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Background: Epigenetic dysregulation plays a central role in pediatric acute

myeloid leukemia (AML), yet its clinical relevance remains underexplored. This

study primarily aimed to elucidate the clinical effect of H3K27me3 and H3K4me3

status on pediatric acute myeloid leukemia. We evaluated the prognostic impact

of H3K27me3 and H3K4me3 histone trimethylation, along with associated gene

expression profiles, in pediatric AML.

Methods: We retrospectively analyzed 74 children with newly diagnosed non-

FAB M3 and non-Down syndrome AML in a prolonged cohort in Japan. Bone

marrow immunohistochemistry assessed H3K27me3 and H3K4me3 expression

levels. RNA sequencing was successfully performed on sorted leukemic blasts in

six representative cases, owing to limited sample availability. Chemoresistance

and epigenetic modulation were evaluated in AML cell lines treated with GSK-J4,

a histone demethylase inhibitor.

Results: High H3K27me3 expression at diagnosis was significantly associated

with superior overall and event-free survival over three years (OS HR 8.0; EFS HR

5.0; both p < 0.01). H3K4me3 levels at diagnosis showed no prognostic impact.

Among 14 KMT2A-rearranged cases, all six patients with high H3K27me3
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achieved a long-term first remission (median follow-up: 10 years), whereas those

with low expression had higher relapse rates. Transcriptomic analysis revealed

upregulation of HOXA9, and HOXA-cluster genes and downregulation of ABCB1,

in low H3K27me3 samples. In vitro, GSK-J4 increased H3K27me3 and

suppressed HOXA9 expression in KG-1 cells, enhancing sensitivity to cytarabine.

Conclusion: Low H3K27me3 expression defines a poor-risk group in pediatric

AML, potentially via HOXA9-driven dysregulation. H3K27me3 may serve as a

prognostic biomarker and potential therapeutic target.
KEYWORDS
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Introduction

Genetic-based stratification has improved the treatment outcomes

in pediatric acute myeloid leukemia (AML) (1, 2). However, more

than 30% of cases still follow a refractory or relapsing course (3–7).

Despite recent advances in targeted therapies, the overall survival (OS)

rate in pediatric relapsed AML remains around 40% (8, 9). Further

optimization of treatment strategies requires a deeper understanding

of the molecular mechanisms driving leukemic progression and

treatment resistance (10).

Emerging evidence suggests that leukemogenesis in AML involves

aberrant epigenetic modifications in proliferating myeloid precursors,

often regulated by key driver mutations (11–14). Epigenetic

deregulation has also been implicated in the development of

treatment resistance during multidrug chemotherapy (15–17). In

high-risk AML, epigenetic therapies have recently been combined

with chemotherapy, supported by growing evidence of safety and

efficacy in both adult and pediatric populations (1, 18–20). Among

various epigenetic mechanisms, histone modifications play a pivotal

role in tumor biology (20, 21).

Specifically, reduced H3K27 trimethylation (H3K27me3) has

been reported in several solid tumors, including breast, colon,

ovarian, pancreatic, prostate, and central nervous system cancers.

In contrast, H3K4 trimethylation (H3K4me3), associated with open

and transcriptionally active chromatin, has been linked to treatment

response in liver and cervical cancers. The H3K4-specific

demethylase KDM5B has been shown to suppress leukemogenesis

in murine and human AML cells with KMT2A rearrangement

(KMT2A-r), underscoring the importance of H3K4 methylation

in determining leukemic stem cell (LSC) fate (22).

Anthracycline-resistant leukemia cells exhibit decreased

H3K27me3 or H3K4me3 levels along with altered gene expression

profiles (23). Several studies have identified low H3K27me3 levels as a

poor prognostic factor in adult AML (21, 24). Such low levels are more

frequently observed in AML than in acute lymphoblastic leukemia

(ALL), and have been associated with mutations in DNAmethylation-

related genes such as DNMT3A, IDH1/2, and TET2 (21). Conversely,

H3K4me2 and H3K4me3 have not demonstrated prognostic value in
02
adult AML, although reduced levels have been observed in Philadelphia

chromosome-positive (Ph+) ALL (21). Despite these findings in adult

leukemia, the clinical relevance of H3K27me3 and H3K4me3 in

pediatric AML remains unclear. Recent reviews highlight histone

modifications, including H3K27me3, as potential therapeutic targets

in pediatric AML (25), possibly in association with FLT3 signaling (26).

