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Abstract

AlkB homolog (ALKBH) belongs to 2-oxoglutarate (20G) and ferrous iron-dependent oxygenases, which can cata-
lyze the demethylation of DNA/RNA and play an important role in human diseases represented by cancer. Although
ALKBH has been extensively studied, the biological explanation for its specific recognition of DNA/RNA and its
mechanism of action in cancer remains unclear. This review explores the molecular mechanism of ALKBH protein
binding to DNA/RNA through structural fitting and ChIP-Seq analysis and summarizes the structural biology factors
that lead to its specific substrate recognition. Furthermore, the expression of ALKBH protein across different tis-

sues is systematically compiled, with a tissue-specific expression map generated for 15 organs and 50 tissues. These
maps provide valuable insights into the protein’s function in various physiological contexts. Additionally, this review
systematically summarizes the regulatory role of the ALKBH protein in the occurrence and development of cancer. It
highlights the protein’s involvement in key signaling pathways, including Wnt, AKT, AMPK, NF-kB, Hippo, and Notch,
revealing its potential for application in early diagnosis and targeted cancer therapy. Overall, this review comprehen-
sively expounds the biological functions of the ALKBH protein and its important role in cancer, which has important
theoretical value and application prospects.
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Introduction

ALKBH protein has nine homologous enzymes (ALKBH
1-8 and FTO). In 1983, the AlkB gene was discovered by
Sekiguhi et al. in a mutant of Escherichia coli [1]. In 1996,
bioinformatics discovered the first mammalian ALKBH
homolog [2]. Despite a lot of efforts, the function of the
AIKB gene has not been determined. It was not until 2001
that Aravind and Koonin identified AlkB as a member of
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the 20G-Fe (II) oxygenase superfamily through sequence
profile analysis and indicated that it might be involved in
RNA demethylation [3]. This greatly promoted the study
of the ALKB family. In 2002 and 2003, ALKBH2-3 and
ALKBH4-8 were identified, respectively [4, 5]. With the
addition of the FTO gene associated with obesity, mem-
bers of the ALKB family were identified [6]. The discov-
ery history of the ALKBH protein is shown (Fig. 1).
Diverse substrate recognition is a prominent feature of
the ALKB family and a classic research topic in this field.
ALKBH has a catalytic domain with a double-stranded
B-helix (DSBH; ak.a. jelly-roll, cumin, or jumonjiC) as
the core. The DSBH domain consists of two layers of
B-sheets and four antiparallel B-sheets, which can play
a role in the histone demethylation mechanism. The
distribution location and binding substrates of ALKBH
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Fig.1 Time and person who discovered the ALKBH protein

Table 1 Distribution and binding sites of ALKBH protein

Protein name Location Binding substrate

ALKBH1 Nucleus, mitochondrion tRNA, ssDNA, dsDNA, mRNA

ALKBH2 Nucleus dsDNA

ALKBH3 Nucleus, cytoplasm ssDNA, mRNA

ALKBH4 Nucleus, cytoplasm, Actin Lys-84

midbody

ALKBH5 Nucleus MRNA

ALKBH6 Nucleus, cytoplasm bulge DNA, ssDNA, RNA

ALKBH7 Mitochondrion Self-hydroxylate Leu-
110,polycistronic RNA

ALKBH8 Nucleus, cytoplasm tRNA

FTO Nucleus snDNA, mRNA, tRNA

protein are shown (Table 1). ALKBH6 has catalytic activ-
ity on various substrates. ALKBH1-3 mainly binds sin-
gle-stranded or double-stranded DNA and RNA [7-10].
ALKBH4 catalyzes actin demethylation [11]. ALKBH5
and FTO mainly act on mRNA and are considered “eras-
ers” of m6 A [12-14]. ALKBH7 works on proteins and
RNA [15, 16]. ALKBHS catalyzes tRNA modification [17,
18].

