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Abstract

We studied the characteristics of the provisional category de novo acute myeloid leukemia (AML) with mutated RUNXI
(AML-RUNX1™") proposed by the World Health Organization (WHO). Until now, most published studies have combined
de novo and secondary AML-RUNXI™". We compared the clinicopathologic characteristics and outcomes of WHO-defined
de novo AML-RUNXI™" with de novo AML without RUNX1 alterations (AML-RUNXI""). We performed sequential NGS
to assess RUNXI mutation stability over disease course. We identified 46 de novo AML-RUNXI™" patients [32 (70%) men,
14 (30%) women; median age, 66.5 years] with 54 RUNXI mutations [median VAF, 32% (2-97%)]. Point mutations
clustered within the runt-homology-domain and frame-shift mutations within the transactivation domain. Compared with
AML-RUNXI", AML-RUNXI™" showed male predominance (p = 0.02), higher frequency of SRSF2 (p = 0.02), and ASXL]
(p =0.0004) mutations and normal karyotype (p =0.01), and absent NPMI mutations (p = 0.0002). De novo AML-
RUNXI™" showed no significant difference in overall survival (OS) compared with AML-RUNXI"" (median: 26 vs.
32 months) (p =0.71). AML-RUNXI™" with clonal RUNXI mutation (220% VAF) had shorter OS than subclonal <20%
VAF (23 months vs. undefined; p = 0.04). However, the difference was not significant when compared with AML-RUNXT""
(23 vs. 32 months; p =0.23). No significant OS difference was noted between de novo AML-RUNXI™" and AML-NOS-
RUNXI". By sequential multigene mutation profiling, RUNXI mutation disappeared at relapse in one of ten patients.
Overall, the findings support separate categorization of this entity. However, there is no significant outcome difference
compared with AML-RUNXI"".

Introduction

The study of the molecular genetic alterations in acute
myeloid leukemia (AML) has led to greater understanding
of leukemogenesis. This knowledge has resulted in refine-
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ment of AML prognostic subgroups beyond standard
cytogenetic findings, thereby confirming the complexities of
the multistep leukemogenic process [1, 2]. The recent
World Health Organization (WHO) revision has recognized
de novo AML with RUNXI mutation, in the absence of
myelodysplasia-related changes (MRC) (including cytoge-
netic abnormalities), as a provisional category based on
common biologic characteristics and adverse outcome [3].
AML cases that belong to this category should present de
novo without a history of myeloid neoplasm, chemotherapy
or radiation therapy, no MRC (either morphologic dysplasia
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or MDS-defining cytogenetic abnormalities) and should not
arise in the setting of a familial germline predisposition.

Large-scale studies have shown poor prognostic effect
of somatic RUNXI mutations in AML [4-7]. However,
majority of these studies have collectively studied the
clinicopathologic findings of both de novo and secondary
AML transformed from MDS; none have analyzed AML
cases defined using the proposed criteria by the WHO.
RUNXI mutation is frequent in MDS (12-14%) and
associated with poor outcome [7-9]. Hence, based on
these studies, it is unclear if the poor prognosis of RUNXI
mutated AML is due to the mutation itself or is attribu-
table to preexistent MDS [8-12]. Thus, the clinical
importance of this new provisional of de novo AML with
RUNXI mutation remains to be explored. Furthermore,
few studies have used next-generation sequencing (NGS)-
based mutation analysis. Recent evidence demonstrates
the effectiveness of BETP antagonists in inducing leth-
ality of AML cell lines [13]. These prognostic implica-
tions and potential therapeutic opportunities highlight the
importance of in-depth molecular analysis and clinical
characterization of RUNXI mutations in this provisional
AML category [14, 15].

In this study, we present the clinicopathologic and
genetic findings of a single institution series of 46 patients
with de novo AML with RUNXI™" that met the proposed
WHO criteria for the newly recognized provisional entity.
Furthermore, using targeted NGS methods, we describe a
characteristic pattern of concomitant gene mutations and
clonal evolution over the course of the disease.

Materials and methods

We retrieved all cases of de novo AML-RUNXI™" that
underwent NGS-based mutational profiling on bone marrow
aspirate samples over a 2-year time period at our institution.
The somatic nature of the mutation was inferred based on a
combination of variant allele frequency, literature review,
and information in databases such as COSMIC, dbSNP, and
1000 genome, etc. because we did not perform germline
testing. We excluded cases with RUNX! variants of
unknown significance. We excluded cases of AML arising
from an antecedent myeloid neoplasm (MDS or MDS/
MPN), AML-MRC, therapy-related AML, cases with his-
tory of radiation, strong family history of leukemia and
known familial RUNXI mutations. The final study group
included de novo AML cases with RUNXI mutation that
strictly met the criteria for the provisional entity as proposed
by the WHO classification. For comparison, we selected 94
consecutive cases of de novo AML (excluding acute pro-
myelocytic leukemia) that underwent NGS-based mutation
analysis that lacked RUNXI alteration (de novo AML-

RUNXI"). The study was approved by the Institutional
Review Board. Informed consent was obtained in accor-
dance with the Declaration of Helsinki.