In this study, we investigated the clinical significance of

H3K27me3 and H3K4me3 expression in pediatric AML by

immunohistochemically analyzing diagnostic bone marrow

specimens. The present study was designed to elucidate the

relationship between H3K27me3 expression and clinical outcomes

in pediatric AML. Moreover, we sought to determine whether

H3K27me3 levels modulate cytarabine (AraC) sensitivity, as

assessed by RNA sequencing and in vitro analyses. Building on

these investigations, we considered the potential value of

H3K27me3 as an additional stratification marker in pediatric AML.
Methods

Patients and sample collection

Eighty-eight patients under age 18 years who were enrolled in

registered protocol studies for pediatric AML in Japan from 2000 to

2022 were included in this study. Paraffin-embedded bone marrow

(BM) clot or tissue samples obtained at diagnosis were collected

from patients treated at Oita University Hospital, Kyushu

University Hospital, and other collaborative research institutions.

Among 88 patients, one lacked available outcome information and

five cases lacked bone marrow smear samples at initial diagnosis.

These six patients were thus excluded from the analysis of

immunohistochemistry (IHC). However, five of them were

employed for RNA analysis and Western blotting assays because

frozen bone marrow specimens at diagnosis were obtained. The

demographic and clinical data of the remaining 82 patients, who

were analyzed for survival outcomes by IHC, are summarized in

Table 1. Moreover, five patients with AML (M3) and three patients

with Down syndrome were excluded because of the distinct etiology
frontiersin.org
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and treatment. Accordingly, the final survival analyses were

conducted on 74 patients. The study was approved by the

institutional review boards of Oita University (#1449), the Japan

Children’s Cancer Group (#080), and all participating institutions.

Primary AML cells were obtained from BM samples of 8

patients at the time of diagnosis or relapse. Detailed clinical

backgrounds of these patients are provided in Supplementary

Table 1. Primary AML blast cells were isolated by a Cell Sorter

SH800 (Sony, Tokyo, Japan) from BM mononuclear cells (MNCs)

that had been freshly isolated or from frozen cell samples by a

standard Ficoll-Paque density gradient separation procedure by

Histopaque-1077 (#10771; Sigma-Aldrich, St. Louis, MO, USA) and

were viably cryopreserved. Among 88 patients, we performed

histone extraction in 8 patients, 6 of whom also underwent RNA

sequencing. This component of the study was approved by the

ethics committees of Kyushu University and Oita University

(#2207-C10). All analyses were conducted in accordance with

institutional guidelines and the Declaration of Helsinki.
Immunohistochemical analysis

IHC was performed on BM samples using antibodies against

H3K27me3 (#BS7237; Bioworld Technology, Bloomington, MN,

USA; dilution 1:1000) and H3K4me3 (#ab8580; Abcam,

Cambridge, UK; dilution 1:5000). Detailed protocols are provided

in the Supplementary Methods. Immunoreactivity in leukemic blast

cells was scored on a scale from 0 to 12 using the immunoreactive

scoring (IRS) system described by Remmele and Stegner (27, 28),

taking into account the percentage of receptor-positive blasts

(scoring points, 0: negative, 1: <10%, 2: 10-50%, 3: 51-80%,4:

>80%) and their staining intensity (scoring points, 0: negative, 1:

weakly positive, 2: moderately positive, 3: strongly positive).
Experiments with cell lines

THP-1 cells were purchased from the JCRB Cell Bank

(#JCRB0112; National Institutes of Biomedical Innovation,

Health, and Nutrition, Osaka, Japan). KG-1 cells were kindly

provided by Dr. Shinya Oda (National Hospital Organization

Kyushu Cancer Center). K562 cells were purchased from the

JCRB Cell Bank (#JCRB0019; Japanese Collection of Research

Bioresources Cell Bank, Osaka, Japan) (29). Cell treatment

protocols are described in detail in the Supplementary Methods.
Histone analyses

Histones were extracted using a Histone Extraction Kit

(#ab113476; Abcam, Cambridge, UK). Western blotting was

performed using antibodies for total H3 (#ab1791; Abcam;

dilution 1:2000) and H3K27me3 (#GTX129774; GeneTex, Irvine,

CA, USA; dilution 1:2000). Detailed procedures are provided in the

Supplementary Methods.
Frontiers in Hematology 03
RNA sequencing analyses

Total RNA was isolated from AML blast cells sorted from BM

samples using a Cell Sorter SH800 (Sony, Tokyo, Japan). The highly

purified AML cells were lysed with TRIzol Reagent (Invitrogen,
TABLE 1 Demographics of patients with AML for survival analyses.

