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ABSTRACT

We evaluated clinical significance of recently identified subtypes of acute lympho-
blastic leukemia (ALL) in 598 children treated with minimal residual disease (MRD)-
directed therapy. Amongthe 16 B-cell ALL (B-ALL)and 8 T-cell ALL subtypes identified by next-generation
sequencing, ETV6-RUNX1, high-hyperdiploid, and DUX4-rearranged B-ALL had the best 5-year event-
free survival rates (95.0%-98.4%); TCF3-PBX1, PAX5-altered (PAX5alt), T-cell, early T-cell precursor
(ETP), intrachromosomal amplification of chromosome 21 (iAMP21), and hypodiploid ALL intermediate
rates (80.0%-88.2%); and BCR-ABL1, BCR-ABL1-like, ETV6-RUNX1-like, and KMT2A-rearranged ALL
the worst rates (64.1%-76.2%). All but 3 of the 142 patients with day 8 blood MRD <0.01% remained
in remission. Among new subtypes, intensified therapy based on day 15 MRD >1% improved outcome
of DUX4-rearranged, BCR-ABL1-like, and ZNF384-rearranged ALL, and achievement of day 42 MRD
<0.01% did not preclude relapse of PAX5alt, MEF2D-rearranged, and ETV6-RUNXI-like ALL. Thus, new
subtypes including DUX4-rearranged, PAX5alt, BCR-ABLI-like, ETV6-RUNXI-like, MEF2D-rearranged,
and ZNF384-rearranged ALL have important prognostic and therapeutic implications.

SIGNIFICANCE: Genomic analyses and MRD should be used together for risk-directed treatment of
childhood ALL. Six recently described subtypes—DUX4-rearranged, PAX5alt, BCR-ABL1-like, ETV6-
RUNX1-like, MEF2D-rearranged, and ZNF384-rearranged ALL—had prognostic and therapeutic sig-
nificance with contemporary risk-directed treatment.

See related commentary by Segers and Cools, p. 294.

See related video from the AACR Annual Meeting 2021: https://vimeo.com/558556916

Note: Supplementary data for this article are available at Blood Cancer
Discovery Online (https://bloodcancerdiscov.aacrjournals.org/).
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INTRODUCTION

Childhood acute lymphoblastic leukemia (ALL) is one of
the most curable cancers, with S-year event-free survival rates
exceeding 80% in many developed countries (1). Precise assess-
ment of the early treatment response based on measurement
of minimal residual disease (MRD) for risk-directed therapy
has contributed significantly to this success (2). In randomized
trials, MRD-directed treatment improved event-free survival by
augmenting postremission therapy in patients with persistent
MRD at the end of remission induction and by reducing treat-
ment intensity in low-risk patients with rapid early clearance
of MRD (3, 4). Accurate identification of patients with highly
curable leukemia provides unique opportunities for further
reduction in treatment intensity, thus decreasing the likeli-
hood of short-term morbidity and mortality as well as long-
term sequelae (4, 5). The relative risk of relapse among patients
with early MRD clearance appears to differ among leukemia
subtypes (6, 7). In the AIEOP-BFM 2000 study, for example,
standard-risk patients who were MRD negative on days 33 and
78 of induction were randomized to receive reduced-intensity
treatment in the delayed intensification phase, but this modifi-
cation was successful only for patients with ETV6-RUNXI and
those who were 1 to 6 years old (8).

( —R American Association for Cancer Research®

Recent integrated genomic analyses, especially transcrip-
tome sequencing, have identified several new subtypes of ALL,
including BCR-ABLI-like, DUX4-rearranged, ETV6-RUNX1-like,
MEF2D-rearranged, PAXS-altered (PAXS5alt), and ZNF384-rear-
ranged ALL (9-13). The clinical significance of some of these
novel subtypes, however, is uncertain as they were identified
retrospectively among selected patient cohorts that had received
a variety of treatment regimens, the intensity of which was not
consistently based on MRD levels (9-13). In this study, we evalu-
ated the prognostic and therapeutic implications of all leukemia
subtypes identifiable by genetic and transcriptomic analyses
including nine B-cell (B-ALL) and eight T-cell ALL (T-ALL)
subtypes not identifiable by conventional cytogenetic analysis
among consecutive patients who had comprehensive genomic
analyses and were treated on a contemporary risk-directed pro-
tocol based on well-recognized genetic abnormalities and MRD
assessment at three time points during remission induction (14).

RESULTS

Risk Assignment and Genomic Classification

Of the 598 evaluable patients enrolled in St. Jude Total
Therapy Study 16, 260 were classified to have low-risk, 280
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Table 1. Treatment groups and clinical outcome according to leukemia subtypes

