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Biallelic CEBPA mutations are associated with favorable outcomes in acute myeloid leuke-

. . mia (AML). We evaluated the clinical and biologic implications of CEBPA-basic leucine zip-

® CEBPA-bZip domain
mutations are
associated with
favorable clinical
outcomes regardless of
monoallelic or biallelic
status.

per (CEBPA-bZip) mutations in children and young adults with newly diagnosed AML.
CEBPA-bZip mutation status was determined in 2958 patients with AML enrolled on Child-
ren’'s Oncology Group trials (NCT00003790, NCT0007174, NCT00372593, NCT01379181).
Next-generation sequencing (NGS) was performed in 1863 patients (107 with CEBPA
mutations) to characterize the co-occurring mutations. CEBPA mutational status was corre-
lated with disease characteristics and clinical outcomes. CEBPA-bZip mutations were iden-
tified in 160 (5.4%) of 2958 patients, with 132 (82.5%) harboring a second CEBPA
mutation (CEBPA-double-mutated [CEBPA-dm]) and 28 (17.5%) had a single CEBPA-bZip
only mutation. The clinical and laboratory features of the 2 CEBPA cohorts were very simi-
lar. Patients with CEBPA-dm and CEBPA-bZip experienced identical event-free survival
(EFS) of 64% and similar overall survival (OS) of 81% and 89%, respectively (P = .259);
this compared favorably to EFS of 46% and OS of 61% in patients with CEBPA-wild-type
(CEBPA-WT) (both P < .001). Transcriptome analysis demonstrated similar expression profiles for patients with
CEBPA-bZip and CEBPA-dm. Comprehensive NGS of patients with CEBPA mutations identified co-occurring CSF3R
mutations in 13.1% of patients and GATA2 mutations in 21.5% of patients. Patients with dual CEBPA and CSF3R
mutations had an EFS of 17% vs 63% for patients with CEBPA-mutant or CSF3R-WT (P < .001) with a corresponding
relapse rate (RR) of 83% vs 22%, respectively (P < .001); GATAZ2 co-occurrence did not have an impact on outcome.
CEBPA-bZip domain mutations are associated with favorable clinical outcomes, regardless of monoallelic or biallelic
status. Co-occurring CSF3R and CEBPA mutations are associated with a high RR that nullifies the favorable prognostic
impact of CEBPA mutations.

® Patients with CEBPA-bZip
single- and double-
mutant AML have simi-
lar clinical and biologic
features distinct from
those of patients with
CEBPA-WT AML.
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Introduction

CCAAT/enhancer binding protein a (C/EBPa) is a key myeloid
transcription factor encoded by the CEBPA gene, and it has a
critical role in mediating granulocyte differentiation and cell
growth."® Mutations in CEBPA are common drivers for acute
myeloid leukemia (AML), occurring in 4% to 11% of patients and
enriched in those with normal karyotype.®'" There are 2 main
mutational patterns, and they frequently occur together, typically
on separate alleles. One mutational cluster occurs at the N ter-
minus and involves 2 transcription activation domains (TADs;
CEBPA-TADs), in which frameshift mutations lead to a truncated
translational product because of the use of the alternate start
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codon.®'? Mutations in the N-terminal TAD region can occur as
germline events, resulting in a predisposition to developing
AML."3"> The other mutational cluster occurs at the C terminus,
involves the basic leucine zipper (bZip) region, and often
includes in-frame indels that disrupt the dimerization and DNA
binding function of the protein.

Cooperation of the bZip and TAD mutations is considered a
potent leukemogenic event in AML, and the biallelic acquisition
of these mutations has been associated with a favorable progno-
sis. The current World Health Organization (WHO) AML classifi-
cation considers a biallelic CEBPA mutation (CEBPA-double-
mutated [CEBPA-dm]) as a distinct erwtity.16 We have previously

€ blood” 30 SEPTEMBER 2021 | VOLUME 138, NUMBER 13 1137


https://crossmark.crossref.org/dialog/?doi=10.1182/blood.2020009652&domain=pdf&date_stamp=2021-09-30

shown that single TAD mutations are exceptionally rare events
in pediatric AML; in an analysis of a limited subset, patients
with an isolated bZip mutation (CEBPA-bZip) were shown to
have a favorable prognosis comparable to that of patients with
CEBPA-dm.” This study validates our previous observation on
the favorable impact of CEBPA-bZip across 4 different clinical
trials and provides clinical outcome data for cooperating muta-
tions in patients with CEBPA-mutant AML.

