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Simple Summary: Acute myeloid leukemia is a heterogenous disease with dismal outcome. In order
to improve currently used therapeutic strategies it is important to get a in depth understanding of
the molecular and genomic landscape of AML. Adult AML studies have established the significant
of mutational profile of epigenetic genes as well as epigenetic deregulation DNA methylation
signatures. In the current study we focused on establishing the DNA methylation profile in pediatric
AML. Our result show that in pediatric AML patients the risk group and cytogenetic features have
distinctive epigenetic signatures. Additionally, we observed that distinctive epigenetic hotspots co-
occur complementary to the known genomic lesions and contribute towards leukemogenesis.

Abstract: Acute Myeloid Leukemia (AML) is characterized by recurrent genetic and cytogenetic
lesions that are utilized for risk stratification and for making treatment decisions. In recent years,
methylation dysregulation has been extensively studied and associated with risk groups and
prognosis in adult AML, however, such studies in pediatric AML are limited. Moreover, the
mutations in epigenetic genes such as DNMT3A, IDH1 or IDH2 are almost absent or rare in pediatric
patients as compared to their abundance in adult AML. In the current study, we evaluated
methylation patterns that occur with or independent of the well-defined cytogenetic features in
pediatric AML patients enrolled on multi-site AMLO2 clinical trial (NCT00136084). Our results
demonstrate that unlike adult AML, cytosine DNA methylation does not result in significant unique
clusters in pediatric AML, however, DNA methylation signatures correlated significantly with the
most common and recurrent cytogenetic features. Paired evaluation of DNA methylation and
expression identified genes and pathways of biological relevance that hold promise for novel
therapeutic strategies. Our results further demonstrate that epigenetic signatures occur
complimentary to the well-established chromosomal/mutational landscape, implying that
dysregulation of oncogenes or tumor suppressors might be leveraging both genetic and epigenetic
mechanisms to impact biological pathways critical for leukemogenesis.
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1. Introduction

Acute Myeloid Leukemia (AML) is the second most common childhood leukemia and despite
advances over the past decade it accounts for significant mortality among childhood cancer patients.
AML is a heterogeneous disease characterized by recurrent genetic lesions that contribute to disease
pathogenesis and also serve as important predictors of outcome in AML patients. These features are
thus used for classification of patients into different risk groups with the low-risk groups AML
patients primarily characterized by presence of t(8;21)/RUNXI1-RUNXI1T1, t(15;17)/PML-RARA,
inv(16)/CBFB-MYH11, NPM1 and CEBPA mutations; and high-risk group AML characterized by
presence of features such as inv(3)/GATA2/EV1, t(5;11)/NUP98-NSD1, del(5q), monosomy 7, complex
karyotype, ASXL, FLT3-ITD, MLL-PTD and RUNX1 mutations. Patients lacking any of the low or
high-risk features are routinely classified as intermediate or standard-risk group [1,2]. The new
ELN2017 risk classification guideline takes into consideration the recurrent cytogenetic abnormalities
and genetic mutations as well as FLT3-ITD allelic ratios [3].

In addition to the genetic lesions, deregulation of epigenomic machinery contributes
significantly to the pathogenesis of AML. Genome-wide DNA methylation profiling in adult AML
has identified specific patterns of methylation that correlate with genomic lesions [4-10]. Of the
sixteen differentially methylated clusters identified in adult AML, eleven correlated with known
cytogenetic features with the additional signatures of potential for use in further refining the risk
classification [8]. Though DNA methylation has been studied extensively in adult AML, there is
limited evaluation of its diagnostic and prognostic impact in childhood AML. On top of that,
recurrent mutations in several epigenetic genes such as DNMT3A, TET2, IDH1, IDH2, EZH? [1,11]
with significant roles in pathogenesis as well as clinical outcomes have been established in adult
AML, however these mutations in epigenetic regulators such as DNMT3A and IDH2 are rare in
pediatric AML [12-14]. Comparison of promoter methylation of limited number of genes (1 =5 genes)
P15, CDH1, ER, MDR1 and RARB2 in context of NPM1, CEBPA, FLT3 and WT1 mutations between
childhood and adult AML demonstrated age-related differences in frequency of mutations as well as
in methylation patterns [15]. A recent comprehensive genomic characterization of pediatric AML
from Children’s Oncology group showed that though similar to adults, pediatric AML also has low
rate of overall somatic mutation burden, and the mutational profile is significantly different. Unlike
adult AML, DNMT3A mutations and mutations in TP53 were almost absent and mutations in IDH1
or IDH2 were rare in pediatric patients [16]. These observations indicate that understanding the
epigenomic and genomic landscape of pediatric AML and further its topology with
transcriptomics/genomics will be critical for our understanding of AML landscape and for
development of novel treatment strategies. Thus, the objective of the current study was to evaluate
the genome-wide methylation and expression patterns in the context of well-defined cytogenetic and
morphological features in pediatric AML patients treated on the multi-site AMLO2 clinical trial
(NCT00136084).

2. Materials and Methods

2.1. Patient Population

The patient cohort consisted of de novo pediatric and adolescent AML patients (<22 years of age)
enrolled on St. Jude AMLO02, a multi-center clinical trial (ClinicalTrials.gov, number NCT00136084).
Of the 232 patients enrolled in AMLO2 trial, 175 patients with high-quality methylome data generated
from diagnostic leukemic cells were included in this study. Details of the patient characteristics, risk
group classification as well study outcome have been reported previously [17]. Briefly, low-risk
group were classified as having t(8;21)/AMLI-ETO[RUNX1T1-RUNX1], inv(16)/CBFp3-MHY11, or
t(9;11)/MLL-AF9[KMT2A-MLLT3]; high-risk group were those with monosomy 7, FLT3-ITD, t(6;9),
megakaryoblastic leukemia, treatment-related AML, or AML arising from myelodysplastic
syndrome; and the rest of the patients were provisionally classified as having standard-risk AML.
Patients were randomized to induction I therapy with either high (3 g/m? every 12 hours on day 1, 3,
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and 5) or low dose (100 mg/m? every 12 hours on days 1-10) of cytarabine along with daunorubicin
and etoposide. Bone marrow was examined on day 22 to evaluate treatment response measured as
minimal residual disease (MRD22). All the samples included in the study had consent for use of
specimens for research purposes either from patients, parents or guardians as well as assent from the
patients as appropriate.

2.2. DNA Methylation Profiling

Details of DNA methylation profiling of specimens from diagnostic leukemic cells is described
elsewhere [18]. Briefly, bone marrow aspirates were obtained at diagnosis, and mononuclear cells
isolated using Ficoll-Hypaque density gradient centrifugation were used for isolating genomic DNA.
Majority of samples had >80% leukemic cells, and for samples <80%, blasts samples were enriched by
using magnetic cell sorting. Bisulfite-converted DNA (using Zymo EZ DNA Methylation kit; Zymo
Research) was hybridized to Illumina Infinium 450K methylation Beadchips at University of
Minnesota Genomics Center. The Hybridization fluorescent signals were read using an Illumina Beat
Station GX scanner. All samples achieved greater than 95% call rate. The data was controlled for batch
effects and QC performed as described previously [18]. SWAN method [19], as implemented in the
R package minfi [20], was used to obtain normalized M-values for the Illumina 450K methylation
array data. An ANOVA model was fit to these normalized M-values to adjust for batch effects. The
batch-adjusted normalized M-values were used in subsequent statistical analysis.

2.3. Transcriptomic Profiling

Genome-wide gene expression data were generated using U133A gene chips on RNA samples
from diagnostic leukemic blasts as described previously [21]. Details on RNA isolation, labeling and
scanning of Affymetrix arrays have been published elsewhere [21]. Expression data were normalized
by the Affymetrix MASS algorithm and log2-transformed prior to subsequent statistical analysis.

2.4. Statistical Analysis

A bootstrap procedure [22,23] was used to evaluate the reproducibility and distinctiveness of
methylation and transcription subgroups defined by 4032 hierarchical clustering methods (HCMs)
that used one of eight criteria (standard deviation, MAD score, Hartigan’s dip statistic for
multimodality [24], the most information spacings test, the sum of squared least median squares t-
statistics, Sarle’s bimodality coefficient [25], the Shapiro-Wilk test of normality [26] and a weighted
univariate Dunn Index statistic) to select m=1, 2, 3, ..., 9, 10, 20, 30, ..., 90, 100, 200, 300, ..., or 1000
probe-sets (28 possibilities) to define k =2, 3, 4, ..., 9, or 10 subgroups (9 possibilities) with average
or complete linkage (2 possibilities, 8 x 28 x 9 x 2 =4032 total HCMs). The mean proportion of subjects
assigned to a subgroup, the mean proportion of times the observed assignment was reproduced, and
the mean of the Dunn Index [27] across the bootstraps were respectively computed as metrics of
assignment probability, reproducibility, and distinctiveness of the subgroups defined by an HCM.
For each number of subgroups (k =2, 3, ..., 10), the HCM with the greatest product of these metrics
was chosen as a candidate HCM for further consideration. This gave nine candidate HCMs that were
then evaluated in greater detail; the empirical results of the bootstrap procedure and the association
with cytogenetics tested by chi-squared test were considered in choosing the HCM. Supplementary
materials provide a more detailed description of this analysis.