Lowrisk Standardrisk Highrisk Transplant

(N=260) (N=280) (N=58) N 5-year EFS, % 5-year05,%  5-yearCRR,%
Subtype N N (%) N (%) N (%) (95% CI) (95% Cl1) (95% CI)
ETV6-RUNX1 128 111(86.7) 7(13.3) 0(0.00) 0 98.4(95.9-100)  99.2(97.4-100)  0.8(0.0-2.3)
Hyperdiploid 154 103(66.9) 1(33.1) 0(0.00) 0 95.3(91.2-99.4)  99.4(97.8-100)  3.3(0.1-6.5)
DUX4-rearranged 20  8(40.0) 12(60.0) 0(0.00) 0 95.0(84.2-100)  95.0(84.2-100) 0
TCF3-PBX1? 17 1(5.9) 4(82.4) 2(11.8) 2 88.2(71.7-100)*  88.2(71.7-100) 0°
PAX5alt® 24 4(16.7) 0(83.3) 0(0.00) 0 82.7(65.3-100)  100(100-100) 17.3(1.5-33.1)
T-cell 94 0(0.00) 79(84.0) 15(16.0) 11 81.3(72.5-90.1) 88.2(80.8-95.6) 12.0(5.3-18.7)
ETP 10 0(0.00) 0(0.00) 10(100) 6 80.0(53.5-100)  77.1(49.9-100) 20.0(0.0-46.1)
iAMP21¢ 5 1(20.0) 4(80.0) 0(0.00) 0 80.0(39.4-100)c  100(100-100)c 20.0(0.0-59.2)
Hypodiploid¢ 6 1(16.7) 4(66.7) 1(16.7) 1 100(100-100)¢  100(100-100)¢ 0d
BCR-ABL1 13 0(0.00) 0(0.00) 13(100) 0 76.2(51.9-100)  83.1(60.8-100) 16.2(0.0-37.7)
BCR-ABL1I-like® 15 3(20.0) 9(60.0) 3(20.0) 2 73.3(47.0-99.6) 86.7(66.1-100) 6.7 (0.0-19.9)
ETV6-RUNXI-likef  9f  2(22.2) 7(77.8) 0(0.00) 0 66.7(35.9-97.5)" 87.5(66.1-100)" 22.2(0.0-51.3)f
KMT2A-r 28 0(0.00) 18(64.3) 10(35.7) 1 64.1(43.9-84.3) 75.0(56.0-94.0) 25.2(8.7-41.7)
MEF2D-rg 1(33.3) 2(66.7) 0(0.00) 0 66.7(23.2-100)e  66.7(23.2-100)2 33.3(0.0-98.7)¢
ZNF384-rh 0(0.00) 7(100) 0(0.00) 0 100(100-100) 100(100-100) 0
NUTMI-rh 0(0.00) 3(100) 0(0.00) 0 100(100-100) 100(100-100) 0
PAX5 P80OR" 2(100) 0(0.00) 0(0.00) 0 100(100-100) 100(100-100) 0
B other 60 23(383) 33(55.0) 4(6.67) 2 86.3(76.9-95.7)  93.3(86.4-100) 10.3(2.4-18.2)
Total 598 260(43.5) 280(46.8) 58(9.70) 25 88.8(85.9-91.7) 94.0(91.8-96.2) 7.4(5.3-9.6)

Abbreviations: Cl, confidence interval; CRR, cumulative risk of any relapse; EFS, event-free survival; ETP, early T-cell precursor ALL; iAMP21, intra-

chromosomal amplification of chromosome 21; OS, overall survival.

20ne standard-risk patient with day 42 MRD <0.01% relapsed at 5.7 years and was alive in second remission for 2.1 years, and two high-risk patients

died of transplant-related toxicities at 0.6 and 2.4 years, respectively.
®Four patients with day 42 MRD <0.01% relapsed.

¢One low-risk patient with day 42 MRD <0.01% relapsed at 3.4 years and remained in second remission for 5.6 years.
40ne patient with day 42 MRD <0.01% developed secondary acute myeloid leukemia at 5.8 years, resulting in 7-year EFS of 75.0% (23.1-100).
¢Two patients had treatment-related death, and one died of multiple secondary malignancies.

fTwo standard-risk patients relapsed, and one low-risk patient developed secondary myelodysplastic syndrome.

gTwo patients were alive in remission at 3.6 and 4.0 years, respectively, and one 12-year-old standard-risk patient with day 42 MRD <0.01% died of

relapse at 2.9 years; data shown are 3-year results.

"Remission durations for the seven patients with ZNF384-rearranged ALL were 6.8,7.8,9.4,9.7,10.3,11.1, and 11.5 years; for the three with NUTM1-
rearranged ALL, 4.4, 4.7, and 7.0 years; and for the two with PAX5 P80R, 7.1 and 9.1 years, respectively.

standard-risk, and 58 high-risk ALL based on presenting clin-
ical and biological features and MRD levels on days 15 and
42 of remission induction (Supplementary Fig. S1; Table 1).
For B-ALL, genomic analyses identified 16 leukemia subtypes
defined by recurring genetic alterations and distinct gene-
expression profiles, 9 of which could not be reliably identi-
fied with conventional methods and required transcriptomic
sequencing analysis for accurate identification: BCL2/MYC,
BCR-ABLI-like, DUX4-rearranged, ETV6-RUNX1-like, MEF2D-
rearranged, NUTMI-rearranged, PAXSalt, PAXS P8OR, and
ZNF384-rearranged (Table 1; Supplementary Figs. S2-S4).
The demographic characteristics, sequential MRD levels,
treatment risk group, and clinical outcomes for patients with
each leukemia subtype are provided in Supplementary Table
S1. Most patients with ETV6-RUNXI or high-hyperdiploid

ALL having low levels of MRD measured at three time points
during remission induction (Fig. 1) were treated in the low-
risk group, all patients with BCR-ABLI or early T-cell precur-
sor (ETP) ALL in the high-risk group, and most patients with
other subtypes in the standard-risk group (Table 1). “B other”
comprised B-ALL cases that could not be classified by cytoge-
netic, genetic, or transcriptomic analyses.

Treatment Outcome by Leukemia Subtypes

The entire cohort of 598 patients had a S-year event-free
survival of 88.8% [95% confidence interval (CI), 85.9-91.7],
overall survival of 94.0% (91.8-96.2), and cumulative risk of any
relapse of 7.4% (5.3-9.6). Based on their highest event-free sur-
vival rates (Table 1; Fig. 2), ETV6-RUNXI, high-hyperdiploid,
and DUX4-rearranged B-ALL were categorized as favorable
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Figure 1. Sequential levels of MRD in blood on day 8 (left column), in bone marrow on day 15 (middle column), and in bone marrow on day 42 (right
column) of remission induction for individual leukemia subtypes. Results are not shown for some subtypes because of small number and not for “B other”

because it represents heterogeneous disease.

subtypes (Supplementary Fig. S5); these three subtypes also
have the highest overall survival rates (Supplementary Fig. S6)
and the lowest relapse rates (Table 1). Notably, only 13.3% of
patients with ETV6-RUNX1 abnormality and 33.1% of those
with high hyperdiploidy but 60% of patients with DUX4 rear-
rangement received standard-risk treatment, suggesting that
MRD assessment improved the outcome of these patients by
avoiding overtreatment or undertreatment.