All cases underwent morphologic review. Immunophe-
notypic analysis using multicolor flow cytometry was per-
formed on BM aspirates using a FACScan instrument
(Becton-Dickinson, San Jose, California) as described pre-
viously [16]. Conventional chromosomal analysis was
performed using standard techniques described previously
[6]. Targeted amplicon-based somatic mutation analysis
was performed using DNA extracted from BM aspirates and
a 28-gene panel as previously described [17, 18]. Within
RUNX]I, the Runtl homology domain (RHD) was defined
as spanning amino acids 77-204 and the transactivation
domain (TAD) containing both activation and inhibitory
domains was defined as spanning amino acids 269-438
[19]. Mutation analysis for SF3BI (exons 14 and 15),
SRSF?2 (exon 1), and CEBPA genes were performed by PCR
followed by Sanger sequencing. Internal tandem duplica-
tions (ITD) and point mutations in codon 835/836 of the
FLT3 gene were assessed by PCR followed by capillary
electrophoresis [17]. Additional details for methods are
provided in Supplementary material.

The frequencies and percentages were calculated for all
categorical variables; median and ranges were estimated for
continuous variables. The unpaired #-test was used to
compare independent values between the two groups.
Overall survival (OS) was estimated from the time of initial
AML diagnosis to either date of last follow-up or death
using Kaplan—Meier curves. Event-free survival (EFS) was
calculated with an event defined as first relapse or death,
whichever came first. Univariate Cox proportional hazards
regression analysis was used to determine the association
between OS and several covariates of interest. Cut-off
values at both 10% and 20% variant allele frequencies were
assessed to determine any possible impact on survival,
based on the study by Schnittger et al. [5]. If two or more
RUNXI mutations were present in the same patient, VAF of
the larger RUNXI mutant was selected.

Results
Study cohort

The final study cohort included 46 AML from a single
institution that met the criteria for the provisional category
“de novo AML with RUNXI mutation”. These patients
were identified from a total of 344 consecutive patients with
various hematologic malignancies with RUNX]I alterations
(mutations and variants) detected by NGS-based mutational
profiling and filtered per proposed WHO criteria (Fig. 1). Of
these, 39 patients were excluded because of the lack of
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Fig. 1 Schematic diagram showing the algorithm we used to select
cases of de novo acute myeloid leukemia with mutated RUNX1 for
this study. Horizontal arrows designate elimination criteria. AML

evidence in the literature on the somatic nature of the var-
iant; 3 patients were excluded because the RUNXI variant
was confirmed to be of germline origin; of the remaining,
169 patients had a diagnosis of AML, of which 68 patients
with an antecedent diagnosis of MDS or MPN, 22 patients
with a history of chemotherapy or radiation therapy were
excluded; 6 patients with recurrent genetic abnormalities
including 2 patients with t(15;17)/PML-RARA were exclu-
ded; further, 15 patients had multilineage dysplasia meeting
criteria for AML-MRC by morphology and 12 patients who
had MDS-related cytogenetic abnormalities were also
excluded. After applying exclusion criteria, the final study
group was composed of 46 patients that met the WHO
criteria for the provisional category of de novo AML-
RUNXI™" (Fig. 1). For comparison, we selected 94
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AML with MECOM rearrangement (n=1)
AML with mutated NPM1 (n=1)

acute myeloid leukemia, MDS myelodysplastic syndrome, MPN
myeloproliferative neoplasm, MDS/MPN myelodysplastic/myelopro-
liferative neoplasms.

consecutive patients with de novo AML (excluding acute
promyelocytic leukemia) without RUNXI alterations
[AML-RUNXI"] that underwent NGS-based sequencing.
The distribution of these cases within WHO categories
included: AML with NPM1 mutation (n = 20, 21%), AML-
MRC (n=16, 17%), AML with inv(16)/CBFB-MYH11
(n=17,7%), AML with minimal differentiation (n = 3, 3%),
AML without maturation (n =7, 7%), AML with matura-
tion (n = 11, 12%), acute myelomonocytic leukemia (n =1,
1%), acute monocytic/monoblastic leukemia (n =135, 5%),
AML with t(v;11q23)/KMT2A rearrangement (n =4, 4%),
AML with t(6;9)/DEK-NUP214 (n=2, 2%), AML with t
(8;21)/RUNXI-RUNXITI (n=1, 1%), pure erythroid leu-
kemia (n =1, 1%), and relapsed AML, not otherwise spe-
cified (n =16, 17%).
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Table 1 Clinicopathologic characteristics, karyotype and molecular
genetic features.