Number 82

Median age at the diagnosis, range
7.5 years, 1 month ~ 17
years

Median leukocyte counts at the diagnosis, range
13.725 ×109/L, 0.9 ~
545.6×109/L

Median proportion of leukemic blasts in the bone
marrows, range

71%, 4.2% ~ 98%

Chromosomal abnormality, gene mutation

RUNX1::RUNX1T1 18

KMT2A-rearrangement 14

Normal karyotype 8

inv(16) or t(16;16)(p13.1;q22) 6

t(15;17) 5

Monosomy 7 3

NUP98 rearrangement 3

Complex karyotype* 2

CBFA2T3::GLIS2 1

t(16;21)(p11;q22) 1

5q- 1

Others** 9

Unknown 11

FAB classification

M0 3

M1 12

M2 21

M3 5

M4 11

M5 15

M6 3

M7 12 including DS 3

FLT3 status

Wild type 48

Mutant 3

Unknown 31
*Complex karyotype: 46XX,der(2),t(11;10;2)(q21;q11.2;q37),der(10)add(10)(p11.2),t(11;10;2)
der(11)t(11;10;2), and 47,XY,del(9)(q12q34),del(12)(p12),+21. **Others: 47,XY, + 21, 47,XX,t
(1;2)(p31;p16), 47,XX, + 8, 47,XX,t(5;15)(q11.2;q11.2),+21, 47,XX,t(11;17)(p15;q21),+21, 47,
XX, + 3,+2, 47XX,add 21, der(7;21)(q10;q10), 47XY,t(1;14)(p36;q32), and 47XX,t(8;12)(q11.2,
p11.2).
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Waltham, MA, USA), and total RNA was subsequently purified using

the SV Total RNA Isolation System (Promega, Madison, WI, USA)

according to the manufacturer’s instructions. RNA concentrations were

measured with an ND-1000 spectrophotometer (NanoDrop

Technologies, Wilmington, DE, USA), and RNA quality was assessed

using a Tapestation (Agilent, Santa Clara, CA, USA). Sequencing

libraries were prepared from 1 µg of total RNA using a TruSeq

Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA,

USA) according to the manufacturer’s instructions. Cluster

amplification and 150-bp paired-end sequencing were performed

according to the manufacturer’s protocol for NovaSeq (Illumina). For

the RNA-seq data analysis, quality trimming and adapter clipping of the

read data were performed using the Trimmomatic software program,

version 0.38 (http://www.usadellab.org/cms/?page=trimmomatic) (30).

Trimmed reads were mapped to the transcript in the reference

human hg38 using the Bowtie2 aligner within RSEM (31). The

abundance estimation of genes and isoforms with RSEM generated

basic counts data (expected counts). We used edgeR (32) to detect

the differentially expressed genes (DEGs). Normalized counts per

million (CPM) values, log fold-changes (logFC), and p-values were

obtained from gene-level raw counts. The criterion for DEGs was

defined as p < 0.05.
Statistical analyses

Survival analyses were conducted using the Kaplan–Meier

method (Prism 8; GraphPad Software, San Diego, CA, USA), and

survival curves were compared using the unstratified log-rank test.
Frontiers in Hematology 04
Differences in categorical variables were assessed using the chi-

square test or Fisher’s exact test, as appropriate. Statistical

significance was defined as p < 0.05. Receiver operating

characteristic (ROC) curve analysis was used to evaluate model

discrimination by calculating the area under the curve (AUC). The

cutoff value for IHC scores was set at the median score due to the

absence of an established clinical threshold. Multivariate analysis

was performed using a Cox proportional hazards model. All

statistical analyses were conducted using JMP Pro 11 (version

16.0 for Windows; JMP Inc., SAS Institute Japan, Tokyo, Japan)

and EZR (Saitama Medical Center, Jichi Medical University,

Saitama, Japan) (33).
Results

Low H3K27 trimethylation as a poor
prognostic marker in pediatric AML

To evaluate the prognostic impact of H3K27me3 and H3K4me3

in pediatric AML, we analyzed their levels in 82 patients using IHC

staining of formalin-fixed, paraffin-embedded bone marrow (BM)

samples (Figure 1, Table 1). Among 74 patients without FAB M3 or

Down syndrome, low levels of H3K27me3 or H3K4me3 were

significantly associated with reduced overall and event-free

survival rates for over three years (Figure 2). Patients with low

H3K27me3 had a significantly younger age at diagnosis than those

with high-H3K27me3 (p = 0.04), whereas other clinical variables—

including sex, FAB classification, extramedullary infiltration, cause
FIGURE 1

Immunohistochemistry by H3K27me3 and H3K4me3 for formalin-fixed and paraffin-embedded bone marrow (BM) samples from patients.
Representative cases of immunohistochemical staining with H3K27me3 and H3K4me3. Immunohistochemical (IHC) staining is performed on the
slides of paraffin-embedded BM biopsies with the use of the anti-H3K27me3 and anti-H3K4 antibody. Immune reactivity on leukemic blasts in BM
specimens is scored from 0 to 12 according to the scoring system developed by Remmele and Stegner.
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of death, and previously reported high-risk genetic features (34)—

did not differ significantly (Supplementary Table 2). No significant

differences were observed in these variables between high and low

H3K4me3 groups (Supplementary Table 3).

