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Abstract 

Background  Despite its inconsistent response rate, decitabine, a demethylating agent, is often used as a non-
intensive alternative therapeutic agent for acute myeloid leukemia (AML). It has been reported that relapsed/refrac-
tory AML patients with t(8;21) translocation achieved better clinical outcomes with a decitabine-based combination 
regimen than other AML subtypes; however, the mechanisms underlying this phenomenon remain unknown. Herein, 
the DNA methylation landscape of de novo patients with the t(8;21) translocation was compared with that of patients 
without the translocation. Moreover, the methylation changes induced by decitabine-based combination regimens 
in de novo/complete remission paired samples were investigated to elucidate the mechanisms underlying the better 
responses observed in t(8;21) AML patients treated with decitabine.

Methods  Thirty-three bone marrow samples from 28 non-M3 AML patients were subjected to DNA methylation 
sequencing to identify the differentially methylated regions and genes of interest. TCGA-AML Genome Atlas-AML 
transcriptome dataset was used to identify decitabine-sensitive genes that were downregulated following exposure 
to a decitabine-based regimen. In addition, the effect of decitabine-sensitive gene on cell apoptosis was examined 
in vitro using Kasumi-1 and SKNO-1 cells.

Results  A total of 1377 differentially methylated regions that specifically responsive to decitabine in t(8;21) AML were 
identified, of which 210 showed hypomethylation patterns following decitabine treatment aligned with the promoter 
regions of 72 genes. And the methylation-silencing genes, LIN7A, CEBPA, BASP1, and EMB were identified as critical 
decitabine-sensitive genes in t(8;21) AML. Moreover, AML patients with hypermethylated LIN7A and reduced LIN7A 
expression had poor clinical outcomes. Meanwhile, the downregulation of LIN7A inhibited decitabine/cytarabine 
combination treatment-induced apoptosis in t(8;21) AML cells in vitro.

Conclusion  The findings of this study suggest that LIN7A is a decitabine-sensitive gene in t(8;21) AML patients that 
may serve as a prognostic biomarker for decitabine-based therapy.
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Background
Administration of intensive chemotherapy with cytara-
bine (Ara-C) and anthracycline has profoundly improved 
the clinical outcomes of patients with acute myeloid 
leukemia (AML) [1]. However, given that the applica-
tion of this combination treatment is heavily affected 
by several clinical characteristics of patients, includ-
ing age, performance status, and underlying medical 
comorbidities, many patients are ineligible for such an 
aggressive regimen [2]. Hypomethylating agents, such 
as decitabine (DAC) and azacytidine, are effective low-
intensity alternatives for treating patients with a low-per-
formance status and comorbidities [3]. However, there 
are discrepancies in the clinical outcomes among various 
DAC-based clinical trials. In fact, it has been reported 
that the response rate of DAC monotherapy in de novo 
AML patients varies from 14 to 47% [4, 5]. Although 
combination therapy with DAC and low-dose Ara-C, or 
molecularly targeted therapies has improved the clini-
cal outcomes of these patients, several patients remain 
resistant to DAC-based therapy [6, 7]. Hence, the abil-
ity to identify DAC-sensitive patients would aid clini-
cal decision-making and help improve patient response 
rates. Notably, a single-arm clinical trial revealed that 
t(8;21) AML is more sensitive to DAC-based chemother-
apy than other AML subtypes [8].t(8;21)(q22;q22) is the 
most common chromosomal translocation in patients 
with AML, accounting for 10–20% of the total AML 
cases [9, 10]. Derived from the t(8;21) translocation, the 
AML1-ETO (AE) fusion protein is primarily associated 
with enhanced self-renewal and impaired hematopoietic 
stem cell differentiation [10]. However, this fusion pro-
tein is also reported to be involved in DNA methylation 
regulation through the recruitment of DNA methyla-
tion transferase [11]. Indeed, based on DNA methylation 
sequencing, t(8;21) AML constitutes a distinctive sub-
group of AML [12, 13]. Thus, we hypothesized that a 
specific DNA methylation signature may condition DAC 
response in patients with t(8;21) AML. To address this, 
we explored DNA methylation sequencing in patients 
with non-M3 AML to identify differentially methylated 
regions (DMRs) and corresponding genes sensitive to 
DAC.