Methods

Patients and treatment

Children and young adults (age 0-29.9 years) with de novo AML
enrolled in 4 consecutive Children’s Cancer Group (CCG)/Child-
ren’s Oncology Group (COG) trials—CCG2961 (NCT00003790),
AAMLO3P1 (NCT0007174), AAMLO531 (NCT00372593), and
AAML1031 (NCT01379181)—were eligible for this study. A total of
2958 patients with available biologic and clinical data were
included in our study (CCG2961, n = 552; AAMLO3P1, n = 266;
AAMLO531, n = 917; AAML1031, n = 1233). Details of these trials
have been previously described, and treatment of patients with
CEBPA mutations is included in supplemental Methods (available
on the Blood Web site).”® The presence of a biallelic or any
CEBPA mutation was not used for risk stratification or in assigning
treatment allocation in CCG2961, AAMLO3P1, or AAMLO531. Risk
stratification in AAML1031 stratified patients with any CEBPA-bZip
mutation as low risk. The protocols were approved by the institu-
tional review boards of all participating centers and conducted in
accordance with the Declaration of Helsinki.

Assessment of mutational status

For patients enrolled on CCG2961 and AAMLO3P1, polymerase
chain reaction amplification of the entire coding region of CEBPA
was performed as previously described.”"" Given the paucity of
CEBPA-TAD mutations observed in these trials, subsequent trials
analyzed the bZip domain of CEBPA by fragment length analysis,
and patients with detectable mutations underwent Sanger
sequencing for identification and verification of the specific muta-
tion. In all patients in whom bZip mutations were detected, the
N-terminal region was sequenced for identification of TAD muta-
tions. A subset of patients (n = 1863), including n = 110 with
CEBPA mutations, underwent comprehensive next-generation
sequencing (NGS), which was performed by using target align-
ment of transcriptome (n = 1056), targeted gene capture (n =
786), or whole-genome sequencing (n = 206), as described
previously.?'

Transcriptome analysis

Transcriptome data were available from 60 patients with
CEBPA-dm, 13 with CEBPA-bZip, and 1436 with CEBPA-wild-
type (WT) enrolled on AAMLO531 and AAML1031. The data
were generated by the British Columbia Genome Sciences Cen-
ter (BCGSC; Vancouver, BC, Canada). Unsupervised clustering
and differential gene analyses were performed on CEBPA-WT
and mutated samples. Total RNA samples were ribodepleted
and prepared for sequencing using a strand-specific messenger
RNA (mRNA) library construction protocol. Indexed libraries
were then pooled and sequenced on an Illumina Hiseq sequenc-
ing system that produced 75-bp paired-end sequence reads.
Sequencing data were aligned to human genome assembly
GRCh37. Gene-level counts were quantified using BCGSG's
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in-house pipeline and annotated using Ensembl v69 annota-
tions. All transcriptome analysis was performed in the R statisti-
cal environment (v3.6.0/v3.6.1).

Unsupervised clustering of the patients with CEBPA mutations
and CEBPA-WT was performed via uniform manifold approxima-
tion and projection (UMAP) and hierarchal clustering. For UMAP
clustering, gene counts were size-factor scaled by the geometric
mean of the total read counts per sample, followed by term
frequency-inverse document frequency transformation. Input
genes for clustering (6816 genes) were selected by using the
mean vs dispersion parametric model trend (SeqGlue v0.1) fol-
lowed by jackstraw principal component analysis (jackstraw v1.3)
to identify genes significantly associated with the first 20 princi-
pal components. UMAP was carried out with the UWOT v0.1.5
(https://arxiv.org/abs/1802.03426v2), and Leiden clustering of
the UMAP reduced dimension data was performed with
SeqGlue v0.1.

Log,-transformed and scaled counts of the previously selected
6816 genes were used as input for unsupervised hierarchical
clustering of the CEBPA-mutated patients via Ward's hierarchical
clustering method (ComplexHeatmap v2.0.0). Differential
expression analysis was performed using edgeR (v3.26.5) and
limma (v3.40.5). Differentially expressed genes with a log-fold
change of greater than +1 or —1 were retained, and a false dis-
covery rate-adjusted threshold of P < .05 was used to deter-
mine significance. Further identification of enriched pathways
was performed via active subnetwork analysis of the log-fold
changes and P values obtained from limma (pathfindR v1.4.2).