Cox proportional hazards regression analysis revealed that low

H3K27me3 expression was a significantly independent risk factor

for event-free survival (adjusted hazard ratio [HR]: 5.02; 95%

confidence interval [CI]: 1.65–15.28), while H3K4me3 was not.

Genetic or cytogenetic high-risk features were also significantly

associated with poor prognosis (HR: 6.17; 95% CI: 2.43–15.67)

(Table 2). Other known prognostic factors, such as elevated white

blood cell (WBC) counts and serum LDH levels at diagnosis (35),

were not significantly identified in this cohort (data not shown).

Combined Kaplan–Meier analyses (Figure 3) and ROC curve

analyses (Figure 4) identified that H3K27me3 expression was a

more effective prognostic marker than H3K4me3.

The frequency of KMT2A-r tended to be higher in the low-

H3K27me3 group (33.3%) than in the high-H3K27me3 group

(12.8%), although this did not reach statistical significance (p =

0.06). Conversely, RUNX1::RUNX1T1 was significantly less

frequent in the low-H3K27me3 group (8.3%) compared to the

high-H3K27me3 group (34.0%) (p = 0.02) (Supplementary

Table 4). Among cases with high-H3K27me3, those harboring

RUNX1::RUNX1T1 had significantly better survival (p = 0.01)

(Figure 5). Exclusion of RUNX1::RUNX1T1 cases revealed a

higher 5-year survival rate in high-H3K27me3 cases than in low-

H3K27me3 cases (72% vs. 44%, p = 0.02). Notably, all six KMT2A-r

patients with high-H3K27me3 levels survived (Table 3), supporting
Frontiers in Hematology 05
the prognostic relevance of H3K27me3 over H3K4me3. FLT3-ITD

mutations were identified in two cases within the low-H3K27me3

group and in one case within the high-H3K27me3 group. However,

the FLT3-ITD mutation status was unknown in 27 cases.
Stratification of H3K27me3 levels in
primary AML blasts

Histones were extracted from highly purified primary BM blasts

of 8 patients at diagnosis or relapse and analyzed by Western blotting

for total H3 and H3K27me3 levels (Supplementary Table S1). The

H3K27me3/H3 ratios were semi-quantified by densitometry using

ImageJ (NIH), with AML5 set as the reference (ratio = 1.0)

(Figure 6A). Based on these ratios, AML5, AML6, and AML11

were classified as high-H3K27me3, and AML3, AML4, AML8–

AML10 as low-H3K27me3. IHC results confirmed the classification

for AML3 (low), AML5, and AML6 (high), supporting the reliability

of the histone analysis.
Upregulation of HOXA cluster genes in
AML blasts with low H3K27me3

We performed RNA sequencing on purified BM blasts from six

representative patients—three with low and three with high-

H3K27me3—to investigate differential gene expression

(Figure 6A). Volcano plots and heatmaps revealed significant
FIGURE 2

Kaplan–Meier plots for the overall survival (OS) and event-free survival (EFS) rates for patients with low and high H3K27me3, H3K4me3. Survival
analyses are performed by the Kaplan-Meier method in Prism 8 (GraphPad Software, San Diego, CA, USA), and groups were compared by using an
unstratified log-rank test. The IRS score of 6 or less is defined as low.
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upregulation of HOXA cluster genes, including HOXA9, in the low-

H3K27me3 group (Figures 6B–D). Specifically, AML3, AML4, and

AML9 (low-H3K27me3) exhibited significantly higher expression

of HOXA genes compared to AML5, AML6, and AML11 (high-

H3K27me3). HOXA9 expression was highest in AML4, followed by

AML3 and AML9, while it was scarcely detected in AML11, AML5,

and AML6 (Supplementary Table S1). In contrast, otherHOX genes

were not upregulated.

