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Regular Article

DNA methylation-based profiling of pediatric T-ALL reveals SP/1/PU.1 involvement in

T-ALL and T-cell differentiation

Running head: DNA methylation analysis in pediatric T-ALL
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Key Points

* T-ALL classification by DNA methylation status showed strong association with T-cell

differentiation, prognosis, and genetic features.

*Gain of methylation of SPI1/PU.1 binding sites is important for T-cell lineage

commitment as well as silencing of SP/I expression.

Abstract

The genetic profiles of pediatric T-cell acute lymphoblastic leukemia (T-ALL) have been

well studied; however, epigenetic profiles and their potential contribution to the

clinicopathological features of T"ALL remain poorly elucidated. We performed genome-

wide DNA methylation analysis using an EPIC methylation array in 79 pediatric T-ALL

cases and combined these results with our previous expression and mutation data.

Pediatric T-ALL clustered into four distinct subtypes of DNA methylation profiles

exhibiting remarkable correlation with genetic signatures, expression features,

differentiation status, and clinical outcomes. We 1identified several important

differentially expressed genes regulated by DNA methylation in each cluster, such as

TALI and its downstream ALDHIAZ. Notably, cases with SPI1 fusions and SPI1 high

expression formed a specific cluster (Cluster 4), being hypomethylated and indicative of
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a significantly worse prognosis (log-rank P = 4.4 x 10-7) with enrichment of the

RAS/MAPK and myeloid/NKT-cell-related pathways. Correlating with a previous DNA

methylation study using the 450K methylation array, the methylation status at EZH2

binding sites classified T-ALL cases into CpG island methylator phenotype-positive

(Cluster 2 and Cluster 3) or -negative (Cluster 1 and Cluster 4). Furthermore, using

probes at SPI1/PU.1 binding sites, we distinguished T-ALL before (Cluster 2 and Cluster

4) and after (Cluster 1 and Cluster 3) T-cell commitment, an important event in T-cell

differentiation. In addition to SP/I silencing, changes in methylation status at

SPI1/PU.1 binding sites during T-cell commitment suggest a prominent role of

SPI1/PU.1 in T-cell differentiation, and thus greatly impact pediatric T-ALL profiling.
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Introduction

In recent years, the development of next-generation sequencing technologies

12 including T-cell acute

has enabled genome-wide analysis of pediatric cancers,
lymphoblastic leukemia (T-ALL).3® Genetic alterations of NOTCHI and CDKN2A/B
inactivation have been identified as T-ALL hallmarks,® reported to appear later during
leukemic development.”® Additionally, almost half of T-ALL cases harbor in-frame
fusions such as STIL-TAL1° These genetic alterations and fusion genes are well
correlated with expression profiling in T-ALL.3410.11 Tn our previous study, we identified
recurrent SP/1/PU.1 fusions predicting uniformly dismal outcomes in approximately 4%
of Japanese pediatric T"ALL cases.* The SPI1 fusion cases exhibited unique cytological
and gene expression profiles different from previously reported subtypes (early T-cell
precursor [ETP] phenotype, TLX, TAL1-RA, and TAL1-RB).

Over the past decades, global DNA methylation patterns in pediatric T-ALL
have been investigated using 27K and 450K methylation arrays.'?'® These studies
classified T"ALL into two groups based on the CpG island methylator phenotype (CIMP),
namely, a hypermethylated CIMP-positive group and a hypomethylated CIMP-negative

group. Probes related to polycomb repressive complex (PRC) targets were particularly

enriched in the selected CIMP probes. Moreover, CIMP-negative cases exhibited a
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methylation pattern similar to normal CD3+ T-cells and CD34+ cells and exhibited a

worse prognosis among minimal residual disease (MRD)-positive high-risk T-ALL

patients (MRD > 0.1% at day 29). The development of more precise methylation analysis

using the EPIC methylation array and whole genome bisulfite sequencing has improved

the genome coverage of regulatory regions and genes. The EPIC array contains almost

twice the number of probes compared with the previous 450K array, covering more than

850,000 CpG sites.' These advances are expected to generate a more profound

elucidation of the molecular basis of T-ALL.