Statistical analyses

The Kaplan-Meier method was used to estimate overall survival
(OS), eventfree survival (EFS), disease-free survival (DFS), and
relapse risk (RR).?? OS was defined as the time from study entry to
death as a result of any cause or date of last follow-up in surviving
patients; EFS as the time from study entry until induction failure,
relapse, or death; DFS as the time from end of course 1 for
patients in complete remission (CR) until relapse or death or date
of last follow-up for those without an event; and RR as the time
from end of induction 1 for patients in CR to relapse in which
deaths without a relapse were considered competing events.”® CR
was defined as a bone marrow aspirate containing <5% blasts by
morphology and without evidence of extramedullary disease.
Patients shown to be in a remission without evidence of measur-
able residual disease (MRD) were considered to be MRD-negative
and were defined as having a bone marrow aspirate containing
<0.1% blasts detected by flow cytometry. The Kruskal-Wallis test
was used for comparison of continuous variables, and the x? test
was used to test the significance of observed differences in propor-
tions. Fisher's exact test was used when the sample size was small.

Results

CEBPA mutation status and correlation with
disease characteristics

Mutations in the bZip domain were identified in 160 (5.4%) of
2958 patients. Among patients with bZip mutations, 132 (82.5%)
harbored a cooperating TAD domain mutation on the other
allele, and the remaining 28 patients (17.5%) lacked a second
CEBPA mutation (supplemental Figure 1). Sequencing of the full
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coding region of CEBPA was performed in 2607 patients (88%
of the cohort); a total of 3 patients were identified by NGS and
1 by conventional sequencing as harboring CEBPA-TAD muta-
tions only, for a total prevalence of 0.15%. Given the overall
paucity of these mutations in our cohort, these patients were
excluded from all further analyses. Analysis according to demo-
graphics demonstrated similar distribution across studies and
among patients with CEBPA-dm, CEBPA-bZip, and CEBPA-WT
(Table 1). Patients with CEBPA mutations were older (median
age: CEBPA-WT, 9.5 years; CEBPA-bZip, 12.3 years; CEBPA-
dm, 14 years; P < .001) and had higher diagnostic white blood
cell counts (WBC) (median WBC: CEBPA-WT, 21.8 X 10%/pL;
CEBPA-bZip, 45.3 X 10°/pL; CEBPA-dm, 39.4 X 10°/pL; P <
.001; Table 1). Analysis of the prevalence of CEBPA mutations
among age-defined cohorts (young children, age 0-9 years;
older children, age 10-15 years; adolescents and young adults,
age 16-29 years) demonstrated that CEBPA-bZip mutations
were associated with the younger age cohort, accounting for
32% of CEBPA mutations in this group (P = .016; Table 1).

Complete cytogenetic data were available for 2543 patient
samples (86%) (Table 1). Patients with a CEBPA mutation
were more likely to have a normal karyotype compared with
CEBPA-WT (CEBPA-WT, 20.5%; CEBPA-bZip, 70.4%; CEBPA-
dm, 78.3%; P < .001; Figure 1A). There was a paucity of cyto-
genetic alterations such as t(8;21), inv(16), and chromosome
11 abnormalities, specifically KMT2A rearrangements, among
CEBPA-mutant compared with patients with CEBPA-WT (Fig-
ure 1A). There were no differences in the prevalence of cyto-
genetic alterations between patients with CEBPA-bZip and
those with CEBPA-dm (Figure 1). NPM1 and FLT3-internal
tandem duplication (FLT3-ITD) status were available in 97%
and 99.5% of patients, respectively. NPMT mutations were
nearly absent in patients with CEBPA mutations (CEBPA-WT,
8.8%; CEBPA-bZip, 0%; CEBPA-dm, 0.8%; P = .002), and
there was a similar prevalence of FLT3-ITD (allelic ratio [AR]
>0.1) across the groups (CEBPA-WT, 13%; CEBPA-bZip,
14.3%; CEBPA-dm, 10.7%; P = .723; Figure 1B).