Methods
Study cohort
Twenty-eight non-M3 AML patients who were moni-
tored at the Hematology Department of the Chinese 
People’s Liberation Army General Hospital between 
August 2014 and June 2016 were enrolled in this 
study and underwent DNA methylation sequencing, 
as described previously [13]. Three of these patients 

had the t(8;21) translocation. A methylation sequenc-
ing dataset comprising 33 bone marrow samples was 
generated, including 23 non-paired de novo samples, 2 
paired t(8;21) de novo/complete remission (CR) sam-
ples, and 3 paired non-t(8;21) de novo/CR samples. All 
de novo AML samples were collected before treatment, 
while CR samples were obtained after the first round 
of treatment with the DCAG regimen, which involved 
decitabine (20  mg/m2 on days 1–5), Ara-C (10  mg/m2 
every 12  h on days 1–5), aclarubicin (20  mg on days 
1, 3, and 5), and granulocyte colony-stimulating fac-
tor (300  μg/d from d0 to neutrophil recovery). All 
patients were diagnosed and assessed according to the 
AML guidelines of the National Comprehensive Can-
cer Network (version 1.2017; http://​www.​nccn.​org/). 
As described previously [13], specimen collection was 
conducted only after written informed consent was 

Table 1  Characteristics of the de novo patient study cohort 
(n = 28)

Characteristic Value

Age at diagnosis, years 49.07 ± 17.94

Sex, no. (%)

 Male 11 (39)

 Female 17 (61)

 Bone marrow blast, no. (%) 67.55 ± 23.74

AML FAB subtype, no. (%)

 M1 1 (3.57)

 M2 5 (17.86)

 M4 10 (35.71)

 M5 11 (39.29)

 M6 1 (3.57)

2017 NCCN cytogenetic risk classification, no. (%)

 Good 5 (17.86)

 Intermediate 20 (71.43)

 Poor 3 (10.71)

2017 NCCN molecular risk classification, no. (%)

 Good 12 (42.86)

 Intermediate 7 (25.00)

 Poor 9 (32.14)

Mutation, no. (%)

 t(8;21) 3 (10.71)

 inv(16) 2 (7.14)

 NPM1 4 (14.29)

 FLT3 6 (21.43)

 DNMT3A 3 (10.71)

 IDH1 or IDH2 4 (14.29)

 KRAS or NRAS 4 (14.29)

 TP53 2 (7.14)

 biCEBPA 7 (25.00)

http://www.nccn.org/
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obtained from each participant. Patient characteristics 
are summarized in Tables 1 and 2.

DNA methylation sequencing
For the enrichment of mononuclear cells, bone marrow 
samples were separated using a Ficoll density gradient 
(Sigma-Aldrich, St. Louis, MO, USA), and DNA from the 
lymphoblasts was purified using a Wizard Genomic DNA 
Purification Kit (Promega, Madison, WI, USA). MethylC-
capture sequencing was performed as described previ-
ously [13]. Briefly, an amplified bisulfate-converted DNA 
fragment library was constructed using a SeqCap Epi 
enrichment system (Roche NimbleGen, Madison, WI, 
USA), and a HiSeq2500 system (Illumina, San Diego, CA, 
USA) was used for DNA sequencing.

Methylation profiling
Following the removal of the adapter sequences and poor-
quality reads based on FastQC (https://​www.​bioin​forma​
tics.​babra​ham.​ac.​uk/​index.​html), Bismark [14] (v0.10.1; 
parameters: -pe, -bowtie2, -directional, -unmapped) 
was used to map methylation regions to the GRCh37 
human assembly. The methylation level at each site was 
calculated by dividing the methylated reads by the total 
reads. DMRs were confirmed using Metilene [14] (v0.2-
6; parameters: -M 300, -m 5, -d 0.2, -f 1, -t 1). DMRs 
exhibiting changes ≥ 20% were subjected to sequential 
analysis. Recurrent or unique DMRs between differ-
ent groups were confirmed using Bedtools [15] (v2.25.0, 
https://​bedto​ols.​readt​hedocs.​io/​en/​latest/; parameters: 
intersect -a DMRa.bed, -b DMRb.bed, -wa). The differ-
ences in absolute methylation levels in the DMRs were 
determined by subtracting the methylation level of the 
non-t(8;21) samples from that of t(8;21) or CR samples 
from de novo samples. DMRs with absolute methylation 
differences > 0 were defined as being hypermethylated, 
whereas those with absolute methylation differences < 0 
were defined as being hypomethylated. “Promoter” 
regions were identified as DNA regions between 2200 bp 
upstream and 500  bp downstream of the transcription 
start sites (TSS). DNA regions only overlapping the gene 

body were identified as “gene body,” while those partially 
overlapping the promoter and partially overlapping gene 
body were identified as “Promoter/Gene body (P/Gb).” 
The remaining DNA regions were identified as “Other.”

Acquisition of in silico datasets
Clinical and RNA sequencing data from 156 patients 
with AML (TCGA-AML), including 7 t(8;21) AML and 
149 non-t(8;21) AML patients, were obtained from the 
UCSC Xena dataset platform (https://​xenab​rowser.​net/​
datap​ages/). R (V3.6.1) and the limma package were used 
to identify differentially expressed genes related to t(8;21) 
AML.