BCR-ABLI, BCR-ABLI-like, ETV6-RUNXI-like, KMT2A-
rearranged, and MEF2D-rearranged ALL had high levels of
MRD (Fig. 1) and were categorized to be unfavorable sub-
types because of their worst event-free survival rates (Table 1;
Fig. 2). The remaining subtypes including TCF3-PBX1, PAXSalt,
T-cell, ETP, intrachromosomal amplification of chromosome
21 (1IAMP21), hypodiploid, ZNF384-rearranged, NUTMI-rear-
ranged, and PAXS P80R ALL were considered to have inter-
mediate risk (Supplementary Fig. S5). The BCL2/MYC group
was composed of only one case and therefore not included in
downstream analyses.

Impact of Peripheral Blood MRD Levels on Day 8

Day 8 MRD levels were <0.01% in 142 (24.8%) of the 572
patients with available data (Supplementary Table S2). Notably,
all but three of these patients (two with KMT2A-rearranged and
one with TCF3-PBX1 ALL) remained in continuous complete
remission. The proportion of patients with a day 8 MRD <0.01%
ranged widely across leukemia subtypes, from 0% to 51.2% (Sup-
plementary Table S2). The day 8 MRD finding did not correlate
significantly with outcome within individual leukemia subtypes,
except for high-hyperdiploid ALL. Among leukemia subtypes
associated with the lowest risk of relapse, a day 8 MRD <0.01%
was found in 51.2% of patients with ETV6-RUNX1 and 21.1%
of those with high-hyperdiploid ALL, but in none of those with
DUX4-rearranged ALL.

Impact of Bone Marrow MRD Levels on Day 15

MRD levels on day 15 were <0.01% in 187 (31.7%), 0.01%
to <1% in 226 (38.3%), and >1% in 177 (30.0%) of the 590
patients tested (Fig. 3A; Table 2). Overall, patients with a
day 15 MRD 21% had significantly worse S-year event-free
survival and higher cumulative risk of relapse than those
with lower or undetectable MRD levels (P < 0.001). However,
high MRD on day 15 conferred a significantly poorer 5-year
event-free survival only in cases with high-hyperdiploid ALL
(P =0.05) and B other ALL (P < 0.001), which consisted of
heterogeneous diseases (Table 2). In patients with other leu-
kemia subtypes, day 15 MRD 21% lacked prognostic impact,
which could be due to treatment intensification triggered
by this MRD finding and small number of patients in some
subtypes. With standard-risk or high-risk treatment, relapse
did not occur in any of the 36 patients with day 15 MRD >1%
and ETV6-RUNX1, DUX4-rearranged, iAMP21, hypodiploid,
BCR-ABLI-like, or ZNF384-rearranged ALL (Supplementary
Table S3), again suggesting that subsequent intensification
of treatment improved their outcome.

Impact of Bone Marrow MRD Levels on Day 42

Day 42 MRD levels were 0.01% to <1% in 60 (10.2%) of the
patients and 1% in only 15 (2.6%; Fig. 3B; Table 3). Patients
who attained a day 42 MRD <0.01% had a significantly better
outcome than those with levels of 0.01% to <1%, who in turn
fared better than patients with MRD 21% (P < 0.001). Among
the 279 patients with favorable genotypes (ETV6-RUNXI,
high hyperdiploidy, or DUX4 rearrangement) who attained
day 42 MRD <0.01%, 2 relapsed with a 5-year cumulative risk
of relapse of 1.3% (0-2.8; Table 3). By contrast, of the 184
patients with intermediate-risk or unfavorable subtypes and
day 42 MRD <0.01%, 20 including 4 with PAXS5alt ALL and
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50 1
40
0 2 4 6 8 10 12 14
Years since on study
Number at risk
ZNF384-rearranged 7 7 7 7 7 7 7 7 6 5 5 3 1
ETV6-RUNX1 128 127 127 126 121 102 87 75 61 52 38 29 12 1
High-hyperdiploid 154 154 153 153 147 124 99 83 65 54 38 22 14 2
DUX4-rearranged 20 20 19 19 18 15 14 1 8 7 6 4 2
PAX5alt 24 24 24 24 23 16 14 13 12 9 7 6 2
TCF3-PBX1 17 17 16 16 14 13 12 1 10 9 3 2 1
ETP 10 8 8 8 8 6 6 5 4 3 2 2
T-cell 94 92 88 79 77 69 59 52 41 34 25 15 5
BCR-ABL1-like 15 15 13 12 11 9 7 5 5 5 4 1 1
ETV6-RUNX1-like 9 9 9 8 7 5 5 3 3 3 3
KMT2A-rearranged 28 27 25 20 19 17 13 10 9 9 5 3 2 1
BCR-ABL1 13 12 11 1 11 9 8 5 3 2 2 1 1

Figure 2. Event-free survival for common leukemia subtypes. Note that there were only seven cases with ZNF384-rearranged ALL and nine with
ETV6-RUNX1-rearranged cases. Results are not shown for some subtypes because of small number.

1 each with BCL-ABLI-like, ETV6-RUNXI-like, or MEF2D-
rearranged ALL relapsed [9.5% (5.2-13.7), P < 0.001; Table 3].