Figure 6C shows the top 30 genes upregulated in low-

H3K27me3 (blue) and high-H3K27me3 (red) groups, sorted by

p-value. Among them, the expressions of PBX3 and CPNE8, known

HOXA regulators (36, 37), were elevated in the low-H3K27me3

group. Conversely, those of ABCB1 and CD96, associated with

AML progression (38, 39), were significantly downregulated in the

same group.
GSK-J4 treatment restores H3K27me3,
reduces HOXA9 expression, and improves
AraC sensitivity

To examine the functional effect of H3K27me3 restoration, we

treated KG-1 cells (representing low H3K27me3 AML) with GSK-

J4, an inhibitor of H3K27 demethylases. THP-1 cells (high-

H3K27me3) served as controls. Western blotting confirmed low

H3K27me3 levels in KG-1 cells (Figure 7A). Following 72-hour
Frontiers in Hematology 06
incubation with GSK-J4 (10 mM), quantitative PCR revealed

increased H3K27me3 levels and decreased HOXA9 expression in

KG-1 cells (Figures 7B, C). No significant changes in H3K27me3 or

HOXA9 expression were observed in THP-1 cells (Supplementary

Figure 2). While RNA-seq data indicated upregulation of PBX3 and

CPNE8 in low-H3K27me3 blasts, their expression did not

significantly change following GSK-J4 treatment (Figure 7C,

Supplementary Figure 2B). Importantly, GSK-J4 improved

sensitivity to cytarabine (AraC) in KG-1 cells (Figure 7D).
Discussion

Previous studies have demonstrated the prognostic impact of

H3K27me3 in adult AML (21, 24, 40). Building on this, our study

provides the first evidence that H3K27me3 levels can predict

outcomes in pediatric AML, particularly in association with

HOXA9 and other HOXA cluster genes. Notably, no deaths

occurred among patients with RUNX1::RUNX1T1 or KMT2A-r

who exhibited high H3K27me3 levels, highlighting its potential as

an actionable biomarker for high-risk pediatric AML. High

expression of HOXA cluster genes, especially HOXA9, together

with functional studies in leukemia cell lines, supports a central role

for HOXA9 in mediating resistance to cytarabine (AraC). Given

that low H3K27me3-driven HOXA9 amplification may contribute

to acquired drug resistance (24), prospective studies incorporating
FIGURE 3

Kaplan–Meier plots for the OS and EFS rates assessed by the combination of H3K4me3 and H3K27me3. Survival analyses are performed by the
Kaplan-Meier method with the Prism 8 software program (GraphPad Software), and groups were compared using an unstratified log-rank test. An
IRS score of ≤6 is defined as low.
TABLE 2 Cox proportional hazards regression analysis for risk factors for event-free and overall survival rates.

Risk factors Hazard ratio 95% confidence interval p-value

Induction failure yes / no 0.90, 2.28 0.09 ~ 8.83, 00.21 ~ 25.19 00.50, 00.93

Genetic or cytogenetic risk* yes / no 6.17, 6.68 2.43 ~ 15.67, 2.42 ~ 18.48 <0.01, <0.01

H3K27me3 low / high 5.02, 8.01 1.65 ~ 15.28, 2.09 ~ 30.77 <0.01, <0.01

H3K4me3 low / high 1.32, 1.58 0.46 ~ 3.76, 00.50 ~ 5.04 00.61, 00.44
*The genetic or cytogenetic risk factors are defined as having a genetic or chromosomal abnormality identified in bone marrow samples that is reportedly associated with poor prognosis in the
AIEOP-BFM AML 2020 Study (ref.1 Reinhardt, D., et al., J Clin Med, 2022. 11[34]). Ten cases were excluded from the study population of 74 cases without APL or Down syndrome in the
survival analysis due to missing data on genetic or cytogenetic risk.
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H3K27me3-based risk stratification could further improve

treatment outcomes in pediatric AML.

Despite therapeutic advances, the 5-year overall survival rate for

pediatric AML remains approximately 70% (3–7), with outcomes in
Frontiers in Hematology 07
relapsed cases still unsatisfactory—survival rates are estimated at

around 40% (9). These statistics highlight the need for new

strategies to overcome chemoresistance and improve survival,

especially in relapsed or refractory cases. Epigenetic dysregulation
FIGURE 5

Kaplan–Meier plots for the OS of patients with low and high H3K27me3 according to the genetic/cytogenetic backgrounds. Kaplan–Meier plots for
the OS rates of patients with (A) KMT2A-r-positive AML, (B) RUNX1::RUNX1T1-positive AML, (C) normal karyotype AML, or (D) inv(16)AML. Survival
analyses are performed via the Kaplan-Meier method with the Prism 8 software program (GraphPad Software), and two groups were compared
using an unstratified log-rank test. An IRS score of ≤6 is defined as low.
FIGURE 4

Receiver operating characteristic (ROC) curves assessing the prognostic value of H3K27me3 and H3K4me3 for mortality. Predictive performance of
H3K27me3 and H3K4me3 for mortality, as evaluated by ROC analysis. The AUC values were 0.82 for H3K27me3, indicating excellent discrimination,
and 0.71 for H3K4me3, indicating acceptable discrimination. The cutoff was set at the median immunohistochemical score, given the absence of a
clinically established threshold.
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TABLE 3 Clinical laboratory profiles and treatment outcomes of patients with KMT2A-rearranged AML.