RUNXI mutated ~ RUNXI wild type  p value
(n=46) (n=94)
Gender 0.02
Male 32 (70%) 45 (48%)
Female 14 (30%) 49 (52%)
M:F ratio 2.3:1 1:1
Age 0.06
Median (range) 66.5 (20-87) 60.5 (2-86)

WBC (K/uL) 0.19

Median (range) 6.4 (0.2-97.3) 3.7 (0.1-102.7)

ANC (K/uL) 0.53
Median (range) 0.6 (0-37.8) 0.87 (0-18.5)

Hemoglobin (g/dL) 0.32
Median (range) 8.9 (5.3-13.1) 9.5 (6.1-13.8)

MCYV (fL) 0.009
Median (range) 95 (80-116) 90 (74-121)

Platelets (K/uL) 0.32
Median (range) 53 (2-270) 37 (1-309)

Peripheral Blood Blast % 0.24
Median (range) 20 (0-97) 9 (0-97)

Cytogenetics®
Normal karyotype 33 (72%) 43 (47%) 0.01
1 clonal abnormality 8 (17%) 22 (24%) 0.39
2 clonal abnormalities 5 (11%) 6 (7%) 0.51
>3 clonal 0 (0%) 19 21%) 0.0003
abnormalities
Trisomy 13 3 (6.5%) 0 (0%) 0.037
Trisomy 8 4 (9%) 11 (12%) 0.77
Abnormality 0 (0%) 5 (6%) 0.32
in Chr 21

Concomitant mutations
FLT3 19 (41%) 21 (22%) 0.03
DNMT3A 10 (22%) 19 (20%) 0.8
ASXLI 14 (30%) 6 (6%) 0.0004
NRAS 13 (28%) 14 (15%) 0.07
IDH2 12 (26%) 18 (19%) 0.4
TET2 6 (13%) 10 (11%) 0.8
EZH?2 4 (9%) 1 (1%) 0.04
NPM1 0 (0%) 20 (21%) 0.0002
CEBPA 1 2%) 11 (12%) 0.2
SRSF2 9 (45%) 1 (7%) 0.02
SRSF2/SF3BI 12 (60%) 1 (7%) 0.0033

2017 ELN genetic risk
Favorable 0 (0%) 21 (22%)
Intermediate 0 (0%) 46 (49%)
Adverse 46 (100%) 27 (29%) <0.0001

ELN risk stratified according to ref. [20].

WBC white blood cell count, MCV mean corpuscular volume, Chr
chromosome, mo months, ELN European Leukemia Net.

p values less than 0.05 were considered significant; clonal abnorm-
alities were defined as chromosomal changes in two or more
metaphases as specified by the International System for Human
Cytogenetic Nomenclature 2013.

%Karyotype at the time of initial diagnosis available AML-RUNXI""
(n=90).

Bold values indicates statistically significant.

Clinical characteristics

The cohort of patients with de novo AML-RUNXI™"
included 32 (70%) men and 14 (30%) women with a
median age of 66.5 years (range, 20-87). At the time of
presentation, all 46 patients had anemia and 34 (74%) had
thrombocytopenia. No patients had peripheral blood
eosinophilia. Nineteen (41%) patients presented to our
institution before receiving any treatment. The remaining
27 patients had relapsed or refractory AML and had
received therapy prior to presenting to our institution.
Based on the 2017 European LeukemiaNet (ELN) risk
stratification by genetics, all 46 patients in the study
cohort are included in the adverse risk category due to the
presence of RUNXI mutation [20]. We compared the
clinical characteristics between the study and the control
groups, the details of which are provided in Table 1.
Compared with the control cohort, patients with AML-
RUNXI™" showed a male predominance (p =0.02), a
significantly higher MCV (p =0.009), and a trend
towards older age (p = 0.06).

The study group patients were treated with multiple
chemotherapeutic regimens. Fifteen (33%) patients under-
went stem cell transplant (eight at first remission and seven
after relapse); 39 (42%) patients in the control group
underwent stem cell transplant (28 at first remission and 11
after relapse). These details are summarized in Supple-
mentary Table 1.

Types of RUNXT mutations

There was a total of 54 RUNXI mutations in 46 patients;
seven (15%) patients harbored two or more mutations.
Three RUNXI mutations were splice site mutations; the
remaining 51 mutations were exonic mutations (most fre-
quent in exon 5, 31%). The median variant allele frequency
was 32.4% (range, 1.97-96.6%); 34 patients had a VAF >
20% and 12 had a VAF <20%. Only four patients had a
VAF < 5%. These mutations were clustered within the RHD
(amino acids 77 through 204; n =29, 57%) and the TAD
(amino acids 269-438; n = 18, 35%) domains of the gene,
although the mutations spanned the entire coding region
[Fig. 2]. In total, there were 23 (45%) point mutations (15
missense; 8 nonsense), 13 (25%) duplications, 10 (20%)
deletions, and 5 (10%) insertions. Within of the RHD, 19 of
29 (65.5%) mutations were point mutations [13 (68%)
missense and 6 (32%) nonsense], in contrast to TAD where
only 3 of 18 (17%; 2 nonsense and 1 missense mutation)
were point mutations (p = 0.0022). Within the TAD, 15 of
18 (83%) were frame-shift mutations in contrast to the RHD
where only 9 of 29 (31%) were frameshift mutations (p =
0.0008).