Outcome of T-ALL Subgroups Segregated by
Expression of Transcriptional Factors

Supplementary Table S4 summarizes the treatment risk
groups, sequential MRD levels, and clinical outcome of various
T-ALL subgroups. Most patients were treated in the standard-
risk group, but higher proportions of patients in the HOXA
and LMO1/2 subgroups were treated in the high-risk group
due to day 42 MRD 21%. Patients in the HOXA and LMO1/2
groups also had high S-year cumulative risk of relapse [25.1%
(5.2-45.1) and 40% (0-89), respectively] and poor event-free
survival [60.6% (37.1-84.1) and 60.0% (7.5-100), respectively]. In
the HOXA group, there was no significant difference between
the 9 patients with and the 12 without KMT2A rearrangement
in S-year cumulative risk of relapse [22.2% (0.0-51.2) vs. 27.8%
(0.0-57.0), P = 0.92]. Notably, most subtype-defining genomic
alterations observed in typical T-ALL cases were not identified
in ETP ALL (Supplementary Table SS). There were no sig-
nificant differences between T-ALL and ETP patients in 5-year
event-free survival [81.3% (72.5-90.1) vs. 80.0% (53.5-100),
P=0.86)] or 5-year cumulative risk of relapse [12.0% (5.3-18.7)
vs. 20.0% (0.0-46.1), P=0.49], showing the impact of treatment
intensification to abolish the historically poor prognostic sig-
nificance of ETP in this study.

DISCUSSION

We demonstrate that genomic analyses coupled with MRD
determination during remission induction have important

prognostic and therapeutic implications. Our data indicate
that patients with certain genetic ALL subtypes are almost
always curable with conventional chemotherapy guided by
early MRD assessment. In our study, S-year overall survival
for patients with ETV6-RUNX1I-positive or high-hyperdiploid
ALL exceeded 99% [99.2% (95% CI, 97.4-100) and 99.4%
(97.8-100), respectively]. In the study by Lilljebjérn and col-
leagues (10), relapse was observed in 4 of 28 DUX4-rearranged
patients, whereas in our study, despite elevated early MRD in
12 (60%) cases, the only adverse event in the DUX4-rearranged
cohort was fatal sepsis, resulting in a 5-year event-free survival
of 95.0% (84.2-100). MRD of less than 0.01% in peripheral
blood on day 8 of induction treatment by itself identified a
subgroup with an excellent outcome: Among the 142 patients
with this early finding, only 3 (2 with KMT2A-rearranged and
1 with TCF3-PBX1 ALL) relapsed. None of the 95 patients
with either ETV6-RUNX1 or high-hyperdiploid ALL who had
a day 8 MRD <0.01% in blood and received low-risk therapy
relapsed, suggesting that patients with these features should
be considered for further treatment reduction in future tri-
als. Our data, however, should not be interpreted to support
treatment reduction in patients with other ALL subtypes even
if they achieve a day 8 MRD <0.01%, as 39 of the 47 patients
in this subgroup received standard- or high-risk therapy in
our study.

The prognostic significance of MRD levels in peripheral
blood on day 8 of induction has also been evaluated in other
studies. Among patients who received Berlin-Frankfurt-
Miinster (BFM) backbone treatment regimens, the day 8 MRD
result in blood after 1 week of pre-phase prednisone therapy
and intrathecal methotrexate had little prognostic impact
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Figure 3. Treatment outcome based on leukemia cell subtype and MRD levels in bone marrow on day 15 (A) and day 42 (B). See Tables 2 and 3 for addi-
tional data. CRR, cumulative risk of any relapse; EFS, event-free survival; HD, hyperdiploidy; OS, overall survival.

(15-17). Among B-ALL patients treated in the COG P9900
protocols, however, a day 8 MRD <0.01% in blood after three-
or four-drug induction plus intrathecal therapy was associ-
ated with a better event-free survival, while increasing levels of
MRD at that time point were associated with a progressively
worse outcome (18, 19). Because flow-cytometric measure-
ments of MRD can be simplified when applied at early time

