Sun et al. Clinical Epigenetics (2025) 17:94 CIinicaI Epigenetics
https://doi.org/10.1186/513148-025-01906-z

. : : ®
DNA methylation in monozygotic twins Giikia

discordant for acute lymphoblastic leukemia:
a case report and systematic review

Mao-ling Sun', Yang Li%, Rong-xi Man', Si-wen Wang', Rong Guo', Ying Yang®” and Yu-ging Pan'"

Abstract

Acute lymphoblastic leukemia (ALL) is a prevalent malignant hematologic disease characterized by the abnor-

mal proliferation and accumulation of immature lymphocytes in bone marrow and lymphoid tissues. In our study,
Oxford Nanopore Technologies (ONT) sequencing was performed to investigate four types of methylation modifica-
tions—6 mA, CHG, CHH, and CpG—in a pair of monozygotic twins, where one twin has ALL and the other is healthy.
The results showed the significant global hypomethylation of CpG sites and an increase in 6 mA, CHG, and CHH meth-
ylation in the twin diagnosed with ALL. Notably, the hypomethylation of CpG was particularly increased in the open
sea, gene body, and 3'UTR regions, while 6 mA and CHG modifications exhibited high methylation levels in the gene
body, TSS1500, TS5200, and 3'UTR regions. Additionally, CHH modifications showed high methylation across all
genomic regions. Within the differential methylation loci (DML), we identified several genes related to tumorigenesis
and progression (such as ZDHHC11, NBPF1, and TPTE). Furthermore, we systemically reviewed the literatures on leu-
kemia and DNA methylation modifications, providing a comprehensive description of their correlation. In summary,
these findings indicate that DNA methylation plays a crucial role in the onset and progression of ALL, offering valuable
insights for future research into its impact on leukemia development.
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Introduction

Acute lymphoblastic leukemia (ALL), a common malig-
nant hematologic disorder with diverse and clinically
heterogeneous biology, is characterized by abnormal pro-
liferation and aggregation of immature lymphocytes in
the bone marrow and lymphoid tissues [1]. ALL accounts
for 15% of all leukemias, and approximately 30%—40% of
acute leukemias. The median age of adults with ALL is
30—-40 years, and it is usually slightly more common in
males than females [2, 3]. Although the etiology of ALL
has not been fully elucidated, the presence of disease-
defining chromosomal translocations has been dem-
onstrated in the previous study [4]. Monozygotic twin
studies have shown concordance rates of approximately
10%, in which twins may have the same starting chromo-
somal translocation through shared blood chimerism [5,
6]. However, the 90% discordance rate suggests that addi-
tional intrauterine or early-life genetic, epigenetic, and
environmental factors contribute to a necessary"second
hit"in the development of leukemia [7]. Among them,
DNA methylation plays a potential role as a predisposing
factor [8]. Therefore, it is evident that DNA methylation
levels play an indispensable role in the occurrence and
development of ALL [9, 10].

DNA methylation is a stable heritable epigenetic
imprint that is primarily established during early embry-
onic development and is subject to genetic, environmen-
tal, and stochastic control [11]. Correlated interindividual
variant loci (CoRSIV) are sensitive to changes in the peri-
natal intrauterine environment and may act as metastatic
epigenetic alleles, independently of genetic influences,
to produce phenotypic variation between individuals.
Incongruent monozygotic twins, in which one twin is
diseased and the other is not, provide an ideal setting for
studying the role of epigenetic influences on disease risk
because of their genetic characteristics [12]. In addition,
because of the uneven distribution of placental blood
flow, monozygotic twins do not necessarily share equally
in the nutrients and other factors they receive, thus creat-
ing an imbalance in disease risk among genetically iden-
tical individuals. The establishment of environmentally
sensitive DNA methylation patterns at birth can modu-
late disease risk, while acquired factors, such as behav-
ior and exposure, can similarly impact DNA methylation
level [13].

Compared to normal cells of the same tissue, DNA
methylation in tumor cell samples generally consists of
two types: demethylation of many regions of the genome
versus relative hypermethylation of CpG islands (CGlIs)
[14, 15]. For example, in the gastric cancer cell line
SNU484 and the colon cancer cell lines DKO and SW480,
there is a notable occurrence of demethylation in spe-
cific gene regions. In contrast, both of the gastric cancer
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cell line SNU601 and the colon cancer cell line HCT116
exhibit hypermethylation in certain CpG islands of spe-
cific genes. On the other hand, there is a hypermethyla-
tion of CGIs within specific genes [16]. Similar patterns
are also observed in leukemia [17, 18]. Global DNA
hypermethylation has been identified in ALL cells com-
pared to healthy bone marrow samples, particularly in
CGlIs and promoter regions [9].