NGS data were available for 1863 patients, including 107
patients (67%) with CEBPA bZip (single or double) mutations,
and this cohort was used for more comprehensive characteri-
zation of co-occurring mutations. Cooperating molecular
mutations were detected in 70.1% (n = 61) of CEBPA-dm
patients and 60% (n = 12) of CEBPA-bZip patients (Figure 2).
Mutations in GATA2 and CSF3R genes were highly enriched
and mutually exclusive among patients with CEBPA mutations
with a prevalence of 21.5% and 13.1% compared with 1.0%
and 1.1% in patients with CEBPA-WT, respectively (P < .0001
for both; Figure 2B). Prevalence of NRAS and FLT3-ITD muta-
tions were similar between patients who were CEBPA-mutant
and CEBPA-WT (29.0% vs 30.4% and 11.2% vs 12.8%, respec-
tively; P > .05 for both; Figure 2B). Among patients with
CEBPA-dm and CEBPA-bZip, there were no significant differ-
ences in prevalence in the most common co-occurring muta-
tions (GATA2, CSF3R, NRAS, FLT3-ITD, WTT; P > .05 for all).

CEBPA status and correlation with

clinical outcome

Patients with CEBPA mutations had a favorable initial response
to therapy with a CR rate of 87.7% compared with 76.9% in

CEBPA-bZip-MUTANT AML CONFERS FAVORABLE PROGNOSIS

patients with CEBPA-WT (P = .002). Those with CEBPA-dm had
a CR rate of 89.8% compared with 78.6% in CEBPA-bZip
patients (P = .116; Table 1). End-of-induction MRD status was
available in 2086 (86.8%) patients treated on AAMLO3P1,
AAMLO531, and AAML1031 (70.6% of the cohort overall). The
MRD-negative CR rate was 83.4% for patients with CEBPA
mutations compared with 70.5% for patients with CEBPA-WT
(P = .002). Analysis according CEBPA mutation type demon-
strated similar MRD-negative CR rates among patients with
CEBPA-dm and CEBPA-bZip of 82.5% and 87.5%, respectively
(P = .761; Table 1).

Analysis of the overall cohort according to the type of CEBPA
mutation demonstrated that those with CEBPA-dm and CEBPA-
bZip experienced identical 5-year EFS of 64% * 9% and 64% =
18%, respectively (P = .777; Figure 3A), which were both supe-
rior compared with that of patients with CEBPA-WT (5-year EFS,
46% * 2%; P < .001; Figure 3A). Corresponding 5-year RRs
were similar among patients with CEBPA-dm (23% = 8%) and
CEBPA-bZip (27% *+ 20%; P = .765) and were lower than those
in patients with CEBPA-WT (40% *+ 2%; P = .001; Figure 3B).
Corresponding 5-year OS was also similar for CEBPA-dm (81%
+ 7%) and CEBPA-bZip (89% * 12%; P = .259) patients and
compared favorably to that for patients with CEBPA-WT (61% *+
2%; P < .001; Figure 3C). Analysis across the age cohorts dem-
onstrated no differences in 5-year OS, EFS, or RR between
patients with CEBPA-bZip and CEBPA-dm (supplemental Table
2). Given that there were changes in treatment over time, we
analyzed the outcome of patients with CEBPA-dm and CEBPA-
bZip treated on the successive studies and found that they
experienced similar outcomes that compared favorably to those
of CEBPA-WT patients in all of the trials evaluated (supplemen-
tal Figure 2). Although the use of allogeneic hematopoietic stem
cell transplantation (HSCT) vs chemotherapy for treating
patients, including those with CEBPA mutations, has evolved
over the course of the studies we evaluated, only a minority of
patients with CEBPA mutations were allocated to receive alloge-
neic HSCT (11.3%), and this was similar over the 4 studies evalu-
ated (range, 7% to 15.7%; supplemental Table 1).

Patients with CEBPA mutations experienced high CR rates;
therefore, we subsequently evaluated the impact of achieving
MRD on overall outcomes. Among patients with CEBPA muta-
tions with evaluable MRD data (n = 121), the RR according to
MRD status was 30% = 10% for MRD-negative (n = 101) com-
pared with 23% * 25% for MRD-positive patients (n = 20; P =
.595). Corresponding DFS for MRD-negative patients was 67%
+ 10% (OS, 87% = 7%) compared with 62% *+ 27% (OS, 79%
+ 19%) for patients who were MRD positive (DFS: P = .636;
OS: P = .105).

