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Supplementary Figure 1 | Expression-based clustering validated IRX and HOXA subtypes of KMT2A-r infant ALL.
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a, Consensus matrix for k = 2. Consensus clustering was performed using 200 genes with the greatest median absolute 
deviation. b, Heatmap of the two clusters based on gene expression profiles. Significantly differentially expressed genes 
(BH-adjusted Wald test P<0.05 and log2 fold change >2) were used. Samples were arranged in the same order as in (a).
c, Enrichment of target genes of master regulators (regulons) over differentially expressed genes between the two clusters. 
Enrichment plots were generated for the two most significant regulons (IRX1 and HOXA9). Transcriptional networks were 
reconstructed using RTN (ref.44) through 1,000 permutations and master regulators were then inferred. P values are raw P 
values derived from one-tailed gene set enrichment analysis (GSEA-1T) implemented in RTN. d, Top 10 master regulators 
controlling differential expression between the two gene expression clusters of infant ALL. Rectangular nodes represent 
master regulators (red, upregulated in IRX-subtype; blue, upregulated in HOXA-subtype). Circular nodes represent 
positively (red) or negatively (blue) regulated target genes. The number of target genes is indicated on each master 
regulator node. e-f, Survival analysis of KMT2A-AFF1 cases (e) and all cases (f) based on the IRX vs. HOXA expression 
subtypes.
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Supplementary Figure 2 | Correlation between the KMT2A gene breakpoint and the IRX/HOXA axis.
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a, Expression levels of HOXA9 and IRX1 based on the positivity of the reciprocal AFF1-KMT2A fusion transcripts. Box plots 
show median and first/third quartiles. The whisker extends from the smallest to the largest values within 1.5 × IQR from the 
box hinges. P values are from two-sided Wilcoxon rank sum test. b, Schematic illustration of the structure and breakpoint 
cluster region of KMT2A. The three most common breakpoints (intron 9, 10 and 11) are indicated. MBM, MENIN binding 
motif; LBD, LEGDF binding domain; RD, repression domain; PS, processing site; TAD, transactivation domain. c, 
Expression levels of HOXA9 and IRX1 in KMT2A-AFF1-positive infants based on the KMT2A gene breakpoint. P values are 
from Kruskal-Wallis test. Box plots show median and first/third quartiles. The whisker extends from the smallest to the 
largest values within 1.5 × IQR from the box hinges.
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Supplementary Figure 3 | Methylation-based clustering of the 61 discovery cases of KMT2A-r infant ALL.
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a, Consensus matrix for k = 2 to k = 4. Consensus clustering was performed using 1000 probes with the greatest median 
absolute deviation of M-values. b, Silhouette plots for k = 2 to k = 4. c, DNA methylation heatmap of the methylation-based 
clusters (k = 2). The top 1000 significantly differentially methylated probes between clusters were used.
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Supplementary Figure 4 | Evaluation of the multi-omics clustering performance.
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Supplementary Figure 4

a-c, Unsupervised consensus clustering on the dual-omics (transcriptome and methylome) molecular profiles integrated 
with the SNF algorithm. Cumulative distribution function (CDF) curves (a), cophenetic correlation coefficients (b), and 
proportion of ambiguous clustering (PAC) are plotted for k = 2 to k = 8. d, Consensus matrix heatmaps for k = 2 to k = 5. e, 
Cluster consensus plots for k = 2 to k = 8, showing the means of all pairwise consensus values between the members of 
each cluster. f, Silhouette plot for k = 5 clusters.



Supplementary Figure 5 | Methylation-based classification of the extended cohort of KMT2A-r infant ALL.
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a, Summary of analyses conducted in the discovery (n = 61) and extended (n = 23) cohorts. WES, whole exome 
sequencing; deep-seq, targeted deep sequencing. b, Schematic illustration of the procedures for KNN model building and 
cluster assignment for the extended cases. c, Plot of the prediction error rates for the hyper-parameter pairs used in the 
leave-one-out cross-validation procedure. d��0HWK\ODWLRQ�ћ�YDOXHV�RI�WKH�H[WHQGHG�FDVHV��Q� �����DUH�VKRZQ�IRU�WKH�SUREHV�
used in Fig. 1a. The veritical order of the methylation probes is also the same as in Fig. 1a. Clinicopathological features are 
annotated above the methylation heatmap. NA, not available. e, Survival analysis of the extended cases based on the 
assigned IC labels. f, Mutations, CNAs and SVs identified in the extended cases evaluated with WES and/or deep-seq (n = 
12). 



Supplementary Figure 6 | Global DNA methylation profiles and dual-omics markers of ICs.
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Supplementary Figure 7 | Differential expression of B cell genes in KMT2A-r infant ALL.
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Supplementary Figure 7

Expression levels (TPM) of genes associated with B cell development. All 61 cases of the discovery cohort are included: 
IC1 (n=14), IC2 (n=14), IC3 (n=12), IC4 (n=9) and IC5 (n=12). Box plots show median and first/third quartiles. The whisker 
extends from the smallest to the largest values within 1.5 × IQR from the box hinges.