3. Results

Infinium HumanMethylation 450K bead chip was used to obtain genome-wide methylation
profiles for 175 pediatric AML patients; of these, 151 patients also had gene-expression data from
Affymetrix 133A platform available. Patient characteristics are summarized in Table S1.
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3.1. Bootstrap Clustering for Discovery of Methylation and Transcription Subgroups

We used a bootstrap procedure to evaluate the subgroup assignment proportion,
reproducibility, and distinctiveness of 4032 hierarchical clustering methods (HCMs) applied to our
methylation and transcriptomic profiles. For each analysis and each number of subgroups considered
(k=2,3,4, ..., 10), we identified the HCM with the best product of these empirical criteria. We then
examined the subgroup assignments of these HCMs and noted that some HCMs successfully
identified known cytogenetic subgroups that were missed by HCMs with slightly better empirical
bootstrap criteria values. We used the empirical bootstrap criteria values and the association with
cytogenetics to choose the methylation and expression HCM results to report in Figure 1.
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Figure 1. Heatmap representing top results for the unsupervised hierarchical clustering of
methylation (500 probes) and expression (700 probes) probes representing different clusters across
AML patients from AMLO02 clinical trial. For methylation, red depicts hypermethylation and blue
corresponds to hypomethylation; for expression heat map at the bottom of the figure, red represents
high expression and blue represents low expression. Cytogenetic features (as per color code on right),
FLT3 status (FLT3-WT = blue; FLT3-ITD = yellow, FLT3-Mutation = red, FLT3-status not available =
grey), FAB subtype (as per code on right); age group (<10 years = blue, >10 years = red), sex (male

blue, female = red); Day 22 MRD after induction 1 (negative = blue , positive = red, not available
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grey), 3 year event free and 3 year overall survival are shown corresponding to the key on the right.
For all the features, grey = data not available or censored <3 year for survival endpoints.

3.2. Unsupervised Discovery of Methylation Subgroups

Methylation HCM #906 consisted of 500 probe-sets mapping to 304 genes with the greatest
values of the Hartigan dip statistic for multimodality and complete linkage to assign 92% of subjects
to one of 7 subgroups with 78.4% reproducibility and a mean bootstrap Dunn Index of 0.50. The
methylation subgroups were closely aligned with cytogenetic subgroups (Figure 1 and Table 1).
Methylation subgroups A, B, and F aligned very closely with inv(16), MLL-rearranged AML, and
t(8;21), respectively. Methylation subgroup B included several patients with normal and
miscellaneous karyotype. These patients share the methylation profiles similar to patients with MLL-
rearrangements. Methylation clusters C, D, and E further subdivided normal and miscellaneous
karyotype patients. Methylation group O (outliers) represented outliers with distribution
predominantly in miscellaneous karyotype. The methylation subgroups had distinct clinical
outcomes as well (Figure 2) with subgroups A-F having day 22 MRD positive rates of 12% (3/25),
34%(16/47), 60% (3/5), 67% (6/9), 64% (25/39), and 21% (5/21), respectively (Figure 2A). The outliers
(subgroup O) had a day 22 MRD positive rate of 64% (9/14). The subgroups also demonstrated
distinct EFS outcomes that aligned well with the MRD (Figure 2B).
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figure 1.

Several genes represented in these methylation clusters have shown to be of relevance to AML
and included: GSTM1 for which a methylation probe-set cg18938907 (GSTM1) had the 5th strongest
evidence for bimodal methylation levels and showed markedly less methylation in subgroups A, C,
E than in other subgroups, GSTM1/GSTT1 deletions been implicated in AML and might be a
contributor to the observed bimodal distribution [28,29]. HOXA5 probe-set ¢g02916332 was
hypermethylated in subgroup C, consistent with the previous reports showing it to be differentially
methylated and expressed across molecular subgroups of AML [30,31]. RPRM is a putative AML
tumor suppressor for pediatric AML [32] and the methylation probe-set cg25925441 showed
hypermethylation in subgroup F relative to other subgroups. NSD1, that partners with NUP98-NSD1
fusion in AML has been associated with induction failure [33], and in our cohort the NSD1
methylation probe-set cg23383189 demonstrated distinctive hypermethylation in subgroups C and E
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relative to other subgroups. Some other genes identified in this analysis that are linked to AML in the
literature include PPIR13L, DCC, FOX03, HOXD13, APP, MIR193A, HIST2HBF, NGFR, EGFL?,
PIK3R1, several members of proto-cadherin gene family (PCDH), RFC3, TFAP2A, and DGKZ. The
complete list of methylation probe-sets identified in this analysis is available in Table S2.

3.3. Unsupervised Discovery of Expression Subgroups

Expression HCM 2463 used the 700 probe-sets with greatest median absolute deviation to assign
88.9% of subjects to 7 subgroups by average linkage clustering with 74.1% reproducibility and a mean
bootstrap Dunn Index of 0.65. One subgroup included only 3 subjects and was combined with the
other 17 outliers. The expression subgroups also demonstrated statistically significant association
with cytogenetic subgroups (p < 0.001; Table 1; Figure 1), but this association was not as distinct as
was observed with the methylation subgroups. Expression subgroup 4 aligned very closely with the
t(8;21) cytogenetic subgroup, but other expression subgroups were not aligned closely with one
specific cytogenetic subgroup. Nevertheless, the expression subgroups showed great variability in
both MRD and EFS (Figure 2C,D).

The unsupervised analysis of gene expression also identified several genes of known relevance
to AML including the fusion partners RUNX1 and RUNX1T1 of the common t(8;21) translocation, the
commonly mutated WT1 gene, and MPO, that is routinely characterized at diagnosis . Not
surprisingly, RUNX1T1 (205528_s_at) is overexpressed in expression subgroup 4 which aligns closely
with the t(821) cytogenetic subtype. RUNXI1 (211182_x_at) and WTI (206067_s_at) were
overexpressed in expression subgroup 3. MPO (203948_s_at), that codes for myeloperoxidase, a
hallmark of myeloid lineage was under-expressed in expression subgroup 2. HOXA9 (209905_at) had
the greatest median absolute deviation in expression and was highly expressed in subgroups 2, 3,
and 5 in comparison to the other subgroups. Subgroups 2, 3, and 5 include many MLL-rearranged
cases, consistent with published studies showing that MLL is essential for NUP98-HOXA9 induced
leukemia [34]. Some other AML genes identified by this analysis include BASP1, AKT3, ADAM?2S8,
VCAN, CTSG, DBN1, DUSP1, ELA2, ALDH1A1, ALDH2, WDFY3, FOX0O3, HOXA10, INHBA, ABCBI,
PRKCA, PCDHA®6, BCL2L1, SLC2A3, EVI1, ZFP36L2, TCF4, VEGFA, BAALC, GFI1B, CDCA3, SOCS1,
TNFSF10, SOCS3, RRP9, CD9, CD28, CD34, CEP135, FAM30A, and CDC42 with complete list
provided in Table S3.

3.4. Supervised Comparisons of Cytogenetic Subgroups and Methylation-Expression Pairs Unique to
Cytogenetic Features

The close alignment of the epigenomic subgroups with well-known cytogenetic classifications
prompted us to perform a supervised and integrated comparison of methylation and transcription
across the cytogenetic subgroups. We compared the median expression and median methylation of
each probe-set across six cytogenetic subgroups [t(8;21), inv(16), t(9;11), other MLL-rearrangements,
normal karyotype, and miscellaneous abnormalities]. For each subgroup, we ranked features by the
difference between the median of the specific subgroup and the least and greatest median for the
other subgroups. We used a bootstrap procedure to quantify the reproducibility of these rankings
across 100 cohorts obtained by resampling subjects with replacement (Supplementary Materials
section). Table 2 summarizes top 50 methylation features associated within each subgroup; all of the
top 50 methylation features that were unique to t(8;21) and t(9;11) were hypomethylated; for normal
cytogenetics 56% (28/50) and for other abnormalities 94% (47/50) of the probes were
hypermethylated. Moderate levels of hypermethylation were observed for inv(16), with 12% (6/50)
and other 1123 rearrangements with 28% (14/50) probes hypermethylated.
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Table 1. Summary of methylation and Gene expression clusters identified by unsupervised analysis.

h:::;:zzgn 11923 (n=23) i:s:u;;f 1(2‘,:(;26)) Ml:i:;l)l n g\?in;;; :11(8:'221)) (tn(9=,111)) Total MRD-Inevaluable (1 =12) MRD- Negative n (%) MRD-Positive n (%)
A 0 0 20 3 1 1 0 25 0 22 (88%) 3 (12%)
B 16 1 0 17 7 0 13 54 7 (13%) 31 (57.4%) 16 (29.6%)
C 1 0 0 4 0 0 0 5 0 2 (40%) 3 (60%)
D 3 1 0 2 3 0 1 10 1(10%) 3 (30%) 6 (60%)
E 3 1 1 11 26 0 0 42 3 (7.15%) 14 (33.3%) 25 (59.5%)
F 0 0 0 0 1 21 0 2 1 (4.5%) 16 (72.72%) 5 (22.7%)
0 0 0 1 10 1 2 0 14 0 5 (35.71%) 9 (64.3%)