Transcriptome profiling of CEBPA mutations

Given the lack of any clear biologic or clinical differences, we
inquired whether patients with CEBPA-dm (n = 60) or CEBPA-
bZip (n = 13) have distinct gene and mRNA expression profiles
by evaluating available transcriptome data and comparing their
profiles to those of patients with CEBPA-WT (n = 1436). Using
UMAP to compare gene expression profiles of RNA-sequencing
data demonstrated that a majority of patients with CEBPA muta-
tions (54 [74%)] of 73) clustered together with shared cluster
membership and were distinct from patients with other
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Table 1. Clinical and biologic characteristics of patients according to CEBPA mutational status

P
(CEBPA-WT vs P
CEBPA-WT CEBPA-bZip CEBPA-dm CEBPA-dm vs (CEBPA-dm vs
Characteristic (n = 2795) (n = 28) (n = 132) CEBPA-bZip) CEBPA-bZip)
Study
CCG2961 529 (18.9) 2(7.1) 21 (15.9) 199 .373
AAMLO3P1 251 (9.0) 3(10.7) 12 (9.1) .950 728
AAMLO0531 863 (30.9) 12 (42.9) 39 (29.5) .379 170
AAML1031 1152 (41.2) 11 (39.3) 60 (45.5) 611 .551
Male sex 1444 (51.7) 13 (46.4) 69 (52.3) .850 .574
Median age, y (range) 9.5 (0-29.9) 12.3 (1.8-22.8) 13 (0.7-24.9) <.001 161
Age group, y
0-9 1447 (52) 10 (36) 21 (16) <.001 .016
10-16 990 (35.4) 10 (46) 71 (54) <.001 .082
=16 1246 (44.6) 8 (29) 40 (30) <.001 .856
Race
American Indian or Alaska Native 14 (0.6) 1(3.8) 1(0.8) 101 .330
Asian 110 (4.5) 2(1.4) 12 (10.2) .018 464
Native Hawaiian or other Pacific 13 (0.5) 0(0) 2(1.7) 247 1.000
Islander
Black or African American 330 (13.5) 4 (15.4) 12 (10.2) 557 491
White 1975 (80.8) 20 (76.9) 91 (77.1) .547 .983
Multiple races 2 (0.1) 0 (0) 0 (0) 943 1.000
Unknown 95 1 3
Hispanic or Latino ethnicity 490 (18.1) 6 (22.2) 17 (13.2) .301 .238
Cytogenetics
Normal 521 (20.5) 19 (70.4) 94 (78.3) <.001 .375
(8;21) 384 (15.1) 13.7) 0 (0) <.001 .184
inv(16) 287 (11.3) 1(3.7) 0 (0) <.001 184
Abnormal chromosome 11 521 (23.3) 0(0) 0 (0) <.001 1.000
1(6;9) 43 (1.7) 0 (0) 0 (0) .283 1.000
Monosomy 7 48 (1.9) 0 (0) 0 (0) 244 1.000
Del(7q) 36 (1.9) 0 (0) 1(0.8) 717 1.000
Monosomy 5/del(5q) 31(1.2) 0 (0) 1(0.8) .789 1.000
Trisomy 8 180 (7.1) 0 (0) 0 (0) .004 1.000
Other 421 (16.6) 6 (22.2) 23 (19.2) .562 719
Unknown 252 1 12
Median WBC X 10%/uL (range) 21.9 (0.2-918.5) 45.2 (1.8-523.7) 39.4 (1.9-473.1) <.001 .730
Median bone marrow blast % (range) 69 (0-100) 78 (40-92) 68 (0-95) .092 .015
CR at the end of induction 1
Yes 2066 (76.9) 22 (78.6) 114 (89.8) .003 116
Unknown 108
MRD negative at the end of induction 1 1387 (70.6) 21 (87.5) 80 (82.5) .009 7617
(n = 1965)

All data are n (%) unless otherwise stated.
*Fisher's exact test used for analysis.