Supplementary Figure 8 | Differential methylation of B cell genes in KMT2A-r infant ALL.
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Supplementary Figure 9 | Molecular profiles of KMT2A-r infant ALL compared to normal B cell progenitors.
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a-b, Expression-based (a) and Methylation-based (b) consensus clustering of infant ALL (n = 61) and normal B cell 
progenitors (n = 21 for expression24; n = 22 for methylation25). Consensus matrix plots for k = 4 (upper left panels) and 
heatmaps (lower panels) are shown. Consensus clustering was performed using 500 genes (a) and 2000 probes (b) with 
the greatest median absolute deviation. Characteristic expression and methylation signatures shared by subsets of normal 
progenitors and infant ALL are highlighted by red rectangles. c, Methylation heatmap of the extended cases (n = 23) for the 
same probes as in (b).



Supplementary Figure 10 | Differential signature activities between the ICs.
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Supplementary Figure 11 | Quality metrics and sensitivities of WES and deep-seq. 
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Supplementary Figure 11

a, Depths of WES on tumor (T) and normal (N) DNA samples from 19 cases in the discovery cohort (mean depth = 140). b, 
Coverages of the exome sequences; 98% of exome sequences were analyzed at a depth greater than 20ð��c, The number 
of somatic SNVs and indels identified by WES. d, Depths of targeted deep sequencing on tumor DNA samples from all 61 
cases in the discovery cohort (mean depth = 998). e, VAFs of 26 mutations identified with WES and/or deep-seq in the 19 
discovery cases for which both WES and deep-seq were performed. In the19 mutations with deep-seq VAFs <10%, six 
mutations were not detected with WES, and therefore depicted as having a WES VAF = 0.



Supplementary Figure 12
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Supplementary Figure 12 | Simple positivity of RTK-RAS pathway mutations were not significantly associated with 
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Supplementary Figure 13

a, Depths of WES on tumor (T) and normal (N) DNA samples from 12 cases in the extended cohort (mean depth = 131). b, 
Coverages of the exome sequences; 98% of exome sequences were analyzed at a depth greater than 20ð��c, Depths of 
targeted deep sequencing on tumor DNA samples from 11 cases in the extended cohort (mean depth = 1005).

Supplementary Figure 13 | Depths and coverages of WES and targeted deep sequencing in the extended cohort.



Supplementary Figure 14

Supplementary Figure 14 | Expression-based classification of a published dataset of KMT2A-r infant B-ALL.
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a, Prediction error rates of the expression-based KNN classifier generated with the 61 cases of our discovery cohort. The 
plotted hyper-parameter pairs were evaluated with leave-one-out cross-validation. b, Gene expression and mutation profiles 
of the St Jude cohort of infant B-ALL (EGAS00001000246; n = 31). The IC labels were predicted using the KNN model 
trained with our discovery cohort. The same expression heatmap genes are used in the same order as in Fig. 1a.



Supplementary Figure 15

Supplementary Figure 15 | Flow cytometry sorting of diagnostic samples of MLL_96_073 and MLL_96_015.
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a-b, The displayed gating strategy was used to enrich viable leukemic blasts (CD45dim CD19+) from the diagnostic samples 
of MLL_96_073 (a) and MLL_96_015 (b). The sorted leukemia cells were then subjected to single-cell transcriptome library 
preparation.



Supplementary Figure 16 | Heterogeneous developmental status of leukemia cells in MLL_96_073.
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Supplementary Figure 17 | Single cell transcriptome analysis of MLL_96_015.
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Supplementary Figure 18

Supplementary Figure 18 | Cell type-specific enhancers defined by differential ChIP signals.
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Supplementary Figure 19 | Flow cytometry sorting scheme of human CB HSPCs.
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Supplementary Table 1

IC1
(n = 14)

IC2
(n = 14)

IC3
(n = 12)

IC4
(n = 9)

IC5
(n = 12) P value#

Age (months) 0.24
0-3 6 (43%) 9 (64%) 3 (25%) 5 (56%) 3 (25%)
3-6 6 (43%) 3 (21%) 7 (58%) 1 (11%) 7 (58%)
6-12 2 (14%) 2 (14%) 2 (17%) 3 (33%) 2 (17%)

Sex 0.27
Female 9 (64%) 9 (64%) 6 (50%) 2 (22%) 5 (42%)
Male 5 (36%) 5 (36%) 6 (50%) 7 (78%) 7 (58%)

CNS involvement 0.87
Negative 11 (79%) 9 (64%) 8 (67%) 6 (67%) 10 (83%)
Positive 3 (21%) 4 (29%) 4 (33%) 3 (33%) 2 (17%)

Not known 0 1 (7%) 0 0 0

WBC count (× 109/L) 0.30
<100 5 (36%) 0 1 (8%) 2 (22%) 3 (25%)

100-300 6 (43%) 9 (64%) 5 (42%) 3 (33%) 5 (42%)
≥300 3 (21%) 4 (29%) 6 (50%) 4 (44%) 4 (33%)

Not known 0 1 (7%) 0 0 0

Day 8 prednisolone response 0.51
Good response 5 (36%) 4 (29%) 5 (42%) 4 (44%) 3 (25%)
Poor response 4 (29%) 0 2 (17%) 2 (22%) 0

Not known 5 (36%) 10 (71%) 5 (42%) 3 (33%) 9 (75%)

Supplementary Table 1. Comparison of clinical characteristics in the five ICs.
#P values are raw P values from Fisher's exact test, excluding patients with unknown status.