As a class of Fe (II)/a-ketoglutarate-dependent dioxy-
genases, the ALKBH protein family is widely involved
in the removal of epigenetic modifications and plays a

vital role in maintaining genome stability and affect-
ing the occurrence and development of tumors [19,
20]. The enzymatic activity of ALKBH1 on various sub-
strates such as m6 A, m1 A, m3 C, m5 C, N6-mA, and
H2 A is currently a hot topic of research [21, 22]. The
functions of ALKBH5 and FTO for m6 A demethyla-
tion have been widely reported [23]. Zhao et al’s study
on pancreatic cancer showed that ALKBHS6 is essential
for maintaining genome stability [24]. FTO can inhibit
osteoblast differentiation and function of glycosylated
bone marrow mesenchymal stem cells [25]. The sign-
aling pathway regulated by the ALKBH protein plays
a key role in a variety of human diseases, such as gas-
tric cancer, lung cancer, and pancreatic cancer, which is
closely related to its catalytic function [24, 26-28]. It is
a hot topic of current research.

This review delves into the intrinsic mechanisms
behind ALKBH’s specific recognition of RNA, drawing
on structural biology and omics analyses. It outlines the
structural and biological factors that govern ALKBH’s
differential recognition of DNA and RNA, examines its
tissue-specific expression, and clarifies its regulatory
role in the onset and progression of cancer. Ultimately, it
provides a theoretical foundation for understanding the
ALKBH protein’s specific recognition function and its
pivotal role in cellular physiological processes and dis-
ease development.
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Motif composition of ALKBH protein binding to DNA/RNA
The reasons why ALKBH proteins bind specifically to
DNA/RNA were explored at both the gene and protein
levels. At the gene level, due to data limitations, we only
analyzed ChIP-Seq of ALKBH1/3/5 and FTO (Fig. 2A).
One of the canonical functions of ALKBH5 and FTO is
to demethylate m6 A, which is a common modification
in mRNA and noncoding RNA [29]. Abnormal regula-
tion of m6 A modification plays a key role in the occur-
rence and development of many diseases, including
preeclampsia, thyroid cancer, gastric cancer, and heart
failure [30-33]. Early studies have shown that a large
number of m6 A modifications are located in the RRACH
motif (R,A/G; H, A/C/U) [34]. The raw data of ALKBH]1,
ALKBH3, ALKBHS5, and FTO were obtained from the
National Center for Biotechnology Information (NCBI)
with accession numbers GSM3357602, GSM1385219,
GSM4287404, and GSM271942, respectively.

The study by Kaur et al. in 2022 demonstrated the pref-
erence of ALKBHS5 for substrates containing the (A/G)
m6 AC consensus sequence motif [35]. Li et al’s study
in 2019 showed that FTO binds to GAC and RRACH
motifs in m6 A-modified mRNA/IncRNA in a cell type-
dependent manner [36]. Consistent with previous stud-
ies, from our ChIP-Seq results, whether it is ALKBH5
or FTO, their sequence centers are composed of a motif
with A as the core. Other motifs of the two also have sim-
ilar features, such as continuous U/A bases. We speculate
that these features may provide a genetic basis for their
specific recognition of mé6 A. Furthermore, we present
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the ChIP-Seq analysis results of ALKBH1 and ALKBH3,
which will guide experimental disciplines in deciphering
the identified motifs.

At the structural level, we mapped the full-length
structural evolution of ALKBH proteins (Fig. 2B). Con-
sistent with previous studies, 10 distinct B-folds consti-
tute the basic skeleton of ALKBH proteins [9] (Fig. 2C).
At the same time, p3-$10 is defined as the DSBH domain
in traditional studies [9]. The more positively charged
arrangement is a significant feature shared by the cata-
lytic cavity of ALKBH proteins (Fig. 2D). Based on the
principle of physics that like charges repel and opposite
charges attract, and combined with Chao et al’s earlier
studies on DNA-binding TET proteins, which pointed
out that the pronounced positive charge creates condi-
tions for DNA binding, we speculate that the widespread
positive charge on the surface of the ALKBH protein is
one of the reasons for its ability to bind to DNA/RNA
[37-40].