Es’f;;:f;‘ 1123 (n = 21) I(:s:“ff 1::;‘;?; M‘:ﬁ; (o EI\?ZIZ;: :;izzi)) (tn(9=1111)) Total MRD-Inevaluable (1=12)  MRD- Negativen (%)  MRD-Positive n (%)

0 2 0 1 9 6 1 1 20 0 9 (45%) 11 (55%)
1 8 0 18 19 16 0 1 62 2 (3.2%) 40 (64.5%) 20 (32.3%)
2 1 0 0 0 0 0 6 7 1(14.3%) 6 (85.7%) 0(0%)
3 3 0 0 2 12 0 0 17 2 (11.7%) 7 (41.2%) 8 (47.1%)
4 0 0 1 1 1 23 0 26 0 19 (73.1%) 7 (26.9%)
5 7 1 1 9 7 0 3 28 7 (38.8%) 10 (35.7%) 11 (39.3%)
6 0 0 0 5 0 0 0 5 0 0 (0%) 5 (100%)

Table 2. Top 50 methylation probes identified by supervised analysis of DNA methylation with to 50 unique methylation signatures by individual cytogenetic risk feature shown.
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Figure 3 shows the results of the paired heatmap of methylation and gene-expression signatures
across different cytogenetics. Individual gene-expression methylation levels within each cytogenetic
feature are included in the Table S4. Section below highlights some of the methylation/ gene-
expression signatures unique to each of the cytogenetic subgroups.

A) Paired DNA ylati pression | B) t(8:21) MGMT

TCF3 ABR
Methylation =

BASP1 MPL

Expression

o 1 R

CBFB

HOXA10

B % 420
Methyation (cg04111769)
F) Normal karyotype

OXBS HOXB6 PDGFRB

Figure 3. (A) Paired methylation and expression heatmap showing most significant features within
each of the cytogenetic groups. Selected genes unique to different cytogenetic subgroups are shown
in panels on right: (B) Inv(16); (C) t(8:21); (D) t(9:11); (E) other 11q23 MLL rearrangements; (F) normal
cytogenetics and (G) Miscellaneous karyotype. Color for each cytogenetic group corresponds to the
bar on top of the heatmaps.

3.5. #(8;21) vs. non-t(8;21) Comparison

Patients with t(8;21) demonstrated overall hypomethylation as compared to other groups, with
all of the top 50 probes (mapping to 44 unique genes) significantly hypo-methylated as compared to
non t(8;21) cases (Table 2). These genes included MCF2L, a guanine nucleotide exchange factor
implicated in gemcitabine resistance that also impacts Rho/Rac signaling [35]; SLC9A1, involved in
maintaining alkaline pH and Warburg effect and associated with chemo-resistance in solid tumors;
FAM120B located in close proximity to MLLT4, a known fusion partner in leukemia; DZIP1, zinc
finger protein 1, an oncogene involved in wnt/B catenin and Hedgehog signaling; genes with
potential tumor suppressive effects; PTPRF that acts via deactivating ERK1/2 signaling; LARP1 that
interacts with oncogenic transcripts and regulates mTOR post-transcriptionally with impact on CDK9
and mTOR interaction in leukemia [36]. A few selected examples from the t(8:21) specific paired
methylation and expression signatures, are shown in Figure 3 panels A and B (Table 53 shows the
detailed results). For BASP1, that codes for a Brain acid soluble peptide, hypermethylation and
corresponding low expression was seen in t(8;21) AML and a subset of miscellaneous karyotype
cases. This is consistent with a recent report that methylation-associated silencing of this gene via
DNMT3A contributes to leukemogenesis [37]. In contrast to t(8;21), we observed a reverse pattern of
hypomethylation and higher expression of BASP1 in t(9;11) and other MLL rearranged AMLs. Other
genes with hypomethylation and corresponding higher expression in t(8;21) vs. other subtypes
included: MGMT (methylguanine-DNA methyltransferase), a tumor suppressor gene that has been
associated with risk of AML development [38]; MPL (myeloproliferative leukemia virus oncogene),
which has been shown to be essential for survival and self-renewal of human preleukemic t(8;21) cells
[39]. Wildtype MPL has been shown to be overexpressed in t(8;21) AML and promote leukemia
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development via PI3K/AKT axis activation [40]; KDM4B, a histone specific demethylase, has been
implicated in regulating expression of genes required for maintenance of hematopoiesis [41]; TCF3,
a fusion partner of PBX1 and 4-HLF in ALL [42-45], however its importance in AML is not currently
known; and ABR that codes for an Active BCR related is involved in deactivation of RAC1 (ras-related
C3 botulinum toxin substrate 1) important for hematopoiesis and leukemia [46]; we observed
hypomethylation and low expression of ABR in t(8;21) (Figure 2B). Recently, ABR has been shown to
be an enhancer of C/EBPa, a key mediator of myeloid differentiation, associated with azacytidine-
induced apoptosis and as a favorable prognostic factor in AML [46].

3.6. inv(16) vs. non inv(16)

Among the genes unique to inv(16) were: BAG3, a BCL2-associated gene associated with cell
proliferation, chemo-resistance and antiapoptotic property with significant low expression in NPM1
mutated vs. NPM-WT AML [47]; C7orf41, a TPA responsive gene with potential role in promotion of
leukemic and normal megakaryocyte differentiation [48]; DPF3, a member of BAF chromatin
remodeling complex with its loss linked to JAK2/STAT3 signaling pathway activation [49]; several
tumor suppressers as, CYGB, (impacts glucose metabolism pathway); PTPRF with role in ERK1/2 and
EGF signaling, BANP, a BTG3 associated nuclear protein that negatively regulates p53 expression
[50]; ARHGEF2 and RXFP1 with role G protein coupled receptor signaling pathway; RPTOR-
regulatory associated protein of mTOR complex which in turn has been associated with tumor
growth and metastasis; CSF1, colony stimulating factor involved in macrophage differentiation with
small molecule inhibitors being currently developed for AML [51]. Within the paired methylation
and expression analysis we observed distinctive pattern for CBFB and MYH11 with low-expression
and hypermethylation of CBFB and high-expression and hypomethylation of MYH11 (Figure 2C) in
CBFB-MYH11 fusion inv(16) cases. This indicates that genomic translocations impact the local
methylation and gene expression patterns. Intriguingly, inv(16) cases exhibited significant
hypomethylation (p = 1.13e-15) and greater expression of RUNX1 (also known as AML1). RUNX1 is
involved in the defining fusion of the t(8;21) cytogenetic subtype and is a member of the core-binding
factor family of transcription factors, is frequently mutated and is part of chromosomal
rearrangements in AML. RUNX1-RUNX1T1 fusion in t(8;21) and CBFB-MYH11 fusion in inv(16), are
considered as driver mutations in AML. These results indicate important genomic fusions may be
accompanied by epigenomic modifications at or near the affected genomic loci. These are consistent
with reports indicating that RUNX1 is required for CBFB-MYH11 to induce leukemogenesis in mouse
models [52]. Our results suggest that demethylation of RUNX1 may contribute to greater expression
of normal RUNX1 in pediatric CBFB-MYH11 AML. Furthermore, consistent with other reports, we
observed that MN1 (meningioma 1) is hypomethylated and overexpressed in inv(16) AML. MN1
overexpression is an important step in inv(16) AML leukemogenesis and its overexpression has been
linked to loss of DNMT3B activity [53,54]. In murine mouse models, MN1-induced leukemia involves
interactions with MEIST and HoxA9, [55,56]; consistent with this, our results show significant inverse
correlation between methylation levels and expression of MEIS1 in inv(16), t(9;11) and other MLL
patients.

3.7.4(9;11) vs. non-+(9;11)

All of the top 50 probes (Table 2) with distinctive methylation in t(9;11) cases were hypo-
methylated and included: BCL2L10, an antiapoptotic gene indicated in Myc-induced leukemogenesis
[57], and a biomarker predictive of azacytidine response in MDS/AML; MTOR, a key player in
PIBK/AKT/mTOR pathway and a pro-survival factor in leukemic stem cells and several malignancies;
IRFS8, a tumor suppressor, and cofactor of PU.1 that regulates expression levels of survival genes and
has been shown to be deregulated in AML [58]; several genes of significance in ERK1/2 and PI3AKt
pathways such as RAB31 (a Ras superfamily member), CPA4 (carboxypeptidase with role in
STAT3/ERK signaling); those with role in Wnt signaling pathway including CCDC88C, ANKRDS.
Within the expression-methylation paired analysis, a 27-gene signature was unique in t(9;11)
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subgroup. Figure 2D shows the expression-methylation correlation among different subgroups for
some of t(9;11) specific genes such as: transcription regulator-MCM7 with significant
hypomethylation and overexpression in t(9;11) and some MLL-rearrangement cases; ERG, an ETS-
related gene, was hypermethylated and under-expressed in t(9;11) (Figure 2C). ERG is involved in a
fusion with ELF4 and FUS in AML, and ERG-FUS rearranged AML has been shown to be associated
with poor outcome in pediatric AML [59,60]. SPARC, a cysteine-rich acidic matrix-associated protein
was hyper-methylated and under-expressed in t(9;11) and subsets of other MLL rearrangements,
normal karyotype, and miscellaneous karyotype AML (Figure 2C pane3). This is consistent with low
or absence of SPARC in AML with MLL rearrangements and its upregulation in cytogenetically
normal AML with IDH2 and ERG mutations [61]. Other genes specific to t(9;11) included MMP2, a
matrix metallopeptidase that is currently being targeted by numerous inhibitors, kinases as AATK
(apoptosis associated tyrosine kinase), CDK2 (cyclin dependent kinase2), PI4KB (Phosphoatidyl-
inositol-4 kinase beta), RPS6KA2 (ribosomal S6 kinase 2), STK17B (Serine threonine kinase) and TK2
(thymidine kinase).