GSE18700, a methylation profile containing data from 
24 t(8;21) and 320 non-t(8;21) AML patients and con-
structed using a methylation array targeting the pro-
moter regions, was obtained from the Gene Expression 
Omnibus database (https://​www.​ncbi.​nlm.​nih.​gov/​gds). 
The methylation data, defined based on GRCh36Refseq, 
were remapped to GRCh37Refseq using ANNOVAR [16] 
to make the data objectively comparable to those of our 
real-world study.

Cell culture and treatment
Kasumi-1, SKNO-1, U937, and K562 cell lines were 
purchased from the American Type Culture Collection 
(Manassas, VA, USA) and maintained in Gibco RPMI-
1640 (Thermo Fisher Scientific, Waltham, MA, USA) 
supplemented with streptomycin (100  µg/mL, Gibco), 
penicillin (50 U/mL, Gibco), and 10% fetal bovine serum 
(FBS; Gibco). As previously described [13], SKNO-1-
siAE cell line was generated by transfection with a len-
tiviral vector encoding siAGF1 oligonucleotides against 
the AML1-ETO mRNA fusion site to silence the expres-
sion of the AML1-ETO protein in SKNO-1 cells [17]. 
Cells were cultured in plastic tissue culture plates in 
a humidified 5% CO2 atmosphere at 37  °C. SKNO-1-
siAE cell were cultured for a month before sequencing. 
Lyophilized DAC (Topscience, Shanghai, China) and 
Ara-C (Topscience) were dissolved in dimethyl sulfoxide 
(Thermo Fisher Scientific) and stored at − 80 °C.

Table 2  Characteristics of the de novo/CR paired samples (n = 5)

Age (years) Sex Bone marrow blast at 
diagnosis %

Cytogenetics at diagnosis Risk classification Induction 
regimen

Pair 1 59 Female 45.2 Normal karyotype Intermediate DCAG​

Pair 2 34 Female 67.2 46, XX, inv(16) Good DCAG​

Pair 3 60 Female 56.4 46, XX, t(11;20) Intermediate DCAG​

Pair 4 73 Female 81 46, XX, t(8;21) Good DCAG​

Pair 5 50 Female 83.2 45, XX, − X, t(8;21) Good DCAG​

https://www.bioinformatics.babraham.ac.uk/index.html
https://www.bioinformatics.babraham.ac.uk/index.html
https://bedtools.readthedocs.io/en/latest/
https://xenabrowser.net/datapages/
https://xenabrowser.net/datapages/
https://www.ncbi.nlm.nih.gov/gds
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Lentivirus packaging and infection
Human embryonic kidney 293  T cells (ATCC) were 
maintained in Dulbecco’s modified Eagle’s medium 
containing streptomycin (100 µg/mL), penicillin (50 U/
mL), and 10% FBS. Short hairpin RNAs (shRNAs; 
Sigma-Aldrich) were cotransfected into 293  T cells 
with pHR and VSVG plasmids to produce shRNA len-
tiviruses. Kasumi-1 and SKNO-1 cells were transfected 
with control shRNA lentiviruses (shNC) or lentiviruses 
targeting LIN7A (shLIN7A).

Cell viability and apoptosis assays
Cell viability was assessed using the MTS assay (G1111; 
Promega) following treatment with different concentra-
tions of DAC for 7 days; the optical density was meas-
ured at 490 nm. Cell viability was calculated using the 
following formula: cell viability (%) = (Abstreated blank/
Abscontrol blank) × 100%.

After successfully transfecting cells with shNC or 
shLIN7A lentivirus, the cells were treated with 10 nM 
DAC for 3  days; the medium was then replaced with 
fresh medium. On day 4, 2 × 105 cells/well were seeded 
into 6-well plates and either left untreated or treated 
with 100  nM Ara-C for an additional 3  days. Thereaf-
ter, on day 7, the cells were harvested and stained with 
annexin V-FITC (BD Biosciences, Franklin Lakes, NJ, 
USA) for 15 min at room temperature in the dark. Pro-
pidium iodide was added to the samples before analy-
sis to distinguish live cells from dead ones, and the 
apoptosis rate was determined using a CytExpert flow 
cytometer (Beckman Coulter Life Sciences, Indianapo-
lis, IN, USA). Apoptosis experiments were performed 
in triplicate using the following treatment groups: DAC 
alone, Ara-C alone, and DAC followed by Ara-C.