In addition to the above factors, the protein’s spatial
distribution, the role of co-chaperone proteins, and post-
translational modifications may also influence substrate
binding. The cellular distribution of FTO varies across
different cell lines, which affects its interaction with dif-
ferent RNA substrates [41]. The interaction between
ALKBHS8 and the small auxiliary protein TRM112 is
essential for forming a functional tRNA methyltrans-
ferase [42]. Reactive oxygen species (ROS) can promote
the SUMOylation of ALKBH5 by activating the ERK/
JNK signaling pathway, inhibiting ALKBH5’s m6 A

B3 P4 BS Pp6 p7 P8 B9

DSBH

Fig. 2 Motif composition of ALKBH protein binding to DNA/RNA. A ChIP-Seq profiles of ALKBH1/3/5 and FTO. B Full-length structural arrangement
of ALKBH protein. Sky blue: a-helix, Pink: 3-sheet. C Common binding cavity of ALKBH protein, example protein ALKBH2 (PDB:3s57). Pink: 3-sheet. D
Potential diagram of the ALKBH protein binding cavity, example protein ALKBH2 (PDB:3s57). Blue: positive charge, red: negative charge
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demethylase activity by blocking substrate accessibility
[43].

Structural preference of ALKBH proteins for differential
recognition of DNA and RNA

After summarizing and sorting, we divide the recognition
specificity of ALKBH into three categories: (1) prefer to
recognize DNA; (2) preferred to recognize RNA, and (3)
good recognition ability for DNA,RNA or protein. The
first category includes ALKBH2. The second category
includes ALKBH5/7/8 and FTO. The third group consists
of ALKBH1/3/4/6. Whether these protein members with
similar binding preferences share a unified structural
mechanism remains unclear. This is mainly because the
current studies are still fragmented and lack evidence of
broad structural commonality. Therefore, we have sum-
marized the structural biology principles of each member
separately as follows (Table 2 and Fig. 3).

Table 2 Binding site and substrate information for ALKBH6
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ALKBH2 prefers to bind dsDNA. ALKBH2’s F102 can
be inserted into double-strand stacks and fill the DNA
gap, which is an important reason why ALKBH?2 can bind
dsDNA (Fig. 3A) [44]. In addition, Gly204 and Lys205 of
ALKBH2 bind to complementary strands of the methyl-
ated strand, which also contributes to ALKBH2 binding
to dsDNA (Fig. 3A) [44, 45].

The size of the binding region and the role of key amino
acids affect RNA recognition by ALKBH5 and FTO. The
tendency of ALKBH7 and ALKBHS to bind RNA is very
prominent. Studies have shown that ALKBH7 does not
show any demethylation activity against m1 A and m3 C
damage in ssDNA/dsDNA, closely related to its structure
[46, 47]. Studies on the binding of ALKBH7 to RNA are
mostly speculative and require further structural biology
investigations [46, 48]. ALKBHS8 consists of the N-termi-
nal RNA recognition motif (RRM) domain, the C-termi-
nal methyltransferase (MTase) domain, and its central

Protein name PDB/ALPHAFold Binding site Substrate
ALKBH2 3557 F102 dsDNA
ALKBH8 AF-Q96BT7-F1 RRM domain tRNA
ALKBH1 6KSF R24 and R159/tRNA binding domain dsDNA/tRNA
ALKBH6 VIV E139-P158 bulge DNA, ssDNA, RNA
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Fig. 3 Structural preference of ALKBH proteins for differential recognition of DNA and RNA. A ALKBH2 (PDB:3 s57) key amino acid for dsDNA
binding. B Distribution of structural domains of ALKBH8 (AF-Q96BT7-F1). Dark yellow structure on the left: RRM. Rose-pink: alkB-like domain.
Orange-yellow structure on the right: MTase. C Key amino acid for ALKBH1 (PDB:6 KSF) binding to dsDNA. D Regions of ALKBH1 (AF-Q13686-F1)
binding tRNA. Pink: binding region. E Structure of ALKBH6 (PDB:7 VJV). Purple: combined with loop
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AlkB-like domain (Fig. 3B) [49]. The RRM domain is con-
nected to the AlkB domain through an ordered structure,
maintaining the geometric invariance of the interaction
between the two domains, which helps regulate tRNA’s
binding and catalytic activity. Both the AlkB-like domain
and the MTase domain can catalyze covalent super modi-
fication of swinging nucleotide bases in specific tRNA
anticodon loops [17].

