RNA epigenetics and immune signaling, where it

could resolve G4 structures in the mRNAs of critical immune genes, such as those within the tumor necrosis

factor (TNF) signaling pathway, in a manner regulated by m6A modifications [Table 1].

Male infertility and embryonic lethality

The role of DHX36 in male fertility and embryonic development centers on the DHX36-m6A-G4 epigenetic

axis, where it regulates genomic stability and gene expression. DHX36 deficiency leads to infertility marked

by meiotic arrest and dysregulated genes such as SPO11 and SYCP1
[56]

. Further research by Gao et al.
[47]

revealed the role of DHX36 in spermatogenesis of DHX36-deleted mice. Due to the absence of DHX36

unwinding G4 structures, affected mice exhibited markedly small testes and a lack of mature sperm, resulting

in a sharp decrease in spermatogonial differentiation. These findings underscore the pivotal role of DHX36

in regulating the intricate processes of spermatogenesis and its importance in male fertility [Table 1].

Beyond its role in male fertility, DHX36 also plays a critical role in the development of embryonic tissue. Its

absence in murine models leads to severe heart abnormalities, primarily due to the insufficient growth and

differentiation of heart muscle cells
[89]

. Jiang et al.
[66]

 reported that DHX36 deficiency is associated with heart

failure and mortality rates, coupled with impaired neonatal heart regeneration. Also, comprehensive

multi-omics data analyses of cardiovascular disease have revealed that DHX36 expression correlates with

reduced incidence of cardiovascular disease
[90]

. Additionally, Lai et al.
[88]

 identified that DHX36 knockout in

the germ line resulted in embryonic lethality, primarily due to the onset of hemolytic anemia and a

differentiation defect at the proerythroblast stage. Thus, DHX36 is illustrated to be necessary for

hematopoiesis, as evidenced by significant decreases in mice’s red blood cells (RBCs), platelet, and white

blood cells (WBCs) counts.

Neurodegenerative diseases

DHX36 is crucial for the proper development and function of the nervous system. This section examines its

role in neurological diseases, synaptic plasticity, and potential implications for brain aging [Table 1],

revealing that the DHX36-m6A-G4 axis emerges as a critical, yet vulnerable, regulatory mechanism in

neurological health, with its dysfunction directly implicated in disease and aging. G4s are implicated in

fragile X syndrome, a condition caused by trinucleotide cytosine-guanine-guanine (CGG) expansion that

silences the fragile X mental retardation gene
[132]

. Research by Tseng et al.
[91]

 uncovered DHX36’s role in

regulating the translation of the 4 guanine - 2 cytosine (G4C2) repeat sequence. This function opens new

avenues for therapeutic use in nucleotide repeat expansion disorders, emphasizing DHX36’s potential in

addressing these complex neurological challenges.

DHX36 is also involved in the synaptic plasticity of cultured neurons, an essential process in learning and

memory. It regulates the dendritic localization of precursor miRNA-134, which is vital for synaptic

functions
[ 1 3 3 ]

. DHX36 knockdown in cultured neurons increased the number of neurons with

mushroom-shaped spines and an increase in spine volume, indicative of enhanced synaptic connections.

This suggests that DHX36 is critical for maintaining the structural integrity of synapses and facilitating

neuronal synaptic plasticity. Additionally, DHX36 knockdown inhibited brain-derived neurotrophic factor

(BDNF), a vital protein for dendritic morphogenesis
[134]

. The modulation of BDNF expression further

demonstrates the importance of DHX36 in neuronal health and development.

DHX36 may influence brain aging by regulating autophagy genes and DNA repair, potentially contributing

to cognitive decline
[14]

. In addition, Frobel and Hänsel‐Hertsch
[135]

 hypothesized that the acetylation of

helicases, including DHX36, increases with age in response to the decline in sirtuin activity. Acetylated

helicases bind G4 structures but are less efficient at resolving them, possibly leading to genome instability
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and brain aging. More research is needed to understand how DHX36 and related helicases can elucidate

brain aging mechanisms.