DNA extraction and methylation‑specific polymerase chain 
reaction (PCR)
Genomic DNA from Kasumi-1 and SKNO-1 cells 
was isolated using a Wizard Genomic DNA Purifica-
tion Kit (Promega). Furthermore, genomic DNA was 
treated with sodium bisulfate (EpiTect Bisulfite Kit; 
Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. Methylation-specific PCR primers 
were designed using MethPrimer (http://​www.​uroge​
ne.​org/​methp​rimer/) and are listed in Additional file 1: 
Table  S1. GoTaq Green Master Mix (Promega) was 
used for methylation-specific PCR according to the 
manufacturer’s instructions. PCR products were ana-
lyzed via electrophoresis on a 2% agarose gel.

RNA extraction and quantitative PCR
Invitrogen TRIzol reagent (Thermo Fisher Scientific) 
was used to extract total RNA. cDNA was synthesized 
using a cDNA kit (Takara Bio, Kusatsu, Japan) accord-
ing to the manufacturer’s instructions. An ABI PRISM 
7500 Sequence Detection System (Thermo Fisher Sci-
entific) was used to perform quantitative reverse tran-
scription-PCR (qRT-PCR) under the following cycle 
conditions: 95  °C for 30  s to denature the cDNA tem-
plate, followed by 40 cycles of 95  °C for 5  s and 60  °C 
for 20  s. Gene expression levels were calculated using 
the 2−ΔΔCt method. The primers used for qRT-PCR are 
listed in Additional file 1: Table S2. Independent exper-
iments were performed in triplicate.

Western blotting
Radioimmunoprecipitation assay buffer, supplemented 
with phenylmethylsulfonyl fluoride and phosphatase 
inhibitors (Roche, Basel, Switzerland), was used for cell 
lysis. Protein concentration was determined using a 
BCA protein assay kit (Thermo Fisher Scientific). Sub-
sequently, the proteins were subjected to sodium dode-
cyl sulfate–polyacrylamide gel electrophoresis and 
transferred onto polyvinylidene fluoride membranes. 
The membranes were incubated overnight at 4  °C with 
the following primary antibodies: anti-LIN7A (1:1000; 
ab174297, Abcam, Cambridge, UK), anti-DNMT3A 
(1:1000; ab188470, Abcam), and anti-GAPDH (1:10,000; 
RM2002, Beijing Ray Antibody Biotech, Beijing, China). 
Thereafter, the membranes were washed with Tris-
buffered saline with Tween 20 and then incubated with 
the relevant secondary antibodies (31,463 and 31,437, 
Thermo Fisher Scientific) for 2 h at room temperature.

Statistical analysis
All data were expressed as the mean ± standard error of 
the mean from at least three independent experiments. 
SPSS software (version 20.0; SPSS Inc., Chicago, IL, 
USA) was used to perform all statistical analyses. Stu-
dent’s t-test and one-way analysis of variance were used 
to determine the statistical differences among the experi-
mental groups. All statistical tests were two-sided, statis-
tical significance was defined as p < 0.05.

Results
Identification of DMRs specific to t(8;21) AML
Considering that patients with relapse/refractory t(8;21) 
AML have been reported to more likely benefit from a 
DAC-based regimen [8], we sought to further determine 
the effect of DAC on t(8;21) AML cells by initially com-
paring the viability of t(8;21) and non-t(8;21) AML cells 
upon treatment with DAC. The results showed that DAC 

http://www.urogene.org/methprimer/
http://www.urogene.org/methprimer/
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Fig. 1  a Comparison of the inhibition effect of different decitabine (DAC) concentrations on acute myeloid leukemia (AML) cell lines with (AE 
positive) or without (AE negative) t(8;21) translocation. b Study flow chart. Overview of the study cohort and follow-up analyses to identify 
DAC-sensitive regions in t(8;21) AML
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significantly inhibited cell viability in t(8;21) AML cell 
lines (Kasumi-1 and SKNO-1) at low dosages of 10 and 
100 nM (Fig. 1a).

The scheme of this study is illustrated in Fig.  1b. Ini-
tially, to determine the distinctive methylation patterns 
in t(8;21) AML, the methylation profiles of 3 de novo 
t(8;21) AML samples were compared to those of 25 
non-t(8;21) AML samples. A total of 19,124 DMRs were 
identified and collectively designated as the “DMR1” 
profile. The frequency of t(8;21)-related hypermethyl-
ated DMRs within DMR1 (n = 5393; 28.21%) was much 
lower than that of hypomethylated DMRs (n = 13,731; 
71.79%; Fig.  2a). Moreover, the genomic distribution of 
hypermethylated and hypomethylated DMRs was pref-
erentially enriched in gene body regions (34.75% and 
48.86%, respectively). In contrast, 14.49% and 14.16% of 
the hypermethylated and hypomethylated DMRs were in 
promoter regions, respectively (Fig. 2b).