points during remission induction therapy, particularly in
peripheral blood (20), and a reduction in the intensity of
remission induction therapy in low-risk patients was highly
successful in a recent study (21), the day 8 MRD finding in
blood could be used together with an uncomplicated genetic
analysis (22) to identify low-risk patients for treatment reduc-
tion. This strategy would be especially effective in low- and
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Table 2. Treatment outcome based on leukemia cell subtype and MRD in bone marrow at day 15 of induction
Number of patients (%) S-year EFS, % (95% Cl) 5-year CRR, % (95% Cl)
MRD MRD MRD
MRD 0.01% to MRD MRD 0.01% to MRD P MRD 0.01% to MRD
<0.01% <1% >1% <0.01% <1% >1% value <0.01% <1% >1% Pvalue
ETV6-RUNX1 ~ 68(535) 52(409)  7(551) 985 981 100 092 0 19 0 0.49
(95.0-100)  (93.8-100)  (100-100) (0.0-5.7)
High- 47(309) 68(447)  37(243) 100 9.3 87.9 0.05 0 37 6.4 033
hyperdiploid (100-100)  (90.8-100)  (76.1-99.7) (00-89)  (0.0-15.2)
DUX4- 0(0.00)  10(50.0)  10(50.0) — 90.0 100 032 — 0 0 —
rearranged (68.8-100) (100-100)
TCF3-PBX1 4(250)  7(438)  5(313) 100 100 60.0 021 0 0 0 0.16
(100-100)  (100-100)  (22.8-97.2)
PAX5alt 6(261)  8(348)  9(39.1) 833 75.0 88.9 075 16.7 25.0 111 075
(44.9-100)  (421-100)  (68:3-100) (00-493)  (0.0-57.3)  (0.0-329)
T-cell 23(247) 29(31.2)  41(441) 87.0 89.1 75.4 030 43 69 172 035
(70.5-100)  (76.8-100)  (61.1-89.7) (00-129)  (0.0-163)  (5.4-29.0)
ETP 0(0.00)  3(333)  6(667) — 100 833 048 — 0 16.7 048
(100-100)  (50.0-100) (0.0-49.3)
iAMP21 1(200)  1(200)  3(60.0) 0 100 100 014 - 0 0 014
(100-100)  (100-100)
Hypodiploid 0(0.00)  4(667)  2(333) — 100 100 0.26 - 0 0 —
(100-100)  (100-100)
BCR-ABL1 1(769)  1(7.69)  11(846) 100 100 716 052 0 0 193 056
(100-100)  (100-100)  (43.4-99.8) (0.0-44.9)
BCR-ABL1-like  3(200)  5(333)  7(46.7) 66.7 80.0 71.4 0.87 0 200 0 046
(23.2-100)  (39.4-100)  (34.0-100) (0.0-59.2)
ETV6-RUNXI-  2(222)  3(333)  4(444) 100 333 75.0 038 0 333 25.0 066
like (100-100)  (0.0-709)  (32.5-100) (0.0-100)  (0.0-74.0)
KMT2A- 6(214) 11(393) 11(393) 66.7 727 545 060 167 27.3 273 094
rearranged (29.1-100)  (445-100)  (22.4-86.6) (0.0-493)  (0.0-55.0)  (0.0-55.2)
MEF2D- 1(333) 1(333)  1(333) — — 0 037 — — — 037
rearranged
ZNF384- 0(0.00)  0(0.00)  7(100) — — 100 — — — 0 —
rearranged (100-100)
NUTM1- 3(100)  0(0.00)  0(0.00) 100 - — — 0 — - -
rearranged (100-100)
PAXS5 P8OR 1(50.0)  1(50.0)  0(0.00) 100 100 — — 0 0 — —
(100-100)  (100-100)
Bother 21(356) 22(37.3) 16(27.1) 100 955 625 <0.001 0 0 313 0.10
(100-100)  (86.1-100)  (40.0-85.0) (7.6-54.9)
Total 187(317) 226(383) 177(30.0) 95.1 925 79.0 <0.001 22 56 135 <0.001
(91.2-99.0) (886-96.4) (72.3-857) (0.1-4.4) (25-87)  (83-187)

Abbreviations: CRR, cumulative risk of any relapse; EFS, event-free survival.

middle-income countries to decrease the rates of induction
death and treatment abandonment.

In this study, MRD measured in bone marrow on day
15 of remission induction was useful to identify patients
with a poor early response who may have otherwise been
regarded as having low-risk ALL for treatment intensification.
Thus, none of the 7 ETV6-RUNX1 and 10 DUX4-rearranged
patients, and only 2 of the 37 high-hyperdiploid patients
who received standard-risk treatment because of MRD >1%
on day 15, subsequently relapsed. Treatment intensification
based on MRD >1% on day 15 also appeared to be beneficial
for patients with intermediate-risk or unfavorable genetic

subtypes. With standard- or high-risk treatment, relapse did
not occur in any patient with iAMP21, ZNF384-rearranged,
hypodiploid <44, or BCR-ABLI-like ALL and a day 15 MRD
>1%. Notably, achievement of undetectable (<0.01%) MRD on
day 42 did not preclude subsequent relapse in patients with
intermediate-risk or unfavorable subtypes, including TCF3-
PBX1, PAXSalt, T-cell, iAMP21, BCR-ABLI, BCR-ABL1-like,
ETV6-RUNXI-like, KMT2A-rearranged, or MEF2D-rearranged
ALL. It is possible that more sensitive MRD assays, such as
deep sequencing analysis, could identify patients at a higher
risk of relapse among those with a negative MRD finding
according to the most widely used cutoff of 0.01% (23, 24). If
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Table 3. Treatment outcome based on leukemia cell subtype and MRD in bone marrow at day 42 (end of induction)

Number of patients 5-year EFS, % (95% Cl) 5-year CRR, % (95% Cl)