Obesity

Obesity is a complex condition marked by excess body fat, increasing the risk of various diseases and health

issues
[136]

. The rising prevalence of obesity poses a significant public health challenge and has been linked to

detrimental effects on conditions such as asthma, affecting its morbidity and therapeutic responses
[137]

. The

role of the DHX36-m6A-G4 axis in obesity highlights a crucial epigenetic mechanism linking nucleic acid

structure to metabolic issues. Central to this is the finding that DHX36 is essential for unwinding the G4

structure in the primary transcript of miR-26a, a microRNA whose maturation is significantly impaired in

obesity. miR-26a plays a crucial role in various physiological processes and has gained interest as a potential

therapeutic target for several human diseases. Notably, miR-26a expression is reduced in obesity,

contributing to insulin resistance and metabolic disorders
[138]

. This reduction plays a pivotal role in the

dysregulation of metabolic pathways associated with obesity. Liu et al.
[87]

 demonstrated the importance of

RNA-G4s in controlling the biogenesis and function of miR-26a. DHX36 unwinds the RNA-G4 structure of

miR-26a, enhancing its maturation and biological activity. This unwinding is crucial for miR-26a’s regulatory

functions in metabolism. The interaction between DHX36, RNA G4 structures, and miR-26a forms a key

regulatory axis in obesity development. Obese mouse models showed reduced miR-26a maturation and

DHX36 expression in the liver [Table 1], highlighting DHX36’s role in regulating miR-26a levels in obesity.

Targeting the DHX36/RNA-G4/miR-26a axis could provide new treatments for obesity and metabolic

disorders. Modulating DHX36 to boost miR-26a maturation may restore its regulatory role and reduce

obesity’s health impacts.

THERAPEUTIC TARGETING OF THE DHX36-M6A-G4 AXIS: OPPORTUNITIES AND
CHALLENGES
The most studied group of compounds that act on this axis is G4-stabilizing ligands, which act by binding

and stabilizing G4 structures to either inhibit or activate their recognition and resolution by DHX36. Some

potential therapies have made their way up to clinical development, including telomestatin, pyridostatin, and

BRACO-19, which have strong anticancer properties by stabilizing the G4s in oncogene promoters,

including c-MYC and KRAS, resulting in transcriptional repression and cancer cell growth repression
[3,39,46]

.

Markedly, CX-5461 has advanced to phase I/II clinical trials in hematologic malignancies, and quarfloxin

(CX-3543) was the first G4-interactive compound to enter clinical trials, but its development was eventually

halted because of formulation issues and not due to an efficacy concern
[46]

. Nonetheless, there are still

significant challenges to overcome, especially in selectivity; the human genome has hundreds of thousands of

possible G4-forming sequences
[31]

, and it is incredibly hard to selectively stabilize disease-relevant G4s as

opposed to other physiologically significant sequences. Genome-wide mapping, G4 enrichment of the

regulatory regions of oncogenes and tumor suppressor genes have been reported
[32,33]

, and it is feared that G4

ligands may inadvertently silence protective genes. Also, other compounds, such as TMPyP4, have off-target

effects with intercalation of duplex DNA, which may lead to DNA damage
[3,46]

. The next-generation ligands,

such  as  C066-3108  and  {Benzo[lmn][3,8]phenanthrol ine-1,3 ,6 ,8(2H,7H)-tetrone,

2,7-bis[3-(4-morpholinyl)propyl]-4-[[2-(1-pyrrolidinyl)ethyl]amino]} (CM03), which display improved

specificity for G4s in oncogene promoters, represent a step toward overcoming these shortcomings
[46]

.

Oncolytic virotherapy takes advantage of the dual capacity of DHX36 in antiviral immunity to increase

therapeutic effect on cancers. Transient DHX36 inhibition may enhance oHSV-1 replication in glioblastoma

cel ls  because  i t  was  found  that  DHX36  knockdown  increases  oHSV-1  production
[ 8 4 ]

.  The

DDX1-DDX21-DHX36 complex is a sensor of type I IFN stimulation through the TRIF pathway
[130]

. In
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oncolytic virotherapy, the antiviral response of this antiviral may restrict viral replication, and a transient

DHX36 inhibition might therefore protect the virus against antiviral responses. On the other hand, DHX36

also stimulates the formation of avSGs by activating PKR
[83]

, which can compromise immunogenic cell death

and antitumor immunity, resulting in a therapeutic paradox with the net effect determined by the ratio

between viral replication and immune activation. The latest finding of degradation of METTL14 by ICP0

through HSV-1 infection, decreasing m6A levels to increase oHSV antitumor effects in glioma
[121]

, indicates

that there are complicated interactions between viral infection, m6A modification, and DHX36 activity that

need to be comprehended to achieve the best therapeutic combinations. Translation clinical tumor

heterogeneity and variable baseline IFN signaling are a challenge to clinical translation and require strategies

to stratify patients
[139]

. Although it is shown that DHX36 modulation combined with oncolytic virotherapy is

potentially effective, clinical validation remains unconfirmed. Additionally, timing and levels of DHX36

inhibition will be critical to achieve improved viral replication and sustained antitumor immunity.

