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ABSTRACT

Acute myeloid leukemia (AML) may be an epigenetically-driven malignancy 
because it harbors fewer genomic mutations than other cancers. In recent studies 
of AML in adults, DNA methylation patterns associate with clinical risk groups and 
prognosis. However, thorough evaluations of methylation in pediatric AML have not 
been done. Therefore, we performed an integrated analysis (IA) of the methylome 
and transcriptome with clinical outcome in 151 pediatric patients from the multi-
center AML02 clinical trial discovery cohort. Intriguingly, reduced methylation and 
increased expression of DNMT3B was associated with worse clinical outcomes (IA 
p ≤ 10−5; q ≤ 0.002). In particular, greater DNMT3B expression associated with 
worse minimal residual disease (MRD; p < 10−5; q = 0.01), a greater rate of relapse 
or resistant disease (RR) (p = 0.00006; q = 0.06), and event-free survival (EFS;  
p = 0.00003; q = 0.04). Also, greater DNMT3B expression associated with greater 
genome-wide methylation burden (GWMB; R = 0.39; p = 10−6) and greater GWMB 
associated with worse clinical outcomes (IA p < 10−5). In an independent validation 
cohort of 132 similarly treated AAML0531 clinical trial patients, greater DNMT3B 
expression associated with greater GWMB, worse MRD, worse RR, and worse EFS (all 
p < 0.03); also, greater GWMB associated with worse MRD (p = 0.004) and EFS (p = 
0.037). These results indicate that DNMT3B and GWMB may have a central role in the 
development and prognosis of pediatric AML. 
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INTRODUCTION

Acute myeloid leukemia (AML) is a heterogeneous 
disease with genetic mutations and chromosomal 
abnormalities that define clinical risk-groups and 
treatment outcome. Although recurrent mutations are less 
common in AML than in other cancers, advances in recent 
years have shown that there is a significant deregulation 
of DNA methylation in adult AML [1, 2]. Aberrant DNA 

methylation is one of the most frequent epigenetic markers 
of leukemogenesis in adult AML [3–8]. Figueroa et al., 
reported 16 differentially methylated regions of which 
11 were associated with previously known cytogenetic 
or genetic alterations [9]. Several other reports have also 
shown differentially methylated profiles related with AML 
subtypes as well as methylation signatures predictive of 
clinical outcome [1, 3, 10–13]. Recurrent mutations 
of prognostic significance in epigenetic genes such as 
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DNMT3A, TET2, ASXL1, CREBP/KAT3A and EZH2 
have also been reported in adult AML [14, 15]. Clinical 
trials in adult AML are exploring ways to therapeutically 
target these epigenetic processes with hypomethylating 
agents such as azacytidine and decitabine [8]. In spite 
of all these advances in adult AML, the genome-wide 
methylation studies of childhood AML are lacking. 
Extrapolation of methylation landscape of adult AML 
might not be appropriate for pediatric AML given 
differences in AML biology within these groups [16], as 
well as the knowledge that age-related differences between 
the normal methylomes of children and adults exists [17]. 
Thus, there is an unmet need to establish and characterize 
the DNA methylome of pediatric AML. In this study, we 
report integrated evaluation of epigenetic-transcriptional 
features that associate with the clinical outcome in 
pediatric AML from multi-center AML02 trial. We further 
validated our results in the independent cohort of pediatric 
patients enrolled on the standard arm of COG-AAML0531 
clinical trail from TARGET database.

RESULTS

Gene methylation and expression associate with 
clinical outcomes in AML02

We used the integrated data analysis method 
canonical correlation with projection on the most interesting 
statistical evidence (CC-PROMISE [18]) and identified 
50 genes with correlated methylation and expression 
levels that were concordantly associated with clinical 
outcomes in the AML02 cohort (Table 1; Figure 1;  
p ≤ 0.00001; q ≤ 0.002). After adjusting for clinical risk 
group, 45 of these 50 genes remained significant at p ≤ 
0.05 (Supplementary Figure 1; Supplementary Table 2),  
suggesting that these associations are not entirely attributable 
to differences across risk groups. Several of the identified 50 
genes have known biological or clinical relevance for AML. 
Among these genes were: MTSS1 (Metastasis suppressor) 
is regulated by DNMT3B [19] and has been associated with 
better outcome in normal karyotype AML [20]; PRG2, a 
proteoglycan with role in myeloid differentiation, PARP12, 
involved in death-receptor and MAPK signaling, members of 
tryptase family (TPSD1, TPSB2, TPSAB1). LPL, CAPN2, 
FBN2, MS4A3, MT3, MSLN and Ras related genes (RHOB 
and RRAS), TIAF1 have been shown to have relevance in 
AML and other malignancies [21–31]. Genes identified 
as predictive of detrimental outcome included SPINK2, 
DNMT3B, CHST12, TARP, KDELR3, RASGRP2, LSP1, 
GNB5, USP20, GPR56 and IL11RA were associated with 
inferior outcome in terms of MRD22, RR and EFS as the 
endpoints) were predictive of poor outcome (Figure 1). 
GPR56 has been implicated in the development of AML in 
mice [21] and its expression has been associated with high 
risk AML and poor outcome [22].