MRD MRD MRD
MRD 0.01% to MRD MRD 0.01% to MRD MRD 0.01% to MRD
<0.01 <1% >1% <0.01% <1% >1% P value <0.01% <1% >1% Pvalue
ETV6-RUNXI  115(91.3) 11(873)  0(0.00) 99.1 100 = 076 0 0 = =
(97.1-100)  (100-100)
High- 145 (94.8) 8(5.23) 0(0.00) 96.0 80.0 — 0.20 25 20.0 — 0.07
hyperdiploid (921-99.9)  (48.6-100) (0.0-5.4)  (0.0-59.2)
DUX4- 19(950)  1(5.00)  0(0.00) 947 100 = 0.82 0 0 = =
rearranged (83.3-100) (100-100)
TCF3-PBX1° 14(87.5) 1(6.25) 1(6.25) 100 0 0 0.006 0° — — 1.00
(100-100)
PAX5alt® 16(66.7) 8(33.3) 0(0.00) 73.4 100 — 012 26.6 0 — 0.11
(48.7-98.1)  (100-100) (3.1-50.0)
T-cell 76(82.6) 9(9.78) 7(7.61) 87.8 66.7 57.1 0.05 6.6 222 429 0.01
(79.6-96.0)  (33.0-100)  (20.4-93.8) (1.0-12.2)  (0.0-513) (2.6-83.1)
ETP 6(66.7) 2(22.2) 1(11.1) 100 100 0 0.02 0 0 100 0.02
(100-100)  (100-100)
{AMP21 5(100) 0(0.00)  0(0.00) 80.0 — — — 20.0 — — —
(39.4-100) (0.0-59.2)
Hypodiploid 5(83.3) 1(16.7) 0(0.00) 100 100 — 0.48 0 0 — —
(100-100)  (100-100)
BCR-ABL1 11(84.6) 1(7.69) 1(7.69) 80.8 100 0 0.14 10.1 0 100 0.09
(56.3-100) (100-100) (0.0-30.0) (100-100)
BCR-ABLI-likec  9(60.0) 3(20.0) 3(20.0) 77.8 100 333 013 111 0 0 0.76
(50.6-100)  (100-100) (0.0-86.6) (0.0-33.1)
ETV6-RUNX1- 7(77.8) 2(22.2) 0(0.00) 71.4 50.0 — 0.48 143 50.0 — 0.28
like® (37.9-100)  (1.0-99.0) (0.0-427)  (0.0-100)
KMT2A- 20(80.0)  5(200)  0(0.00) 75.0 400 = 0.11 15.0 40.0 = 0.15
rearranged (53.8-96.2) (0.0-82.9) (0.0-31.1) (0.0-91.0)
MEF2D- 3(100) 0(0.00) 0(0.00) 66.7 — — — 333 — — —
rearranged® (23.2-100) (0-98.7)
ZNF384- 7(100) 0(0.00)  0(0.00) 100 = = = 0 = = =
rearranged (100-100)
NUTM1I- 3(100) 0(0.00) 0(0.00) 100 — — — 0 — — —
rearranged (100-100)
PAXS5 P80R 2(100) 0(0.00) 0(0.00) 100 = = = 0 = = =
(100-100)
B other 49(83.1) 8(13.6) 2(3.39) 93.6 62.5 50 0.002 2.2 375 50 <0.001
(86.2-100)  (31.9-931)  (1.0-99.0) (00-66)  (1.1-739)  (0.0-100)
Total 512(87.2) 60(10.2) 15(2.6) 92.6 789 40.0 <0.001 4.4 16.1 40.0 <0.001
(89.9-953)  (66.7-91.1)  (12.8-67.2) (25-62)  (6.2-259) (13.9-66.1)

Abbreviations: CRR, cumulative risk of any relapse; EFS, event-free survival.

2Among patients with TCF3-PBX1 ALL, one with day 42 MRD <0.01% relapsed at 5.7 years, and two with positive MRD died of transplant-related toxicities at 0.6 and 2.4 years,
respectively.

°Of the 16 PAX5alt patients with day 42 MRD <0.01%, 4 relapsed [2 hematologic and 2 central nervous system (CNS) relapses].
Of the nine BCR-ABL1-like patients with day 42 MRD <0.01%, one developed CNS relapse.
9Of the seven ETV6-RUNX1-like patients with day 42 MRD <0.01%, one had hematologic relapse, and another developed myelodysplastic syndrome.

eOf the three patients with MEF2D-rearranged ALL and day 42 MRD <0.01%, one 12-year-old patient with standard-risk disease relapsed and died at 2.9 years, and the other
two patients were alive in remission at 3.6 and 4.0 years, respectively; data shown are 3-year results.

so, such patients might be considered as candidates for novel
targeted therapies (25, 26).

Our study suggests that several newly identified genotypes
might be prognostically relevant in the context of contempo-
rary risk-directed treatment. Conceivably, DUX4-rearranged

ALL (9, 10) could join ETV6-RUNX1 and high-hyperdiploid
ALL as one of the most favorable subtypes. Although none of
our 20 patients with this feature relapsed, it should be noted
that 12 of them received standard-risk therapy because of day
15 MRD >1%. Patients with PAXSalt ALL, commonly classified

American Association for Cancer Research®

AAC

JULY 2021 BLOOD CANCER DISCOVERY | 333



RESEARCH ARTICLE

Jehaetal.

as having high-risk ALL by NCI criteria because of presenting
age above 10 years or leukocyte count above 100 x 103/uL, had
a 5-year event-free survival of 71.5% % 7.0% when treated in the
Children’s Oncology Group AALL0232 protocol for high-risk
ALL (13). In our study, 2 of the 24 patients with PAXS5alt
ALL developed hematologic relapse and two central nervous
system (CNS) relapse, with a S-year event-free survival of
82.7% (65.3-100). Although they had a day 42 MRD <0.01%,
all four relapsed patients were treated with standard-risk
therapy because of unfavorable presenting clinical features
(age >10 years in two patients, leukocyte count 225 X 103/uL
in one) or a poor early treatment response (day 15 MRD >1%
in one). Hence, we consider this subtype to have an interme-
diate risk of relapse.

In the first report of ETV6-RUNXI-like ALL, 2 of the
10 patients relapsed (10). Among our nine patients with
this genotype, seven were treated with standard-risk therapy,
two of whom relapsed (one with a day 42 MRD <0.01%)
and two were treated with low-risk therapy, one of whom
developed myelodysplastic syndrome. Likewise, both of our
relapsed MEF2D-rearranged and iAMP21 patients had a day
42 MRD <0.01%; both genotypes have been associated with
an increased risk of relapse (11, 27, 28). Notably, our relapsed
patient with MEF2D-rearranged ALL was also treated with
standard-risk therapy. Thus, an MRD <0.01% at the end
of induction does not ensure high curability of patients
with several recently identified genetic subtypes, even in the
context of contemporary risk-directed therapy. Additional
studies of a larger number of patients are needed to confirm
our findings and to determine whether patients with these
subtypes can benefit from additional molecularly targeted
therapy, immunotherapy, or both.

