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Simple Summary: Acute myeloid leukemia refers to a large group of diseases that can be further
defined by their genetic modifications. A specific alteration called KMT2A-PTD has been previously
found in 5% of newly diagnosed acute myeloid leukemia cases. This work aimed to provide
specific insight into outcomes of this specific disease and identify factors that may influence survival.
Integrating KMT2A-PTD in ELN classification abrogates its predictive value on survival suggesting
that this mutation may overcome other genomic marker effects. In patients receiving intensive
chemotherapy, hematopoietic stem cell transplantation (HSCT) significantly improved the outcome
compared to non-transplanted patients. In conclusion, our results emphasize that KMT2A-PTD
should be considered as a potential adverse prognostic factor.

Abstract: Recently, a new subset of acute myeloid leukemia (AML) presenting a direct partial tandem
duplication (PTD) of the KMT2A gene was described. The consequences of this alteration in terms
of outcome and response to treatment remain unclear. We analyzed retrospectively a cohort of
KMT2A-PTD-mutated patients with newly diagnosed AML. With a median follow-up of 3.6 years,
the median overall survival was 12.1 months. KMT2A-PTD-mutated patients were highly enriched in
mutations affecting epigenetic actors and the RTK/RAS signaling pathway. Integrating KMT2A-PTD
in ELN classification abrogates its predictive value on survival suggesting that this mutation may
overcome other genomic marker effects. In patients receiving intensive chemotherapy, hematopoietic
stem cell transplantation (HSCT) significantly improved the outcome compared to non-transplanted
patients. In the multivariate analysis, only HSCT at any time in complete remission (HR = 2.35;
p =0.034) and FLT3-ITD status (HR = 0.29; p = 0.014) were independent variables associated with
overall survival, whereas age was not. In conclusion, our results emphasize that KMT2A-PTD should
be considered as a potential adverse prognostic factor. However, as KMT2A-PTD-mutated patients
are usually considered an intermediate risk group, upfront HSCT should be considered in first CR
due to the high relapse rate observed in this subset of patients.
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1. Introduction

Due to a better biomolecular definition and recent approval of various targeted thera-
pies, the overall prognosis of acute myeloid leukemia (AML) is moving toward tremendous
improvement. Recent advances in the discovery of the genomic landscape of the disease,
in the development of assays for genetic testing and for detecting minimal residual disease
(MRD), have recently modified AML management [1-3]. Rearrangement involving the
Lysine (K)-specific Methyltransferase 2A (KMT2A) gene located at 11q23, formerly known
as the mixed lineage leukemia (MLL) gene, is found in approximatively 3% of de novo
AML [4]. This abnormality is notoriously known to be associated with aggressive disease
courses and poor prognosis [4-6]. As well as this rearrangement, KMT2A gene may show
in-frame partial tandem duplication affecting the N-terminal region. According to the
literature, this partial tandem duplication (PTD) is spanning exon 3 to 9, 3 to 10 or 3 to
11 [7,8], which corresponds to exon 2 to 8, to 9 or to 10 in NM_001197104 in order to comply
with the frame. KMT2A-PTD seems to be related to epigenetic modifications resulting in
abnormal Homebox (Hox) gene expression [8]. However, the pathogenic difference be-
tween rearranged KMT2A and KMT2A-PTD AML is rather unknown. Hinai et al. showed
that KMT2A-PTD may induce overexpression of HOX-related genes in different ways than
t(11g23)-related fusion proteins. The authors thus suggested that KMT2A-PTD induces
leukemogenesis by mechanisms distinct from t(11q23) abnormalities involving KMT2A [9].
Converse to KMT2A-rearranged AML, KMT2A-PTD enhances self-renewal of hematopoi-
etic stem cells by blocking the cell differentiation but is not sufficient by itself to induce
overt leukemia. Indeed, Shnittger et al. showed that small clones of KMT2A-PTD could be
found in healthy bone marrow samples without any signs of myeloid neoplasm, suggesting
that other molecular or epigenetics events are necessary to induce overt leukemia [10].