DNMT3B methylation and expression are 
prognostic factors in the AML02 discovery 
cohort

We further investigated DNA methyltransferase 3B 
(DNMT3B) due to its epigenetic relevance, high level 
of statistical significance in our analysis, the relevance 
of DNA methylation alterations in adult AML, and well-
known biological function as a DNA methyltransferase 
that can potentially alter the methylation and expression 
of many other genes. (Table 1 and Figure 1). The 
methylation and expression of DNMT3B showed a 
strong negative association (CC, R = −0.74; p < 10–13; 

q < 10–11; Supplementary Figure 2) indicating possible 
epigenetic regulation. Reduced methylation and 
increased expression of DNMT3B associated with 
worse clinical outcomes (CC-PROMISE p < 0.00001; 
q < 0.002, Supplementary Figure 2). More specifically, 
reduced DNMT3B methylation associated with a greater 
rate of minimal residual disease (MRD, p < 0.00001; 
q < 0.002; Figure 2A), a greater rate of relapse or 
resistant disease (RR, p = 0.001; q = 0.06; Figure 2B), 
and worse event free survival (EFS, p = 0.00024; q = 
0.03; Figure 2C). Also, concordant with the negative 
association observed between DNMT3B methylation 
and its expression, greater DNMT3B expression was 
associated with a greater MRD (p < 0.00001; q = 0.01; 
Figure 3A) a greater RR (p = 0.00006; q = 0.06; Figure 
3B) and worse EFS (p = 0.00003; q = 0.04; Figure 
3C). These results are consistent with two adult studies 
showing that greater DNMT3B expression associates 
with worse outcome in adult AML [32, 33]. Even though 
we observed both DNMT3B expression (p = 1.610–10; 
Supplementary Figure 3A) and DNMT3B methylation 
(p = 910–13; Supplementary Figure 3B) to be associated 
with risk group, the associations of DNMT3B expression, 
DNMT3B methylation, and clinical outcomes are not 
entirely attributable to the association of clinical risk 
group as these associations remained significant after 
adjusting for risk group (CC-PROMISE, p = 0.023). 
In particular, greater DNMT3B expression remained 
associated with greater MRD (p = 0.037) and greater 
RR (p = 0.060) in the multicenter AML02 cohort 
after adjusting for clinical risk group. Additionally, 
the association between DNMT3B methylation and 
expression was consistent within low-risk patients  
(R = 0.42, p = 0.0028), standard risk patients (R = −0.80,  
p < 10–15), and high-risk patients (R = −0.41, p = 0.0072). 
Wide-variability observed in both methylation scores and 
gene expression levels in standard risk group patients, 
prompted us to evaluate DNMT3B and consistent with 
the results for the whole cohort, an increased DNMT3B 
expression score and lower DNMT3B methylation score 
showed association with inferior outcome within this 
group (Supplementary Figure 4).
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Table 1: Top 50 genes identified by unstratified CC-PROMISE analysis to be significantly associated with MRD and 
RR at PROMISE p < 0.00001