In the present study, we investigated the epigenetic profiles of pediatric T-ALL

patients and their potential contribution to the clinicopathological features of pediatric

T-ALL using the EPIC array in combination with our previous whole transcriptome

sequencing (WTS) and targeted capture sequencing (TCS) data.*

Methods

Patient samples

We enrolled 79 pediatric T-ALL patients (Supplemental Table 1), mainly from two large

cohorts from the Tokyo Children’s Cancer Study Group (TCCSG)'® and the Japan

Association of Childhood Leukemia Study (JACLS).'® All cases were previously analyzed
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by WTS (Supplemental Table 2) and TCS for 158 ALL-related genes and regions

(Supplemental Tables 3 and 4).# Samples for DNA methylation analysis were collected

from the study participants after receiving written, informed consent according to the

protocols approved by the Human Genome, Gene Analysis Research Ethics Committee

of the University of Tokyo and other participating institutes.

DNA methylation analysis

DNA methylation profiles were analyzed using the Infinium MethylationEPIC BeadChip

Kit (Illumina, San Diego, CA) after bisulfite conversion with the EpiTect Fast Bisulfite

Conversion Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.

The raw data used for this study are available from the DNA Data Bank of Japan (DDBJ)

(accession number JGAS00000000138). Methylation data for CD3+ T-cells, CD34+ cells,

and human embryonic stem cells (ESCs) obtained from the Gene Expression Omnibus

(GSE49618'7) and Zendo (Zenodo.1095572'8) public databases were used as normal

reference samples. The B- and M-values were calculated after normalization and

imputation using the R package ChAMP 2.8.9 (Bioconductor,

https://www.bioconductor.org/).'® Cluster stability was ascertained via consensus

clustering with 1,000 iterations using the R package ConsensusClusterPlus

(Bioconductor).2® Heatmaps were generated by the R package pheatmap (CRAN,
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https://cran.r-project.org/) using B-values. Differentially methylated probes (DMPs) and

regions were identified by ChAMP software using M- and B-values, respectively, and

differentially expressed genes were extracted from our previous expression data® using

the R package DESeq2 (Bioconductor)?! Differential gene expression and methylation

were assessed for each probe, and starburst plots were generated by comparing a target

cluster with the other clusters.

Data from our previous study

Our current study used our previously reported sequencing data of TCS (mutations,

structural variants, and copy number alterations) and WTS (gene fusions and

expression) as well as clinical and flow cytometry data.* As before, the normalized read

counts data from WTS was used as expression data. We also adopted five expression

clusters (ETP phenotype, TLX, TAL1-RA, TAL1-RB, and SPII fusions) based on the WTS

expression data described in our last study (Supplemental Table 1).

Functional enrichment analysis

Significantly enriched pathways were analyzed using the R package gage

(Bioconductor)?? via a one-on-one comparison of all possible combinations between a

target cluster and the other clusters. The R package LOLA (Bioconductor)?® was used to

determine the DMP-related transcription factor binding and other elements of known
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regulatory function of the target cluster with a specific level of methylation (high or low)

compared to the other clusters.

Statistical analysis

Statistical analyses were performed using R 3.4.2. We used Fisher’s exact test to compare

categorical variables. Multiple comparisons using the Holm method were performed with

the R package fmsb (CRAN). To compare nonparametric continuous variables, Mann—

Whitney U-tests were performed. The Kaplan—Meier method was used to estimate

survival rates, and the log-rank test was used for comparing survival curves. Statistical

results were considered significant at 2< 0.05.