3.8. Other 11q23 MLL vs. non-Other 1123

Fourteen of the top 50 uniquely methylated CpGs were hypermethylated in other 11q23
rearranged AML and included genes (Table 2) such as: EPS15, a tyrosine kinase substrate implicated
in MLL-ALP5/EPS15 fusion in therapy-related ALL and in AML with trilineage dysplasia [62]; KLF4,
Kruppel like factor 4 that is downregulated in NPM1-mutated AML. KLF4- P53-KL4-CEBPA-axis has
also been shown to activate CEBPA gene transcription via p53[63]. HDACI has been shown to
modulate KLF4 expression, suggesting HDAC1 and KLF4 as potential new molecular markers and
targets for clinical diagnosis, prognosis, and treatment of myeloid leukemia [64]; TBL1XR1 is a fusion
partner of several genes in leukemias such as TBL1XR1-RARA fusion in APL, TBL1XR1-ROS1 fusions
in JMML, TBL1XR1-PDGFRB, a novel fusion in AML patients with DEK-NUP214 fusion [65].
TBLIXR1 is also identified as a recurrent abnormality in ETV6-RUNX1 positive ALL. Other
hypermethylated CpGs specific to other 11-q23 AML mapped to PRMD1, also known as Blimpl, a
zinc finger transcriptional repressor; RARRES3, a class II tumor suppressor with role in B-CLL
progression; ZNRF2, regulated by Akt and involved in mTOR signaling. Among significant
hypomethylated targets specific to other-11q23 cases, were genes EN1, a member of EHG family of
homeobox genes reported to be deregulated in AML [66]; RASA3, located at one of the aberrant
regions in AML [67]; FRMD3, is part of 7 genes that map to commonly deleted region of chromosome
9 [del(9q)] in AML; SPAG6, with a role in PI3K/Akt1 pathway-mediated apoptosis and is also part of
six leukemia-associated genes for measuring MRD in AML [68]. As shown in Figure 2E, CCND3,
cyclin D3 that forms complex with CDK6 and promotes cell cycle progression was hypomethylated
and overexpressed in other 1123 MLL, t(9;11) and some normal cytogenetics AML and conversely
was hypermethylated and under-expressed in t(8;21). Recurrent CCND3 mutations have been
reported in MLL-rearranged AML, and consistent with our results high CCDN3 expression in MLL
and low CCND3 expression in t(8;21) has been reported previously. HOXA10 showed overall
negative correlation between methylation and expression with patients with MLL rearrangements,
t(9;11) and normal cytogenetics clustered towards lower methylation and higher expression in
contrast to t(8;21). HOXAI0 is overexpressed in AML with significant dysregulation in NPM1
mutated and MLL rearranged AML, and plays a role in development to leukemia [69] by regulating
expression levels of several downstream genes as FGF2, TGF/2, ARIH2, CDX4, etc. and as a fusion
partner with NUP98. MLL rearranged AML is characterized by overexpression of HOXA9, HOXA10,
MEIS, PBX3 and MEF2C. We observed similar pattern for MEISI, a HOX cofactor of significant
relevance in AML, suggesting differential epigenetic regulation of HOXA10 and MEISI genes as
contributor to observed expression differences within cytogenetic subgroups.



Cancers 2020, 12, 3024 12 of 20

3.9. Other Miscellaneous Abnormalities vs. Other Cytogenetic Features

Patients with other abnormalities were enriched with significant hypermethylation of genes
(with 47 of the top 50 CpGs hypermethylated; Table 2). Genes of interest with uniquely
hypermethylated CpGs within this group included: TREM2, a tumor suppressor involved in Wnt/3
catenin, ERK and PIK3/AKT/Bcatenin signaling in colorectal and hepatocellular cancer; RREBI (RAS-
responsive element-binding protein 1), a transcription factor involved in RAS signaling pathway;
KLF6 (Kruppel like transcription factor) identified as a novel mediator of RUNX1-ETO[RUNX1T1-
RUNX1] [t(8;21) target gene]; IGF2BP2, an oncogene with negative correlation with the CEBPA
mutation status. A recent metanalysis has shown IGF2BP2 expression to be associated with poor
prognostic factors, such as presence of FLT3-ITD, IDH1 mutation and poor cytogenetic features as
well as with worse overall survival in AML patients [70]; TP53BP2, apoptosis-stimulating protein of
TP53BP2 is a tumor suppressor that interacts with p53 family members and promotes transcriptional
activation of pro-apoptosis genes; AZUI associated with myeloid differentiation and has been
reported to be deregulated in t(8;21) AML; CDA (cytidine deaminase) involved in inactivation of
cytarabine, backbone of AML chemotherapy; and PDGFRB (plate-derived growth factor receptor
beta) involved in fusions with CEV14, ETV6, CSFIR in AML (Figure 2G).

3.10. FLT3-ITD vs. non-FLT3-1TD

FLT3 codes for FMS-like tyrosine kinase (FLT3) and mutations (specifically the most common
one being an ‘internal tandem duplication-ITD’ for exons 14 and 15) and has been associated with
poor prognosis AML patients. Among the genes with distinctive methylation in FLT3-ITD vs. FLT3-
WT group were CBFA2T3, a fusion partner in CBFA2T3-GLIS2 generated by the inv(16)(p13.3q24.3)
discussed above; ITGA2, a RUNX1 target gene involved in platelet aggregation and adhesion with
implication in AML predisposition in familial platelet disorders (30545930) and overexpression
associated with poor AML prognosis [71]. HOXB3 was hypomethylated in FLT3-ITD cases, consistent
with previous reports showing upregulation of HOXB2 and HOXB3 as novel regulators of oncogenic
FLT3-ITD driven AML [72]. STAT5A and TLR9, both of which interact with BTK, a functionally
relevant target downstream of FLT3-ITD were hypermethylation in FLT3-ITD vs. non FLT3-ITD
AML cases. Table S5 lists the top 100 genes differing by FLT3-status.

3.11. Complimentary Epigenetic and Genetics Hits of Significant Relevance

As has been described above within each cytogenetic group, we observed several epigenetic
lesions that complimented some of the well-established cytogenetic abnormalities in AML
(summarized in Table 3 and Phenogram in Figure 4). Some of the important ones include: (i)
methylation of CBFB and MYH11 in CBFB-MYHI11 fusion inv(16) cases indicating genomic lesion
impacting local epigenetic signals; (ii) RUNX1 and RUNX-1T1 involved in the t(8;21) translocation,
were differentially methylated in the inv(16) subgroup; (iii) within inv(16) patients, we observed
hypomethylation and lower expression of RUNX3, where RUNX3 regulates RUNX1 with both
having mutually exclusive expression. (iv) CBFA2T3 demonstrated differential methylation within
t(8;21) subgroup. CBFA2T3, is a fusion partner in CBFA2T3-GLIS2 generated by the
inv(16)(p13.3q24.3) that impacts sonic hedgehog and bone morphogenic protein pathways and is a
master transcriptional co-regulator of hematopoiesis; (v) distinctive methylation of MLLT3 and
MLLT6 in 1123 and cytogenetically normal patients. Additionally we observed multiple genes in
RAS pathway to be differentially methylated across the cytogenetic risk groups: RASSF5 and
RASGRF1 in inv(16) cases; RASA3 in t(8;21) cases; RASSF2 in t(9;11); RASSF4 in other MLL-(11q23);
DIRAST in miscellaneous abnormalities and normal cytogenetics AML, highlighting the significance
of these pathways and genes impacted in different cytogenetic subgroups. TP53 related genes were
differentially methylated within other MLL (TP53RK), miscellaneous (TP53BP2) and normal
(TP53111) cytogenetics groups and BCL2L1 and BCL2L10 were impacted in cases with inv(16) and
t(9;11), respectively. This pattern of co-localization of methylation alterations in AML hotspot regions
with distinctive relationships with the cytogenetic subgroups indicates altered epigenetics-mediated
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transcriptomic dysregulation complements the activity of the well-known fusion-genes that define
cytogenetic subgroups of AML.