Two arginine residues, R24 and R159 of ALKBH], can
be inserted into small grooves of DNA from both ends
as two “fingers” to fix DNA substrates (Fig. 3C). This rec-
ognition pattern may help locate DNA substrates so that
the flipped bases are properly inserted into the active
pocket [10]. Additionally, ALKBH1 has a tRNA bind-
ing domain that eukaryotic tRNA ligase uses to identify
tRNA (Fig. 3D) [50-52].

Xu et al. showed that the narrow binding region and
the blocking effect of amino acids at some positions
were responsible for the binding of ALKBH3, ALKBHS5,
and FTO to single-stranded nucleic acids such as mRNA
and ssDNA [16]. ALKBH6 binds to ssDNA, foamy DNA,
highlighted DNA, and RNA, but not dsDNA. Chen et al.
proposed that the loop region of E139-P158 acts as a
barrier to prevent the entry of paired double-stranded
nucleic acids into the active site, a unique property that
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allows ALKBH6 to differentiate between nucleic acids
(Fig. 3E) [45]. Since the structure of ALKBH4 has not
been resolved, the reason for its specific identification of
substrates is still unclear.

The above summary highlights that, beyond the con-
served dioxygenase catalytic core, subtle structural
features play a critical role in determining substrate spec-
ificity. However, due to the limited number of resolved
protein—nucleic acid complex structures, a unified model
of substrate recognition across the ALKBH family is still
lacking. In particular, it remains challenging to systemati-
cally analyze the recognition differences among ssDNA,
dsDNA, and RNA substrates. We believe that future
structural and biochemical investigations will be essential
to advance our understanding of these differential recog-
nition mechanisms.

Tissue-specific expression analysis of ALKBH

ALKBH proteins play a role in many biological processes.
Tissue-specific expression data were obtained from The
Human Protein Atlas (https://www.proteinatlas.org/).
We compiled the specific expression profiles of ALKBH
proteins in 50 tissues of 15 organs (Fig. 4). It can be seen
that ALKBH5, ALKBH7, and FTO have higher rela-
tive expression levels in each tissue than other members
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Fig. 4 Tissue-specific expression profile of ALKBH protein. The horizontal axis represents different organizations, and the vertical axis unit is NnTPM
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(Fig. 4). In fact, ALKBH5 and ALKBH7 have been stud-
ied more deeply than other members. ALKBH5 has been
reported in articles related to diseases such as the pan-
creas, stomach, colorectum, and liver, where it is highly
expressed [53-56]. FTO has also been widely studied,
especially in the endometrium, ovary, prostate, and stom-
ach, where it is highly expressed [57-60]. Research on
ALKBH?7 started relatively late but has made rapid pro-
gress. In 2022, Chen et al’s pan-cancer analysis revealed
that ALKBH7 was highly expressed in 17 cancers and
lowly expressed in 5 cancers, indicating that ALKBH7
may serve as a potential prognostic pan-cancer bio-
marker [61].

ALKBH1 is high in skeletal muscle. It may be a
potential target for the treatment of osteoporosis [62].
ALKBH2 primarily functions in the development and
progression of colorectal cancer, lung cancer, and blad-
der cancer [63-65]. Since ALKBH3’s tRNA demeth-
ylation promotes protein synthesis in cancer cells, it has
also been widely considered [27]. There are fewer studies
on ALKBH4 and ALKBHS6, which are believed to play a
role in pancreatic cancer and lung cancer, gastric cancer,
and colorectal cancer [66—68]. Although the expression
level of ALKBH 8 in brain tissue is not high, its function
is important. Its abnormal expression can lead to human
neurodevelopmental disorders [69]. In addition, high
expression of ALKBHS is believed to promote the occur-
rence of human bladder cancer [70].