The use of proteolysis-targeting chimeras (PROTACs) represents a novel approach for the targeted

degradation of DHX36. RNA-G4-based PROTACs, which exploit DHX36’s high-affinity interaction with

RNA G-quadruplex structures as the recognition motif, have been developed
[67,140]

. These bifunctional

molecules bind both DHX36 and E3 ubiquitin ligases, leading to ubiquitination and proteasomal

degradation, resulting in more complete and sustained effects compared with traditional enzymatic

inhibitors. RNA-G4-based PROTACs were effective in C2C12 myoblasts, blocking DHX36-mediated APP

expression and inhibiting skeletal muscle stem cell proliferation by downregulating GNAI2. This

recapitulated the effects of DHX36 knockout and demonstrated the potential of targeted degradation
[67]

.

Nevertheless, PROTAC technology has several limitations, including high molecular weight and poor

pharmacokinetics, which result in low oral bioavailability and limited tissue distribution. This is particularly

relevant for DHX36 in muscle or brain, where it performs essential developmental functions
[51,52]

. There are

still issues of selectivity, with other G4-binding proteins (other helicases and hnRNPs) potentially being

unintentionally targeted and degraded. The critical role of DHX36 in spermatogenesis
[17]

 and cardiac

differentiation
[53]

 raises significant concerns about on-target toxicity from complete DHX36 loss, whereas

partial or temporary loss would be preferable but difficult to achieve with current PROTAC designs. Despite

these challenges, RNA-G4-based PROTACs provide a powerful tool for studying DHX36 function and

represent an innovative, mechanism-based approach that, with further improvements in pharmacokinetics

and selectivity, may ultimately yield therapeutic leads.

FUTURE PERSPECTIVES
Although the critical role of the DHX36-m6A-G4 axis is proven, many research opportunities in the future

are vital in applying this information to treatment interventions
[7]

. The future studies ought to focus on the

role of m6A modifications around or within G4 structures in regulating the binding and unwinding

properties of DHX36. The understanding of this interaction on a molecular basis would result in novel

treatment regimens. Creating innovative tools, e.g., RNA-G4-based PROTACs to control DHX36 activity,

promises the opportunity to regulate the G4 structures and gene expression precisely in disease models
[140]

.

At the same time, it is essential to enhance computational algorithms, predicting G4 formation, DHX36

binding motifs, and m6A sites, to identify the target correctly and comprehend the functions of the axis in

various tissues and diseases. The computational forecasting of interaction between DHX36 and G4 structures

is essential to comprehending the strength of interaction, experiment design, and interactions to prioritize

further research.

DHX36 is extremely active in the human testis and is key to spermatogenesis. It activates important meiotic

genes, such as SPO11 and SYCP1 , and binds the c-KIT promoter to act ivate spermatogonial

differentiation
[47,56]

. Nevertheless, the complete spectrum of genes regulated by DHX36 in spermatogenesis
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remains to be determined, and additional efforts to determine the mechanistic action of DHX36, particularly

in testis-specific developmental genes, are needed. Moreover, the role of DHX36 in female fertility (especially

in oogenesis and other pathologies such as premature ovarian failure) is something that needs to be

researched urgently because the rate of female infertility is extremely high. Researchers ought to understand

the role of DHX36 in regulating the genes of premature ovarian failure, e.g., forkhead box O3 (FOXO3),

forkhead box L2 (FOXL2), and bone morphogenetic protein 15 (BMP15).