Association 
Variables

Methylation-
Expression 
Association 

by Canonical 
Correlation Association of Expression with Clinical Outcomes

Association of Methylation with Clinical 
Outcomes

Integrated Association 
of Methylation and 

Expression with 
Clinical OutcomesMRD RR MRD RR

Gene R p R p R p R p R p R p

MTSS1 −0.68 0.00157 −0.31 0.00019 −0.31 0.00007 0.41 0.00000 0.41 0.00000 0.359 0.00000

COTL1 −0.65 0.00000 −0.35 0.00002 −0.22 0.00628 0.52 0.00000 0.33 0.00001 0.355 0.00000

SPINK2 −0.79 0.00000 0.39 0.00000 0.31 0.00013 −0.36 0.00000 −0.35 0.00001 −0.352 0.00000

DNMT3B −0.74 0.00000 0.42 0.00000 0.32 0.00006 −0.40 0.00000 −0.26 0.00108 −0.352 0.00000

CHST12 −0.65 0.00000 0.36 0.00002 0.30 0.00017 −0.42 0.00000 −0.31 0.00012 −0.345 0.00000

LSP1 0.79 0.00044 0.35 0.00001 0.32 0.00006 0.38 0.00000 0.33 0.00007 −0.344 0.00000

RNH1 −0.70 0.00007 −0.32 0.00013 −0.36 0.00002 0.32 0.00017 0.37 0.00000 0.342 0.00000

GNB5 0.60 0.15400 0.31 0.00014 0.36 0.00000 0.34 0.00004 0.35 0.00001 −0.341 0.00000

TARP −0.71 0.00000 0.41 0.00000 0.22 0.00726 −0.46 0.00000 −0.26 0.00142 −0.338 0.00000

GRPEL1 0.45 0.05906 −0.37 0.00002 −0.29 0.00033 −0.37 0.00000 −0.32 0.00006 0.337 0.00000

BLVRA −0.68 0.00001 −0.31 0.00020 −0.27 0.00088 0.40 0.00000 0.35 0.00000 0.331 0.00000

HYAL2 −0.62 0.00003 −0.31 0.00018 −0.37 0.00000 0.30 0.00032 0.32 0.00005 0.325 0.00000

CAPN2 −0.84 0.00000 −0.35 0.00000 −0.26 0.00145 0.34 0.00005 0.33 0.00004 0.321 0.00000

MSLN −0.78 0.00000 −0.40 0.00000 −0.21 0.00981 0.38 0.00000 0.26 0.00145 0.313 0.00000

USP20 0.54 0.00320 0.33 0.00003 0.27 0.00069 0.39 0.00000 0.26 0.00110 −0.312 0.00000

SOX15 −0.63 0.00000 −0.23 0.00797 −0.27 0.00068 0.36 0.00001 0.37 0.00000 0.307 0.00000

TPK1 −0.55 0.01567 −0.35 0.00002 −0.30 0.00018 0.35 0.00005 0.23 0.00474 0.305 0.00000

FBN2 −0.69 0.00001 −0.29 0.00069 −0.35 0.00000 0.23 0.00753 0.33 0.00000 0.298 0.00000

CALML4 −0.44 0.00039 −0.21 0.01207 −0.26 0.00142 0.37 0.00000 0.31 0.00009 0.288 0.00000

TPSD1 −0.49 0.00037 −0.24 0.00381 −0.27 0.00052 0.30 0.00021 0.32 0.00008 0.284 0.00000

MS4A3 −0.57 0.00000 −0.24 0.00366 −0.30 0.00021 0.21 0.01173 0.38 0.00000 0.283 0.00000

GPR20 −0.47 0.04763 −0.21 0.01395 −0.26 0.00115 0.31 0.00023 0.35 0.00000 0.281 0.00000

ALDH3A1 −0.47 0.12037 −0.21 0.01336 −0.22 0.00570 0.36 0.00001 0.32 0.00005 0.277 0.00000

FCGRT −0.65 0.00000 −0.28 0.00099 −0.25 0.00134 0.35 0.00001 0.22 0.00531 0.277 0.00000

PRG2 −0.42 0.00164 −0.19 0.02274 −0.39 0.00000 0.21 0.01313 0.30 0.00013 0.273 0.00000

GPR56 0.53 0.00292 0.35 0.00004 0.38 0.00000 0.19 0.02885 0.16 0.04329 −0.269 0.00000

TLR2 −0.60 0.00000 −0.28 0.00085 −0.34 0.00001 0.14 0.10899 0.32 0.00007 0.268 0.00000

PARP12 −0.40 0.01553 −0.30 0.00032 −0.13 0.10865 0.34 0.00002 0.30 0.00021 0.267 0.00000

FCGR2A −0.33 0.01121 −0.27 0.00110 −0.21 0.01031 0.30 0.00040 0.29 0.00037 0.266 0.00000

PTGIR −0.67 0.00000 −0.21 0.01130 −0.30 0.00028 0.22 0.00835 0.32 0.00008 0.263 0.00000

NCF1 −0.26 0.00601 −0.30 0.00037 −0.15 0.06345 0.30 0.00038 0.22 0.00565 0.243 0.00000

PPP1R1A −0.21 0.79607 −0.05 0.55787 −0.14 0.08891 0.43 0.00000 0.35 0.00000 0.243 0.00000

TPSB2 −0.02 0.83668 −0.14 0.08947 −0.32 0.00008 0.29 0.00062 0.20 0.01259 0.239 0.00000

SCO2 −0.47 0.01700 −0.33 0.00001 −0.26 0.00172 0.27 0.00120 0.25 0.00157 0.278 0.00001

GPX7 −0.59 0.00000 −0.30 0.00029 −0.21 0.00858 0.30 0.00034 0.27 0.00098 0.271 0.00001

CRIP2 −0.50 0.02055 −0.21 0.01369 −0.16 0.05201 0.34 0.00008 0.38 0.00000 0.271 0.00001

KDELR3 −0.32 0.52818 0.16 0.05209 0.22 0.00680 −0.40 0.00001 −0.30 0.00017 −0.270 0.00001

TSPO −0.66 0.00000 −0.26 0.00191 −0.26 0.00110 0.30 0.00044 0.26 0.00142 0.269 0.00001

SLC11A1 −0.59 0.02452 −0.29 0.00069 −0.26 0.00114 0.26 0.00173 0.26 0.00139 0.267 0.00001