In addition to KMT2A rearrangements, KMT2A-PTD have been reported in 3-10% of
adult AML cases and are mutually exclusive to 11q23 rearrangements [7,8]. In a cohort of
986 adult AML patients, KMT2-PTD was found in 5% of cases, with some patients carrying
concurrent FLT3-ITD mutations [4]. KMT2A-PTD event is usually associated with normal
karyotype or +11. However, clinical implications of KMT2A-PTD on outcome also remain
unclear with conflicting results [4-7]. In a cohort of 109 KMT2A-PTD patients treated
intensively, Hinai et al. showed that KMT2A-PTD did not associate with outcome in AML.
However, specific concurrent mutational subtypes such as DNMT3A and NRAS appear
to carry poor prognostic value. Interestingly, Steudel et al. showed that FLT3-ITD and
KMT2A-PTD have the same poor outcome when censored at the time of transplant, whether
mutations co-occurred or not [4]. Finally, Haferlach et al. assessed that despite differences
in the age of presentation and co-mutational burden, KMT2-PTD AML shared similar poor
outcomes compared to KMT2A-rearranged AML. In this study, the authors also showed that
the IDH specific molecular subgroup was associated with a reduced overall survival [10].
KMT2A-rearranged AML is considered to be an unfavorable prognosis within ELN 2017
classification [10-12]. However, KMT2A-PTD is not included in current AML prognostic
classifications, and so, not considered as an independent factor for hematopoietic stem cell
transplantation (HSCT) allocation.

In this study, we aimed to evaluate KMT2A-PTD impact on outcome in newly diag-
nosed AML patients according to treatment intensity and HSCT.

2. Patients and Methods
2.1. Patients

Seventy-nine patients (19-87 years old) treated in Lyon and Bordeaux, France, with
newly diagnosed KMT2A-PTD-mutated AML (de novo or secondary) were included in this
retrospective study, between November 2005 and August 2019. At diagnosis, blood and
BM samples were examined for cytogenetic abnormalities and molecular markers (NPM1,
FLT3-ITD) according to local procedures. Patients were assigned to risk groups according
to the 2013 ELN classification, as FLT3-ITD ratio and next generation sequencing were not



Cancers 2021, 13, 2272

30f10

available for all patients at diagnosis. Cytogenetic analysis was performed according to the
International System for Human Cytogenetic Nomenclature guidelines [13].

2.2. Outcome Parameters

CRc (CR + CRi + CRp) status was defined on BM aspirates with less than 5% of blasts
recovery and classical hematological recovery characteristics. Overall survival (OS) was
calculated from treatment assignment to death from any cause. Leukemia-free survival
(LFS) was determined for responders from CRc until diseases relapse or death of any
cause. Patients alive were censored for OS at last follow-up date, and patients in CR were
censored for LFS at their last disease assessment. Survival analyses were not censored at
the time of transplant.

2.3. Treatments

Intensively treated patients received anthracycline and cytarabine-based induction
chemotherapy regimen (n = 54). Patients achieving complete remission (CR) after one or
two courses of induction were given consolidation chemotherapy with intermediate/high
dose cytarabine. Low intensive chemotherapy group comprised patients treated frontline
by low dose cytarabine (1 = 9) or hypomethylating agents (n = 7). Policy with regard to
blood product support, antibiotics and anti-fungal prophylaxis, and treatment of febrile
neutropenia were determined according to established local practice [14]. The third study
group (n = 10) comprised patients treated by best supportive care (BSC) associated if
necessary, to the administration of hydroxyurea or 6-mercaptopurine in order to control
proliferative white blood cell (WBC) count.

2.4. Statistical Analyses

Comparative descriptive statistics were used to characterize patients and their disease
in their entirety. Continuous variables were reported as median + standard deviation
(SD) followed by a t test if the distribution was normal in both groups, if not as median,
range (min—-max) and inter-quartile range (IQR) with a Mann-Whitney test to compare
groups. Discrete and qualitative variables were reported as count and percentage. Compar-
isons among groups were analyzed with a Pearson Chi-square test (with the Monte-Carlo
method if any cell count was below 5). Probabilities of LFS and OS were estimated using
the Kaplan—-Meier method, and the log-rank rest evaluated differences between survival
distributions. Univariate and multivariate analyses including baseline demographic, clini-
cal and molecular features were studied thanks to Cox regressions. The statistical results
were two-sided with a p-value < 0.05 considered statistically significant (XLSTAT®, 2020,
Addinsoft, Paris, France).