SPRINGER NATURE



1682

A. E. Quesada et al.

Transcription Activation Domain

D198

1114_A115delinsT

Legend
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Fig. 2 Graphical representation of exonic RUNXI mutations; the
mutations are preferentially located within the Runt homology
domain (RHD) spanning amino acids (aa) 77-204. Fifty-one exonic
mutations are shown. There are 29 (57%) mutations within the RHD.
Point mutations are preferentially located within the RHD (19 point
mutations and 9 frameshift) (p = 0.0022). There are 18 (39%) muta-
tions within the transactivation domain (TAD). Frameshift mutations

Morphologic and flow cytometry
immunophenotypic findings

All 46 cases were classified as de novo AML-RUNXI™" per
2017 WHO classification. There were no specific morpho-
logic features. The median BM cellularity was 70% and
median BM blast count was 58.5%. Megakaryocytes were
decreased in number (78%). The blasts were nondescript
(intermediate-sized, moderate cytoplasm, and occasional
prominent nucleoli). Auer rods were noted in two cases.
Four patients showed salmon pink cytoplasmic granulation
similar to AML with t(8;21)(q22;q22)/RUNX1-RUNXIT]I.
In 60% of cases, the blasts were positive for myeloperox-
idase (>3%). Based on selection criteria, cases with multi-
lineage dysplasia were excluded. Ring sideroblasts were
identified in eight (28%) cases (range, 1-7%). By flow
cytometry immunophenotyping, the blasts expressed the
following markers: CD13 (91%), CD33 (86%), CD34
(93%), CD38 (100%), CD117 (91%), CD123 (91%), HLA-
DR (98%), and myeloperoxidase (62%). Twenty-six of 43
(60%) cases expressed CD4 at least to some extent. CD22
was positive in 10 of 39 (26%) cases, CD7 in 11 (26%),
CD15 was expressed in 4 (9%), CDS5 in 3 (7%), CD14 in 2
(5%), CD2 in 2 (5%), and CD19 in 2 (5%) cases.

Cytogenetic findings

The results of conventional cytogenetic analysis were
available in all 46 patients. Thirty-three (72%) patients
showed a normal karyotype. The remaining patients showed
either one clonal abnormality (n=8, 17%) or two
abnormalities (n =5, 11%). Frequent cytogenetic abnorm-
alities included trisomy 8 (n =4, 9%) and trisomy 13 (n =
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are preferentially located within the TAD (3 point mutations and 15
frameshift) (p = 0.0008). Circles represent single-nucleotide variations
and squares represent insertions, duplications, or deletions. White
color represents missense mutations, black represents nonsense
mutations, dotted pattern represents frameshift mutations, and striped
pattern represents in-frame deletion. The amino acid location for each
exonic mutation is shown below the symbol.

3, 6.5%). No patients showed abnormalities of chromosome
21. The karyotype at the time of diagnosis was available in
90 patients in the control group. De novo AML-RUNXI™"
group had a significantly higher frequency of normal kar-
yotype (72% vs. 47%, p =0.01) and a lower frequency of
adverse karyotypic abnormalities with the control group.
Trisomy 13 was more frequent in patients with AML-
RUNXI™" compared with the control AML-RUNXI"" group
(6.5% vs. 0%, p =0.037). There was no significant differ-
ence in the frequencies of trisomy 8 or 21. Similarly, there
was no difference in the frequency of combined trisomy 8
and 13. Only one patient had both trisomy 8 and trisomy 13.
The results are summarized in Table 1.