RASGRP2 −0.60 0.01403 0.21 0.01415 0.17 0.03534 −0.35 0.00003 −0.32 0.00004 −0.261 0.00001
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DNMT3B expression is also a poor prognostic 
factor in COG-AAML0531 cohort

The associations of DNMT3B expression with 
MRD and RR observed in the AML02 discovery cohort 
were confirmed in a validation cohort of similarly 
treated patients from the control treatment arm of the 
COG-AAML0531 clinical trial [34] (NCT00372593). 
Microarray gene expression data is publicly available 
from these patients through the TARGET project (https://
ocg.cancer.gov/programs/target). Within the AAML0531 
validation cohort, greater DNMT3B expression associated 
with greater MRD (p = 0.019, Figure 3D), worse RR  
(p = 0.027, Figure 3E) and worse EFS (p = 0.013,  
Figure 3F). 

DNMT3B is an epigenetic master regulator of 
transcription in pediatric AML

As DNA methyltransferases are involved in 
de novo DNA methylation [35], DNMT3B may 
epigenetically modulate the methylation and the 
expression of other genes. Our data indicates that 
DNMT3B expression may profoundly impact 
methylation and transcription across the entire 
pediatric AML genome. In the multicenter AML02 
discovery cohort, DNMT3B expression associates 
very significantly with 51,554 methylation markers  
(q < 0.01, Supplementary Figure 5A) and expression of 
811 genes (q < 0.01, Supplementary Figure 5B). In the 
AAML0531 validation cohort, DNMT3B expression 
associated significantly with the expression of 860 genes 
(q = 0.01, Supplementary Figure 5C). We identified 
with 223 unique genes to be significantly associated 
with DNMT3B in both datasets. These striking results 
strongly suggest that DNMT3B may epigenetically 
regulate the expression levels of many genes by 
regulating methylation levels. Furthermore, in the 
AML02 cohort, DNMT3B expression associated with 
the expression of 41 of the 50 genes associated with 
clinical outcome in the initial CC-PROMISE analysis 
(p ≤ 0.05; Supplementary Table 3 and Supplementary 

Figure 6); suggesting that DNMT3B may epigenetically 
regulate the expression of these genes that may be 
especially relevant to AML prognosis. Three consensus 
sequences of unclear biological relevance were identified 
among the methylation probe sequences of these genes 
that most strongly correlated with DNMT3B expression 
(Supplementary Table 4). 

Genome-wide methylation burden (GWMB) is 
an indicator of poor prognosis

To further characterize the epigenetic impact of 
DNMT3B expression, we computed the genome-wide 
methylation burden (GWMB) for each patient sample 
as the sum of methylation β values across all markers 
on the microarray. We then evaluated the association of 
GWMB with DNMT3B expression and clinical outcome. 
In the AML02 discovery cohort, greater GWMB was 
significantly associated with greater DNMT3B expression 
(R = 0.39; p = 10–6, Figure 4A), greater MRD rate (p = 
0.000002; Figure 4B), a greater RR (p = 0.0075; Figure 
4C), and worse EFS (p = 0.00024; Figure 4D). Similarly, 
in the validation cohort COG-AAML0531, among control 
treatment arm patients with available methylation array 
data, greater GWMB was significantly associated with 
greater DNMT3B expression (R = 0.32, p = 0.018; 
Supplementary Figure 7A), significantly associated 
with greater MRD (p = 0.004; Supplementary Figure 
7B), concordantly associated with greater RR (p = 0.18; 
Supplementary Figure 7C), and significantly associated 
with worse EFS (p = 0.037; Supplementary Figure 7D). 
These results provide additional evidence suggesting 
that greater DNMT3B expression and greater GWMB 
are potential molecular markers indicative of a worse 
prognosis in the context of therapy similar to that of 
AML02 and the control therapy arm of AAML0531. 