The previous study shows that the abnormal methyla-
tion of CpG islands plays a critical role in the pathogen-
esis of T-ALL [19]. Normally, CpG islands located in the
promoter regions are either unmethylated or only slightly
methylated, ensuring normal transcription and expres-
sion of the genes. However, CpG islands in promoter
regions of key genes, such as PTEN, are often hypermeth-
ylated in T-ALL. This hypermethylation prevents tran-
scription factors from binding to the promoter regions,
leading to the inhibition of gene expression and abnormal
cellular function. At the same time, some regions of the
genome exhibit hypomethylation, which can disturb cell
proliferation and differentiation [20, 21]. Similarly, the
promoter regions of genes like CDKN2A and Pax5 are
also prone to hypermethylation in B-ALL [22]. Specifi-
cally, the hypermethylation of CDKN2A gene leads to the
loss of p16INK4a protein, which is vital for regulating the
cell cycle [23]. Pax5, an essential transcription factor for
B cell development, is also impacted by hypermethylation
in its promoter region, which disrupts the normal differ-
entiation of B cells [24]. Furthermore, the distribution of
hypomethylated regions in B-ALL is different from that
in T-ALL. This variation may be linked to the unique cel-
lular origins and different pathway characteristic of these
two subtypes.

Oxford Nanopore Technologies (ONT) sequenc-
ing is the next generation of nanopore-based real-time
electrical signal sequencing of single molecules [25].
The DNA/RNA double strands are bound to the nano-
pore proteins embedded in the biofilm and de-helical-
ized under the guidance of motor proteins. Under the
effect of the voltage difference between the two sides of
the biofilm, the DNA/RNA strand passes through the
nanopore channel proteins at a certain rate, and due to
the differences in chemical properties of the different
bases on the DNA/RNA strand, it also causes differ-
ent electrical signals to be changed [26]. The signals are
detected and corresponded to each other by the nano-
pore channel proteins. By detecting and corresponding
to these signals, the type of corresponding bases can
be calculated, and real-time sequence determination
can be accomplished [27]. The nanopore can be used
to determine the sequence in real time [27]. Currently,
nanopore uses a complex algorithm called"recurrent
neural network"to interpret bases based on the
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magnitude and variations of electrical current [28].
Additionally, compared to methylation sequencing
and methylation microarray techniques, ONT has the
advantage of comprehensively detecting four types of
methylation—6 mA, CHG, CHH, and CpG—across the
whole genome [29].

Here, we reported a pair of monozygotic twins in
which the patient had ALL while his twin brother did
not. Moreover, we analyzed four methylation modi-
fication types, 6 mA, CpG, CHG, and CHH, by ONT
sequencing, and further characterized the significant
genome-wide CpG hypomethylation and 6 mA, CHG,
and CHH hypermethylation of the ALL patient com-
pared to paired twins. Additionally, for CpG modifi-
cation, DNA hypomethylation is more pronounced
in the open sea, gene body, and 3’UTR regions of the
genome compared to CGls and promoter regions. For
6 mA modification and CHG modification, the gene
body, TSS1500, TSS200, and the 3'UTR regions had
hypermethylation. In contrast, in CHH modification,
patients reflected significant hypermethylation in all
regions. Finally, we summarized the relevant literature
on leukemia and DNA methylation modification and
comprehensively described the association of them.
Collectively, our study will provide a reference for in-
depth investigation of the role of DNA methylation in
the pathogenesis of leukemia.

Case report

We admitted a 23-year-old male patient with abnormal
blood picture on regular physical examination (WBC 14
x10°/L, Hb 121 g/L, PLT 152 x10°/L, and NEUT 3.37
% 10%/L). The patient had no fever, no cough and sputum,
no abdominal pain and diarrhea and bloating, and occa-
sional sweating without the previous history of chronic
diseases such as hypertension, diabetes mellitus, infec-
tious diseases, or blood transfusion trauma.

Upon admission, examination revealed a fusion gene
BCR:ABL p190/internal reference gene ABL 110.83%.
Peripheral blood smear suggested an increased leuko-
cyte count. The percentage of lymphocytes was mark-
edly increased and 46% primitive lymphocytes were
seen. Bone marrow biopsy suggested diffuse prolifera-
tion of primitive cells with reticulofibrillar staining (MF-1
grade). Flow immunophenotyping showed 85.7% naive
lymphocytes expressing HLA-DR, CD123, CD19, CD10,
C79a, TDT, moderate CD34, CD22, and weakly CD38.
Abdominal ultrasound demonstrated a mildly enlarged
spleen. A comprehensive diagnosis of ph +ALL was
made in the patient.