Supplementary Table 2

IRX1 regulons HOXA9 regulons
BMP3 APOBEC3B
CALD1 CBX1
CYB5R2 CMPK2
EFEMP1 DDX60
ENAH DOCK10
FILIP1L GABARAPL2
FLT1 HOXA10
H19 HOXA10-AS
HOTS HOXA10-HOXA9

IGF2BP1 HOXA4
LOC283299 MIR196B
LRRC32 NEMP2
MIR675 OSTF1
OR5E1P SPINK2
OVCH2 VAT1L
SHANK3
SLC26A10

Supplementary Table 2. Positive regulons of IRX1 and HOXA9 inferred by RTN.



Supplementary Table 3

Sample ID Chr Start End Estimated
CN

Platform

MLL_10_007 22 40796665 50664259 1.65 WES
MLL_10_007 X 1314871 154444749 2.23 WES
MLL_10_009 11 118356774 118443101 1.03-1.11 WES/Target
MLL_10_011 11 118356774 118915760 1.05-1.20 WES/Target
MLL_10_016 9 21239546 22447000 1.45 WES
MLL_10_026 11 118356774 118528951 1.20-1.34 WES/Target
MLL_10_038 1 220324602 244572850 1.76 WES
MLL_10_038 9 20715258 37440497 1.03 WES
MLL_10_040 9 21239546 33255009 1.08 WES
MLL_10_040 9 36036947 37126253 1.15 WES
MLL_10_040 11 9161226 9492826 1.14 WES
MLL_10_040 11 118065012 118235760 1.04 WES
MLL_10_040 11 118356774 118367946 1.2 Target
MLL_96_011 19 2663758 2833485 1.03 Target
MLL_96_025 16 86251433 87006891 1.03 Target
MLL_96_029 4 2837672 84706373 2.67 Target
MLL_96_029 11 118356774 134021996 2.7 Target
MLL_96_040 6 1335210 169621045 2.23 Target
MLL_96_045 9 36966513 36985922 1.21 Target
MLL_96_045 12 1015540 30851998 1.28 Target
MLL_96_045 13 38290185 114323906 1.3 Target
MLL_96_050 9 21968134 21991832 0.08 Target
MLL_96_050 9 21994115 24741113 1.08 Target
MLL_96_073 11 118356774 119377183 1.23 Target

scmc01 4 2837672 27066105 1.06 Target
scmc01 11 118353415 134021996 1.17 Target
scmc09 9 36825257 37033915 1.04 Target

UT_INF_004 4 2837672 84706373 2.73 Target
UT_INF_004 11 118357518 134021996 2.83 Target

Supplementary Table 3. Copy number alterations in the discovery cohort of 61 infants identified by 
WES and/or targeted deep sequencing.



Supplementary Table 4

Sample ID Time point Gene Mutation Type Base/Amino Acid Change Chr Start End Ref Obs VAF#

UT_INF_001 Diagnostic PTPN11 missense NM_002834:exon13:c.G1508C:p.G503A 12 112926888 112926888 G C 0.27
UT_INF_001 Diagnostic FLT3 missense NM_004119:exon20:c.A2525G:p.Y842C 13 28592620 28592620 T C 0.24
UT_INF_001 Diagnostic TP53 frameshift indel NM_000546:exon7:c.686_687del:p.C229fs 17 7577594 7577595 AC - 0.24

UT_INF_001_R Relapse PTPN11 missense NM_002834:exon13:c.G1508C:p.G503A 12 112926888 112926888 G C 0.34
UT_INF_001_R Relapse FLT3 missense NM_004119:exon20:c.A2525G:p.Y842C 13 28592620 28592620 T C 0.30
UT_INF_001_R Relapse TP53 frameshift indel NM_000546:exon7:c.686_687del:p.C229fs 17 7577594 7577595 AC - 0.40

Supplementary Table 4. Mutational analysis of the paired diagnostic and relapse samples of UT_INF_001.
#VAFs based on amplicon deeq sequencing are shown.



Supplementary Table 5

Sample ID Chr Start End Estimated CN Platform

MLL_03_026 2 159389751 161132143 1.1 WES
MLL_03_026 22 22842116 22890417 1.06 WES
MLL_03_027 9 21978959 22005965 1.14 Target
MLL_10_002 X 1314871 154444749 2.49 WES
MLL_10_010 4 123091781 123663024 1.03 WES
MLL_10_031 11 118354186 118367946 1.14 Target

Supplementary Table 5. Copy number alterations identified by WES and/or targeted deep sequencing 
in 12 infants from the extended cohort.
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