3. Results
3.1. Patient Characteristics

The median age of the entire cohort was 66 years old (range 19-87). The patient
characteristics are summarized in Table 1. Overall, most of the patients had a normal
karyotype (65.3%). The most frequent recurrent cytogenetic abnormalities were +11 (3/72)
and +8 (4/72). One patient harbored a (8;21). Regarding 2013 ELN classification, 11.4%,
77.2% and 11.2% were favorable, intermediate I/1I and unfavorable, respectively. Sixteen
percent of patients were NPM1 and 20% were FLT3-ITD mutated. Among the 19 FLT3-ITD
positive patients, 78.9% of them harbored a normal karyotype. No patients with FLT3-ITD
mutation were NPM1 positive. Of the 79 KMT2A-PTD AML patients, 24% were considered
as secondary, mostly after previously known myelodysplastic syndrome (10/20).
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Table 1. Patient characteristics.

Variable Total (n =79)
Age at diagnosis, median (min-max)
66 (19-87)
- <40 years Old, n (0/0) 9/79 (11‘40/0)
- 40-59years old, n (%) 21/79 (26.6%)
- >60 years old, 1 (%) 49/79 (62%)
PS > 2,1 (%) 12/50 (24%)
Sex ratio M/F 1.1
Normal karyotype, 1 (%) 47/72 (65.3%)
FLT3-ITD, n (%) 20/70 (28.6%)
NPM1, n (%) 12/75 (16%)
IDH1/2, n (%) 20/40 (50%)
ELN 2013 classification
- Favorable, n (%) 8/70 (11.4%)
- Intermediate /I, 1 (%) 54/70 (77.2%)
- Unfavorable, n (%) 8/70 (11.4%)
Secondary AML, n (%) 20/79 (25.2%)
NGS at diagnosis, 1 (%) 24/79 (30.4%)
DNMTS3A, n (%) 12/24 (50%)
ASXL1, n (%) 2/24 (8.3%)
RUNX1, n (%) 6/24 (25%)
TET2, n (%) 5/24 (20.8%)
Molecular subgroups TP53, 1 (%) 1/24 (4.2%)
SRSF2, 1 (%) 5/24 (20.8%)
STAG2, n (%) 5/24 (20.8%)
RAS/PTPNI11, n (%) 4/24 (16.7%)

3.2. Overall Outcomes

The median follow-up time for the entire cohort was 3.6 years (1st quartile-3rd
quartile: 2.6-6.86). In the intensively treated patients, the overall CRc rate was 64.5%
(68.9% and 60% in patients younger and older than 60 years old, respectively). No CR
was observed in those treated with low intensive regimens. When considering the whole
cohort, the median overall survival (OS) was 12.1 months with an OS rate of 50.1% at
1 year and 30.9% at 3 years. The median leukemia free survival (LFS) was 9.5 months
with an LFS rate of 43% and 27% at 1 and 3 years, respectively. Median OS for patients
treated with intensive, semi-intensive and best supportive care was 24.4, 6.7 and 1 months,
respectively (Figure 1a). Median LFS for the intensively treated group was 15.3 months
compared to 6.7 months for those treated with low intensive regiments (p < 0.0001). In
patients younger than 60 years old treated with intensive chemotherapy, median overall
survival was not reached compared to 12.6 months in older ones (p < 0.001). In contrast,
there was no statistical difference in OS in elderly patients treated with intensive or low
intensive regimens (Figure 1b). When focusing on KMT2A-PTD patients treated with
intensive chemotherapy (n = 52), ELN 2013 classification was not of statistical significance
regarding prognosis (Figure 1c). When available (n = 44), similar observation was made
regarding ELN 2017 classification.
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Figure 1. (a) Overall survival according to treatment intensity; (b) overall survival according to age and treatment intensity;

(c) overall survival according to ELN 2013 classification in intensively treated patients. IC = intensive care, LIC = low

intensive care, BSC = best supportive care.

3.3. Molecular Characteristics of KMT2A-PTD Patients and Their Impact on Intensively Treated
Patients Outcome

NGS was available for 24 intensively treated patients, of which 23 out of 24 had at
least one recurrent genetic alteration. The number of detected mutations ranged from 0
to 6, with a median mutation number of 2.5. The most frequently observed mutations
were those affecting DNA methylation (DNMT3A, TET2, IDH1/2), found in 91% (21/23) of
cases. Receptor tyrosine kinase (RTK) and RAS pathways were mutated in about 44% of
patients. Other pathways commonly found altered was the chromatin/cohesin complex
(ASXL1, STAG2, SMC1A, EZH?) (39%), spliceosome (U2AF1, SRFS2) and transcription
factors (RUNX1, WTT1) in 39%, 30% and 30% of cases, respectively (Figure 2a). Regarding
the impact of co-mutation on survival, FLT3-ITD was associated with an inferior outcome
compared to wild-type ones (median OS: 9.36 vs. 33.4 months, p = 0.033) (Figure 2b).
Results were similar regarding LFS (median OS: 6.48 vs. 25.9 months, p = 0.038). Median
OS was not reached, 33.4 and 29.4 months for NPM1-, IDH1/2- and DNMT3A-mutated
patients, respectively. In contrast, median OS was shorter for patients harboring RTK
(FLT3-ITD, NRAS, PTPN11) and TP53/ASXL1/RUNXI1 mutations (9.6 and 11.9 months,
respectively, p = 0.0475) (Figure 2c).
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Figure 2. (a) Oncoplot (n = 24); (b) overall survival according to FLT3-ITD status; (c) overall survival according to