Other DNA methyltransferases do not show 
consistent evidence of prognostic relevance

In our study, other DNMT genes did not consistently 
show strong evidence of prognostic relevance. MRD, RR, 

LPL −0.45 0.02421 −0.16 0.05661 −0.26 0.00144 0.29 0.00073 0.33 0.00003 0.260 0.00001

P2RY2 −0.67 0.00000 −0.29 0.00050 −0.22 0.00646 0.27 0.00163 0.26 0.00090 0.260 0.00001

RHOB −0.55 0.00001 −0.13 0.11690 −0.18 0.02597 0.29 0.00050 0.43 0.00000 0.257 0.00001

LAMB2 −0.63 0.00000 −0.14 0.10805 −0.26 0.00085 0.28 0.00074 0.33 0.00003 0.252 0.00001

IL11RA 0.31 0.04458 0.22 0.00756 0.21 0.00959 0.28 0.00096 0.29 0.00018 −0.251 0.00001

TPSAB1 −0.45 0.00338 −0.16 0.05424 −0.31 0.00009 0.25 0.00311 0.27 0.00063 0.250 0.00001

GLB1L −0.43 0.02302 −0.11 0.20497 −0.19 0.02063 0.39 0.00000 0.29 0.00033 0.243 0.00001

RRAS −0.33 0.16396 −0.21 0.01259 −0.31 0.00008 0.26 0.00231 0.18 0.02939 0.239 0.00001

EPX −0.27 0.52806 −0.12 0.15835 −0.22 0.00630 0.28 0.00070 0.30 0.00020 0.231 0.00001

MT3 −0.35 0.09042 −0.13 0.12471 −0.25 0.00170 0.26 0.00175 0.27 0.00081 0.228 0.00001

Correlation between methylation and expression for each gene is shown in column title “Methylation/Expression correlation” 
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Figure 1: Therapeutically beneficial and detrimental patterns of association detected by the CC-PROMISE procedure. 
Association Heatmap for top 50 genes by CC-PROMISE analysis. Each block of the heatmap illustrates the results of a statistical test of 
association. CC-PROMISE identified 11 genes for which increased expression associated with poorer prognosis (detrimental) and 39 for 
which increased expression associated with better prognosis (beneficial). The color indicates the direction of association (red = positive; 
blue = negative) and the intensity represents statistical significance on the log10 p-value scale. Each row provides association analysis 
results for one gene. The columns provide results for the associations of methylation with expression (ME), expression and MRD (EMRD), 
expression and RR (ERR), methylation and MRD (MMRD), methylation and MRD (MMRD) and the integrated CC-PROMISE result 
(CCPR). MRD: Minimal Residual Disease; RR: Risk of relapse or resistant disease.
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or EFS did not show significant associations with the 
expression of DNMT3A, DNMT3L, or DNMT1 in both 
the AML02 and AAML0531 cohorts (Supplementary 
Figures 8–10). No significant associations of DNMT3A 
expression or DNMT3L expression with MRD, RR, or 
EFS were observed (all p > 0.075, Supplementary Figures 
8–9). Greater expression of DNMT1 was significantly 
associated with worse RR (p = 0.033) and EFS (p = 0.019) 
but not MRD (p = 0.997) in AAML0531; however, there 
was no evidence of such an association in AML02 (all p > 
0.43; Supplementary Figure 9). 

DISCUSSION

DNA methylation plays a central role in self 
renewal and differentiation of normal hematopoietic 
stem cells and other cells [36–38]. CpG methylation 
regulates the myeloid vs. lymphoid fates by changing the 
methylation and thus expression levels of the genes of 
significant importance in lineage specific differentiation 
[36]. Previous studies have shown that methylation is 
involved in the biology and outcomes of AML in adults 
[9, 15]. In adult AML, recurrent genetic mutations have 
been observed in epigenetic regulators such as DNMT3A, 
TET2, IDH1, IDH2, ASXL2, EZH2, and WT1 [14]. 
However, mutations in these genes are very rare or 
nonexistent in pediatric AML [16]. Even though in NPM1 
and DNMT3A are frequently mutated in adult AML, 
DNMT3A has been suggested as a follow-up marker 
[39], NPM1 and DNMT3A are each rarely mutated in 
pediatric AML [16, 40]. Given the distinct biology and 
clinical outcomes of AML in adults vs. pediatric AML and 
epigenomic differences in adult and pediatric population, 
there is an unmet need for understanding the prognostic 
significance of DNA methylation in pediatric AML. 