We also compared the methylation signatures of the 
t(8;21) cell line SKNO-1 with an AML1-ETO knockdown 
cell line (SKNO-1-siAE), and the DMRs were collectively 
designated as the “DMR2” profile. DMR2 contained 
more DMRs (n = 46,653) than DMR1. However, simi-
lar to DMR1, hypomethylated DMRs within DMR2 
(n = 35,834) were more frequent than hypermethylated 
DMRs (n = 10,819; Fig.  2c). Likewise, 40.34% of hyper-
methylated DMRs and 37.95% of hypomethylated DMRs 
were found in the gene body regions, and 17.84% and 
15.23% were mapped to promoter regions (Fig. 2d). These 
results indicated that downregulation of AML1-ETO may 
reverse the methylation patterns of AML, particularly in 
non-promoter regions.

To refine the methylation signature associated with 
t(8;21) translocation, we aligned the DMR2 profile with 
that of DMR1 (Fig.  2e). As expected, no overlapping 
DMRs with opposite change directions were identi-
fied (Fig.  2e). Recurrent DMRs with the same change 

direction between the two datasets were collectively 
named “DMR3” profile. DMR3 comprised 491 hyper- 
and 3935 hypo-methylated regions (Fig.  2e). Gene body 
regions remained the most affected across the genome, 
containing 33.81% and 39.14% of the hyper- and hypo-
methylated DMRs within DMR3, respectively. The 
promoter regions contained 15.27% and 14.41% of the 
hyper- and hypo-methylated DMRs within DMR3, 
respectively (Fig. 2f ). In brief, DMR3 was considered the 
t(8;21)-associated methylation signature.

Identification of DAC‑responsive DMRs in t(8;21) AML
To examine the effects of the DAC-based regimen on the 
methylation landscape of AML patients with or without 
the t(8;21) translocation, we sequentially compared the 
differential methylation patterns of the two t(8;21) de 
novo/CR-paired samples with those of the three non-
t(8;21) de novo/CR-paired samples. These five patients 
achieved CR after administration of one cycle of the 
DCA-based regimen (Table 2, Fig. 2g, h).

DMRs between the two paired t(8;21) de novo/CR 
samples were preferentially interrogated (Fig.  2g). As 
expected, no recurrent DMRs with opposite change 
directions were observed. Recurrent DMRs with the 
same change direction across the two paired samples 
were collectively designated “DMR4” (Fig.  2g and i). Of 
the hypermethylated DMRs within DMR4, 64.59% had 
reduced methylation levels after treatment with the 
DAC-based regimen (Fig. 2i). Hyper- (35.58%) and hypo-
methylated (51.02%) DMRs within DMR4 were preferen-
tially enriched in gene body regions. In contrast, 15.95% 
and 11.26% of hyper- and hypo-methylated DMRs, 
respectively, were mapped to promoter regions (Fig. 2j).

Recurrent DMRs with the same change direction 
across the three non-t(8;21) paired samples were collec-
tively designated “DMR5” (Fig. 2h, k, l). DMR5 contained 
8596 hypermethylated and 117 hypomethylated DMRs. 

(See figure on next page.)
Fig. 2  Characterization of DMR1–DMR7. a DMRs between 3 t(8;21) and 25 non- t(8;21) acute myeloid leukemia (AML) samples. A total of 5393 
hypermethylated regions [absolute methylation level of t(8;21)—non-(t8;21) AML > 0.2; hypermethylated DMR1] and 39 hypomethylated regions 
[absolute methylation level of t(8;21)—non-(t8;21) AML <  − 0.2; hypomethylated DMR1] were identified in the t(8;21) AML samples. b Genomic 
distribution of DMR1. c DMRs (DMR2) between the AE-positive SKNO-1 and AE-negative SKNO-1-siAE cell lines. A total of 10,819 hypermethylated 
DMR2 [absolute methylation level of SKNO-1—SKNO-1-siAE > 0.2] and 35,834 hypomethylated DMR2 [absolute methylation level of SKNO-1—
SKNO-1-siAE < − 0.2] were identified. d Genomic distribution of DMR2. e Alignment of DMR2 with DMR1. DMR regions that both identified as DMR1 
and DMR2 were recognized as DMR3. f Genomic distribution of DMR3. g–h Methylation profile alteration after DAC-based regimen treatment of 
g t(8;21) and h non-t(8;21) AML patients. i DMRs with the same change direction after treatment in the 2 t(8;21) AML patients were identified as 
DMR4, comprising 6875 hypermethylated DMR4 [absolute methylation level of de novo sample–CR sample > 0.2] and 3720 hypomethylated DMR4 
[absolute methylation level of de novo sample–CR sample <  − 0.2]. j Genomic distribution of DMR4. k DMRs with the same change direction after 
treatment in the 3 non-t(8;21) AML patients were identified as DMR5, comprising 8596 hypermethylated DMR5 [absolute methylation level of 
de novo sample–CR sample > 0.2] and 117 hypomethylated DMR [absolute methylation level of de novo sample–CR sample <  − 0.2]. l Genomic 
distribution of DMR5. m Alignment of DMR5 with DMR4. DMR regions that only appeared in t(8;21) AML patients (DMR4) comprised DMR6. n 
Genomic distribution of DMR6. o Alignment of DMR3 with DMR6. Overlapped regions with the same change direction were identified as DMR7. 
p Genomic distribution of DMR7. q A cluster of downregulated genes in patients with the t(8;21) translocation compared with those without, 
according to TCGA-AML dataset. r Four genes were obtained through the intersection of the 72 hypermethylated genes derived from DMR7 with 
the 986 downregulated genes in t(8;21) AML. CR Complete response; DAC Decitabine
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Strikingly, in non-t(8;21) paired samples, the propor-
tion of hypermethylated DMRs with reduced methyla-
tion levels after treatment accounted for up to 98.66% of 