Results

Classification of pediatric T-"ALL based on DNA methylation profiling

We performed genome-wide DNA methylation profiling using the EPIC BeadChip

(INlumina) covering more than 850,000 methylation sites (probes). Following filtering,

imputation, and normalization using the default ChAMP parameters'® to remove failed

probes and avoid gender bias, 796,832 probes remained. Of them, we selected 939 of the

most variable methylated probes based on a standard deviation (SD) > 0.37 for the B-

values across the samples (Supplemental Table 5). Unsupervised consensus clustering

10
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of the 79 pediatric T"ALL cases (including seven SPII fusion cases) using these 939

probes identified four distinct sample clusters, showing an intermediate-methylation

pattern in Cluster 1 (n = 39) and Cluster 2 (n = 20), hypermethylation in Cluster 3 (n =

11), and hypomethylation in Cluster 4 (n = 9) (Figure 1; Supplemental Figure 1).

Intriguingly, the methylation status was completely opposite between Cluster 1 and

Cluster 2 in the selected probes.

Genetic features of each methylation cluster

To investigate the genetic profiles in the newly-obtained DNA methylation clusters, we

performed a combined analysis of the methylation data with our previous WTS and TCS

data (Figure 1). Cluster 1, showing an intermediate-methylation status, was

characterized by a high expression of TAL1 with STIL-TALI fusion and heterozygous

somatic mutations in a specific non-coding site upstream of the 7AL1 locus.2* PTEN and

PIK3R1 mutations were particularly enriched in this cluster, indicating involvement of

the PIBK-AKT pathway, and there were abnormalities in cell cycle regulators such as

CDKNZA. Almost all cases of TAL1-RA and TAL1-RB expression clusters were classified

into this methylation Cluster 1. The TAL1-RA and TAL1-RB expression clusters were

first defined by Soulier'! and are both associated with strong 7ALI expression but

exhibit different T-cell developmental stages.*

11
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Mutations in the JAK-STAT pathway and epigenetic regulator genes were

characteristic of methylation Cluster 2. Most cases of TLX and ETP phenotype clusters

as per the previous expression classification® were grouped together in methylation

Cluster 2. Although there were cases of gene fusions involving 72X7 and 7LX3 regions,

no other fusions were detected in this cluster except RUNXI-AFF3 and NUP214-ABL1,

due to inefficient alignment to the T-cell receptor (TCR) and BCL11Bregions in WTS.

In hypermethylated Cluster 3, JAK-STAT pathway and epigenetic regulator

abnormalities were frequently observed as in Cluster 2, but the mutated genes were

different (/L7R, JAK1, JAKS3, PHF6, and SUZ12in Cluster 2; DNM2, PHF6, and EZH2

in Cluster 3). The detection of HOX-related fusions, such as PICALM-MLLTI10, were

consistent with high HOXA9 expression; however, the mixed presence of cases of TLX,

ETP phenotype, and TAL1-RA expression clusters were indicative of the heterogeneous

features of Cluster 3.

All SPI1] fusion cases (n = 7) were classified into hypomethylation Cluster 4 as

well as two cases that did not have SP/7 fusions and were previously classified into the

ETP phenotype expression cluster, representing very high SPI1 expression induced by

hypomethylation in the SPII promoter region (Supplemental Figure 2). RAS, CDKNZ2A,

and GATAS alterations were enriched in Cluster 4.

12
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Detection of differentially expressed genes regulated by DNA methylation in each

methylation cluster

To explore differentially expressed genes regulated by DNA methylation, we combined

our previous expression data from WTS* with the methylation data. In Cluster 1, the

expression of TALI and its downstream ALDHI1AZ2in addition to the PISK-AKT pathway

and SIX6 -related genes was associated with promoter hypomethylation when compared

with the other three clusters (Figure 2A; Supplemental Figure 3). Gene set enrichment

analysis revealed significant enrichment in cell cycle and TALl-related pathways

(Supplemental Table 6). On the other hand, ALDHIAZ expression was extremely low

with hypermethylation status in Cluster 2 and resulted in the suppression of TAL1l-

related pathways (Figure 2B; Supplemental Figure 4). This is consistent with the

opposite methylation status in the selected probes between Cluster 1 and Cluster 2. In

contrast, DEPTOR, a direct NOTCH1 target and one of the components of the mTOR

complex, was highly expressed with hypomethylation status in Cluster 2. (Figure 2B;

Supplemental Figure 4). Because of its heterogeneity, we were unable to identify notable

genes and pathways characterizing Cluster 3 (Figure 2C; Supplemental Figure 5). In

addition to SPI1, the expression of RAS, NF-kB, and cell growth-related genes was

regulated by the methylation status of Cluster 4 (Figure 2D; Supplemental Figure 6).