Concurrent gene mutations

Using a combination of a targeted NGS panel and Sanger
sequencing, the median number of mutations per patient
(from a total of 31 tested genes) in de novo AML RUNXI™"
was three (range, 1-11); all cases had at least one mutation
in addition to RUNXI. The most frequent concomitant
mutations in decreasing order of frequencies included the
splicing factor genes SRSF2 (n=9/20, 45%); FLT3 [n =
19/46, 41%, 12 ITDs with a median ITD ratio of 0.307
(range of 0.014-0.562)], ASXLI (n = 14, 30%), NRAS (n =
13, 28%), DNMT3A (n =10, 22%), IDH2 (n=12, 26%),
TET2 (n =6, 13%) and EZH2 (n =4, 9%). One of 43 cases
(2%) showed a CEBPA mutation. By definition, NPM1
mutations were absent in all cases. Mutations in GATA2,
JAK2, KIT, MPL, PTPNI11, TP53, and WTI were rare.
Mutations in ABLI, BRAF, EGFR, GATAI, HRAS, IKZF?2,
MDM?2, MLL, and MYDS88 were mutually exclusive with
RUNXI. The data are shown in Fig. 3.
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Fig. 3 All concomitant
mutations identified in de novo
acute myeloid leukemia with
mutated RUNX1. Genes are
segregated based on the
biological function the left. The
upper panels denote each patient
represented by a unique patient
number with all the mutations
detected in each patient. Red,
single mutation; dark red, two
mutations; brown, three
mutations; gray, wild type;
white not tested.
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The distribution of mutations within the control group  (n=10, 11%), IDHI (n=9, 10%), TP53 (n=17, T%),
was as follows: FLT3 [n =23, 24%, 15 were ITDs with a KRAS (n=6, 6%), PTPNII (n=06, 6%), GATA2 (n=2,
median ITD ratio of 0.338 (range, 0.023-0.975)], NPM1 2%), EZH2 (n=1, 1%), and MPL (n=1, 1%).

(n=20, 21%), DNMT3A (n=19, 20%), IDH2 (n= 18,

De novo AML RUNXI™" showed a significantly higher

19%), NRAS (n= 14, 15%), CEBPA (n=11, 12%), TET2 frequency of mutations in the SRSF2 (p = 0.02), FLT3 (p =
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0.03), ASXLI (p = 0.0004), EZH2 (p = 0.04), and compared
with de novo AML RUNXI". In contrast, de novo AML
RUNXI™" showed a significantly lower frequency of NPM1
mutations compared with de novo AML-RUNXI"" (n = 20,
p =0.0002) (Table 1). Single-CEBPA mutations were less
common in AML-RUNXI™"; however, this finding did not
achieve statistical significance. The distribution of the
remaining gene mutations showed no significant differences
between the two groups.

We found no difference in the distribution of con-
comitant mutations, including splicing factor mutations,
with RUNXI mutations of the RHD domain as compared
with TAD domain. The median variant allelic frequency
for the RUNXI mutation was 32% (range, 2-97%).
Within the tested genes using the NGS panel, RUNXI
gene mutation represented the major clone in 32 (70%)
patients.

Sequential mutation profiling

We assessed the stability and clonal evolution patterns of
RUNXI and other concomitant gene mutations by perform-
ing sequential NGS-based mutation profiling in ten patients
at the time of diagnosis and subsequently at the time of
persistent AML (n = 3) or relapse (n =7) (Fig. 4). Overall,
these patients showed 12 RUNXI mutations at the time of
initial mutation profiling. At time of relapse or persistent
disease the same RUNXI mutations were retained in nine
(90%) patients; this patient subgroup included two patients
who had two different RUNXI mutations, both of which
were retained. In one (10%) patient with relapsed AML
(blasts: 13%), RUNXI mutation was present at initial diag-
nosis but absent at relapse. In this patient (UPN37), muta-
tions in RUNXI, ASXLI, and DNMT3A genes were present
at the time of diagnosis. NGS-based sequencing performed
16 months later for relapsed AML showed the absence of
RUNXI mutation and one ASXLI mutation, whereas the
other ASXLI and DNMT3A mutations persisted (Fig. 4j).

NGS-based mutation analysis at the time of relapse or
persistent disease also showed additional mutations in the
following genes: ASXLI (n=1), NRAS (n=1), IDHI (n=
1), FLT3 D835H (n=1), TET2 (n=1), and TP53 (n =2).
Three patients received specific drugs targeting mutations in
NRAS (n=1), IDHI (n=1), and FLT3 (n=1) with sub-
sequent disappearance of /IDHI and FLT3 and reduction in
the number of mutations of NRAS. In one patient, EZH2
mutation disappeared during relapse.