Transcriptome sequencing analyses in this study identi-
fied patients with three other uncommon subtypes: ZNF384-
rearranged, NUTMI-rearranged, and PAX5 P8OR ALL. Our
previous study suggested that, despite expression of B- and
myeloid lineage markers, ZNF384-rearranged cases should be
treated as ALL based on the similarity of their genomic land-
scape to that of B-ALL (29). In two small series, these patients
had S-year event-free survival rates of 50% to 83% (11, 30). All
seven cases in this study remained in remission for 6.8 to 11.5
years, but they were all treated with standard-risk therapy
owing to a day 15 MRD >1%. NUTMI-rearranged ALL is a rare
B-ALL subtype, and while all seven patients reported in one
series were in continuous remission, four received treatment
for intermediate- to high-risk ALL (31). In this study, all three
NUTM1I-rearranged patients were in remission after standard-
risk treatment. PAXS P8OR is a recently identified B-ALL
subtype with a 5-year event-free survival of 75.0% + 7.0% in
the eight patients treated in the Children’s Oncology Group
AALL0232 study, and 50.0% + 17.7% in the six patients treated
in the St. Jude Total Therapy studies (13). For these reasons,
we believe that all three subtypes have an intermediate-risk
prognosis—an impression requiring confirmation.

Several of the novel subtypes have immunophenotypic fea-
tures suggestive of the diagnosis: CD2 and CD371 positivity in
DUX4-rearranged ALL (32), CD10 negativity and CD28 positiv-
ity in MEF2D-rearranged ALL (27), and aberrant myeloid antigen
expression in ZNF384-rearranged ALL (29). With the exception
of CD371, none of the other features are specific for the associ-

ated subtypes, and some level of genomic analysis is required
for accurate diagnosis. Moreover, ZNF384 rearrangement
defines a broader entity comprising B-progenitor ALL (such
cases may have aberrant myeloid marker expression, but not
myeloperoxidase) and B/myeloid mixed phenotype acute leu-
kemia (myeloperoxidase positive; ref. 29).

T-ALL can be divided into subtypes by gene-expression profil-
ing or by mutated functional pathway; some cases had rare ABL
class fusions (e.g., NUP214-ABLI) that may respond to a tyros-
ine kinase inhibitor (26). Unlike B-ALL, T-ALL lacks consensus
genetic classification with prognostic or therapeutic significance.
Inconsistently, NOTCHI and FBXW7 mutations were associated
with favorable prognosis, whereas Ras mutation, PTEN muta-
tion, and lack of biallelic TRG rearrangement (as a surrogate
for immature, early T-cell precursor ALL) were associated with
unfavorable prognosis (26). An important future study will be
comprehensive consideration of gene expression, sequence, and
structural cohorts in adequately powered studies of uniformly
treated T-ALL to examine the interaction of subtype and sec-
ondary mutations and outcome in T-ALL. In the Children’s
Oncology Group AALL0434 study, based on the expression of
various transcription factors and event-free survival, T-ALL cases
were grouped into low-risk (NKX2, HOXA, TAL2, and TLXI),
intermediate-risk (LMO2-LYL1, TLX3, and TALI), and high-risk
(LMO1/2, ABL1, and KMT2A-rearranged) categories (26, 33). In
this study, we could confirm the poor prognosis of patients in
the LMO1/2 subgroup, but our patients in the HOXA group
(with or without KMT2A rearrangement) had a high cumulative
risk of relapse resulting in low event-free survival. Additional
studies are needed to determine the prognosis of patients with
HOXA expression.

Together, our results suggest that both systematic genomic
analyses and MRD measurements are required to accurately
stratify children with ALL into risk groups and tailor their
therapy accordingly. We have adopted this approach in our
current Total Therapy Study 17. Our data showing poor prog-
nosis of several newly identified subtypes of B-ALL despite
very intensive therapy emphasize the need to expand the
application of immunotherapy and novel mutation-, fusion
gene-, ot pathway-directed treatments to leukemia variants
resistant to conventional treatment. Because of the small
number of patients studied, additional studies are needed to
evaluate the prognostic and therapeutic relevance of ETV6—
RUNXI-like, ZNF384-rearranged, and MEF2D-rearranged
B-ALL, and T-ALL with HOXA expression.

METHODS

Patients and Risk Classification

From October 29, 2007, to March 26, 2017, 598 eligible patients
ages between 0.12 and 18.9 years (median, 6.04) with newly diagnosed
ALL were enrolled in Total Therapy Study 16 (ClinicalTrials.gov
Identifier NCT00549848) at St. Jude Children’s Research Hospital
(14). The trial protocol was approved by the institutional review
board and is available in the Supplementary Information. The study
was conducted in accordance with the Declaration of Helsinki, and
written informed consent was obtained from the parents or guard-
ians and assent from the patients, as appropriate.

The diagnosis of ALL was based on the immunophenotypic and
genetic characteristics of the leukemic cells (14). Genomic classifica-
tion was based on cytogenetics: FISH for ETV6-RUNX1, TCF3-PBX1,
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BCR-ABLI, and KMT2A rearrangement and transcriptome sequencing
[RNA sequencing (RNA-seq)| where available (» = 502; ref. 13). Details
for genomic classification are provided in Supplementary Figs. S2-S4.
MRD levels were determined by flow cytometry (14, 34) in blood sam-
ples on day 8 and in bone marrow samples on days 15 and 42 (the end
of remission induction); a negative MRD was defined as a level <0.01%.
Patients with B-ALL between 1 and 10 years and with a blood leu-
kocyte count at presentation <50 X 103/uL, DNA index 21.16 (high
hyperdiploidy), or ETV6-RUNXI fusion were provisionally classified
as having low-risk ALL. Those with MRD >1% on day 15 of induc-
tion or 0.01% to <1% on day 42 were classified as having standard
(intermediate)-risk ALL. Patients with the BCR-ABLI or ETP ALL,
infants with KMT2A rearrangement, and any patients with day 42
MRD 21% (regardless of provisional classification) or persistent MRD
during the consolidation phase were classified as having high-risk ALL.
The remaining patients, including those with TCF3—-PBXI, hypodip-
loidy with fewer than 44 chromosomes, T-ALL, testicular leukemia, or
a CNS-3 status (25 leukocytes/uL of cerebrospinal fluid with blasts or
cranial palsy) at diagnosis were considered to have standard-risk ALL.