13
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Pathway analysis revealed significant enrichment in the myeloid/NKT cell-related, SPI1,

and RAS/MAPK-related pathways (Supplemental Table 7). Thus, our classification

based on DNA methylation correlated with the results of T-ALL profiling of fusions,

mutations, and gene expression.

Relevance of Tcell differentiation in DNA methylation classification of pediatric T"ALL

Analysis of immunophenotypic data that was available in 57 of the T-ALL cases studied

revealed that most cases in Cluster 1 and Cluster 3 were CD4/8 double-positive (DP),

whereas most cases in Cluster 2 were CD4/8 double-negative (DN) (Figure 3). Among the

DP cases, TCRa/B was positive in Cluster 1 but negative in Cluster 3 except for one case,

indicating that TAL1-related Cluster 1 was more differentiated. The DN cases in Cluster

2 frequently expressed B-cell marker CD79a or myeloid markers CD11b, CD13, and

CD33 other than T-cell markers. The negativity of CD1a and TCR-a/B was also indicative

of undifferentiated T-ALL before commitment, consistent with a high expression of

Phase 1 genes such as LYL1, HHEX, and MEF2C (Supplemental Figures 7 and 8). Most

Cluster 4 cases, especially those with SP/1 fusions, also represented an uncommitted DN

profile and were CD1a-positive. Taken together, these results suggested that Cluster 2

cases were in an earlier T-cell development stage.

Clinical features of each methylation cluster

14
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Among the four methylation clusters, relatively high white blood cell counts >10 X 10%L

were frequently observed in Cluster 1 (Supplemental Table 8). There was no significant

difference in clinical features according to sex, age at diagnosis, response to steroids, and

central nervous system involvement. The clinical outcomes of each methylation subgroup

revealed extremely dismal outcomes of Cluster 4 cases irrespective of the presence of

SPI] fusions (log-rank P= 4.4 x 10-7; Figure 4). Eight out of nine patients (except one

STMNI-SPII fusion case) relapsed and died within three years of diagnosis. Although

the number of analyzed cases was small (n = 11), all Cluster 3 patients were alive despite

our treatment protocol without MRD-directed risk stratification.

Methylation status at EZHZ2 and SPI1 binding sites impacted the methylation-based

classification of T'"ALL

To explore the differences between the selected CIMP probes in a previously reported T

ALL methylation study using the 450K array'? and our present study EPIC CIMP probes,

we applied available previously reported 450K CIMP probes to our cohort. Among the

1293 probes selected for CIMP classification in the 450K methylation study,'® 1205 were

also contained in the EPIC array. After normalization and imputation, 1178 probes were

available for further analysis (Figure 5; Supplemental Table 9). Only 23 probes were

shared in common between the previous CIMP probes (n = 1178) and present EPIC CIMP

15
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probes (n = 939) because the EPIC CIMP probes contained more newly designed probes

in the opensea regions that were particularly enriched in Region C (Figure 5). Similar to

the previous studies,'® supervised hierarchical clustering of these 1178 probes classified

the 79 cases of T-ALL in our cohort as either CIMP-positive or -negative (Supplemental

Figure 9A). Cluster 1 and Cluster 4 were CIMP-negative as well as normal CD3+ T-cells

and CD34+ cells,!” whereas Cluster 2 and Cluster 3 were CIMP-positive. CIMP-negative

cases showed significantly poor prognosis, even after excluding SPI/I fusion-containing