molecular subgroups.

3.4. Impact of HSCT on Outcome

Overall, twenty-one patients underwent HSCT in first CRc (CR1) after reduced in-
tensity conditioning (RIC) (1 = 10) or myeloablative conditioning (n = 11). The median
age of patients receiving HSCT was 56.5 years old compared to 67.2 for those who did
not (p < 0.001). For patients aged over 60, there was no significant difference regarding
median age between those receiving HSCT and those who did not (63.6 vs. 66.7, p = 0.12).
Overall, treatment-related mortality was 14.6% (3/21). Patients receiving HSCT in CR1
had a better outcome compared to those who only received conventional consolidations
(Figure 3a). Cumulative incidence of relapse in patients without HSCT in CR1 was 73.9%
at 1 year. Of the 19 refractory patients that received salvage chemotherapy, nine were
consolidated with HSCT in second CR with a median OS of 25.9 months. For patients
receiving HSCT in CR1, median OS was not reached, no matter the age group. For those
who did not undergo HSCT, median OS was 24.2 and 13.2 months in patients younger and
older than 60 years old, respectively, with no statistical significance between age group in
these settings (Figure 3b).

3.5. Univariate and Multivariate Analysis

In univariate analysis, only age, performance status, HSCT and FLT3-ITD status
were significantly associated with overall survival. Results were similar for leukemia free
survival with the exception of performance status (Table S1). In the multivariate analysis
(including all variables statistically significant in the univariate analysis), only HSCT at
any time in CR (HR = 2.35; p = 0.034) and FLT3-ITD status (HR = 0.29; p = 0.014) were
independent variables associated with overall survival, whereas age was not (Table 2).
Results were the same when using age as a continuous variable.
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Figure 3. (a) Overall survival according to HSCT status; (b) overall survival according to age and HSCT in CR1 compared

to patients who did not underwent HSCT at any time.

Table 2. Multivariate analysis

os LFS
Variables
HR (IC 95%) Range p-Value HR (IC 95%) Range p-Value
Age < 60 vs. >60 years old 1.74 (0.77-3.91) 0.180 2.15 (0.99-4.67) 0.053
HSCT (yes vs. no) 2.35 (1.06-5.19) 0.034 2.36 (1.08-5.13) 0.031
FLT3-ITD (mut vs. wt) 0.29 (0.11-0.78) 0.014 0.27 (0.11-0.70) 0.007

Bold was used to highlight statistically significant results.

4. Discussion

To our knowledge, this study is one of the largest reported KMT2A-PTD cohorts
emphasizing the impact of this rearrangement according to treatment intensity and HSCT.
In real-life settings, patients harboring such abnormalities are characterized by a poor
outcome. However, the independent prognosis value of KMT2A-PTD is still unclear
with contradicting results reported in the literature so far [6,11]. This might be due to
the relative low frequency of this rearrangement, especially in younger patients. Our
results support that KMT2A-PTD might be more frequent in patients older than 60 years
old. However, most of the clinical studies focusing on KMT2A-PTD are usually based on
prospective clinical trial enrolling patients below the age of 65 years old [10,11]. Based
on a large unselected and well-defined cohort of 956 patients, Shih et al. reported that
the KMT2A-PTD mutant has a similar outcome than KMT2A-rearranged AML [6,15]. The
same negative impact of KMT2A-PTD was found by Dohner et al. with a median PFS of
7.75 vs. 19 months [11]. These results are consistent with those found in pediatric settings in
which KMT2A-PTD was associated with a poor prognosis [16]. In a cohort of patients with
a median age of 55 years, Hinai et al. did not find any significant difference in terms of OS
and LFS between mutated and unmutated KMT2A-PTD AML, with a much better median
OS than previously described [9]. We show that the negative impact of this mutation might
be overcome by HSCT. In numerous reported studies, very little information was given
regarding therapy, and OS results were usually censored at the time of HSCT [6]. We
found that the median OS of younger patients was clearly improved by transplantation.
However, even if a trend was observed, it did not reach statistical significance in patients
aged over 60 years old. Interestingly, younger patients who cannot achieve HSTC have
similar outcome than older ones. Numerous prospective and retrospective studies have
been necessary to confirm that intermediate FLT3-ITD-mutated patients truly benefit from
matched HSCT in CR1 [17,18]. As KMT2A-PTD is less frequent than FLT3-ITD and tends to
co-occur with FLT3-ITD and also cluster in the intermediate risk group, assessing HSCT’s
true benefit on survival might be challenging.