molecular alterations (P < .0001; Figure 4A). In the CEBPA-
mutant cluster, no significant differences were detected in clus-
ter membership between CEBPA-bZip (8 of 13) and CEBPA-dm
(46 of 60) samples (P = .43). Unsupervised hierarchical clustering
of the transcriptome using the same set of genes as UMAP clus-
tering demonstrated distinct expression profiles and differential
clustering of patients with CEBPA mutations compared with
patients with CEBPA-WT (Figure 4B). Within the group of
patients with CEBPA mutations, those with CEBPA-bZip or
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CEBPA-dm demonstrated a similar mRNA expression profile
(Figure 4C). Evaluation of CEBPA transcript expression, mea-
sured in transcripts per million (TPM), found that expression was
similar among patients with CEBPA-dm (median, 234.13; range,
3.58-574.22) and those with CEBPA-bZip (median, 246.12;
range, 45.61-605.56; P = .78). In contrast, patients with CEBPA-
WT had significantly lower transcript expression (median, 58.98;
range, 0.13-911.28) compared with patients with CEBPA muta-
tions (P < .0001; Figure 4D).
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Figure 1. Cytogenetic and molecular characteristics according to CEBPA mutational status. (A) Cytogenetic profile according CEBPA-WT compared with CEBPA-
bZip or CEBPA-dm status. *P < .001 for CEBPA-WT compared with CEBPA-bZip and CEBPA-dm. (B) Molecular profile according to CEBPA-WT compared with CEBPA-

bZip or CEBPA-dm status. Abn 11, chromosome 11 abnormalities.

Clinical significance of cooperating mutations

We inquired whether co-occurrence of the highly enriched
molecular variants of CSF3R and GATAZ2, which were mutually
exclusive in the setting of CEBPA-mutant AML, had an impact
on the clinical significance of CEBPA mutations. Analysis accord-
ing to CSF3R status, excluding patients with GATA2 mutations,
demonstrated that co-occurrence of a CSF3R mutation signifi-
cantly modulated the favorable EFS conferred by CEBPA.
Patients with dual CEBPA"/CSF3R* mutations experienced an
EFS of 23% * 23% compared with 62% * 12% in patients with
CEBPA*/CSF3R-WT (P = .002; Figure 5A). This disparate out-
come in the patients with CEBPA"/CSF3R* was driven by a
higher RR of 77% * 26% compared with 23% *+ 11% in patients
with CEBPA™/CSF3R-WT (P < .001; Figure 5B). Despite the
higher RR, patients with CEBPA"/CSF3R" achieved an OS com-
parable to that of patients with CEBPA"/CSF3R-WT (76% =
25% vs 84% *+ 9%, respectively; P = .644; Figure 5C), demon-
strating that salvage therapy could be used successfully after
patients relapsed. In contrast, analysis according to GATAZ sta-
tus, excluding patients with CSF3R mutations, demonstrated
that co-occurrence of GATA2 had no impact on clinical out-
comes; patients with CEBPA"/GATA2" and those with
CEBPA" /GATA2-WT demonstrated similar 5-year EFS (70% =
19% vs 62% = 12%; P = .543), RR (15% = 16% vs 23% + 11%,;
P = .431), and OS (86% *+ 16% vs 84% =+ 9%, P = .988; Figure 5).

Co-occurring FLT3-ITD mutations (AR >0.1) were detected in 17
(11%) of 149 patients with CEBPA mutations, with an AR range
of 0.14 to 0.97. Outcome data were available in 15 patients with
dual CEBPA*/FLT3-ITD*, and analysis demonstrated that they
had similar EFS and OS compared with patients with CEBPA
mutations who lacked an ITD mutation (supplemental Figure 3).

Discussion

In this large cohort of 2948 children and young adults with
newly diagnosed AML, we demonstrated that patients with
CEBPA mutations that had single bZip domain mutations experi-
enced outcomes nearly identical to those of patients with

CEBPA-bZip-MUTANT AML CONFERS FAVORABLE PROGNOSIS

biallelic CEBPA mutations. Our findings align with those of
Georgi et al** who reported on a cohort of 4578 adult patients
with AML and showed analogous outcomes for patients with
CEBPA-dm and CEBPA-bZip. Our study provides more defini-
tive support that the presence of a CEBPA-bZip mutation is
associated with favorable outcome, regardless of monoallelic or
biallelic status.

Given the lower prevalence of CEBPA-bZip only mutations, pre-
vious studies have not been powered to evaluate the prognostic
significance of this subset separately. Dufour et al®® found that
patients with CEBPA-dm had a superior median OS compared
with that of patients with CEBPA-WT, whereas patients with
monoallelic CEBPA mutations had outcomes comparable to
those of patients with CEBPA-WT. However, the majority of the
patients in the monoallelic CEBPA cohort harbored a CEBPA-
TAD mutation, and they did not analyze CEBPA-TAD and
CEBPA-bZip mutation cohorts separately. Analyses that com-
bined both cohorts likely obscured any differences between
CEBPA-TAD and CEBPA-bZip and may explain the contrast
seen in our results.>?%? Analysis of a uniform monoallelic
CEBPA-TAD mutation population by Georgi et al** demon-
strated no prognostic impact.