Cluster 4 cases (Supplemental Figures 9B—9E). These results agreed with the previous

studies.?®

We further compared the EPIC methylation data of our T-ALL cohort to that of

normal cells (ESCs, CD34+ hematopoietic cells, and CD3+ T-cells) in a public database'®

by applying our available CIMP probes (n = 846) (Figure 5D). In immature CD34+ cells,

probes in Region A and Region C showed a hypomethylation status similar to the

methylation profiles of Cluster 4 cases, although the probes in Region A were highly

methylated in immunophenotypically more immature Cluster 2 cases. LOLAZ3 genomic

locus overlap enrichment analysis revealed that the binding sites of PRC target genes or

components such as EZH2 were significantly enriched in probes in Region A (Figures 5C

and 5D; Supplemental Table 10). On the other hand, mature cells after commitment

16
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(Cluster 1, Cluster 3, and CD3+ T-cells) showed a higher methylation status in Region C

probes compared with uncommitted immature cells (Cluster 2, Cluster 4, and CD34+

cells), although ESCs before hematopoietic commitment showed hypermethylation

status in Region C (Figure 5D). Most Region C probes targeted the opensea regions,

where transcriptional factor binding sites related to T-cell differentiation, such as

SPI1/PU.1, were significantly enriched (Supplemental Table 11).

Discussion

In this study, we classified pediatric T-ALL cases into four distinct clusters based on DNA

methylation profiles using the EPIC array. These methylation subgroups each contained

T-cells at distinctive differentiation stages, being, in order of maturity (from

undifferentiated to mature) Cluster 2, Cluster 4, Cluster 3, and Cluster 1 (Figure 3B),

which was also confirmed by the expression of specific transcription factors in each

differentiation stage?® (Supplemental Figures 7 and 8). In Cluster 1, ALDHIAZ was

highly expressed due to hypomethylation status of the promoter region. In T-ALL,

ALDHI1AZ transcription is induced by a cryptic promoter present in the second intron

through the binding of a TAL1-LMO2-GATA3 complex.2” ALDH1AZ2is one of the TAL1

27-29

targets, encoding an enzyme that catalyzes the synthesis of retinoic acid (RA) from

17
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1,3031 while

retinaldehyde. RA is reported to promote T-cell proliferation and surviva
inhibiting thymocyte differentiation,3? which explains the effects of citral (3,7-dimethyl-
2,6-octadienal), an ALDH1A inhibitor.3'33 This is in contrast to other tumor cells, such
as those of neuroblastoma, in which RA exerts an antiproliferative and prodifferentiative
effect.3* In addition to PI3K-AKT inhibitor, citral might be a suitable target therapy for
this subgroup. We observed a high expression of DEPTOR, a direct NOTCHI1 target, in
Cluster 2. Activated DEPTOR has been reported to promote cell proliferation and
survival via AKT activation in T-ALL,3% suggesting that the PI3K-AKT pathway also
plays an important role in Cluster 2. This is consistent with the frequent detection of
NOTCHI mutations in this cluster despite few PETN mutations. Thus, a combination of
target therapies against JAK-STAT and PISK-AKT pathways might be promising in
Cluster 2 cases. In Cluster 3, abnormalities of epigenetic regulators, such as EZHZ, were
often detected with relatively higher expression levels of HOXAY9, which is usually
expressed only during the immature stage. HOXA9 dysregulation induces ectopic
activation of FOS/JUN via the STAT5 pathway.®® DNM2 mutations were also frequently
observed in this cluster, leading to activation of the IL7R/JAK/STAT pathway.3” These

mechanisms might be involved in leukemogenesis of this cluster. Cluster 4 was

characterized by a hypomethylation status, showing a similar methylation status to

18
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normal CD34+ cells. Notably, all SPII fusion positive T-ALL cases were classified into
this methylation subtype, indicating their unique methylation profiles. SP/1 expression
was reported to maintain stemness of leukemia stem cells in murine T-ALL model,38
which might be associated with an extremely poor prognosis in Cluster 4 cases.
Enrichment of the RAS/MAPK pathway and the high expression of NF-kB-related genes
might be a possible target for this intractable subgroup.