The patient’s identical twin brother is in good daily
health and has no abnormalities on examination.
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Method and material

Sample collection and sequencing

We performed ONT sequencing on the above ALL
patient and his identical twin brother, with the assistant
of Biomarker Technologies (Beijing, China). The above
studies were conducted under the approval of the Medi-
cal Ethics Committee of Shengjing Hospital of China
Medical University (Shenyang, China). Written informed
consent was obtained from each participant.

ONT sequencing was performed according to the
standard protocol provided by the manufacturer. In
brief, genomic DNA was extracted using the Tiangen®
Genomic DNA Extraction Kit (DP348). The purity of the
extracted DNA was checked using a NanoDrop = One
UV-Vis Spectrophotometer (Thermo Fisher Scientific,
USA), then the DNA was accurately quantified using a
Qubit® 3.0 Fluorometer (Invitrogen, USA) and checked
for purity, concentration, and integrity using 0.35% aga-
rose gel electrophoresis. Genomic DNA was fragmented
to an average size of approximately 8 kb using Gtube,
followed by end repair and adapter ligation using the
SQK-LSK1009 ligation kit and magnetic bead purification.
Finally, we initiated the flow cell of the Nanopore Grid-
ION X5 sequencer and loaded the DNA libraries into
the flow cell. All samples were sequenced with 1D R9.4.1
nanopores. The sequencing coverage depth for each
genome was 10-20 X.

Methylation site detection

CpG sites were detected using Nanopolish based on a
Hidden Markov Model [30], while CHH (H =A/T/C),
CHG, and 6 mA sites were detected using the alternative
model of Tombo [31].

Since the methylation level of sites with high sequenc-
ing depth is more realistic, C sites with detection depth
above 10 X depth and A sites with detection depth above
10 X depth were retained for subsequent analysis.

Based on the positions of the methylation sites on the
reference genome and the gene location information
on the reference genome, we plotted the average meth-
ylation levels for all regions, including 1st Exon, 3'UTR,
5UTR, body, TSS1500, and TSS200. Each region was
divided into 50 bins, and the methylation level of each
bin was calculated. (TSS200: 200 bp upstream of the
transcription start site; TSS1500: 1500 bp upstream of
the transcription start site).

CGIs are regions rich in CpG dinucleotides, and the
genome is split into open sea, N shelf/shore, CGIs, and S
shelf/shore according to the reference [5]: 2 kb upstream
of a CpG island is the N shore, 2 kb-4 kb upstream is the
N shelf, and similarly 2 kb downstream is the S shore,
2 kb-4 kb downstream is the N shelf. Open sea is the area
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beyond the downstream 4 kb on CpG island. The bins
were divided into 50 bins, and the average methylation
level of each bin was counted.

Repeat regions were predicted using RepeatMasker
software [32], and the repeat region, upstream 2 kb, and
downstream 2 kb were divided into 50 bins, and the aver-
age methylation level of each bin was counted.

Differential methylation analysis

The DMC module of SMART?2 software [33] was used to
perform differential methylation loci (DML) and differ-
ential methylation region (DMR) analysis.

For each of the four methylation modifications, 6 mA,
CpG, CHG, and CHH, the DML with a significance
p-value less than 0.01 and methylation specificity (MS)
greater than 0.5 was selected. The samples were subjected
to a cluster analysis of the different samples according to
the normalization of methylation levels by SMART2. The
results were visualized in the heat map.

DMLs were annotated to different gene regions based
on their positions using the ChIPseeker package [34]. If a
DML was annotated to a non-intergenic region of a gene,
the gene was considered to be associated with the DML.
GO/KEGG functional annotation and enrichment analy-
sis were performed for all DML-associated genes.

For 6 mA modification, DMRs with a significance
P-value less than 0.05 and a difference level greater than
0.1 were selected; for CpG, CpG, CHG, and CHH modi-
fications, DMRs with a significance P-value less than 0.05
and a difference level greater than 0.2 were selected. The
samples were subjected to a cluster analysis of the differ-
ent samples according to the normalization of methyla-
tion levels by SMART?2. The results were visualized in the
heat map.

DMRs were annotated to different gene regions based
on their positions using the ChIPseeker package [34]. If a
DMR was annotated to a non-intergenic region of a gene,
the gene was considered to be associated with the DMR.
The R package clusterProfiler was used to perform GO/
KEGG enrichment analysis for the DMR-associated gene
[35].