C/EBPa exists in 2 translational isoforms (p42 and p30) that
dimerize via various combinations into a transcription factor
essential for normal monopoiesis and granulopoiesis.?® CEBPA-
TAD frameshift mutations induce an early termination codon
that leads to the generation of a truncated protein (p30 isoform)
which, although it is missing the TAD that is key to transcrip-
tional regulatory activity, retains functional DNA binding. In
addition to quantitative deficit of the p42 isoform, the excess
p30 isoform acts as a dominant negative on any remaining p42
isoform.®'? In contrast, CEBPA-bZip in-frame insertions or dele-
tions occur at the junction between the basic region and the leu-
cine zipper, which leads to a qualitative deficit by disrupting the
DNA binding and/or dimerization of both isoforms.®'? Although
germline CEBPA-TAD mutations result in a predisposition to
AML, "3 acquisition of somatic CEBPA-bZip mutations have
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been detected in nearly all patients who progress to AML.">?? of patients with CEBPA-TAD. Specifically, patients with CEBPA-
This implies that CEBPA-TAD and the resultant truncated dm and CEBPA-bZip in their study had a high prevalence of
CEBPA isoform are dependent on additional CEBPA mutations GATAZ2 mutations. An association between CEBPA-TAD muta-

as well as mutations in other oncogenic genes for leukemogenic tions and genes involved in epigenetic regulation has been
transformation. The biallelic presence of TAD and bZip muta- described in adult groups, including those in the study by
tions cooperate to create a highly penetrant malignant pheno- Georgi et al, but both of these types of events are exceedingly
type resulting in loss of DNA binding in the full-length isoform; rare in pediatrics.?**°3" We demonstrate that patients with
thus, the truncated isoform is the only functional product. CEBPA-bZip and CEBPA-dm shared similar gene expression
Although this cooperativity is highly leukemogenic, our findings and transcriptome profiles that were distinct from those of

show that the presence of a monoallelic bZip mutation and the patients with CEBPA-WT. These findings suggest that the pres-
resultant disruption in DNA binding is sufficient for association ence of the bZip mutation and the resultant deficient DNA bind-
with favorable outcome. ing and dimerization may have a significant impact on
transcription, including critical myeloid lineage-affiliated genes.
Our results also demonstrate that patients with CEBPA-dm and Although previous studies suggested that patients with CEBPA-
CEBPA-bZip share similar biologic features. The 2 groups have dm had a distinct transcriptome profile compared with patients

similar cytogenetic and molecular characteristics and harbor sig- who had single mutations, those analyses included single TAD
nificant differences compared with patients with CEBPA-WT. as well as bZip variants in the single-mutation cohort.2?” Our
Similarly, Georgi et al®* found an overlapping molecular profile data clearly demonstrate that even though patients with CEBPA

between CEBPA-dm and CEBPA-bZip patients distinct from that mutations have a unique transcriptome profile, there are no
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significant distinguishing features between patients with CEBPA-
dm and CEBPA-bZip only. This further substantiates lack of bio-
logic distinction between CEBPA-dm and CEBPA-bZip AML.

The striking enrichment of CSF3R and GATAZ2 mutations in
patients with CEBPA mutations is intriguing and aligns with pre-
viously reported findings. CSF3R mutations are rare, but when
they are compared with mutations in adult AML, they appear
slightly more prevalent in childhood AML and almost exclusively
occur in the setting of CEBPA mutations or RUNXT-RUNX1T1
fusions.?'3233 Braun et al** demonstrated functional significance
in the order of acquisition with the initial acquisition of a CEBPA
mutation required for a subsequent CSF3R mutation to have
proliferative impact. In this study, we demonstrated that the
presence of a CSF3R mutation in patients with CEBPA mutations
is associated with a remarkably high RR and poor EFS. However,
despite such high RR, patients with dual CEPBA"/CSF3R" expe-
rience OS similar to that of patients with CSF3R-WT. Because
allogeneic HSCT is considered standard treatment for relapse in