A previous methylation study using 27K and 450K arrays'213 classified T-ALL
into CIMP-positive and -negative based on the methylation status at the binding sites of
PRC target genes. Hypomethylation status at these sites (CIMP-negative) was related
to a worse outcome; however, no significant association between ETP phenotype and
CIMP class was found. '® These results were consistent with our results showing worse
outcomes in Cluster 1 and Cluster 4 cases with hypomethylation status in Region A,
where the binding sites of PRC components were significantly enriched. Our more
precise DNA methylation analysis using the EPIC array enabled us to further classify T-
ALL based on the methylation status in opensea regions (Region C). This unveiled
drastic changes in methylation status at SP/binding sites before and after commitment.

Commitment is an important checkpoint during T-cell development, inducing drastic

changes in gene networks, including the repression of SP71.26:39:40 Qur findings of a loss
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of SPI1binding sites due to gain of methylation after commitment as well as silencing of

SPI1 expression suggest that DNA methylation strongly impacts T-cell differentiation,

even in T-ALL. Thus, the four methylation clusters in our study were defined by the

methylation status at the binding sites of both EZH2 and SP/1.

Intriguingly, Region C was methylated in ESCs but not in CD34+ cells or

uncommitted T-ALL cases. Changes of methylation status from hyper- to

hypomethylation at SPI/I binding sites might be required for the development of ESCs

to immature hematopoietic cells. The importance of SP/I in this line could be explained

by the fact that SP/I is a pioneer transcription factor that has the ability to bind its

26,41

target sites even when these sites are located within nucleosome-packed chromatin.

SPI1 silencing during commitment might induce the release of SP/1 from its target sites,

reverting them back to hypermethylation status. However, further research is warranted

to elucidate the association of SP/7 with DNA methylation in T-cell development.

In the present study, we classified pediatric T-ALL based on DNA methylation

profiles. The more precise EPIC array provided important findings that indicated a

strong association between the methylation classification of T-ALL, T-cell differentiation,

prognosis, and genetic features. Thus, further integrated analyses using sorted

thymocytes from different stages of T-cell development are necessary. Although our
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cohort was limited, our results suggested that the biological phenotype of T-ALL is

mediated by both genetic and epigenetic mechanisms. To develop a new therapeutic

strategy for T-ALL, explorations for aberrant DNA methylation along with genetic

alterations might be helpful.
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Figure Legends

Figure 1. Cluster classification of pediatric T"ALL based on the DNA methylation status

of the EPIC array combined with previous expression and mutation data. Following

normalization using the ChAMP software package, we selected 939 of the most variable

methylated probes based on the B-values (SD > 0.37) across the samples. Unsupervised

consensus clustering classified 79 cases of pediatric T"ALL into four distinct clusters (top

panel). Five expression clusters (TAL1-RA, TAL1-RB, ETP phenotype, TLX, and SPII

fusion) were defined in our previous study? based on WTS expression data. The

expression data (Z-score) of each gene was calculated using DESeq2. All fusion and