Survival analysis
At last follow-up, 27 (59%) patients with de novo AML-

RUNXI™" had died. The median OS for this group was
26 months; median follow-up duration was 21.4 months. De
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novo AML-RUNXI™" patients had a shorter OS compared
with de novo AML-RUNXI™ patients (median OS:
32 months, median follow-up: 24 months), although the
difference was not statistically significant (p =0.71)
(Fig. 5a). There was no significant difference in median
EFS between de novo AML-RUNXI™" and de novo AML-
RUNXI"T (13.5 vs. 14 months, p =0.44). No significant
difference was noted in OS/EFS between the two groups
among treatment naive patients. RUNXI-mutated AML
patients with clonal RUNXI mutation (defined here as >20%
VAF) showed a significantly shorter median OS than those
with subclonal <20% VAF (23 months vs. undefined; p =
0.04). However, there was no significant difference in OS/
EFS when compared with wild-type RUNXI (23 vs.
32 months; p = 0.23) (Fig. 5b, c¢). There was no statistically
significant difference in the OS/EFS between the two
patient groups (total and treatment naive subgroups) based
on karyotype or 2017 ELN genetic risk (Table 2). Study
group cases would be categorized as AML-NOS in the
absence of RUNXI mutation. So, we compared the OS/EFS
with AML-NOS cases in the control cohort (essentially
applying all the WHO elimination criteria proposed for this
provisional entity to the control group, thus the only dif-
ference is the RUNXI mutation status) and found no sig-
nificant difference (26 vs. 38 months, p=0.53). No
significant difference in OS was noted when comparing de
novo AML-RUNXI™" to patients with AML-MRC
RUNXI"" (median OS, 26.3 vs. 19.4 months, p = 0.58) or
AML patients with mutated NPM1 (26.3 vs. 42.5 months,
p=0.97).

Among de novo AML-RUNXI™ patients, 31 patients
received chemotherapy alone and 15 patients received stem
cell transplant. In the control group, 55 patients received
chemotherapy alone and 39 patients received stem cell
transplant. There was no significant difference in OS in the
de novo AML-RUNXI™' and de novo AML-RUNXI""
patients treated with chemotherapy alone (20.4 months vs.
17.3 months, p =0.94). There was no difference in OS
between de novo AML-RUNXI™ and de novo AML-
RUNXI" patients who received stem cell transplant
(45 months vs. 57.5 months, p=0.62). However, we
acknowledge that the number of cases is small.

Within the study cohort, we explored the prognostic
effect of the location and type of RUNXI mutations on
outcome. There was no difference in OS for patients with
RUNXI1 RHD mutations as compared with RUNXI TAD
mutations (25.9 vs. 26.3 months, p =0.72). There was no
difference in OS for patients with RUNXI/ missense muta-
tions as compared to those with deleterious RUNXI muta-
tions (defined as nonsense and frameshift) mutations (25.9
vs. 28 months, p = 0.60).

Finally, to explore the effect of multilineage dysplasia,
we compared 15 patients de novo AML-RUNXI™" cases
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that were originally excluded based on the presence of novo AML RUNXIVT, de novo AML RUNXI™T not
multilineage dysplasia (Fig. 1). These patients showed no  otherwise specified, de novo AML RUNXIVT NOS, de
differences in OS compared to de novo AML RUNXI™, de ~ novo AML RUNXIVT with myelodysplasia related changes,
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Fig. 5 a Overall survival (OS) for de novo AML patients with
mutated RUNXI (27/46 died, median OS, 26 months) showed no
significant difference compared to de novo AML patients with wild-
type RUNX1 (54/94 died, median OS, 32 months; p =0.71). b OS
for de novo AML patients with mutated RUNX! with a variant allele
frequency of >20% (24/34 died, median OS, 23 months) was sig-
nificantly different compared to those with variant allele frequency
<20% (3/12 died, median OS, undefined months; p = 0.04). ¢ De
novo AML patients with mutated RUNX! with a variant allele fre-
quency of >20% (median OS, 23 months) showed no difference in
OS compared to de novo AML patients with wild-type RUNXI
(median OS, 32 months; p = 0.23).

or de novo AML RUNXIVT with NPMI mutation (Sup-
plementary Fig. 1 and Supplementary Table 3).

By univariate analysis, RUNXI mutation was neither
associated with OS nor EFS. OS significantly associated
with age and ELN risk, and EFS with age and stem cell
transplant (Supplementary Table 4).

Discussion

The recent WHO revision to the AML classification has
recognized de novo AML with RUNXI mutation, in the
absence of MRC (including cytogenetic abnormalities), as a

provisional category based on common biologic
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Table 2 Comparison of overall survival and event free survival
between de novo acute myeloid leukemia with mutated RUNX/ and
acute myeloid leukemia with RUNX! wild type.

RUNXI RUNXI wild p value

mutated type (n =94)

(n=46)
Overall Survival (months from initial diagnosis)
All patients 26 32 0.71
Treatment naive 23 32 0.77
Normal karyotype 25 38 0.55
Adverse ELN 26 14 0.079
genetic risk
VAF 220% only 23 32 0.23
Event free survival (months from initial diagnosis)
All patients 135 14 0.59
Treatment naive 14 20 0.66
Normal karyotype 13.9 14.5 0.92
Adverse ELN 13.5 10.9 0.55

genetic risk

ELN risk stratified according to ref. [20].
ELN European Leukemia Net.

p values less than 0.05 were considered significant; clonal abnorm-
alities were defined as chromosomal changes in two or more
metaphases as specified by the International System for Human
Cytogenetic Nomenclature 2013.