Literature search

We searched two online electronic repositories (PubMed,
NCBI), without restrictions on English article types, to
identify eligible studies that qualified for this literature
(last search updated June 2024). The following keywords
were used: leukemia, cancer, m6A RNA methylation,
CpG methylation. The selected studies met the follow-
ing inclusion criteria, involving genes with some associa-
tion with leukemia or with other cancers. Among studies
published by the same authors with identical or overlap-
ping data, the most recent article was selected. The main
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reasons for exclusion were as follows: (1) lack of available
information on the association of genes with leukemia or
other cancers. (2) Duplication with earlier publications.
If we needed to retrieve additional data not included in
the original report, we contacted the study authors for
more detailed information. The extracted information all
included: gene name, gene biological function, associa-
tion with cancer, and relevant clinical significance.

Result

ONT sequencing and methylation site detection

ONT methylation sequencing was performed on two
monozygotic twins, and methylation sites were detected
based on alignment results and raw electrical signals.
The patient’s sample detected A total of 4,585,572 CpG
sites, 8,953,746 CHG sites, 26,106,623 CHH sites, and
13,385,983 6 mA sites were detected in the ALL patient;
while a total of 4,509,547 CpG sites, 9,059,371 CHG sites,
26,418,109 CHH sites, and 13,015,359 6 mA sites were
detected in his twin brother (Fig. 1).

Compared to the healthy twin sample, the patient’s
result showed a significant decrease in overall CpG modi-
fication levels (p= 6.19E—242), while 6 mA (p< 0.0001),
CHG (p< 0.0001), and CHH (p< 0.0001) modification
levels were significantly increased.

6 mA modification was similar to CHG modification,
with an overall increase in DNA methylation levels across
the genome (p< 0.0001). This included elevated DNA
methylation levels in the gene body (p= 2.83E-90/0),
TSS1500 (p= 1.82E—-08/2.38E—50), TSS200 (p=
0.0245/6.43E—15), and 3'UTR (p= 0.0102/1.61E-35)
regions, while the 1st Exon (p= 0.45/0.119) and 5"UTR
(p= 0.973/0.205) regions showed no significant differ-
ences (Fig. 2a, b). For CHH modification, DNA meth-
ylation levels were elevated across all regions of the
genome (Fig. 2¢). In the most common CpG modifica-
tion, DNA methylation levels decreased in the gene body
(p= 1.28E-208), 3’'UTR (p= 5.54E-05), and the overall
genome (p= 6.19E—242), but increased in the TSS200
(p= 8.25E—04) and 1st Exon (p= 1.36E—05) regions,
with no significant differences in the 5UTR (p= 0.87)
and TSS1500 (p= 0.617) regions (Fig. 2d).

Specifically, for CpG modifications, the methyla-
tion levels of regions, such as open sea (p= <0.0001), N
shelf (p= 7.22E—22)/shore (p= 1.14E—16), and S shelf
(p= 4.53E—15)/shore (p= 6.75E—15), were significantly
reduced, whereas CGIs methylation levels significantly
changed not significantly (p = 0.47) (Fig. 2e).

Considering the high density of repetitive elements
in the open sea regions, we compared the modification
levels in the repeat regions. Compared to the control
group, the patient’s repeat regions showed significantly
higher levels of 6 mA (p=1.74E-291) (Fig. 2f), CHG (p=
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3.85E—-298) (Fig. 2g), and CHH (p. =0) (Fig. 2h) modifi-
cations, while CpG (p = 3.85E—298) (Fig. 2i) modification
levels were significantly lower.

DML and DMR analysis
DML and DMR analysis was performed using the
DMC module of the SMART2 software [33]. Differ-
ences between the two samples were calculated using
pairwise_t_test, and P-value correction was performed
using the parameter p.adjust.method ="bonferroni."All
the DMLs and their associated genes are shown in Addi-
tional file: sTable 1. 2, 3, 4. Cluster analysis of the samples
was performed based on the DML and DMR levels of the
genomes, and the results of the cluster analysis of the
methylation levels of different samples after normaliza-
tion are shown in the heatmaps Fig. 3a—d and Fig. 4a—d.
A total of 2245 DMLs for 6 mA (Fig. 3i), 1355 DMLs
for CHG (Fig. 3j), 5938 DMLs for CHH (Fig. 3k), and
1773 DMLs for CpG (Fig. 31) were detected, along with
684 DMRs for 6 mA (Fig. 4i), 22 DMRs for CHG (Fig. 4j),
677 DMRs for CHH (Fig. 4k), and 513 DMRs for CpG
(Fig. 41). We selected significant DMLs with P-value
less than 0.01 and MS level greater than 0.5 for 6 mA
(Fig. 3e), CHG (Fig. 3f), CHH (Fig. 3g), and CpG (Fig. 3h)
modifications. For DMRs, we selected 6 mA (Fig. 4e)
modifications with P-value less than 0.05 and MS level
greater than 0.1, and CHG (Fig. 4f), CHH (Fig. 4g), and
CpG (Fig. 4h) modifications with P-value less than 0.05
and MS level greater than 0.2. Volcano plots were gener-
ated to visualize these selections.