In this study, we report the first integrated and 
comprehensive genome-wide evaluation of DNA 
methylation and mRNA expression profiles with clinical 
outcome. Our integrated analysis identified 50 genes 
with epigenetic-transcriptomic signature predictive 
of clinical outcome. Our results clearly indicate that 
methylation is an important component of the biology 
and prognosis of pediatric AML. Using the data from 
two separate cohorts, we show that methylation of 
DNMT3B associates with its own expression and the 
methylation and expression of many genes across 
the entire genome of pediatric AML; including the 
genes that associate with clinical outcomes in AML02, 
suggesting a possible role of DNMT3B in regulating 
these genes, which requires further in vitro validation. 
Greater DNMT3B expression associates with increased 
methylation and reduced mRNA expression levels of 
MTSS1, consistent with a recent report showing that 
MTSS1 expression is regulated by DNA methylation and 
more specifically being targeted by DNMT3B [19, 20, 41].  
MTSS1 has a potential tumor suppressor function, which 
may explain the association of greater expression (and 
lesser methylation) of MTSS1 with reduced MRD22 
and reduced risk of relapse. GPR56, G protein –coupled 
receptor, has been identified as a molecular signature of 
leukemic stem cells in AML [22, 31]. High expression 
of GPR56 has been associated with HOXA9 induced-
leukemogenesis in mice [21, 22]. Within EV1-high AML, 
GPR56 has been shown to have high expression as well 
as higher antiapoptotic activities, which is consistent with 
our results. MS4A3, performs an anti-proliferative role 
by inhibiting G1-S cell cycle transition, perhaps through 
the CDK signaling pathway [42]. A recent study has 
shown that agonistic targeting of TLR1/TLR2 induces 
apoptosis and differentiation of AML cells, which may 

Figure 2: Association of DNMT3B methylation with MRD, risk of relapse and EFS in multicenter AML02 cohort. (A) 
Boxplot of DNMT3B methylation score by day 22 MRD status. (B) The cumulative incidence of risk of relapse and resistance disease (RR) 
in pediatric AML according to DNMT3B methylation score. (C) The cumulative incidence of event free survival (EFS) in pediatric AML 
according to DNMT3B methylation score.
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Figure 3: Greater DNMT3B expression associates with worse clinical outcomes in the multicenter AML02 and COG-
AAML0531 clinical trials. (A) Stacked bar plot showing proportion of AML02 patients who were MRD negative (blue), had MRD < 
1% (yellow), or MRD > 1% (purple) with less than median DNMT3B expression (left column) or greater than median DNMT3B expression 
(right column). (B) Cumulative incidence of resistant disease or relapse among AML02 patients with less than median DNMT3B expression 
(black line) or greater than median DNMT3B expression (dashed red line). (C) Kaplan-Meier estimates of EFS for AML02 patients with 
low DNMT3B expression (black line) and high DNMT3B expression (dashed red line). Panels (D), (E), and (F) provide analogous results 
for AAML0531 (control arm) patients.
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represent a new therapeutic strategy for AML. Lastly, 
MT3 a metallothionein III, has been identified as a tumor 
suppressor in various cancers as well as in pediatric AML 
[29]. Down regulation of MT3 has been implicated in 
metastasis and poor clinical outcome in solid tumors. Also, 
MT3 promoter hypermethylation has been associated with 
reduced MT3 expression and apoptosis in AML cells [29]. 
We also observed significant correlation of DNMT3B 
expression levels with 17 previously reported genes 
of significance in AML [14]. Among the HOX family 
of genes, which have been shown to have significant 
relevance in AML, we observed positive correlation of 
DNMT3B expression with HOXB3, HOXB6, HOXB7, 

HOXA5, HOXA6, HOXA9 and HOXA10. This suggests 
that epigenetic alteration of the DNMT3B locus may be a 
contributor to transcriptional deregulation that potentially 
contributes to the development of pediatric AML. Figure 5  
summarizes genes identified in this study and those of 
importance in AML with significant correlation with 
DNMT3B expression in childhood AML. 