Karyotype at the time of initial diagnosis available AML-RUNX1""
(n=90).

characteristics and adverse outcome [3]. However, the
clinical relevance of this new AML subcategory compared
with de novo AML without RUNXI mutations has not been
assessed. Multiple large studies that have analyzed the
clinical implications of RUNXI mutations [4-7, 21, 22],
including the largest series to date by Gaidzik et al., have
included a mixture of de novo and secondary AML from
multicenter clinical trials [4, 7]. Few studies on de novo
AML have not used the criteria proposed by the WHO and
include cases with MRCs [5, 6, 21, 23]. Furthermore, none
of the above studies utilized NGS-based technologies for
mutation assessment.

In our study, trisomy 13 was more frequent in patients
with AML-RUNXI™" compared to the control AML-
RUNXI"™ group, consistent with other studies [7, 23-25].
Trisomy 8 was noted in four (9%) and trisomy 13 in three
(6.5%) patients with AML-RUNXI™". Trisomy 13 is a very
rare event in myeloid neoplasms, but is associated with
mutations in RUNXI and SRSF2 in AML [26]. Trisomy 13
was implicated as a mechanism of overexpression of FLT3
and the authors hypothesized cooperative effects between
mutated RUNXI and FLT3 [24, 25]. In this study, de novo
AML-RUNXI™" group had a significantly higher frequency
of normal karyotype compared with the control group,
consistent with other studies. However, there was no
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significant difference in OS between the two groups among
patients with normal cytogenetics (p = 0.55). The low fre-
quency of adverse karyotypic abnormalities [4, 6] may be
partly due to the WHO criteria to eliminate MDS-related
cytogenetic abnormalities.

RUNXI mutations clustered within the RHD and TAD
domains of the gene, although the mutations spanned the
entire coding region. Hence, for clinical testing, sequencing
the entire coding region of the RUNXI gene is recom-
mended. The types of mutations identified in this study are
in accord with the function of the protein. Within the RHD,
point mutations accounted for most of the mutations versus
the TAD where frameshift mutations were more common.
The RHD contains the DNA-binding site of RUNX1 protein
and hence, a point missense mutation is likely to disrupt
protein function. In contrast, the TAD is responsible for the
in vivo function of the RUNXI1 protein, and these functions
are affected substantially by truncation of large segments
due to frameshift and nonsense mutations [6, 27].

NGS-based mutation analysis using a multigene panel
facilitated assessment of concomitant cooperating gene
mutations. RUNXI mutation alone is insufficient for leu-
kemogenesis [10]. We noted concomitant mutations in
FLT3 (41%), DNMT3A (22%), ASXL1 (30%), IDH2 (26%),
and NRAS (28%). However, only mutations in SRSF2,
FLT3, ASXLI, EZH2, and NPM1 were significantly differ-
ent from the AML with RUNXI" group. When grouped
into functional categories as described by the Cancer Gen-
ome Atlas Research Network [1], de novo AML with
RUNXI mutation cases show a significant association with
mutations in spliceosome-related genes, specifically SRSF2
and in chromatin and histone modifiers, such as ASXL/ and
EZH2 compared with de novo AML RUNXI" cases.
Gaidzaik et al. also noted significant differences in mutation
frequencies of IDH2 and SF3BI genes; the reasons could be
related to selection of cases based on the proposed WHO
criteria and the smaller number of cases in our study [7].
The precise role of each of these concomitant mutations is
unknown, but there is ample evidence supporting the idea of
a multistep process of leukemogenesis.

SRSF2 mutation was the most frequent mutation in this
entity. Haferlach et al. showed SRSF2 mutation in 36% of
de novo AML with RUNXI [23]. While RUNX1 is a pan-
AML mutation, SRSF2 mutation is almost (>95%) specific
for AML arising in a setting of an antecedent myeloid
malignancy [28]. This suggests that these cases may arise
from a previously unrecognized MDS, despite de novo
presentation. Splicing factor mutations were also noted in
up to 11% of de novo AML and associated with mutations
in RUNXI, ASXLI, IDH2, and TET2 genes in a study by
Hou et al.; the presence of splicing factor mutations in de
novo AML was an independent predictor of OS and
disease-free survival [29]. EZH2 mutations were observed

at a higher frequency (~10%) in de novo AML-RUNXI™",
compared with the control group. EZH2 mutations are
uncommon (0-2%) in de novo AML [30, 31]. EZH?2 is
located on chromosome 7q36 and is an epigenetic regulator
of transcription that encodes for the catalytic subunit of a
histone methyltransferase, polycomb repressive complex 2.
Inactivating mutations in EZH2 may result in myeloid
proliferation that may be a driving factor for a small subset
of de novo AML-RUNXI™" [32]. None of the 12 de novo
AML-RUNXI™" patients with an SRSF2 mutation had a
concurrent EZH2 mutation. EZH?2 is further downstream of
SRSF2-dependent splicing, thereby leading to mutual
exclusivity.