a e b 12:::::]
» % V ,LI. ‘ é 10000
Srmaa 17
/L5 ;'(\W“ Wy, % A9
ajs v ," \ \
NS/
! I I N — ‘ \
o 8 ',... .\6mA \

1 | | >
gl oz W a L
. Z‘a. \\\\“ W cc "/ 7 / 5 o]
" \ } / y “ 5 80000
Neewe?/ 1=

N A A
FENG . \\x \_.../

200
0 lLI—LI—;—LI—

5004
o

Page 6 of 18

DMLs were annotated to different gene regions based
on their positions via the ChIPseeker package [34]. 6 mA
sites were annotated to 139 genes, CHG sites to 384
genes, CHH sites to 1238 genes, and CpG sites to 470
genes. The four types of DMLs for 6 mA, CpG, CHG, and
CHH were commonly annotated to 9 common differen-
tial genes (Fig. 5a). Similarly, DMRs were annotated to
different gene regions: 6 mA sites were annotated to 55
genes, CHG sites to 8 genes, CHH sites to 201 genes, and
CpG sites to 252 genes. No common differential genes
were found when annotating the four types of DMRs for
6 mA, CpG, CHG, and CHH (Fig. 5b).

The four types of DMLs (6 mA, CHG, CHH, and CpG)
were commonly enriched in seven genes associated with
tumorigenesis and progression: KIAA1217, CELFI,
FANK1, NBPF1, TPTE, ANKRD36C, and ZDHHCI11.
The three types of DMLs (6 mA, CHG, and CpG) were
commonly enriched in the FMN2 gene. The three types of
DMLs (6 mA, CHH, and CpG) were commonly enriched
in four genes associated with tumorigenesis and pro-
gression: CA10, USP39, PAWR, and NRXN1. The three
types of DMLs (CHG, CHH, and CpG) were commonly
enriched in twelve genes associated with tumorigenesis
and progression: TSPAN9, HDAC4, RAP1GAP, CRIM1,
CACNAI1C, RBP], MAE, MXRA7, RFTN1, ADGRA3,
SLEN13, and COL4A1l. The three types of DMLs (6 mA,
CHG, and CHH) were commonly enriched in fourteen
genes associated with tumorigenesis and progression:
AFGI1L, ANKRD36, ARHGEF3, CROCC, DHX32, EXT2,
LPA, RASA4, RIN2, SDK1, TPPP, USP17L17, USP17L20,
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WWOX, and ZDHHCI11B. All the detailed information
of genes associated with tumorigenesis and progression
based on the enrichment of DMLs is shown in Table 1.

Subsequently, GO/KEGG functional annotation and
enrichment analysis (Additional file: sFig. 1-2) were
performed for DML and DMR-associated genes, respec-
tively, using the R package clusterProfiler [35].

Literature review

After literature searching, we collected a total of 136 arti-
cles that met the criteria, spanning from 2002 to 2024. A
total of 4 types of leukemia were reported, including 22
articles of acute myeloid leukemia (AML) type, 6 articles
of ALL type, 5 articles of multiple myeloma (MM) type, 3
articles of chronic myeloid leukemia (CML) type, 2 arti-
cles of Burkitt’s lymphoma type and 1 article of juvenile
myelomonocytic leukemia (JMML) type. A total of 109
genes were affected, of which the most involved genes
were IGF2BP2, DNMT3A, BCL2, MYC, and so on. The
signaling pathways involved were PI3K-AKT, JAK/STAT,
KDM4C-ALKBH5-AXL, and so on.