Case Initial treatment Genetic and/or FLT3-ITD
tation

Age at
onset

Extramedullary
infiltration

Relapse
and HCT

Outcome, yrs
after 1st CR

H3K27me3 H3K4me3

tive 10 yrs No Yes dead, 14 Low Low

tive 4 mos Yes/ Skin Yes dead, 2 Low Low

tive 7 yrs No No alive, 9 High High

own 4 yrs No No alive, 15 High High

tive 4 yrs No No alive, 9 Low Low

own 6 yrs No Yes dead, 7 Low High

tive 9 yrs No No alive, 13 Low Low

own 1 mo Yes / Skin No alive, 9 Low High

tive 1 yr No No alive, 10 Low High

tive 10 mos No No alive, 10 High High

tive 2 yrs No No alive, 8 High High

own 11 yrs No No alive, 19 High High

tive 2 yrs No No alive, 8 High High

tive 10 mos Unknown No alive,9 Low High

), year(s) of age.

G
o
to

e
t
al.

10
.3
3
8
9
/frh

e
m
.2
0
2
5
.16

6
8
4
0
8

Fro
n
tie

rs
in

H
e
m
ato

lo
g
y

fro
n
tie

rsin
.o
rg

0
8

no.
Sex

response
FAB

cytogenetic abnormality mu

1 F CR M7 KMT2A::ELL Neg

2 M CR M4 t(10;11)(p12;q23) Neg

3 F CR M5 KMT2A::AF9 Neg

4 F CR M5 46,XX, add (10)(p11.2), KMT2A::AF9 Unk

5 F CR M5 t(9;11)(p22;q23)/ KMT2A::AF9 Neg

6 M CR M5 KMT2A::AF9 Unk

7 M CR M5 t(9;11)(p22;q23) Neg

8 M CR M5 KMT2A::AF9 Unk

9 M CR M5 KMT2A::AF9 Neg

10 M CR M4 KMT2A rearranged Neg

11 F CR M5
46XX,t(8;17)(p12;q11.2),
t(9;11)(p22;q23) / KMT2A rearranged

Neg

12 M CR M5
Subtype of t(10;11)(p12;q23) / MLL
rearranged

Unk

13 M CR M5 MLL::AF9 Neg

14 F CR M5
46XX,der(1)t(1;11)(p13;q23),der(11) /
KMT2A rearranged

Neg

CR, complete response; F, female; HCT, hematopoietic cell transplantation; M, male; mo(s), month(s) of age; yr(
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is increasingly recognized as a key mechanism in leukemogenesis

(41). Epigenetic-modifying agents, such as azacitidine and

decitabine, have shown promise in restoring normal gene

expression patterns, enhancing chemosensitivity, and improving

clinical outcomes (10, 19, 20). However, few studies have

investigated histone-modifying enzymes in pediatric AML. We

therefore focused on H3K27me3 and H3K4me3, two epigenetic

marks associated with histone modifications, to clarify their

relevance in therapeutic resistance and prognosis.

The present IHC analysis revealed that low H3K27me3

expression was associated with significantly worse overall and

event-free survival in pediatric AML. These findings are

consistent with reports in adult AML (21, 24), suggesting that low

H3K27me3 also serves as a high-risk marker in pediatric patients.

Furthermore, KMT2A-r was more frequently observed and

RUNX1::RUNX1T1 significantly less frequent in the low-

H3K27me3 group. These cytogenetic features are consistent with

expected HOXA9 expression levels: elevated in KMT2A-r AML and

reduced in RUNX1::RUNX1T1-AML compared with normal bone

marrow (42).

Interestingly, the poor prognostic impact of low H3K27me3 was

particularly apparent in pediatric AML with KMT2A-r or RUNX1::

RUNX1T1, while no similar trends were seen in patients with

normal karyotype or inv(16). This observation may be related to
Frontiers in Hematology 09
the relatively high incidence of KMT2A-r, t(8;21), and inv(16)—

collectively termed core binding factor (CBF) AML—in childhood,

whereas subtypes such as -5q, monosomy 7, or normal karyotype

are more frequent in adults (1, 43). These features represent a

tolerable cytogenetic bias in our pediatric cohort (20–25% of cases).