DHX36 is a key player in postnatal cardiovascular development and functions as it affects YAP1, HEXIM1,

and NKX2-5 expression and thus increases ventricular chamber development
[66]

. It should be further

researched to clarify its regulatory impact on genes involved in cardiac development to elucidate the relevant

signal pathways, including Wnt/β-catenin signaling. We also promote studies of the regulatory consequences

of DHX36 on genes of heart development and electric conduction of impulses, such as atrial natriuretic

factor, the gap‐junction protein Connexin 40
[141]

, T‐box transcription factors-5, T‐box transcription

factors-20
[142]

, notch receptor 1 (NOTCH1)
[143]

, cytokine bone morphogenetic protein-10
[144]

, and gap junction

protein alpha-5
[145]

.

The action of DHX36 in muscle regeneration under aging and muscle illness is a subject that needs to be

researched widely to establish new approaches towards the treatment of muscle-wasting illnesses
[49]

.

Moreover, there is only a single study that identified the role of DHX36 when it comes to neural and

memory development
[66]

. The way it contributes to the development of neurons in infants and how it

contributes to neurological diseases in adults is unclear. The investigations of DHX36 use in the prevention

and treatment of the development of neurological diseases such as Alzheimer’s and Parkinson’s diseases are

ongoing.

Cancer is one of the main causes of death, which underscores the necessity to get into the contextual aspects

of DHX36
[80,96,98,99]

. Its tumor-suppressive activity has been observed in certain types of cancers, such as

testicular and lung cancer. However, in other cases, such as BC and leukemia, its activity needs to be

clarified. Its implication in cancer, such as in hepatocellular carcinoma, cervical carcinoma, osteosarcoma,

and colon cancer, remains unknown and thus needs further investigation. Future research ought to

investigate the resolvase activity of DHX36 and the most important genes regulated by DHX36, in particular

in pathways such as the NOTCH, Hedgehog, PI3K-AKT-mTOR, transforming growth factor beta 1

(TGF-β)-SMAD family member 4 (SMAD4), and insulin-like growth factor 2 (IGF2)-insulin-like growth

factor 1 receptor (IGF1R). Also, DHX36 has been demonstrated to upregulate oncolytic production of

viruses in tumours, implying that its activity can be controlled to improve virotherapy.

DHX36 is a viral sensor used in the control of viral diseases that identifies nucleic acids. Since it causes

serious viral illnesses, there is an urgent need to carry out comprehensive research to come up with specific

antiviral treatment
[82,83]

. The relationship between the action of available antiviral medications on DHX36 and

studies on natural compounds with high potency and low acuteness should be investigated to determine

whether they can target G4s or regulate the action of DHX36. It is also important to develop sophisticated

software to forecast small-molecule affinity to G4s to move forward with drug discovery.

To conclude, the multiple functions of DHX36 in dealing with G4s offer a good opportunity to learn about

development and fight illnesses. DHX36 modulators would be a great addition to current treatments,

including immune checkpoint inhibitors or antivirals, and yield strong new combination therapies.

Multi-disciplinary research is crucial to fully understand the mechanistic roles of DHX36, which could one

day be used to produce new treatments for developmental disorders, regenerative medicine, and disease

prevention and management.
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CONCLUSION
The DHX36-m6A-G4 axis is one of the most significant epigenetic networks when m6A modifications and

the G4 structures interact, and DHX36 is the main processor that converts these interactions into particular

outcomes in terms of gene expression. It is essential to note that the interaction of DHX36 and m6A plays a

vital role in the regulation of G4 structures, which subsequently impacts the formation of tissues and the

progression of the disease. In this direction, m6A is labeled on RNA to be processed and has the capacity to

affect G4. DHX36 identifies and opens these G4 structures to reveal m6A marks so that these can be used to

control the expression of genes in important developmental events.

Genes are essential in cell differentiation during embryonic development, and the DHX36-m6A-G4 axis can

do this by facilitating the activation or silencing of genes at the appropriate moments. As an example, such

an axis is essential to development, where m6A-directed G4 resolution of DHX36 triggers gene expression

required in spermatogenesis (e.g., c-KIT and SPO11), cardiogenesis (e.g., YAP1 and NKX2-5), and

neurogenesis.

This axis may be detrimental to the loss or dysfunction in conditions such as cancer. The presence of m6A in

tumor suppressor genes and a decrease in DHX36 activity that hinders G4 unwinding are the dysregulation

features. It results in repressive G4 structures, which remain and inhibit vital pathways that promote tumor

proliferation. The knowledge of this axis provides invaluable clues on the manner in which cells lose control

in cancer and other illnesses, and as such, it is an important junction in the developmental as well as the

pathological processes involved.
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