the DMR5 profile, while hypermethylated DMRs with 
increased methylation levels accounted for only 1.34% 
(Fig.  2k). In addition, DMR5 patterns were primarily 

Fig. 2  (See legend on previous page.)
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localized in gene body regions, with hyper- and hypo-
methylated DMRs accounting for 38.82% and 41.88% of 
the DMR5 profile, respectively (Fig. 2l).

By using DMR4 as the reference DNA set, we aligned 
DMR5 with DMR4 profiles to identify shared and unique 
DMRs (Fig. 2m). Recurrent DMRs with the same change 
direction between DMR4 and DMR5 were consid-
ered non-specific methylation changes induced by the 
DAC-based regimen; however, DMRs unique to DMR4 
(Fig.  2m, n) were considered DAC-responsive DMRs in 
t(8;21) AML, and were collectively designated as “DMR6” 
(Fig.  2m). Overall, 7817 unique DMRs were identified, 
including 4416 (56.49%) hyper- and 3401 (43.62%) hypo-
methylated DMRs (Fig.  2m). As shown in the DMR6 
localization map (Fig.  2n), promoter regions contained 
686 (15.34%) hyper- and 419 (10.70%) hypo-methylated 
DMRs, while gene bodies contained 1593 hyper- (36.07%) 
and 1777 hypo-methylated (52.25%) DMRs.

Identification of DMRs specifically related to the DAC 
response in t(8;21) AML
To effectively identify DAC-responsive DMRs in patients 
with t(8;21) AML, we compared the specific methylation 
profiles of t(8;21) AML (DMR3; Fig. 2e) with those of the 
DAC-responsive DMRs (DMR6; Fig. 2m). Consequently, 
1377 overlapping DMRs with the same change direc-
tion were identified and collectively designated “DMR7” 
(Fig.  2o). Twenty overlapping DMRs with opposite 
change directions were eliminated. DMR7 contained 210 
(15.25%) hypermethylated regions that exhibited reduced 
methylation levels after treatment, while comprising 
1167 (84.75%) hypomethylated regions with increased 
methylation levels after treatment (Fig. 2o, p). Given that 
hypermethylated regions are more readily detected in 
clinical practice, the 210 hypermethylated DMRs within 
DMR7 were selected for further analysis. Among these, 
31 (14.76%) were localized to promoter regions and 42 
(20.00%) were localized to P/Gb sequences (Fig.  2p) 
that were aligned with the promoter of 72 genes (see 
Additional file  1: Table  S3). Hence, these genes that 

were hypermethylated in promoter regions and may be 
involved in the DAC response in t(8;21) AML were sub-
jected to subsequent analysis.

Identification of genes specifically related to the DAC 
response in t(8;21) AML
It is well known that methylation of promoter sequences 
results in repressed gene expression. Therefore, TCGA-
AML transcriptome dataset was used to further refine 
DAC-responsive genes in t(8;21)AML. A total of 128 
non-M3 AML samples, including 7 t(8;21) AML samples, 
were analyzed. Upon comparing the expression profiles 
of t(8;21) and non-t(8;21) AML samples, 986 downregu-
lated genes in t(8;21) AML were identified (Fig.  2q; see 
Additional file 1: Table S4). Subsequently, the 72 hyper-
methylated genes in t(8;21) AML from the DMR7 pro-
file were aligned with the 986 downregulated genes in 
t(8;21) AML from TCGA, resulting in the identification 
of 4 key genes, namely, LIN7A, BASP1, CEBPA, and EMB 
(Fig. 2r). Each of these four genes exhibited higher meth-
ylation levels in t(8;21) AML and de novo samples than 
those in non-t(8;21) and CR samples (Fig. 3a, b). More-
over, according to the Meth Primer database, the pro-
moter regions of the four genes were enriched with CpG 
islands (Fig.  3c). Notably, the expression of LIN7A was 
much lower in patients with t(8;21) translocation than 
that in patients with other karyotypes (Fig. 3d). Further-
more, patients expressing high LIN7A levels showed sig-
nificantly better survival rates than those expressing low 
LIN7A levels (Fig. 3e).