The RNA-seq analysis revealed significant upregulation of

HOXA cluster genes—especially HOXA9—in AML blasts with

low H3K27me3 levels. PBX3 and CPNE8, which interact with

HOXA genes (36, 37, 44, 45), were also upregulated

(Supplementary Figure 3). Göllner et al. (24) reported that loss of

EZH2, the methyltransferase responsible for H3K27me3, due to

CDK1–HSP90-mediated proteasomal degradation, drives

resistance in AML via HOXA9 overexpression. Our findings align

with this mechanism, further supporting the hypothesis that low

H3K27me3 facilitates HOXA9-mediated treatment resistance in

pediatric AML. Elevated HOXA9 expression has been strongly

associated with poor prognosis in AML (46–48), and our

combined IHC and RNA-seq results reinforce its role as a key

factor in the poor outcomes of pediatric AML with low

H3K27me3 levels.

We demonstrated that GSK-J4, an H3K27 demethylase

inhibitor, increased H3K27me3 expression and reduced HOXA9

mRNA levels in KG-1 cells, which have low baseline H3K27me3.

No similar effect was observed in THP-1 cells with high-
FIGURE 6

The gene expression in the HOXA group is upregulated significantly in blast cells of AML patients with low H3K27me3 levels. (A) Stratification into
low or high-H3K27me3 group by a histone analysis using Western blotting of BM samples at the diagnosis and relapse. The H3K27me3/H3 ratio of
AML5 is set to 1.0 as a control. Histones are isolated from BM cells using a Histone Extraction Kit (#ab113476; Abcam, UK). Extracted histones are
subjected to Western blotting for total H3 (#ab1791; Abcam, UK, 1:2000) and H3K27me3 (#GTX129774; Gene Tex, USA, 1:2000). Densitometry is
quantified using the Image J software program (NIH). The bar chart represents the signal intensity of each primary AML blast cell’s H3K27me3/H3
ratio. RNA-seq analyses of the patients’ blast cells with low-H3K27me3 levels (AML3, 4, 9) and those with high-H3K27me3 levels (AML5, 6, 11) are
shown for the comparison of differences in the gene expression. (B) Volcano plot, genes significantly upregulated in low-H3k27me3 settings are
shown in blue, and genes significantly upregulated in high-H3K27me3 settings are shown in red. (C) Top 30 genes: blue indicates an elevated
expression in the low-H3K27me3 group, and red indicates an elevated expression in the high-H3K27me3 group. Both genes are sorted according to
the p-value. (D) Heatmap for HOX genes. The heatmap image of the normalized counts. The color indicates the distance from the median of each
row (gene). *The H3K27me3/H3 ratio of AML5 is set to 1.0 as a control.
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H3K27me3. Importantly, GSK-J4 synergistically improved AraC

sensitivity in KG-1 cells. These results are consistent with a previous

report (49); THP-1 cells showed higher IC50 value of H3K27me3

(22.31) than KG-1 (2.84), KG-1a (3.05), and Kasumi-1 cells (5.52),

respectively. GSK-J4 reduced cell viability and arrested cell cycle

progression of low H3K27me3 cell lines at the S phase by decreasing

CyclinD1 and CyclinA2 expression while increasing P21

expression. Moreover, GSK-J4 reportedly enhanced the expression

of apoptosis-related proteins (cle-caspase-9 and bax) and inhibited

PKC-a/p-Bcl2 pathway to promote cell apoptosis (50). Further

studies on various cell lines are needed to clarify how drugs

targeting H3K27 demethylation, such as GSK-J4, exert the

therapeutic effect on pediatric AML with low H3K27me3

(Supplementary Figure 3).

In addition, RNA-seq data indicated that ABCB1, an ATP-

binding cassette transporter associated with drug resistance, was

downregulated in the low-H3K27me3 group. Previous studies

suggest ABCB1 expression is inversely correlated with HOXA

genes (38), consistent with our results. As CD33 expression is

inversely correlated with ABCB1, patients with low ABCB1 may

benefit more from anti-CD33 antibody-drug conjugates, such as

gemtuzumab ozogamicin (GO), when added to standard

chemotherapy (38). These insights suggest GO-based regimens

may be particularly effective in pediatric AML cases with low

H3K27me3 levels.
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As noted, RUNX1::RUNX1T1 was less frequent in low