mutation data were reported previously.2

29



498

499

500

501

502

503

504

Methylation Cluster
Outcome 1l
Relapse 1 1

Expression Cluster I~ 1 BN

beta-value
=

0 1

Z score
m =

Low High

Methylation Cluster

TAL7 I Cluster1 (n = 39)
LEF1 1 Cluster2 (n = 20)
. Lyr1 R nm N on Cluster3 (n = 11)
Expression T/ x1 . Cluster4 (n= 9)
TLX3
HOXA9 1 Expression Cluster
SPI1 10 RN ‘h B TAL1-RA (n = 12)
Fusion [] [] TAL1-RB (n = 27)
Gene mutation ETP phenotype (n = 19)
NOTCH FBXWZ lTLX (n=14)
G/E}ﬂ SPI1 fusion (n=7)
RUNX1
ETV( Fusion
Teer :. STIL-TAL1
Transcription ~ BCL11B | | | B TAL1-TCR
factor i . 1 PICALM-MLLT10
MYC
VAL B KMT2A-MLLT1
Mgg;é KMT2A-MLLT6/TNRC18
ort I MYB-PLAGL1
IKZF2 RUNX1 fusion
NRAS
RAS KRAS ¥ i NUP214-ABL1
IQV;; FGFR10P-FGFR1
JAK1 | M sPi1 fusion
JAK-STAT oans EEE
STQ%;; i - M ion status
Missense
SP7
PI3K-AKT PIK3CD — | I Nonsense
PR Frameshift
cgg%g Non-frameshift
Cell cycle RB1 I Splice site
;‘FZ'S"g Multiple
PHF6 | | | HilE mr | B | Non-coding indels
PHF3 1
EZH2 | | ma
s T 1
CRivZI2 1 Copy number
'EP300 ] I Homozygous loss
Chromatin KDM6A
ramodeing ,‘?WSé . 1 .. i '. Heterozygous loss
K"é’%?: 1 1 Outcome/Relapse
ASXL1 [l Dead/Relapse
’g%)%é [} ] Alive/Non-relapse
oo .
SETD2 | - | |
CcIC
ATP6V1GT |
nNTsc2
05 [ .
Others ZNF185 1
USPIX |
RPL39L
RPL22 [ |
RPL10 | |

30



505

506

507

508

509

510

511

512

513

514

Figure 2. Starburst plot for DNA methylation and expression in each DNA methylation

cluster against the other clusters. Each circle in the starburst plots indicates a probe of

the DNA methylation array. The circle size represents the Pvalue of the corresponding

differentially expressed gene. The horizontal axis indicates the difference (FC) in

methylation status, and the vertical axis shows the difference in expression level on a

log scale. Probes in the upper left section were hypomethylated with high expression

compared with the other clusters. Colored genes indicate those characteristic of (A)

Cluster 1, (B) Cluster 2, (C) Cluster 3, and (D) Cluster 4 . FC, fold change.
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515  Figure 3. Relationship between DNA methylation profile clusters and T-cell

516  differentiation. Immunophenotypic data of each methylation cluster (A) revealed that

517  most cases in Cluster 1 and Cluster 3 were in the CD4/8 DP stage. (B) Cases in Cluster

518 1 exhibited a late cortical thymocyte profile after TCR rearrangement (TCRaB+). The

519  majority of Cluster 2 and Cluster 4 cases showed uncommitted DN T-cell profiles, but

520  those of Cluster 2 were in an earlier CD1a-negative stage.
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Figure 4. Clinical outcomes of each methylation cluster. (A) Overall survival and (B)

disease-free survival of each methylation cluster revealed a significantly poor prognosis

in Cluster 4 cases, whereas all cases in Clusters 2 and 3 represented favorable outcomes

(median follow-up of 6 years). P-values are based on the log-rank test.
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Figure 5. Features of selected probes in the EPIC array and comparison of methylation

status in normal cells and T-ALL cases. (A) Selected CIMP probes in a previous 450K

study and our EPIC study. Only 23 probes were in common. (B) Among the selected CIMP

probes in both the 450K and EPIC array, more than half targeted CpG islands. The EPIC

CIMP probes contained more probes targeted at the open sea region than the 450K

probes. (C) The EPIC CIMP probes were classified into three groups (Regions A—C)

according to the differences in methylation status among the T-ALL cases. Almost all

probes in Region A were targeted at CpG islands. Region B probes were the most variable

methylated probes across all samples but were useless for T-ALL classification. The
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Region C probes consisted of a lot of opensea region probes. (D) Methylation status of

normal cells (human ESC cells, CD34 positive cells, and CD3-positive SP T-cells) using

public EPIC methylation data. Following normalization and imputation of our available

selected CIMP probes, most probes in Region B were lost, and the remaining 846 probes

were used for depicting heatmaps. SP, single positive.
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