Discussion

In this study, we reported a pair of identical twin cases
in which the older brother had ALL and the twin brother
did not have the disease. Meanwhile, we analyzed the
four methylation modification types of 6 mA, CHG,
CHH, and CpG in the peripheral blood of the two indi-
viduals by ONT sequencing, and further described the
significant genome-wide CpG hypomethylation and
6 mA, CHG, and CHH hypermethylation features of the
ALL patient compared with paired twins. In addition,
for CpG methylation, DNA hypomethylation was higher
in the high seas, gene body regions, and 3’'UTR regions
of the genome compared to CGIs and promoter regions.
For 6 mA modification and CHG modification, the gene
body, upstream of the promoter and the 3'UTR region
had hypermethylation. While in CHH modification, the
patients and their paired twin siblings reflected signifi-
cant hypermethylation in all regions. As shown in Figs. 2,
3, 4, similar to the previous studies [36], it suggests that
hypomethylation of CpG and hypermethylation of CpG,
CHG, and CHH may contribute more to the risk of ALL.
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Fig. 3 Distribution of differential methylation loci in twin cases. a Cluster analysis of normalized 6 mA differential methylation loci. b Cluster analysis
of normalized CHG differential methylation loci. ¢ Cluster analysis of normalized CHH differential methylation loci. d Cluster analysis of normalized
CpG differential methylation loci. e Distribution of 6 mA differential methylation loci on genomic chromosomes. f Distribution of CHG differential
methylation loci on genomic chromosomes. g Distribution of CHH differential methylation loci on genomic chromosomes. h Distribution of CpG
differential methylation loci on genomic chromosomes. i Volcano plot showing significance and specificity of 6 mA differential methylation loci. j
Volcano plot showing significance and specificity of CHG differential methylation loci. k Volcano plot showing significance and specificity of CHH
differential methylation loci. I Volcano plot showing significance and specificity of CpG differential methylation loci

The close association was observed between meth-
ylation and the occurrence and development of diseases,
as well as the commonality across different diseases.

In our study, among the three types of four types of
DMLs (6 mA, CHG, CHH, and CpG), seven genes com-
monly enriched are associated with tumorigenesis and
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progression. Specifically, the following genes are also
related to the development of hematological malignan-
cies. The ZDHHC11 gene is involved in regulating the
growth of Burkitt’s lymphoma [37]. NBPF1, as a member
of the neuroblastoma breakpoint family (NBPF), not only
promotes the early progression of follicular lymphoma,
but also has a pan-cancer role [38]. TPTE is involved in
encoding PTEN-associated tyrosine phosphatase and
plays a role in the development and drug resistance of
various cancers, including AML [39] and ALL [40].

The three types of DMLs (6 mA, CHG, and CpQG) are
commonly enriched in the FMN2 gene, which has been
reported to regulate the proliferation and cell cycle tran-
sition of ALL cells [41]. Among the three types of DMLs
(6mA, CHH, and CpG), four genes commonly enriched
are associated with tumorigenesis and progression. Spe-
cifically, the following genes are also related to the devel-
opment of hematological malignancies. USP39 acts as a
deubiquitinating enzyme [42], and PAWR, as a proapop-
totic WT1 regulatory factor [43, 44], regulates the occur-
rence and progression of various malignancies, including
leukemia.

Among the three types of DMLs (CHG, CHH, and
CpG), twelve genes commonly enriched are associated
with tumorigenesis and progression. Specifically, the
following genes are also related to the development of
hematological malignancies. HDAC4 has histone deacet-
ylase activity and is involved in regulating biological pro-
cesses such as the cell cycle, playing a crucial role in the
development of MM and AML [45-47]. RAP1GADP, as a
ras subfamily protein, acts as a tumor suppressor gene
in various malignancies [48, 49]. CRIM1, which includes
an insulin-like growth factor domain, regulates the

proliferation and adhesion of malignancies, indicating a
poor prognosis [50, 51]. CACNAIC is involved in regu-
lating the cellular matrix and adhesion and negatively
regulates cell proliferation [52, 53]. RBPJ is an important
transcriptional regulator in the Notch signaling pathway
and plays a key role in inhibiting tumor growth [54—56].
MAF is a leucine zipper-containing transcription factor
that regulates various cellular processes and has been
reported in MM [57, 58] and breast cancer [59]. MXRA7
plays a key role in blocking the differentiation of acute
promyelocytic cell [60].