In addition, to validate the methylation status of the 
four genes in t(8;21) AML, a publicly available AML 
methylation dataset (GSE18700) comprising 24 t(8;21) 
AML and 152 non-t(8;21) AML samples was employed 
in this study. Through alignment with the 210 hyper-
methylated DMR7 sequences, a cluster of 10 probes that 
targeted 7 genes were obtained, among which 3 probes 
annotated with LIN7A, one probe annotated with BASP1, 
and one probe annotated with EMB (Fig. 3f ). A compari-
son of the methylation status of these five probes targeted 

Fig. 3  a Absolute methylation levels of LIN7A, BASP1, EMB, and CEBPA in t(8;21) AML patients were higher than those in non-t(8;21) AML patients. 
b Absolute methylation levels of LIN7A, BASP1, EMB and CEBPA in de novo samples were higher than those in CR samples. c Distribution of CpG 
islands in the promoter region of the four genes. d Expression of LIN7A was much lower in patients with the t(8;21) translocation compared 
with that in other karyotypes according to TCGA dataset. e The expression levels of LIN7A positively correlated with the overall survival rate of 
AML patients. f LIN7A, BASP1, and EMB were identified as methylated genes in t(8;21) AML patients according to the GSE18700 dataset. g The 
methylation levels of LIN7A-probe 3 targeted sequence were significantly higher in patients with t(8;21) AML. h–i The methylation levels of the 
LIN7A-probe 3 targeted sequence negatively correlated with the h overall and i event-free survival rates of patients with t(8;21) AML. j Quantitative 
real-time polymerase chain reaction and k western blotting analyses showed increased mRNA and protein levels of LIN7A after treatment with 
10 nM DAC for three (DAC-T3) or seven (DAC-T7) consecutive days. l Methylation-specific PCR of Kasumi-1 cells showed methylation of the probe 
3-targeted sequence by two different paired primers. m LIN7A expression analysis determined by qRT-PCR after treatment with shLIN7A lentiviruses 
accompanied with or without 10 nM DAC in Kasumi-1 and SKNO-1 cells. n Western blot analysis of LIN7A expression change after treatment with 
shLIN7A lentiviruses accompanied with or without 10 nM DAC in Kasumi-1 and SKNO-1 cells. DMR Differentially methylated region; DAC Decitabine. 
*p < 0.05, **p < 0.01, and ***p < 0.001

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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sequences in t(8;21) AML with those in non-t(8;21) AML 
showed that the LIN7A-probe3-targeted sequence was 
significantly hypermethylated in t(8;21) AML (Fig.  3g). 
Moreover, t(8;21) patients with a hypermethylated 
LIN7A-probe3-targeted sequence showed poorer over-
all survival rates (Fig. 3h) and shorter event-free survival 
than those with a hypomethylated LIN7A-probe3-tar-
geted sequence (Fig.  3i). Therefore, we postulate that 
LIN7A may play a significant role in the DAC treatment 
response in t(8;21) AML.

Effect of DAC on LIN7A mRNA and protein expression
To determine whether LIN7A can serve as a predictor 
of the t(8;21) AML response to DAC, we conducted an 
in  vitro study exploring the relationship between DAC 
and LIN7A expression. First, we examined whether DAC 
affects LIN7A expression in Kasumi-1 and SKNO-1 cells. 
Notably, LIN7A expression was significantly elevated 
upon treatment with 10 nM DAC at the mRNA (Fig. 3j) 
and protein (Fig.  3k) levels; whereas the expression of 
DNMT3A, a methyltransferase that could be inhibited 
by DAC [18], was reduced (Fig.  3k). These results sug-
gest that treatment with DAC promotes the expression of 
LIN7A in t(8;21) AML cells.

To further elucidate the mechanism of DAC-mediated 
LIN7A upregulation, we retrieved the DMR sequence 
mapped to the LIN7A promoter region (probe-3 targeted 
sequence in GSE18700) for methylation-specific PCR 
analysis. The mapped regions within the LIN7A DMR 
were methylated in the Kasumi-1 cell line (Fig. 3l), sug-
gesting that DAC activates the expression of LIN7A in 
t(8;21) AML through demethylating of the promoter 
region.