Transcriptome Sequencing (RNA-seq)

RNA-seq was performed on 502 samples using TruSeq library prep-
aration and HiSeq 2000/2500 or NovaSeq 6000 sequencers (Illumina).
All sequence reads were paired-end, and sequencing was performed
using (35) total RNA and stranded RNA-seq [100 base-pair (bp) reads]|
or (36) polyA-selected mRNA (100 bp reads). Sequencing reads were
mapped to the GRCh37 human genome reference by STAR (ref. 1;
version 2.4.2a) through the suggested two-pass mapping pipeline.
Gene annotation downloaded from the Ensembl website (http://
www.ensembl.org/) was used for STAR mapping and the following
read-count evaluation. All the samples were sequenced with RefSeq
coding region covered with 30-fold coverage 215% (median * standard
deviation, 37.2% + 7.5%). CICERO (36, 37) and FusionCatcher (38, 39)
were used to detect fusions, and all the reported rearrangements were
manually reviewed to keep the reliable ones. Due to the complexity
of DUX4 rearrangements, some of the DUX4 fusions were manually
rescued by checking the aligned reads within the Integrative Genom-
ics Viewer browser (40).

To evaluate gene-expression levels from RNA-seq, read count for
each annotated gene was calculated by HTSeq package (41), and gene-
expression level normalization and differential expression analysis were
carried out by DESeq2 Bioconductor R package (42). To evaluate
the digital gene-expression levels, regularized log-transformed (rlog)
value was calculated by DESeq2 (Supplementary Table S6). ComBat
function in sva R package (43) was used to correct the batch effect
introduced by different library preparation strategies and sequencing
lengths. Prediction Analysis of Microarrays (PAM; ref. 44) was used to
identify subgroups with distinct gene-expression profiles as reported
previously (13). R package Rtsne was used to map the samples to
two-dimensional t-distributed stochastic neighbor embedding (tSNE)
plot to visualize clusters. Genomic data are publicly available and have
been deposited in the European Genome-phenome Archive (acces-
sions EGAS00001000447, EGAS00001000654, EGAS00001001923,
EGAS00001002217, EGAS00001003266, EGAS00001004739, and
EGAS00001005084).

Treatments

Remission induction started with prednisone, vincristine, dauno-
rubicin, and PEG-asparaginase (Supplementary Table S7). After 2
weeks of induction, patients with a day 15 MRD >1% were given an
additional dose of PEG-asparaginase on day 15. Subsequent induc-
tion therapy between days 22 and 35 consisted of prednisone, vincris-
tine, cyclophosphamide, cytarabine, and thiopurine. Patients with
BCR-ABLI ALL (n = 10) or ABL class fusion (n = 3) received dasatinib
from the diagnosis of the genotype (generally on day 22) until the

end of all treatment. Upon hematopoietic recovery, MRD was meas-
ured on day 42, followed by consolidation therapy with high-dose
methotrexate, mercaptopurine, and triple intrathecal therapy (Sup-
plementary Table S7). All patients received antimetabolite-based con-
tinuation therapy for 120 weeks with two reinduction treatments and
pulses of dexamethasone and vincristine, while standard-risk or high-
risk patients received additional PEG-asparaginase, doxorubicin,
high-dose cytarabine, and cyclophosphamide plus cytarabine drug
pair (Supplementary Table S7). All patients received triple intrathecal
chemotherapy for CNS-directed treatment with the number of doses
based on presenting characteristics and CNS status (Supplementary
Table S7). Allogeneic hematopoietic cell transplantation was an
option for patients with high-risk leukemia.

Main Outcomes and Measures

The primary objective of the study was to determine the prognostic
and therapeutic implications of leukemia subtypes, especially the
novel subtypes, among patients who had comprehensive genomic
analyses and sequential MRD determination during remission induc-
tion for risk-directed treatment.

Statistical Analysis

The primary endpoint was event-free survival, and secondary end-
points were overall survival and cumulative risk of relapse. Event-free
survival was defined as the time from diagnosis of ALL until the date
of induction failure (=5% blasts in bone marrow), relapse, death in
remission from any cause, the development of a second cancer, or
the date of last contact (all event-free survivors). Event-free and over-
all survival rates were estimated by the Kaplan-Meier method and
compared by the log-rank test. Cumulative risk of relapse was estimated
according to the method of Kalbfleisch and Prentice (45) and compared
with Gray’s test (46); death in remission and the development of sec-
ondary neoplasms were regarded as competing events. The 95% CI was
computed by using the asymptotic normality approximation; a nonpar-
ametric method was applied if the sample size was small. All reported P
values were two-sided and not adjusted for multiple comparisons. MRD
levels at each time point were categorized into three groups (<0.01%,
0.01%-<1%, and >1%) and regarded as unordered in the analysis. Out-
come data updated on June 2, 2020, were used in all analyses; 88.7% of
the survivors had been seen within 1 year. The median follow-up time
for the 557 patients who were alive at the time of analysis was 7 years
(interquartile range S years; range, 1.1-7.2 years). All statistical analyses
were based on intent to treat and done with SAS software (version 9.4)
and R version 3.3.0.
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