Our results show DNMT3B methylation and 
expression levels to be predictive of clinical outcome 
measured by MRD after induction 1, risk of relapse and 
event free survival in childhood AML. This is consistent 
with two previous reports that greater DNMT3B expression 
associated with worse outcome in adult AML [33, 32]. 

Figure 4: DNMT3B expression impacts genome wide methylation burden (GWMB) and GWMB is associated with 
outcome: AML02 cohort. (A) Scatterplot of DNMT3B expression with overall methylation burden (circle: low risk; triangle: standard 
risk; cross: high risk). (B) Bar plot of MRD according to GWMB. (C) The cumulative incidence of risk of relapse and resistance disease in 
pediatric AML according to GWMB. (D) The cumulative incidence of EFS in pediatric AML according to GWMB.
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A recent report by Larmonie et al., 2017, identified 
differential methylation of CpG sites within MN1 
oncogene between pediatric AML patients with or without 
inv [16, 43]. Interestingly within this study, only DNMT3B 
expression and not any other DNMTs (DNMT3A or 
DNMT1) were inversely associated with MN1 gene 
expression, thereby indicating a potential role of DNMT3B 
mediated regulation of MN1 in inv [16] AML. These 
results suggest that differences in DNMT3B methylation or 
expression may not only characterize biological differences 
between different AML risk groups and hence the process 
of leukemogenesis, but may also characterize other 
processes that associate with prognosis among standard 
risk patients. Although the focus of this manuscript is 
not subgroup discovery, consistent with this report, we 
observed a significant correlation of DNMT3B with MN1 
expression in both AML02 and COG-AAML0531 cohorts.

In summary, we report the first integrated DNA 
methylation and gene expression analysis in pediatric AML 
patients. Our results suggest a significant contribution 
of DNMT3B. DNMT3B has been shown to play a role 
in the restoration of methylation post treatment with 
DNA hypomethylating agents such as azacytidine [44]. 
In addition to having a methyl-transferase activity, 
DNMT3B also acts as an accessory protein in complex 
with DNMT3A contributing to aberrant methylation in 
cancer. Although more work is needed to understand the 
complex biology of DNMTs, current evidence suggests 
that DNMT3A has a lower capability of restoring 

methylation post DNMT-inhibitor (DNMTi) treatment 
without involvement of DNMT3B [44]. Thus expression 
levels of DNMT3B might be critical in remethylation post 
DNMTi treatment.

Our results suggest two possible conceptual models 
of how DNMT3B and total methylation may impact 
AML development and prognosis. DNMT3B may act as 
a master epigenetic regulator of the transcriptome that 
activates pathways that promote AML development and/or 
suppresses pathways that inhibit AML development. Also, 
DNMT3B expression may activate pathways that promote 
drug resistance or suppress pathways that promote drug 
sensitivity. Increased total methylation may promote 
resistance to cytarabine if methylcytosine interferes with 
the incorporation of this cytosine analog into genomic 
DNA. Nucleoside analogs such as azacytidine and 
decitabine that result in global hypomethylation have 
shown encouraging results in MDS and AML. Although 
these DNMTis are not specific for any DNMTs, our results 
showing higher GWMB that corresponds with higher 
level of DNMT3B suggests reversal via DNMTis might 
improve treatment outcome in pediatric AML. 

MATERIALS AND METHODS 

Patient population

Patients treated on the multi-center AML02 clinical 
trial (NCT00136084) were included in this study. Details 

Figure 5: Overview of the current study. Integrated analysis of genome-wide methylation and gene- expression of leukemia cells 
obtained at diagnosis from patients enrolled in multicenter AML02 study identified 50 genes of significant prognostic value. DNMT3B 
is one of the top genes identified. Methylation of DNMT3B is potential regulator of own expression, and DNMT3B expression regulated 
genome-wide methylation burden, both of which are predictors of clinical outcome (AML02 study and validation in AAML0531). 
DNMT3B is correlated with expression and methylation levels of key candidate genes involved in various cellular pathways, which in turn 
are potential contributors to AML outcome. Also are shown genes of significance in AML as well as HOX family of genes with significant 
expression correlation with expression levels of DNMT3B.
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of study design and clinical outcome are described 
elsewhere [45]. Briefly, patients were randomized to 
receive high (3 g/m2, given every 12 h on days 1, 3 and 5) 
or low dose (100 mg/m2 given every 12 h on days 1–10) 
cytarabine along with daunorubicin and etoposide as a first 
course of chemotherapy with subsequent treatment tailored 
to response and risk classification. Of the 232 patients 
enrolled in the study, we were able to obtain quality both 
transcriptome and methylome data for 151 subjects. Patient 
characteristics are provided in Supplementary Table 1.  
There were no differences in clinical outcome endpoints 
between patients included in the present analysis vs. that 
were not part of this analysis Supplementary Table 1. St. 
Jude Institutional Review Board approved the study, and 
informed consent was obtained from parents/guardians 
and consents/assents from the individuals.