Regulatory pathways of ALKBH protein in cancer

The mechanisms of ALKBH protein regulating cancer
occurrence in a total of 7 signaling pathways, including

Table 3 Roles of ALKBH-associated signaling pathways in cancer
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Wnt, AKT, TGF-, AMPK, NF-kB, Hippo, and Notch,
have been summarized (Table 3 and Fig. 5). Compared
with ALKBH1/2/5 and FTO, the research on other mem-
bers is relatively lacking.

Wnt

Gemcitabine (GEM) is a first-line chemotherapy drug
approved for the treatment of advanced pancreatic can-
cer (PC). SH3BP5-AS1 plays an important role in PC
resistance to GEM, and its expression is positively cor-
related with PC resistance to GEM. SH3BP5-AS1 stabil-
ity is regulated by ALKBH5/IGF2BP1-mediated m6 A
modification. Low expression of ALKBHS5 increases the
m6 A modification level of SH3BP5-AS1, which further
promotes the recognition of SH3BP5-AS1 by the m6 A
recognition protein IGF2BP1, thereby promoting the
expression of SH3BP5-AS1. SH3BP5-AS1 activates the
Wnt signaling pathway through sponge miR-139-5p,
upregulates the expression of CTBP1, and promotes
GEM resistance [71].

In gastric cancer, increased ALKBH5 and decreased
m6 A modification levels may lead to activation of the
Wnt/PI3 K-Akt signaling pathway, thereby promoting
the malignant phenotype of gastric cancer. This sug-
gests that ALKBH5 may play an important role in the
occurrence and development of gastric cancer [72].
AXIN2, a Wnt suppressor, was identified as a target
of ALKBH5. ALKBH5 binds and demethylates AXIN2
messenger RNA, leading to its dissociation and deg-
radation from the N+ 4 6-methyladenosine reader
IGF2BP1, thereby overactivating Wnt/p-catenin. Sub-
sequently, ALKBH5-induced Wnt/p-catenin targets,

Protein Factor Signaling pathways Cancer

ALKBHS5 SH3BP5-AS1 Wnt Pancreatic cancer
ALKBHS mé6 A Wnt/PI3 K-Akt Gastric cancer

ALKBH5 AXIN2 falls Wnt/[B-catenin Colorectal cancer

FTO HOXB13 WNT Endometrial cancer

FTO INcCRNA HOXC13-AS WNT Cervical cancer

ALKBHS KCNK15-AS1 AKT Pancreatic cancer
ALKBH5 PAQR4 PI3 K/AKT Hepatocellular carcinoma
FTO FLOT2 P13 K/Akt/mTOR Diffuse large B-cell lymphoma
FTO - AKT Ovarian cancer

FTO miR-139-5p/ZNF217 PI3 K/Akt/mTOR Prostate cancer

FTO MOXD1 TGF-38 Gastric cancer

ALKBH1 NRF1 AMPK Gastric cancer

ALKBH2 BMI NF-kB Colorectal cancer
ALKBHS TLR4 NF-«B Ovarian cancer

ALKBH5 TRAF1 NF-kB Myeloma

FTO MOXD1 mRNA MAPK, TGF-B, NOTCH and JAK/STA Gastric cancer
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Fig. 5 Regulatory pathways of ALKBH protein in cancer. Different pathways are represented by different colors, and core factors are labeled

including Dickkopf-related protein 1 (DKK1), were
activated. ALKBH5-induced DKK1 recruited myeloid-
derived suppressor cells (MDSCs) to drive immunosup-
pression in colorectal cancer (CRC), an effect that could
be blocked by anti-DKK1 in vitro and in vivo. Finally,
vesicle-like nanoparticles encapsulating ALKBH5 small
interfering RNA or anti-DKK1 enhanced anti-PD-1
therapy and inhibited CRC growth [73].