Table 3. Complementary methylation deregulation of AML hot spot genomic regions by cytogenetic

characteristics.
GroupMedia  GroupMedia
n: Presence n: Absence FDR
. Ch p-Valu . . .
Cytogenetic Subgroup . Gene of of o Adjuste Complementary Cytogenetic Lesion
Cytogenetic Cytogenetic dp
Feature Feature
. 3.97E- . -
inv(16) [CBFB-MYH11] 16 CBFB 2.456 1.012 14 3.08E-10 Cis-cytogenetic lesion
] 3.18E- . .
inv(16) [CBFB-MYHI11] 16 MYH11 2.448 4.063 1 7.26E-09 Cis-cytogenetic lesion
inv(16) [CBFB-MYH11] 21 RUNX1 2.512 4213 l'ilsE_ 2.91E-11 Trans Cytogenetic lesion-Fusion gene for t(8;21)
. 6.27E-
inv(16) [CBFB-MYH11] 01 RUNX3 -0.6088 0.7442 13 2.30E-09
R 2.01E- - .
inv(16) [CBFB-MYH11] 21 RUNX1 0.703 2.305 1 2.89E-08 Trans Cytogenetic lesion-Fusion gene for t(8;21)
i 2.10E- o .
inv(16) [CBFB-MYH11] 21 RUNX1 -0.6719 0.9548 1 2.94E-08 Trans Cytogenetic lesion-Fusion gene for t(8;21)
. 1.09E-
inv(16) [CBFB-MYH11] 1 RUNX3 -3.508 -0.8562 10 1.00E-07
. 4.45E-
inv(16) [CBFB-MYH11] 19 FLT3LG -2.486 -0.4993 1 5.19E-08
. 4.33E-
inv(16) [CBFB-MYH11] 1 GLIS1 0.096 22 1 9.24E-09
Normal 17 MLLT6 0.348 -1.732 9'?):E_ 8.17E-06
CBFA2 B 4.58E- Trans Cytogenetic lesion-Fusion gene inv16 -
01123 [MLL-X] 16 T3 1.023 1.555 09 4.92E-05 CBFA2T3-GLIS2)
CBFA2 7.49E- Trans Cytogenetic lesion-Fusion gene inv16 -
011q23 [MLL-X] 16 3 2.398 0.9998 09 6.22E-05 CBFA2T3-GLIS?)
CBFA2 B B 3.71E- 0.000148 Trans Cytogenetic lesion-Fusion gene inv16 -
01123 [MLL-X] 16 T3 0.2261 2.417 08 08 CBFA2T3-GLIS2)
CBFA2 ~ 6.36E- 0.000190 Trans Cytogenetic lesion-Fusion gene inv16 -
011q23 [MLL-X] 16 3 1.76 0.2214 08 » CBEA2T3-GLIS?)
CBFA2 B B 3.03E- 0.000396 Trans Cytogenetic lesion-Fusion gene inv16 -
01123 [MLL-X] 16 T3 0.4395 2.155 07 03 CBFA2T3-GLIS?)
011q23 [MLL-X] 09 MLLT3 -0.6595 -1.311 3“321:‘_ 0'007(;144
(8;21) [RUNX1- CBFA2 B 1.93E- Trans Cytogenetic lesion-Fusion gene inv16 -
RUNXITI] 16 T3 05581 3259 23 622820 CBFA2T3-GLIS2)
t(8;21) [RUNX1- CBFA2 2.97E- Trans Cytogenetic lesion-Fusion gene inv16 -
RUNXITI] 16 T3 01236 328 22 57919 CBFA2T3-GLIS2)
(8;21) [RUNX1- CBFA2 B 5.93E- Trans Cytogenetic lesion-Fusion gene inv16 -
RUNXITI] 16 T3 00312 5232 22 1.04E-18 CBFA2T3-GLIS2)
(8;21) [RUNX1- CBFA2 2.96E- Trans Cytogenetic lesion-Fusion gene inv16 -
RUNXIT1] 16 T3 01551 2458 20 257617 CBFA2T3-GLIS2)
(8;21) [RUNX1- CBFA2 6.32E- Trans Cytogenetic lesion-Fusion gene inv16 -
RUNXITI] 16 T3 01614 3657 20 A85E-17 CBFA2T3-GLIS2)
(8;21) [RUNX1- B 1.10E- . . .
RUNXITI] 06 MLLT4 0.1954 3.923 29 1.30E-24 Trans Cytogenetic lesion MLL fusion partner (11g23)
(8;21) [RUNX1- ~ 7.39E- S -
RUNXITI] 19 MLLT1 1.907 2.869 28 3.74E-23 Trans Cytogenetic lesion MLL fusion partner (11g23)
(8;21) [RUNX1- 1.34E- . . .
RUNXITI] 6 MLLT4 0.4282 5.277 2% 2.15E-22 Trans Cytogenetic lesion MLL fusion partner (11g23)
t(8;21) [RUNX1- ~ 6.86E- R .
RUNXITI] 6 MLLT4 2.402 2.485 23 1.80E-19 Trans Cytogenetic lesion MLL fusion partner (11g23)
t(9;11) 22 MYH9 1.131 2.282 1.17E- 9.12E-08 Trans Cytogenetic lesion MLL fusion partner (11g23)
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Figure 4. Chromosome map depicting chromosomal location of the differential methylated genes
unique to the cytogenetic features. Key to the cytogenetics- blue: inv(16); red: t(8:21); pink:
miscellaneous; dark green: normal cytogenetics; green: t(9:11); and black: other MLL (11q23)

rearranged AML.

3.12. Pathway Analysis
Pathway analysis using Ingenuity pathway analysis tool of top unique subtype specific

methylation sites across the 6 subtype [inv(16), t(8;21), t(9;11) , other (11q23) MLL-rearranged AML,
normal karyotype, other abnormalities] identified specific pathways that are impacted in
cytogenetics specific manner. Several genes with a role in Wnt/B catenin (CCND1, CK1/2, Grucho,
LRP1/5/6, PP2A, PPARS, SFRP, SOX, TCF(LEF), TGFR, AXIN1, Wnt), mTOR signaling (RAPTOR,
PKC, mTOR, PP2A, RHO, PKC), PIK3C/AKT signaling (CCND1, SHC1, SHIP, PP2A, PP2A, mTOR),
JAk/Stat signaling (SHC, MTOR, PI3K, STAT), and Toll like receptor signaling (IRAK, NIK, TLR9,
TNF a) were impacted within specific subtypes or across subtypes. Some of these are highlighted in

Figure 5.

5A) Wnt/p Catenin signaling 5B) mTORssignaling

Eooconsrspce

1)
i
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Figure 5. Representation of selected pathways (A) Wnt/b-catenin, (B) mTOR, and (C) PIK3 signaling
pathways representing genes identified within different cytogenetic groups. Arrow color corresponds

to the respective cytogenetic feature.
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4. Discussion

Dysregulated DNA methylation is a hallmark of several cancers including hematological
malignancies. In this study, we used the Illumina 450K methylation array to interrogate the
methylation status of more than 485,000 markers in diagnostic tumor samples from pediatric AML
patients treated on the multi-site AML02 clinical trial (NCT00136084). Differentially methylated
patterns that occur with or independent of the well-defined cytogenetic and morphological features
in pediatric AML patients were identified and their corresponding biological roles discussed. An
unsupervised analysis identified 7 methylation and 7 expression clusters, which demonstrated
remarkably high degree of concordance with known cytogenetically defined subgroups. Our results
from supervised analysis further confirmed methylation patterns unique to the cytogenetic subtypes
and the paired methylation-expression analysis further defined cytogenetic feature-specific
methylation patterns that correlated with the gene-expression signatures implying subtype-specific
epigenetic regulation.

Of interest, we report recurring complimentary epigenetic hits that impact the known
mutational/ cytogenetic hotspots. Of significant relevance is methylation-mediated deregulation of
RUNX1 (a fusion partner in t(8;21) in patients with inv(16), and deregulation of CBFA2T3, a fusion
partner in CBFA2T3-GLIS2 generated by the inv(16)(p13.3q24.3) that impacts sonic hedgehog and
bone morphogenic protein pathways in patients with (t8;21) and other MLL rearrangements. Further,
multiple MLL genes show differential methylation in t(8:21) patients. In addition, we observed set of
recurring methylation signatures that though contributed to subtype-specific expression regulation
also altered expression regardless of subtype. These included: CBFB which is a fusion partner of
CBFB-MYHI11 in inv(16) and demonstrated hypomethylation-dependent overexpression in other
subtypes. KMT2A also known as MLL is located at 1123 breakpoint and is involved in multiple
translocations resulting in wide range of fusion partners in MLL-rearranged AML. KMT2A itself is a
histone methyltransferase that predominantly deregulates RNA polymerase II via its fusion partners.
Several of the genes that are potential targets of KMT2A were shown to be regulated by methylation
in subtype-specific manner or across subtypes and included BAHCC, HOXA9, HOXA1010, MEIS1,
etc. These results demonstrate that common recurring genetic alterations and subtype-specific
epigenetic lesions play a role by impacting set of genes important for malignant transformation.