CEBPA-bZip-MUTANT AML CONFERS FAVORABLE PROGNOSIS

pediatric AML, our data suggest that patients with CEPBA"/
CSF3R" are responsive to intensified therapy. Given the poor
response to first-line chemotherapy, intensifying treatment early
in these patients and/or consolidating a first remission with
HSCT warrants further consideration. The overlap of CEBPA and
GATAZ2 mutations is well recognized in adult AML,*"¢ and our
findings in pediatric AML further support mechanisms of cooper-
ativity. Furthermore, the neutral prognostic effects are consistent
with previous studies in adult AML.3¢38

The findings we present regarding the favorable outcomes across
the studies suggest that bZip mutations, regardless of their bial-
lelic status, retain prognostic impact across the different treatment
regimens. Presence of a CEBPA-bZip mutation was used to clas-
sify patients as favorable risk in the AAML1031 trial, and they were
allocated to receive chemotherapy unless high allelic ratio FLT3-
ITD or refractory disease was present, but patients with CEBPA
mutations treated on the predecessor trials were allocated to
receive allogeneic HSCT if a matched family donor was available.
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However, we do not think the differences in use of allogeneic
HSCT as first-line therapy confounded our findings because a sig-
nificant majority of patients with CEBPA mutations in our cohort
were treated with chemotherapy, and HSCT rates were similar
across the different studies. We also report that patients with
CEBPA mutations, regardless of MRD status after induction 1,
experienced similar and favorable outcomes. It has previously
been reported that favorable-risk pediatric patients (NPMT1,
CEBPA, inv(16)/t(16;16), 1(8;21)) who are MRD-positive experience
relapse-free survival nearly identical to that of patients who are
MRD-negative.*” In addition, favorable-risk patients have been
shown to benefit from intensification of chemotherapy, sug-
gesting that the biology of favorable-risk AML may be more
permissive to the cytotoxic effects of chemotherapy.'®*° We
hypothesize that because patients with CEBPA mutations gen-
erally exhibit chemotherapy-sensitive disease (even those in CR
but with persistent MRD after induction 1), subsequent inten-
sive chemotherapy with a second intensive induction and
multiple high-dose cytarabine consolidation courses can achieve
durable remissions.

Our findings are also in line with our previous observations on the
paucity of single TAD mutations in pediatric AML and are further

1144 & blood® 30 SEPTEMBER 2021 | VOLUME 138, NUMBER 13

supported by work from Georgi et al** that did not identify single
TAD mutations in patients age 30 years or younger in a large
cohort and also found that those mutations were not associated
with outcome.”?* Nonpathogenic polymorphisms in the TAD
domains have also been identified and are important for differen-
tiation from pathogenic mutations.”*'*? We did not sequence
the full coding region of CEBPA in our entire cohort using NGS
and conventional sequencing, but we did screen for TAD muta-
tions in a large majority (88%) of patients and found that those
with single TAD mutations were rarely identified (0.15%). Even
with our large sample size, a pediatric CEBPA-TAD cohort large
enough for comparisons to be adequate could not be generated.
In addition, on the basis of our results demonstrating the rarity of
single TAD mutations in pediatric AML, it is exceedingly unlikely
that occult single TAD mutations would have been misclassified
as CEBPA'WT and would have obscured any impact on this

group.

CEBPA-dm is incorporated as a distinct entity into the WHO
classification of myeloid neoplasms and leukemia; CEBPA-
dm is now considered a favorable prognostic feature. Past
observations regarding the prognostic significance of mono-
allelic CEBPA mutations compared with CEBPA-dm have
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Figure 5. Outcomes of CEBPA-mutant patients according to co-occurring CSF3R and GATA2 mutational status. (A) EFS of dual CEBPA*/CSF3R* mutant patients
compared to those with dual CEBPA*/GATA2" and those with a CEBPA* mutation and neither CSF3R nor GATAZ2; (B) RR of dual CEBPA*/CSF3R* mutant patients
compared to dual CEBPA*/GATA2" and patients with a CEBPA* mutation and neither CSF3R nor GATAZ2; (C) OS of dual CEBPA*/CSF3R* mutant patients compared
to dual CEBPA*/GATAZ2" and patients with a CEBPA* mutation and neither CSF3R nor GATAZ2.

yielded conflicting results. Importantly, our findings demon-
strate that patients with a bZip mutation, either monoallelic
or biallelic, have favorable outcomes and similar biology;
this provides a strong rationale for modifying the current
WHO guidelines to broaden the requirement for the pres-
ence of CEBPA-dm as a prognostic entity to a CEBPA-bZip
mutation.
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