Effects of LIN7A downregulation on t(8;21) AML cell death 
induced by DAC/Ara‑C combination therapy
To investigate the role of LIN7A in DAC treatment in 
t(8;21) AML, we knocked down LIN7A in Kasumi-1 and 
SKNO-1 cells using targeted shRNAs before treatment 
with DAC (Fig. 3m). We confirmed that LIN7A upregula-
tion induced by DAC was counteracted by the presence 
of shLIN7A in both cell lines (Fig. 3n, o).

Given that the sequential combination of DAC and 
Ara-C has a synergistic pro-apoptotic effect on AML cells 
[19], we evaluated the viability of LIN7A-knockdown cells 
after treatment with DAC and Ara-C (Fig.  4a–d). Con-
sistent with previously described findings [8], Kasumi-1 
and SKNO-1 cells pre-sensitized with DAC were more 
sensitive to Ara-C treatment, whereas LIN7A knockdown 
inhibited the synergistic effect of DAC and Ara-C on cell 
viability. These findings suggest that LIN7A mediates the 
pre-sensitization effect of DAC on t(8;21) AML cells.

Discussion
DAC-based regimens are used as an alternative therapy 
for patients who are ineligible for intensive chemother-
apy. However, the clinical efficacy of DAC-based treat-
ments varies greatly among patients, resulting in the 
currently unmet clinical need for more predictable bio-
markers. Genes directly involved in DNA methylation 
regulation, such as DNA methyltransferases (DNMTs), 
have been of interest for decades. However, although 
DNMT1 is directly inhibited by DAC, its expression 
is unrelated to the DAC response [20]. Moreover, pre-
viously confirmed DNA methylation-modified genes 
(p15, p16, and CDH1) failed to predict DAC efficacy 
[21]. Notably, a clinical study revealed that patients with 
t(8;21) AML tend to be more sensitive to DAC-based reg-
imen [8], which may provide new insights into this topic.

Herein, we initially retrieved the DMRs between t(8;21) 
and non-t (8;21) AML samples. The significant variation 
observed between AML1-ETO-positive and -negative 
samples directly indicated the influence of AML1-ETO 
on the DNA methylation profile. This event may be 
mediated by DNMT1 [22] and DNMT3A [23], as it has 
been observed that AML1-ETO can recruit these meth-
yltransferases to DNA. Furthermore, AML1-ETO-posi-
tive samples were found to have fewer hypermethylated 
regions than those of AML1-ETO-negative samples, 
regardless of whether bone marrow samples or cell lines 
were employed in the analysis. This may account for why 
patients with AML1-ETO have a better clinical progno-
sis. Moreover, given that leukemia blast cells are globally 
hypermethylated relative to healthy cells, the presence of 
a hypomethylated profile in AML1-ETO-positive sam-
ples may indicate a relatively minor disturbed methyla-
tion profile in t(8;21) AML than non-t(8;21) AML.

Although DAC is recognized as a demethylation agent, 
our study showed that a large number of DNA regions 
acquired methylation modification following DAC-based 
combination therapy. This might be a consequence of the 
combination regimen since eliminating leukemia blast 
cells drives bone marrow cells to exhibit normal pheno-
type. However, the methylation restoration effect of DAC 
cannot be ruled out, considering that numerous DNA 
regions were methylated in cells treated with DAC only.

Moreover, upon mapping DMRs with reference genes, 
we observed that more DMRs annotated within the gene 
body compared with those in promoter regions, thus 
emphasizing the importance of including non-promoter 
regions in DNA methylation studies. In contrast to the 
suppressive effect elicited by methylation in promoter 
regions, DNA gene body methylation has been reported 
to promote gene expression [24]. Meanwhile, consider-
ing the consistent recognition of the methylation silenc-
ing effect of promoter regions, we selected these regions 
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as our subject to develop molecular markers for clinical 
application. In particular, we found that LIN7A may be 
a key gene that influences DAC treatment efficacy. Fur-
thermore, we demonstrated that LIN7A mediates the 
synergistic anti-apoptotic effect of DAC and Ara-C treat-
ment in t(8;21) AML.

Conclusion
Collectively, our study suggests that LIN7A may serve as 
a specific biomarker for predicting treatment responses 
to DAC-based therapy in t(8;21) AML patients. However, 

these findings warrant further confirmation through 
in vivo studies and clinical assessment.
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Ara-C	� Cytarabine
CR	� Complete remission
DAC	� Decitabine
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DMR	� Differentially methylated region
DNMT	� DNA methyltransferase
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Fig. 4  Effect of LIN7A on cell apoptosis undertreatment with DAC in t(8;21) AML cell lines. a–d Effects of LIN7A on a, b Kasumi-1 and c, d SKNO-1 
cell apoptosis. Cells were transfected with shRNA lentiviruses and treated with 10 nM DAC and 100 nM Ara-C. Cell apoptosis was assayed using 
Annexin V-FITC/propidium iodide double staining
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