Moreover, fourteen genes commonly enriched are
associated with tumorigenesis and progression among
the three types of DMLs (6 mA, CHG, and CHH). Spe-
cifically, the following genes are also related to the devel-
opment of hematological malignancies. ANKRD36 may
serve as a marker for disease progression in CML [61,
62]. ARHGEF3 regulates AML cell differentiation by
activating Rho GTPase [63] and promotes nasopharyn-
geal carcinoma progression through antiapoptotic
effects [64]. RASA4, as an activator of RAS p21 protein,
is involved in the development and progression of vari-
ous malignancies [65-68] and has been reported to have
a tendency for DNA hypermethylation in drug-resistant
JMML [69]. DHX32 is an RNA helicase involved in many
cellular processes that change RNA secondary structure
and regulates the development and progression of vari-
ous malignancies, including childhood AML [70-75].
The ZDHHCI11B gene is involved in the growth regula-
tory network of Burkitt’s lymphoma [76].

Through KEGG enrichment analysis, we identified
key pathways such as the PI3K-AKT signaling pathway
and the JAK/STAT signaling pathway. The PI3K-AKT
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signaling pathway plays a critical role in processes includ-
ing cell growth, proliferation, survival, and metabolism.
In the development of leukemia, aberrant activation of
this pathway facilitates cancer cells’evasion of apoptosis,
allows continuous proliferation, and enhances their inva-
sive capabilities [77]. The JAK/STAT signaling pathway,
which is involved in cytokine-mediated signal transduc-
tion, is closely associated with uncontrolled proliferation
and impaired differentiation of leukemia cells [78]. When
over-activated, this pathway continuously transmits pro-
proliferative signals, disrupting normal hematopoietic
stem cell differentiation and leading to the accumula-
tion of leukemia cells [79]. These pathways are intricately
involved in the development of various cancers, includ-
ing leukemia. Through regulation of the expression of
relevant genes, they play a deep role in cell prolifera-
tion, apoptosis regulation, signal transduction and so
on. Additionally, we identified several significant overlap
genes, such as TPTE, FMN2, and RBP]J. Furthermore,
we also screened a number of genes linked to pan-can-
cer, such as NBPF1, USP39, CELF1, FANK1, HDACA4,
RAP1GAP, CRIM1, CACNA1C, MAF, ANKRD36, and
ZDHHC11B.

The methylation characteristics observed in our study
of ALL patients are highly consistent with the com-
monalities of different types of methylation presented in
numerous previous studies on diseases, including cancer,
cardiovascular diseases, and neurodegenerative diseases
[80, 81]. For example, changes in the methylation of spe-
cific genes (such as PR/SET domain 6 and ZNF714 genes)
are closely related to the occurrence of ovarian cancer
[82]. By comparing the methylation patterns of cancer
patients and healthy individuals in monozygotic twins,
researchers are able to identify specific methylation sites
associated with cancer. Twin studies provide important
evidence for revealing the roles of environmental and
genetic factors in disease development by comparing the
methylation differences between monozygotic and dizy-
gotic twins.

Nickels et al. focused on the relationship between
DNA methylation at birth and specific gene expression
in ALL. Through whole-genome methylation sequenc-
ing, they identified several important methylated sites
and associated genes, including RUNDC3B, ABCBI,
and MARVELD3. In contrast, our study employed ONT
sequencing, which enabled the detection of various types
of methylation modifications, including 6 mA, CHG,
CHH, and CpG. We identified several genes linked to
ALL, including TPTE, FMN2, and RBP]J, which enhance
the understanding of postnatal environmental factors
for DNA methylation in ALL. Additionally, the pathways
enriched through GO/KEGG analysis, such as PI3K-AKT
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and JAK/STAT, align with the findings of Nickels et al.,
further reinforcing the critical role these signaling path-
ways play in ALL [5].

The previous studies have shown that in subgroups
of ALL cells with significant variations in DNA meth-
ylation levels, a quantitative correlation can be observed
between the methylation levels of CpG sites in promoter
regions and bidirectional allele-specific gene expression
(ASE). This further indicates that methylation of CpG
sites in promoter regions is associated with gene expres-
sion in primary ALL cells [10]. Methylation of CGIs can
inhibit gene expression directly by preventing the bind-
ing of transcription factors or RNA polymerase, or indi-
rectly by affecting histone modifications or chromatin
remodeling proteins [83]. Numerous studies have shown
that CpG methylation of different genes is associated
with the risk of leukemia [84—86]. Genes associated with
DNA repair, cell cycle regulation, apoptosis, or detoxi-
fication (such as CEBPa, SHP1, DNMT3A, TET2, the
HOX gene family, MEIS1, and FOX) are involved in the
aberrant methylation of CGIs and can initiate oncogenic
processes, including leukemia [87-89]. Thus, epigenetic
abnormalities, especially DNA methylation, can serve as
biomarkers for stratifying patients with ALL and predict-
ing relapse [90, 91].