The mRNA level of FTO is increased in cervical squa-
mous cell carcinoma (CSCC) tissues compared with
corresponding adjacent normal tissues [74]. FTO can
catalyze the demethylation modification of the 3’UTR
region of HOXB13 mRNA, thereby eliminating the
recognition of m6 A modification by YTHDF2 pro-
tein. Reduced HOXB13 mRNA decay and increased
HOXBI13 protein expression are accompanied by acti-
vation of the WNT signaling pathway and expression
of downstream proteins, leading to endometrial cancer
metastasis and invasion [75]. FTO-stabilized IncRNA
HOXC13-AS epigenetically upregulated FZD6 and
activated Wnt/B-catenin signaling to drive cervical can-
cer proliferation, invasion, and EMT [76].

PTEN/AKT
Upregulation of ALKBH5 may inhibit the progression of
pancreatic cancer by increasing the stability and func-
tion of the K member 15 and WISP2 antisense RNA 1
(KCNK15-AS1) factor, which can inhibit pancreatic can-
cer. Upregulation of ALKBH5 leads to a decrease in the
m6 A modification level of KCNK15-AS1, which may
increase the stability of KCNK15-AS1. KCNK15-AS1
promotes the ubiquitination of RE1 silencing transcrip-
tion factor (REST) by recruiting MDM2 proto-oncogene
(MDM2) protein, thereby upregulating phosphatase
and tensin homolog (PTEN) at the transcriptional
level, thereby inhibiting the AKT signaling pathway and
inhibiting the migration and invasion of PC cells [77].
ALKBH5 downregulates progestin and AdipoQ Recep-
tor 4 (PAQR4) expression in an m6 A-dependent man-
ner, thereby inhibiting PI3 K/AKT pathway activation
and suppressing hepatocellular carcinoma (HCC) growth
[78].

FTO-mediated m6 A demethylation upregulates
FLOT2 to activate the downstream PI3 K/Akt/mTOR
signaling pathway, leading to the aggressiveness of diffuse



Yang et al. European Journal of Medical Research (2025) 30:458

large B-cell lymphoma (DLBCL) [79]. FTO overexpres-
sion promotes AKT phosphorylation and significantly
increases the viability and autophagy of ovarian cancer
cells [80]. FTO inactivates the tumor-accelerated PI3K/
AKT/mTOR pathway by regulating the downstream miR-
139-5p/ZNF217 axis to hinder prostate cancer develop-
ment [81]. FTO targets MOXD1 mRNA and promotes its
expression through mé6 A methylation. MOXD1 upregu-
lation activates the cancer-related signaling pathway
TGEF-B and promotes the occurrence of gastric cancer
[82].

AMPK and NF-kB

ALKBHI1-induced 6 mA demethylation inhibits NRF1-
driven transcription of downstream targets, including
multiple genes involved in the AMPK signaling pathway.
ALKBHI1 inhibits AMPK signaling, leading to a meta-
bolic shift toward the Warburg effect, thereby promoting
gastric carcinogenesis [83].

ALKBH2 inhibition alleviates malignancy in colorec-
tal cancer by regulating BMI1-mediated activation of the
NF-«B pathway [64]. TLR4 activates the NF-kB pathway,
upregulates ALKBH5 expression, increases m6 A lev-
els and NANOG expression, all of which contribute to
ovarian carcinogenesis [84]. ALKBH5 regulates TRAF1
expression by reducing the m6 A abundance in the 3’
untranslated region (3'-UTR) of TRAF1 transcripts, acti-
vates NF-kB, and promotes the growth and survival of
multiple myeloma cells [85].