The alterations in DNA methylation landscape in pediatric AML emphasizes the use of
epigenetic therapies in pediatric AML. Our results from a recent integrated analysis of methylation
and RNA expression with minimal residual disease (MRD), event-free survival (EFS), and overall
survival (OS) established that decreased methylation and increased RNA expression of DNMT3B
associates with worse prognosis. Additionally, DNMT3B expression was correlated with greater
genome-wide methylation burden which was associated with poor outcome. Our current results
highlight cytogenetics-specific unique signatures that hold prognostic value and might in part
contribute to the differences in outcome by cytogenetics. Further, complimentary epigenetic and
genetic lesions point to certain vulnerable genomics hotspots of relevance in AML. In adults, DNA
methyltransferase inhibitors (DNMTis) as azacytidine and decitabine have shown promising results
when used in different combinations (recent review [73]). The differences in abundance of features
used for risk group stratification of AML differ in pediatric and adult AML (e.g., higher abundance
of DNMT3A mutations and lower abundance of t(8:21), inv(16) of 1123 rearrangements in adults as
compared to pediatric AML) has been well-established [74]. Our results highlight distinct
methylation signatures within these cytogenetic categories in pediatrics, providing a rationale for a
potential addition of epigenetic targeting therapy as DNMTis in pediatric AML. This additional layer
of deregulated epigenetic signatures that co-occur complimentary to the chromosomal/mutations
landscape suggests a possible synergistic interaction to potentiate leukemogenesis and a potential to
be targeted by epigenetic therapy. Thus, based on our previous and current results from AMLO02 trial
and evidence from adult AML showing potential benefit of DNMTis, the epigenetic priming using
decitabine and azacytidine is being tested in the ongoing pediatric AML16 clinical trial
(NCT00703820) with patients being enrolled across multiple centers in the US. Results from this trial
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and other ongoing studies will provide relevant information to guide epigenetic therapy in
combination with other agents based on co-existing cytogenetic and epigenetic markers.

5. Conclusions

In summary, though the driver and passenger mutations that drive leukemogenesis in AML are
still being defined, the genes impacted by genetic lesions or mutations have been mapped primarily
to signaling molecules, transcription factors or epigenetic genes (e.g., FLT3, Ras, AML1, C/EBPa, IDH1,
IDH2, DNMT3A, PU.1) and those effected by chromosomal rearrangements are primarily mapped to
transcription factors of relevance in hematopoiesis (e.g., PML-RARa, PLZF-RARa, CEBPa-MYH11,
AML-ETO [RUNX1T1-RUNX1]). Our results show another layer of deregulated epigenetic signatures
that co-occur complimentary to the chromosomal/mutations landscape, suggesting a possible
synergistic interaction to potentiate leukemogenesis. Epigenetic dysregulation of oncogenes and
tumor suppressors that are subtype specific suggest malignant transformation probably leverages
both genetic and epigenetic mechanisms to impact biological pathways critical for leukemogenesis.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6694/12/10/3024/s1,
Figure S1: The bootstrap mean Dunn Index and bootstrap reproducibility of 793 methylation HCMs, Figure S2:
A heatmap of cytogenetics and subgroup assignments of the nine candidate HCMs, Figure S3: The bootstrap
mean Dunn Index and bootstrap reproducibility of expression HCMs, Figure S4: Subgroup assignments of the
candidate expression HCMs, Table S1: Patient Characteristics, Table S2: Five hundred CpG sites that defined 7
methylation groups in an unsupervised bootstrap clustering analysis in AML patients, Table S3: Seven hundred
probes that defined 7 expression groups in an unsupervised bootstrap clustering analysis in AML patients, Table
S4: Paired methylation-expression supervised analysis of top 233 pairs along with summary of the cytogenetic
features, Table S5: Top 100 Methylation signatures differentiating FLT3-ITD with noj FLT3-ITD cases.

Author Contributions: ] K.L., X.C. and S.P. contributed to research design, conducted the experiments, and
acquired and analyzed the data. S.R. and ].D. provided cytogenetics and gene expression data. R.R., ].R. and
T.A.G. contributed patient samples and advice. ] K.L., X.C.,S.P,, ].D., S.R.,, RR. and T.A.G. contributed to writing
of the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by NIH R01-CA132946 (LAMBA and POUNDS), ALSAC and American Society
of Hematology Bridge funding (Lamba), UF Opportunity fund (Lamba) funded the study.

Acknowledgments: We thank Campana and Coustan-Smith for minimal residual disease (MRD) data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Grimwade, D; Ivey, A.; Huntly, B.]. Molecular landscape of acute myeloid leukemia in younger adults and
its clinical relevance. Blood 2016, 127, 29-41.

2. Estey, E.H. Acute myeloid leukemia: 2019 update on risk-stratification and management. Am. |. Hematol.
2018, 93, 1267-1291.

3. Dohner, H,; Estey, E.; Grimwade, D.; Amadori, S.; Appelbaum, F.R.; Buchner, T.; Dombret, H.; Ebert, B.L.;
Fenaux, P.; Larson, R.A., et al. Diagnosis and management of AML in adults: 2017 ELN recommendations
from an international expert panel. Blood 2017, 129, 424-447.

4. Akalin, A,; Garrett-Bakelman, F.E.; Kormaksson, M.; Busuttil, J.; Zhang, L.; Khrebtukova, I.; Milne, T.A;
Huang, Y.; Biswas, D.; Hess, J.L., et al. Base-pair resolution DNA methylation sequencing reveals
profoundly divergent epigenetic landscapes in acute myeloid leukemia. PLoS Genet. 2012, 8, €1002781.

5. Alvarez, S.; Suela, J.; Valencia, A.; Fernandez, A.; Wunderlich, M.; Agirre, X.; Prosper, F.; Martin-Subero,
J.I; Maiques, A.; Acquadro, F., et al. DNA methylation profiles and their relationship with cytogenetic
status in adult acute myeloid leukemia. PLoS ONE 2010, 5, €12197.

6.  Brunetti, L.; Gundry, M.C.; Goodell, M.A. DNMT3A in Leukemia. Cold Spring Harb. Perspect. Med. 2017, 7,
a030320.

7. Claus, R; Plass, C.; Armstrong, S.A.; Bullinger, L. DNA methylation profiling in acute myeloid leukemia:
From recent technological advances to biological and clinical insights. Future Oncol. 2010, 6, 1415-1431.



Cancers 2020, 12, 3024 17 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Figueroa, M.E.; Lugthart, S.; Li, Y.; Erpelinck-Verschueren, C.; Deng, X.; Christos, P.J.; Schifano, E.; Booth,
J.; van Putten, W.; Skrabanek, L., et al. DNA methylation signatures identify biologically distinct subtypes
in acute myeloid leukemia. Cancer Cell 2010, 17, 13-27.

Marcucci, G.; Yan, P.; Maharry, K.; Frankhouser, D.; Nicolet, D.; Metzeler, K.H.; Kohlschmidt, J.; Mrozek,
K., Wu, Y.Z; Bucci, D., et al. Epigenetics meets genetics in acute myeloid leukemia: Clinical impact of a
novel seven-gene score. J. Clin. Oncol. 2014, 32, 548-556.

Plass, C.; Oakes, C.; Blum, W.; Marcucci, G. Epigenetics in acute myeloid leukemia. Semin Oncol. 2008, 35,
378-387.

Prada-Arismendy, J.; Arroyave, ].C.; Rothlisberger, S. Molecular biomarkers in acute myeloid leukemia.
Blood Rev. 2017, 31, 63-76.

Ho, P.A.; Kutny, M.A.; Alonzo, T.A.; Gerbing, R.B.; Joaquin, J.; Raimondi, S.C.; Gamis, A.S.; Meshinchi, S.
Leukemic mutations in the methylation-associated genes DNMT3A and IDH?2 are rare events in pediatric
AML: A report from the Children's Oncology Group. Pediatr. Blood Cancer 2011, 57, 204-209.

Hollink, LH.; Feng, Q.; Danen-van Oorschot, A.A.; Arentsen-Peters, S.T.; Verboon, L.J.; Zhang, P.; de Haas,
V.; Reinhardt, D.; Creutzig, U.; Trka, |, et al. Low frequency of DNMT3A mutations in pediatric AML, and
the identification of the OCI-AMLS3 cell line as an in vitro model. Leukemia 2012, 26, 371-373.

Liang, D.C.; Liu, H.C,; Yang, C.P; Jaing, T.H.; Hung, L].; Yeh, T.C.; Chen, S.H.; Hou, ].Y.; Huang, Y.J.; Shih,
Y.S., et al. Cooperating gene mutations in childhood acute myeloid leukemia with special reference on
mutations of ASXL1, TET2, IDH1, IDH2, and DNMT3A. Blood 2013, 121, 2988-2995.

Juhl-Christensen, C.; Ommen, H.B.; Aggerholm, A.; Lausen, B.; Kjeldsen, E.; Hasle, H.; Hokland, P. Genetic
and epigenetic similarities and differences between childhood and adult AML. Pediatr. Blood Cancer 2012,
58, 525-531.

Bolouri, H.; Farrar, J.E.; Triche, T., Jr.; Ries, R.E.; Lim, E.L.; Alonzo, T.A.; Ma, Y.; Moore, R.; Mungall, A.J.;
Marra, M.A,, et al. The molecular landscape of pediatric acute myeloid leukemia reveals recurrent
structural alterations and age-specific mutational interactions. Nat. Med. 2018, 24, 103-112.

Rubnitz, J.E.; Inaba, H.; Dahl, G.; Ribeiro, R.C.; Bowman, W.P.; Taub, J.; Pounds, S.; Razzouk, B.I.; Lacayo,
N.J.; Cao, X., et al. Minimal residual disease-directed therapy for childhood acute myeloid leukaemia:
Results of the AMLO02 multicentre trial. Lancet Oncol. 2010, 11, 543-552.