M6A methylation regulates processes such as RNA
stability, splicing, transport, and translation by influenc-
ing chromatin structure and transcription factor binding
[95]. It has been found that METTL3 and METTL14, as
m6A methyltransferase complexes, can mediate 6mA
methylation modification to promote cell proliferation,
inhibit cell differentiation, and play an oncogenic role [96,
97]. IGF2BP2 and IGF2BP3 are able to participate in the
6mA methylation of AML by regulating the expression of
some genes (e.g., PRMT6, YBX1 etc.) expression, which
are involved in the regulation of m6A-tagged mRNA sta-
bility and thus maintain the survival of leukemia stem
cell [98-100]. Moreover, high expression of IGF2BP2
as a'reading protein"of m6A in AML is associated with
poor prognosis of patients, and its absence promotes
apoptosis, impairs the function of leukemic stem cells,
and inhibits the development of AML [101]. In addition,
ALKBHS5, a m6A demethylase, was also found to regulate
the stability of AXL mRNA in a m6A-dependent manner,
which in turn affects AML cell function [102].

In eukaryotes, 6 mA methylation can regulate gene
expression and cell proliferation by affecting the binding
of chromatin to transcription factors [95]. 6 mA meth-
ylation is associated with mitochondrial oxidative phos-
phorylation and ATP metabolism, and promotes the
occurrence and progression of various cancers by affect-
ing the metabolic pathway of tumor cells [103]. In this
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study, 6 mA hypermethylation in the relevant region of
ALL patients is likely to affect the transcriptional activ-
ity of key genes through this mechanism. Dysregulation
of its related components can induce the expression of
oncogenes, promoting the progression of various can-
cers and tumorigenesis [92-94]. CHG methylation is
established through the RNA-directed DNA methylation
pathway. In this pathway, small interfering RNA forms
a complex with AGO4 protein [104] and guides meth-
yltransferase DRM2 to recognize and methylate CHG
sites [105, 106]. This methylation pattern is involved in
transposon silencing and maintaining genome stability
in plants, though its mechanistic role in animal studies,
especially in the context of cancer, remains unclear [107].
CHH methylation, a relatively novel non-CpG methyla-
tion type, is similar to CHG methylation. While it has
been widely studied in plants, research on its role in ani-
mal cancer studies is still in the early stages.

In studies on leukemia and DNA methylation, no
shared genes or loci were identified. This indicates a high
degree of heterogeneity in the various leukemia types and
the DNA methylation level, as well as individual variabil-
ity and heterogeneity among tumor cells. Additionally,
acquired factors such as the patient’s gender and lifestyle
influence the onset of the disease and affect the degree of
DNA methylation as an epigenetic modification. Moreo-
ver, the type of leukemia and the use of medication also
impact the type and extent of DNA methylation modifi-
cations in patients.

However, the present study has some shortcomings.
First, we reported only one pair of monozygotic twins,
whereas Nickels et al. investigated multiple samples [5],
which is not enough to provide insight into DNA methyl-
ation differences considering the heterogeneity of genetic
background among individuals. Second, in this study,
we aimed to consider environmental factors. Therefore,
we specifically chose peripheral blood samples obtained
before the onset of the disease, which leads to the periph-
eral blood sample would contain nearly 50% lympho-
blasts. Third, methylation can be affected by acquired
factors, and even monozygotic twins may have different
DNA methylation profiles depending on their life habits,
and the present study could not completely exclude the
influence of these acquired factors. Finally, DNA methyl-
ation is usually involved in the development and progres-
sion of diseases by affecting the transcriptional activity of
gene promoter regions to regulate gene expression. Com-
bined high-throughput sequencing technology to detect
changes in transcriptional levels will be more helpful in
revealing the characteristics of leukemia. Therefore, the
interpretation of the differential loci needs to be carried
out in conjunction with other studies.
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Conclusion

In conclusion, we report on a pair of monozygotic twins,
one of whom had ALL and whose twin brother did not
have the disease. Four methylation modifications (6 mA,
CpG, CHG, and CHH) were analyzed by ONT sequenc-
ing, and it was found that ALL patients exhibited sig-
nificant genome-wide CpG hypomethylation and 6 mA,
CHG, and CHH hypermethylation characteristics. In
particular, CpG hypomethylation was more pronounced
in the open sea, gene body, and 3'UTR regions, while
6 mA and CHG exhibited hypermethylation in the gene
body, TSS1500, TSS200, and the 3'UTR regions. CHH
modification exhibits significant hypermethylation across
all regions of the genome. We also reviewed the literature
related to leukemia and DNA methylation modification
for further studies.
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