By sequential NGS-based multigene mutation profiling
in ten patients at the time of diagnosis and subsequently at
time of persistent or relapsed disease, we show that RUNX!
mutation disappeared at time of relapse in one patient while
mutations in DNMT3A and ASXLI persisted. Similar finding
was shown by Tang et al. by using less sensitive sequencing
technique [6]. “Founder” mutations tend to persist at the
time of remission, but mutations implicated in disease
progression tend to disappear [28]. This finding raises the
possibility that RUNXI mutation may not be a “founder” or
“driver” mutation for AML, at least in a small subset of
patients [5, 6]. However, this possibility is based on the
results of only one patient, and a larger cohort with
sequential NGS testing is necessary for confirmation. Based
on the mutation pattern, likely founder or driver mutations
in de novo AML-RUNXI™" in this study include splicing
factor genes, ASXLI, DNMT3A, and TET2. In aggregate,
about 65% of patients had at least one of these mutations in
addition to RUNXI. Whereas DNMT3A and TET2 muta-
tions were frequent in both AML-RUNXI™" and AML-
RUNXI"", mutations in splicing factors and ASXLI were
significantly more frequent in the AML-RUNXI™" group,
suggesting that these mutations play a larger role as drivers
in de novo AML-RUNXI™".

There was no statistically significant difference in OS
between de novo AML with mutated RUNXI patients ver-
sus control group patients. Based on our study findings, the
outcome of RUNXI mutated AML depends on the disease
context, de novo versus secondary. In multiple large-scale
studies, RUNXI mutation has been shown to be an inde-
pendent predictor of poor OS [5, 6, 21] and EFS [4, 7, 21].
However, most of these studies have included patients with
both de novo AML and AML transformed from MDS
(secondary AML). None of these studies have focused on
de novo AML with mutated RUNXI using new WHO cri-
teria. Recent studies that included only de novo AML or
those tested using NGS-sequencing OS [23, 33-35] have
not observed a significant effect on OS. Only mutations in
RUNXI and three or more additional gene mutations were
independently associated with poor OS [23].

SPRINGER NATURE



1688

A. E. Quesada et al.

Per 2016 WHO criteria, the presence of multilineage
dysplasia (at least 50% dysplastic cells in at least two
lineages) in de novo AML-RUNXI™" categorizes the case
as AML-MRC and excludes from the de novo AML-
RUNXI™" category. To explore the effect of multilineage
dysplasia, we evaluated the characteristics of 15 de novo
AML-RUNXI™" cases that we had originally excluded
(Fig. 1). Overall, there were no significant differences in the
parameters assessed except for fewer circulating blasts
compared to the WHO-defined study cohort composed of de
novo AML with mutated RUNX! (Supplementary Table 2).
In addition, there were no differences in OS compared to de
novo AML RUNXI™. de novo AML RUNXIVT, de novo
AML RUNXIWT, not otherwise specified, de novo AML
RUNXIVT with myelodysplasia related changes, or de novo
AML RUNXIMT with NPMI mutation (Supplementary
Fig. 1 and Supplementary Table 3). This suggests that de
novo AML-RUNXI™" with multilineage dysplasia in the
absence of history of myeloid neoplasms or MDS-related
cytogenetic changes may not be significantly different from
WHO-defined de novo AML-RUNXI™. Hence, the
importance of multilineage dysplasia in de novo RUNX]I
mutated AML is unclear and needs to be evaluated further
for future AML classifications.

We acknowledge limitations in our study: it is retro-
spective with a relatively small number of cases and var-
iation in treatment regimens. Our institution is a referral
center and a significant proportion of patients present after
already having received induction chemotherapy. We did
not find significant differences in gene mutation profiles
between treatment naive AML patients and relapsed AML
patients following treatment in this cohort. However, since
new mutations are known to arise following chemotherapy,
caution must be used when analyzing and interpreting
mutational profiles following chemotherapy. As such,
validation with larger cohorts and prospective studies are
necessary and efforts to this end are ongoing.

In conclusion, de novo AML patients with RUNX]I
mutation show characteristic morphologic findings, a high
frequency of a normal karyotype, a high frequency of con-
current mutations in ASXLI and SRSF2 genes, and absent
NPM]I mutations. Cases of de novo AML with RUNXI
mutation have minimal overlap with other unique subtypes
of AML, such as those cases associated with t(8;21), inv
(16), or NPMI mutations. The data supports the separate
categorization of de novo AML with RUNXI/ mutation as
proposed in the current WHO classification based on dis-
tinctive clinicopathologic features. However, these patients
show no significant outcome difference compared with de
novo AML patients without RUNX] alterations.
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