Lamba, J.K.; Cao, X.; Raimondi, S.C.; Rafiee, R.; Downing, J.R,; Lei, S.; Gruber, T.; Ribeiro, R.C.; Rubnitz,
J.E.; Pounds, S.B. Integrated epigenetic and genetic analysis identifies markers of prognostic significance in
pediatric acute myeloid leukemia. Oncotarget 2018, 9, 26711-26723.

Maksimovic, J.; Gordon, L.; Oshlack, A. SWAN: Subset-quantile within array normalization for illumina
infinium HumanMethylation450 BeadChips. Genome Biol. 2012, 13, R44.

Aryee, M.]; Jaffe, A.E.; Corrada-Bravo, H.; Ladd-Acosta, C.; Feinberg, A.P.; Hansen, K.D.; Irizarry, R.A.
Minfi: A flexible and comprehensive Bioconductor package for the analysis of Infinium DNA methylation
microarrays. Bioinformatics 2014, 30, 1363-1369.

Ross, M.E.; Mahfouz, R.; Onciu, M;; Liu, H.C.; Zhou, X; Song, G.; Shurtleff, S.A.; Pounds, S.; Cheng, C.; Ma,
J., et al. Gene expression profiling of pediatric acute myelogenous leukemia. Blood 2004, 104, 3679-3687.
Dudoit, S.; Fridlyand, J. A prediction-based resampling method for estimating the number of clusters in a
dataset. Genome Biol. 2002, 3, RESEARCHO0036.

Kerr, M.K,; Churchill, G.A. Bootstrapping cluster analysis: Assessing the reliability of conclusions from
microarray experiments. Proc. Natl. Acad. Sci. USA 2001, 98, 8961-8965.

Hartigan, ].A.; Hartigan, P.M. The Dip Test of Unimodality. Ann. Stat. 1985, 13, 70-84.

Knapp, T.R. Bimodality revisited. J. Mod. Appl. Stat. Methods 2007, 6, doi:10.22237/jmasm/1177992120.
Royston, J.P. An Extension of Shapiro and Wilk’s W Test for Normality to Large Samples. J. R. Stat. Soc. Ser.
C (Appl. Stat.) 1982, 31, 115-124.

Dunn, J.C. Well-Separated Clusters and Optimal Fuzzy Partitions. |. Cybern. 1974, 4, 95-104.

Xiao, Q.; Deng, D.; Li, H,; Ye, F.; Huang, L.; Zhang, B.; Ye, B.; Mo, Z.; Yang, X,; Liu, Z. GSTT1 and GSTM1
polymorphisms predict treatment outcome for acute myeloid leukemia: A systematic review and meta-
analysis. Ann. Hematol. 2014, 93, 1381-1390.

Ouerhani, S.; Nefzi, M.A.; Menif, S.; Safra, 1.; Douzi, K.; Fouzai, C.; Ben Ghorbel, G.; Ben Bahria, I.; Ben
Ammar Elgaaied, A.; Abbes, S. Influence of genetic polymorphisms of xenobiotic metabolizing enzymes
on the risk of developing leukemia in a Tunisian population. Bull. Cancer. 2011, 98, 95-106.



Cancers 2020, 12, 3024 18 of 20

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Li, N,; Jia, X,; Wang, J.; Li, Y.; Xie, S. Knockdown of homeobox A5 by small hairpin RNA inhibits
proliferation and enhances cytarabine chemosensitivity of acute myeloid leukemia cells. Mol. Med. Rep.
2015, 12, 6861-6866.

Musialik, E.; Bujko, M.; Kober, P.; Grygorowicz, M.A.; Libura, M.; Przestrzelska, M.; Juszczynski, P.; Borg,
K.; Florek, I; Jakobczyk, M., et al. Promoter DNA methylation and expression levels of HOXA4, HOXA5
and MEISI1 in acute myeloid leukemia. Mol. Med. Rep. 2015, 11, 3948-3954.

Tao, Y.F.; Li, ZH.; Wang, N.N.; Fang, F.; Xu, L.X;; Pan, J. tp53-dependent G2 arrest mediator candidate
gene, Reprimo, is down-regulated by promoter hypermethylation in pediatric acute myeloid leukemia.
Leuk Lymphoma 2015, 56, 2931-2944.

Ostronoff, F.; Othus, M.; Gerbing, R.B.; Loken, M.R.; Raimondi, S.C.; Hirsch, B.A.; Lange, B.].; Petersdorf,
S.; Radich, J.; Appelbaum, F.R., et al. NUP98/NSD1 and FLT3/ITD coexpression is more prevalent in
younger AML patients and leads to induction failure: A COG and SWOG report. Blood 2014, 124, 2400-
2407.

Shima, Y.; Yumoto, M.; Katsumoto, T.; Kitabayashi, I. MLL is essential for NUP98-HOXA9-induced
leukemia. Leukemia 2017, 31, 2200-2210.

Zhang, Y.J.; Wen, C.L.; Qin, Y.X.; Tang, X.M.; Shi, M.M.; Shen, B.Y.; Fang, Y. Establishment of a human
primary pancreatic cancer mouse model to examine and investigate gemcitabine resistance. Oncol. Rep.
2017, 38, 3335-3346.

Beauchamp, E.M.; Abedin, S.M.; Radecki, S.G.; Fischietti, M.; Arslan, A.D.; Blyth, G.T.; Yang, A; Lantz, C,;
Nelson, A.; Goo, Y.A,, et al. Identification and targeting of novel CDK9 complexes in acute myeloid
leukemia. Blood 2019, 133, 1171-1185.

Zhou, L,; Fu, L,; Lv, N; Liu, J.; Li, Y.; Chen, X,; Xu, Q.; Chen, G.; Pang, B.; Wang, L., et al. Methylation-
associated silencing of BASP1 contributes to leukemogenesis in t(8;21) acute myeloid leukemia. Exp. Mol.
Med. 2018, 50, 44.

Hong, Q.; Chen, X.; Ye, H.; Zhou, A.; Gao, Y.; Jiang, D.; Wu, X,; Tian, B.; Chen, Y.; Wang, M., et al.
Association between the methylation status of the MGMT promoter in bone marrow specimens and
chemotherapy outcomes of patients with acute myeloid leukemia. Oncol. Lett. 2016, 11, 2851-2856.

Chou, F.S.; Griesinger, A.; Wunderlich, M.; Lin, S.; Link, K.A.; Shrestha, M.; Goyama, S.; Mizukawa, B.;
Shen, S.; Marcucci, G., et al. The thrombopoietin/MPL/Bcl-xL pathway is essential for survival and self-
renewal in human preleukemia induced by AML1-ETO. Blood 2012, 120, 709-719.

Pulikkan, J.A.; Madera, D.; Xue, L.; Bradley, P.; Landrette, S.F.; Kuo, Y.H.; Abbas, S.; Zhu, L.J.; Valk, P.;
Castilla, L.H. Thrombopoietin/MPL participates in initiating and maintaining RUNX1-ETO acute myeloid
leukemia via PI3K/AKT signaling. Blood 2012, 120, 868-879.

Agger, K.; Nishimura, K.; Miyagi, S.; Messling, ].E.; Rasmussen, K.D.; Helin, K. The KDM4/JM]JD2 histone
demethylases are required for hematopoietic stem cell maintenance. Blood 2019, 134, 1154-1158.
Karvonen, H.; Perttila, R.; Niininen, W.; Hautanen, V.; Barker, H.; Murumagi, A.; Heckman, C.A.;
Ungureanu, D. Wnt5a and RORI1 activate non-canonical Wnt signaling via RhoA in TCF3-PBX1 acute
lymphoblastic leukemia and highlight new treatment strategies via Bcl-2 co-targeting. Oncogene 2019, 38,
3288-3300.

Jastaniah, W.; Elimam, N.; Abdalla, K.; AIAzmi, A.A.; Elgaml, A.M.; Alkassar, A.; Daghistani, M.; Felimban,
S. Early vs. late MRD response- and risk-based treatment intensification of childhood acute lymphoblastic
leukemia: A prospective pilot study from Saudi Arabia. Exp. Hematol. Oncol. 2018, 7, 29.

Chen, X.; Wang, F.; Zhang, Y.; Wang, M,; Tian, W.; Teng, W.; Ma, X.; Guo, L,; Fang, J.; Zhang, Y., et al.
Retrospective analysis of 36 fusion genes in 2479 Chinese patients of de novo acute lymphoblastic leukemia.
Leuk Res. 2018, 72, 99-104.

Lin, A,; Cheng, F.W.T.; Chiang, A.K.S,; Luk, C.W.; Li, R.C.H,; Ling, A.S.C.; Cheuk, D.K.L.; Chang, K.O.; Ku,
D.; Lee, V., et al. Excellent outcome of acute lymphoblastic leukaemia with TCE3-PBX1 rearrangement in
Hong Kong. Pediatr. Blood Cancer 2018, 65, e27346.

Namasu, C.Y.; Katzerke, C.; Brauer-Hartmann, D.; Wurm, A.A.; Gerloff, D.; Hartmann, J.U.; Schwind, S.;
Muller-Tidow, C.; Hilger, N.; Fricke, S., et al. ABR, a novel inducer of transcription factor C/EBPalpha,
contributes to myeloid differentiation and is a favorable prognostic factor in acute myeloid leukemia.
Oncotarget 2017, 8, 103626-39.