H3K27me3 cases and associated with better survival (Figure 5,

Supplementary Table 4), while KMT2A-r tended to be more

common in the low-H3K27me3 group. Notably, none of the

high-H3K27me3 patients with KMT2A-r died (Figure 5). These

data highlight the role of low H3K27me3 in upregulating HOXA9

and driving chemoresistance (24). Targeted epigenetic therapies

such as menin inhibitors—effective against KMT2A-r leukemia (51)

—or EZH2 inhibitors, which suppress H3K27 methylation (52),

may offer therapeutic avenues. Notably, in recent years, the efficacy

of EZH2 inhibitors has been increasingly reported. In cell lines,

primary cells and xenograft mouse models, inhibition of the H3K27

histone methyltransferase EZH2 to decondense the H3K27me3-

marked chromatin of AML cells enhanced chromatin accessibility

and chemotherapy-induced DNA damage, apoptosis, and leukemia

suppression (53). The mechanism of action of EZH2/1 inhibition by

valemetostat to mobilize quiescent leukemia stem/progenitor cells

(LSPCs) and potentiate the anti-leukemia activity of AraC (54).

UNC1999, the first oral dual EZH2/1 inhibitor, selectively blocks

PRC2 activity, derepresses polycomb targets, and shows therapeutic

potential against MLL-rearranged leukemia (55). However, loss of

EZH2 abolishes H3K27me3-mediated repression of oncogenes such

as Plag1 and Lin28b, resolving promoter bivalency, driving AML

initiation, and leading to poor prognosis (56). While inhibition of

EZH2 or EZH1, the methyltransferases responsible for H3K27me3,
FIGURE 7

The basal H3K27me3 status in cell lines and changing expressions of H3K27me3 and the associated genes, as well as the results of drug sensitivity
testing of KG-1 cells by GSK-J4 loading. (A) The basal H3K27me3 status before drug loading is compared among KG-1, THP-1, and K562 cells by
Western blotting. (B) GSK-J4, the demethylase of H3K27me3 inhibitor, increases the expression of H3K27me3 as assessed by Western blotting.
(C) Changes in the gene expression of KG-1 cells upon GSK-J4 loading. GSK-J4-loaded KG-1 cells show a significantly decreased expression of
HOXA9. Wilcoxon’s signed rank test is used for the statistical analyses. (D) Changes in drug susceptibility to GSK-J4 and AraC loading. GSK-J4
loading improves the sensitivity of KG-1 cells to AraC. The t-test is performed for the statistical analyses.
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have been shown to exert anti-leukemic effects, consistent with our

findings. The relevance of H3K27me3 status to treatment outcomes

in pediatric AML highlights the potential clinical utility of future

H3K27me3 demethylase inhibitors. In this context, H3K27me3

levels at diagnosis may serve as a valuable biomarker for future

stratified treatment protocols in pediatric AML.

Several limitations should be acknowledged. First, the study cohort

was relatively small and included patients with heterogeneous FAB

classifications. Genetic data were incomplete for some cases. Assessing

co-occurrence with TP53, DNMT3A, IDH1/2, FLT3-ITD, NPM1 and

other common AML mutations is an important aspect of this study.

However, only limited information on FLT3-ITD status was available in

the dataset. Further investigations are warranted to clarify the

associations between these mutations and the findings reported here.

RNA-seq analysis was performed on only six samples, potentially

introducing bias from unaccounted genetic variation. Furthermore,

we did not conduct ChIP-seq to directly link H3K27me3 with

transcription factor binding. While GSK-J4 selectively inhibits H3K27

demethylation, off-target effects on other histone modifications cannot

be ruled out and require validation via gene knockdown or knockout

models. In the present study, neither the efficacy of doxorubicin nor the

combinatory effects of GSK-J4 with doxorubicin was evaluated. The

combination effect of doxorubicin and AraC on KG-1 cells was

demonstrated previously (57). Moreover, GSK-J4 has directly and

specifically induced apoptosis in anthracycline-tolerant cells (ATCs)

(23). Taken together, these may raise the possibility that the

combination of doxorubicin with GSK-J4 has anti-proliferative effect

on various AML cells including KG-1. The different methylation status

has been reported between adults and children (58). Further

experimental studies are needed to establish the treatment effects of

methylation modulators including EZH2 inhibitors.

In conclusion, pediatric AML with low H3K27me3 is associated

with poor prognosis and distinct gene expression patterns,

including elevated HOXA9. Functional studies indicate that

modulating H3K27me3 levels can alter drug sensitivity. These

findings support the potential of H3K27me3 as a prognostic

biomarker and therapeutic target for stratified treatment

approaches in childhood AML.
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