Hippo and Notch

ALKBHS5 can affect the occurrence of esophageal cancer
and glioblastoma by affecting the Hippo pathway [86].
YAP1 is a major downstream target of the Hippo signal-
ing pathway and is negatively regulated by it. The over-
expression of FTO disrupts the Hippo signaling pathway,
reduces YAP1 phosphorylation, subsequently increasing
YAP1 translocation to the nucleus, and promotes the
proliferation of human ovarian granulosa cells [87].

FTO targets MOXD1 mRNA and promotes its expres-
sion through m6 A methylation, which activates cancer-
related signaling pathways (MAPK, TGF-B, NOTCH, and
JAK/STAT) and promotes the progression of gastric can-
cer [82].

It is worth noting that in the above review of signaling
pathways, we can observe some seemingly contradic-
tory phenomena. For example, in the Wnt pathway, the
downregulation of ALKBH5 activates the Wnt signal in
prostate cancer, while its upregulation also activates the
Wnt signal in gastric cancer. Similarly, in the PTEN/
AKT pathway, overexpression of FTO activates the AKT
signal in diffuse large B-cell lymphoma but inhibits the
AKT signal in prostate cancer. These phenomena may
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be closely related to epigenetic changes and interactions
with other regulatory factors. We hypothesize that this
may be due to the regulation of protein expression by
epigenetic or post-translational modifications in differ-
ent cellular environments and cancer types, leading to
opposing biological effects in different tissues or cancer
models.

Conclusion

Since the first ALKB gene was discovered, more than 40
years of research have passed. People have conducted a
lot of exploration and made many progress in this field.
The structure and catalytic mechanism of the ALKBH
protein have been gradually resolved. However, the rea-
son for its specific recognition of DNA/RNA is still not
completely clear.

This review investigates the molecular mechanisms
underlying ALKBH protein’s binding to DNA/RNA
through structural fitting and ChIP-Seq analysis, summa-
rizes the structural and biological factors that contribute
to its differential recognition of DNA and RNA, exam-
ines the expression of ALKBH protein across various
tissues, and discusses its regulatory role in the initiation
and progression of cancer. These insights will enhance
our understanding of the ALKBH protein’s specific rec-
ognition function and its involvement in diverse cellular
physiological processes and disease development.

Notably, AlphaFold has supplemented structural
data for ALKBH protein monomers, and experimental
complex structures of several ALKBH family members
have also been resolved [88]. However, the structure of
ALKBH4 in complex with its binding partners remains
experimentally uncharacterized, and its precise con-
formation and functional mechanisms require further
investigation. In addition, the experimental structure
of ALKBH6 was resolved relatively late, and its related
research is still relatively limited, more biological studies
are needed to reveal its specific role in cellular processes
[45]. Meanwhile, the relevant omics data for ALKBH2,
ALKBH4, ALKBH6, ALKBH7, and ALKBHS still require
further supplementation and refinement.

At present, high-resolution X-ray crystal diffraction
experiments are still one of the core means to analyze
the structure of protein—nucleic acid complexes, which
is of great significance for verifying predicted structures
and discovering key interaction interfaces [89]. However,
some ALKBH family members have poor stability when
binding to substrates or only form transient complexes
under specific physiological conditions, which makes tra-
ditional crystallographic methods face certain challenges.
Therefore, alternative structural biology techniques such
as cryo-electron microscopy (cryo-EM) and nuclear
magnetic resonance (NMR) are also urgently needed to
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capture the structural state of these dynamic complexes
[90, 91]. At the omics level, existing studies have focused
on the regulation of m6 A modification at the transcrip-
tome and epitranscriptome levels, but systematic identi-
fication of ALKBH protein targets is still insufficient.

Future studies can combine single-cell sequencing,
multi-omics integrated analysis (such as transcriptome,
epigenetic group, proteome, and methylation group),
and CRISPR-Cas9-mediated functional screening to fur-
ther reveal the specific mechanism of action of ALKBH
protein in different tissues and disease states [92, 93].
In addition, most of the current data are derived from
in vitro models and lack validation in clinical samples.
In the future, more primary sample studies derived from
patient tissues are needed to enhance the clinical rele-
vance of the conclusions.
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