Zhu, HY; Fu, Y,; Wu, W.; Xu, ].D.; Chen, T.M,; Qiao, C.; Li, ].Y.; Liu, P. Expression of BAG3 Gene in Acute
Myeloid Leukemia and Its Prognostic Value. Zhongguo Shi Yan Xue Ye Xue Za Zhi 2015, 23, 925-929.



Cancers 2020, 12, 3024 19 of 20

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Sun, X.; Lu, B.; Hu, B.; Xiao, W.; Li, W.; Huang, Z. Novel function of the chromosome 7 open reading frame
41 gene to promote leukemic megakaryocyte differentiation by modulating TPA-induced signaling. Blood
Cancer |. 2014, 4, 198.

Lin, W.H,; Dai, W.G.; Xu, X.D.; Yu, Q.H.; Zhang, B.; Li, J.; Li, H.P. Downregulation of DPF3 promotes the
proliferation and motility of breast cancer cells through activating JAK2/STATS3 signaling. Biochem. Biophys
Res. Commun. 2019, 514, 639-644.

Alam, A_; Taye, N.; Patel, S.; Thube, M.; Mullick, J.; Shah, V.K; Pant, R.; Roychowdhury, T.; Banerjee, N.;
Chatterjee, S., et al. SMAR1 favors immunosurveillance of cancer cells by modulating calnexin and MHC I
expression. Neoplasia 2019, 21, 945-962.

Edwards, D.K.t.; Watanabe-Smith, K.; Rofelty, A.; Damnernsawad, A.; Laderas, T.; Lamble, A.; Lind, E.F.;
Kaempf, A.; Mori, M.; Rosenberg, M., et al. CSFIR inhibitors exhibit antitumor activity in acute myeloid
leukemia by blocking paracrine signals from support cells. Blood 2019, 133, 588-599.

Sood, R.; Kamikubo, Y.; Liu, P. Role of RUNXI1 in hematological malignancies. Blood 2017, 129, 2070-2082.

Carella, C.; Bonten, J.; Sirma, S.; Kranenburg, T.A.; Terranova, S.; Klein-Geltink, R.; Shurtleff, S.; Downing,
J.R.;; Zwarthoff, E.C,; Liu, P.P., et al. MN1 overexpression is an important step in the development of inv(16)
AML. Leukemia 2007, 21, 1679-1690.

Larmonie, N.S.D.; Arentsen-Peters, T.; Obulkasim, A.; Valerio, D.; Sonneveld, E.; Danen-van Oorschot,
A.A.; de Haas, V.; Reinhardt, D.; Zimmermann, M.; Trka, J., et al. MN1 overexpression is driven by loss of
DNMT3B methylation activity in inv(16) pediatric AML. Oncogene 2018, 37, 107-115.

Lai, C.K.; Norddahl, G.L.; Maetzig, T.; Rosten, P.; Lohr, T.; Sanchez Milde, L.; von Krosigk, N.; Docking,
T.R.; Heuser, M.; Karsan, A, et al. Meis2 as a critical player in MN1-induced leukemia. Blood Cancer |. 2017,
7, e613.

Kawagoe, H.; Grosveld, G.C. Conditional MN1-TEL knock-in mice develop acute myeloid leukemia in
conjunction with overexpression of HOXA9. Blood 2005, 106, 4269-4277.

Beverly, L.J.; Varmus, H.E. MYC-induced myeloid leukemogenesis is accelerated by all six members of the
antiapoptotic BCL family. Oncogene 2009, 28, 1274-1279.

Stavast, C.J.; Leenen, P.J.M.; Erkeland, S.J. The interplay between critical transcription factors and
microRNAs in the control of normal and malignant myelopoiesis. Cancer Lett. 2018, 427, 28-37.

Moore, S.D.; Offor, O.; Ferry, J.A.; Amrein, P.C.; Morton, C.C.; Dal Cin, P. ELF4 is fused to ERG in a case of
acute myeloid leukemia with a t(X;21)(q25-26;q22). Leuk. Res. 2006, 30, 1037-1042.

Panagopoulos, I.; Aman, P.; Fioretos, T.; Hoglund, M.; Johansson, B.; Mandahl, N.; Heim, S.; Behrendtz, M.;
Mitelman, F. Fusion of the FUS gene with ERG in acute myeloid leukemia with t(16;21)(p11;q22). Genes
Chromosomes Cancer 1994, 11, 256-262.

DiMartino, J.F.; Lacayo, N.J.; Varadi, M.; Li, L.; Saraiya, C.; Ravindranath, Y.; Yu, R.; Sikic, B.I.; Raimondji,
S.C,; Dahl, G.V. Low or absent SPARC expression in acute myeloid leukemia with MLL rearrangements is
associated with sensitivity to growth inhibition by exogenous SPARC protein. Leukemia 2006, 20, 426—432.

Ono, R; Taki, T.; Taketani, T.; Taniwaki, M.; Kobayashi, H.; Hayashi, Y. LCX, leukemia-associated protein
with a CXXC domain, is fused to MLL in acute myeloid leukemia with trilineage dysplasia having
t(10;11)(q22;q23). Cancer Res. 2002, 62, 4075-4080.

Seipel, K.; Marques, M.T.; Bozzini, M.A.; Meinken, C.; Mueller, B.U.; Pabst, T. Inactivation of the p53-KLF4-
CEBPA Axis in Acute Myeloid Leukemia. Clin. Cancer Res. 2016, 22, 746-756.

Huang, Y.; Chen, J; Lu, C.; Han, J.; Wang, G.; Song, C.; Zhu, S.; Wang, C.; Li, G.; Kang, J., et al. HDAC1 and
Klf4 interplay critically regulates human myeloid leukemia cell proliferation. Cell Death Dis. 2014, 5, e1491.
Campregher, P.V.; Halley, N.D.S,; Vieira, G.A.; Fernandes, J.F.; Velloso, E.; Ali, S.; Mughal, T.; Miller, V;
Mangueira, C.L.P.; Odone, V., et al. Identification of a novel fusion TBLIXR1-PDGFRB in a patient with
acute myeloid leukemia harboring the DEK-NUP214 fusion and clinical response to dasatinib. Leuk.
Lymphoma. 2017, 58, 2969-2972.

Nagel, S.; Kaufmann, M.; Scherr, M.; Drexler, H.G.; MacLeod, R.A. Activation of HLXB9 by juxtaposition
with MYB via formation of t(6;7)(q23;q36) in an AML-M4 cell line (GDM-1). Genes Chromosomes Cancer 2005,
42,170-178.

Gross, M.; Mkrtchyan, H.; Glaser, M.; Fricke, H.].; Hoffken, K.; Heller, A.; Weise, A ; Liehr, T. Delineation
of yet unknown cryptic subtelomere aberrations in 50% of acute myeloid leukemia with normal GTG-
banding karyotype. Int. |. Oncol. 2009, 34, 417-423.



Cancers 2020, 12, 3024 20 of 20

68.

69.

70.

71.

72.

73.

74.

Steinbach, D.; Schramm, A.; Eggert, A.; Onda, M.; Dawczynski, K.; Rump, A.; Pastan, I.; Wittig, S.;
Pfaffendorf, N.; Voigt, A., et al. Identification of a set of seven genes for the monitoring of minimal residual
disease in pediatric acute myeloid leukemia. Clin. Cancer Res. 2006, 12, 2434-2441.

Jonsson, E.; Ljungkvist, I.; Hamberg, J. Standardized measurement of lateral spinal flexion and its use in
evaluation of the effect of treatment of chronic low back pain. Upsala . Med Sci. 1990, 95, 75-86.

He, X.; Li, W,; Liang, X.; Zhu, X.; Zhang, L.; Huang, Y.; Yu, T.; Li, S.; Chen, Z. IGF2BP2 Overexpression
Indicates Poor Survival in Patients with Acute Myelocytic Leukemia. Cell Physiol. Biochem. 2018, 51, 1945—
1956.

Lian, X.Y.; Zhang, W.; Wu, D.H.; Ma, ]J.C; Zhou, ].D.; Zhang, Z.H.; Wen, X.M.; Xu, Z.J.; Lin, J.; Qian, J.
Methylation-independent ITGA2 overexpression is associated with poor prognosis in de novo acute
myeloid leukemia. J. Cell Physiol. 2018, 233, 9584-9593.

Lindblad, O.; Chougule, R.A.; Moharram, S.A.; Kabir, N.N.; Sun, J.; Kazi, ].U.; Ronnstrand, L. The role of
HOXB2 and HOXB3 in acute myeloid leukemia. Biochem. Biophys. Res. Commun. 2015, 467, 742-747.
Gambacorta, V.; Gnani, D.; Vago, L.; Di Micco, R. Epigenetic Therapies for Acute Myeloid Leukemia and
Their Immune-Related Effects. Front. Cell Dev. Biol. 2019, 7, 207.

de Rooij, J.D.; Zwaan, C.M.; van den Heuvel-Eibrink, M. Pediatric AML: From Biology to Clinical
Management. J. Clin. Med. 2015, 4, 127-149.

© 2020 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