Methylation profiling

Bone marrow was obtained at diagnosis and 
genomic DNA was isolated from leukemic blasts using 
DNA blood kit (Qiagen, CA, USA). Samples had >80% 
leukemic cells or they were enriched to achieve >80% 
blasts by immunomagnetic sorting [Miltenyi Biotech, 
Germany] prior to DNA isolation. Bisulfide conversion 
of genomic DNA was performed using Zymo EZ DNA 
Methylation kit (Zymo Research). Bisulfite converted 
DNA was hybridized to Illumina 450 K methylation 
beadchip arrays (Illumina) as per manufacturers instruction 
at University of Minnesota, Biomedical Genomics Center. 
Hybridization fluorescent signals were read using Illumina 
Beat Station GX scanner. All samples achieved greater 
than 95% call rate. The data was controlled for batch 
effects as described in the Supplementary Methods.

Gene expression profiling 

Gene expression profiling of leukemic blasts 
obtained at diagnosis was performed using GeneChip® 
Human Genome U133 Plus 2.0 Array [Affymetrix, Santa 
Clara, CA]. Details regarding RNA isolation, labeling 
of cRNA, and scanning of Affymetrix arrays have been 
published previously [46]. The MAS 5.0 algorithm was 
used to obtain normalized gene expression signals. 

Clinical outcomes

AML02 patients with t[8;21], inv[16], or t[9;11] 
chromosome abnormalities were classified as having low-
risk AML. High-risk AML classification included those 
with -7, FLT3-ITD mutation, t[6;9], megakaryoblastic 
AML, treatment-related AML, or AML arising from 
MDS. Patients lacking low or high-risk group features 
were classified as standard-risk AML. Details of clinical 
response criteria and outcome are provided elsewhere 
[45]. Overall minimal residual disease (MRD at day 22) 

was measured using flow cytometry after the first course 
of chemotherapy as previously described [47]. MRD was 
defined as 1 or more AML cells per 1000 bone marrow 
mononuclear cells [i.e., ≥ 0.1%]. Event-Free survival (EFS) 
was defined as the time elapsed from study enrollment 
to the earliest of death, disease resistance, relapse, or 
second malignancy with event-free subjects censored at 
last follow-up. We defined the time to relapse or resistant 
(RR) disease as the time from study enrollment to disease 
resistance or relapse with subjects not having these events 
censored at date of last follow-up or death in remission. 
Patient characteristics and details of endpoints are provided 
in Supplementary Table 1. 

Statistical methods

Section 1 of the Supplementary Methods describes 
the preprocessing of microarray data for the AML02 cohort. 

Canonical correlation with projection onto the most 
interesting statistical evidence (CC-PROMISE; [18]) was 
used to perform an integrated analysis of the association 
of the methylation and expression of each gene with MRD 
and RR. Spearman’s method was used to evaluate the 
association of MRD as an ordinal variable with expression 
and methylation. The method of Jung, Owzar, and George 
[48] was used to evaluate the association of RR and 
EFS with expression and methylation. P-values were 
computed by 100,000 permutations of the assignment of 
clinical outcome data to the molecular data. Additional 
details about the CC-PROMISE analysis are available in 
section 2 of the Supplementary Methods. For each set of 
p-values from these analyses, robust estimates of the false 
discovery rate (FDR) were obtained and reported with 
q-value nomenclature [49]. The same methods were used 
to evaluate the associations of genome-wide methylation 
burden (GWMB) with other variables but no multiplicity 
adjustments were performed for this small number of 
tests. Spearman’s correlation was used to evaluate the 
association of the DNMT3B methylation and expression 
scores obtained by CC-PROMISE for each risk group.

Associations among DNMT3B expression, GWMB, 
and clinical outcomes observed in the AML02 discovery 
cohort were also evaluated in a validation cohort of 132 
pediatric patients receiving similar therapy on the standard 
arm of the AAML0531 clinical trial [34] with data publicly 
available from the TARGET project (https://ocg.cancer.
gov/programs/target). Section 3 of the Supplementary 
Methods provides additional details about the validation 
analyses using data from patients enrolled in standard arm 
of COG_AAML0531. All reported p-values are two-sided.
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