By deciphering clonal architecture, Tan et al. showed that KMT2A-PTD was not a
driver mutation and usually arises after IDH2/1, DNMT3A, U2AF1 or TET2 mutations. Inter-
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estingly, proliferative mutations such as FLT3-ITD or RAS mutations seemed to appear later
and were largely subclonal [19]. These clinical observations are in line with the previously
reported KMT2A-PTD mice model. Indeed, KMT2A-PTD expressing mice do not develop
overt leukemia and usually need a second hit such as FLT3-ITD to induce an aggressive
myeloproliferative phenotype. Conversely, KMT2A-rearanged AML are usually defined by
low co-mutational burden and also complex karyotypes [12]. Despite affecting a similar
gene, clonal evolution and leukemogenesis in these two entities might be rather different.
As previously reported, we observed a high rate of epigenetic alterations such as DNMT3A,
IDH1/2 or TET2 mutations which are usually lower in newly diagnosed AML [10]. We may
emphasize that these latter genomic alterations might be the original AML driver events
and KMT2A-PTD a secondary clonal event. In Hinai et al. study, concomitant mutation of
DNMT3A was found to be associated with poor outcome [7]. We did not confirm this result
that might have been biased by its high frequency and the size of our cohort. However,
our work clearly corroborated the negative prognostic impact of co-occurring RTK/RAS
pathway mutations as previously described [9]. As KMT2A-PTD seems to occur more fre-
quently in elderly, its negative impact on survival might be overcome by other confounding
factors and age-related therapeutic limitations. Finally, integrating KMT2A-PTD in ELN
classification abrogate its predictive value on survival suggesting that this mutation may
overcome other genomic markers effect, especially in younger patients. However, these
results might be taken with cautions due to the retrospective nature of this study and the
limiter number of patients with extensive sequencing.

We showed that intensively treated patients receiving HSCT were associated with
an overall favorable prognosis. Regarding the high rate of relapse in non-transplanted
patients, maintenance strategies should be considered for HSCT-ineligible patients [20-22].
CC-486, an orally available form of azacytidine, has shown to improve OS in patients
reaching CR1 after intensive chemotherapy [23]. CC-486 has been recently approved by the
Food and Drug Administration (FDA) and European Medicines Agency (EMA) and might
be of interest in these settings. More recently, several MLL-rearranged leukemias were
shown to be dependent on the only known histone 3 lysine 79 (H3K79) methyltransferase
DOTI1L. In this context, Kiihn et al. showed in vitro that KMT2A-PTD-mutated cells
underwent downregulation of HOXA-cluster, and other MLL target genes followed by cell
differentiation, apoptosis and cell death upon DOT1L inhibitor treatment [24]. The first pre-
clinical and clinical results of DOT1L inhibitors in human settings have been encouraging
so far, though they have not yet been extensively tested in KMT2A-PTD settings [25-27].
Other strategies, such as menin-KMT2A inhibitors, also exhibit high efficacy in vitro on a
broad range of KMT2A-rearranged AML cell lines [28]. Phase 1/2a, first-in-human study
of KO-539, a menin-KMT2A inhibitor is still ongoing (NCT04067336). Finally, KMT2-PTD
AML usually expresses a specific transcriptional program, through multiple homeobox-
related gene family members upregulation, closely related to LSC status [29]. Moreover,
this specific genomic subgroup is frequently associated with concurrent IDH1/2 mutations.
This LSC-specific signature has been recently associated with deep and durable responses
observed in newly diagnosed AML treated with the selective inhibitor of BCL-2 venetoclax
in combination with azacytidine, especially in IDH1/2-mutated patients [30]. Overall, there
might be numerous therapeutic alternatives to intensive chemotherapy for unfit patients to
overcome KMT2A-PTD poor prognosis.

5. Conclusions

In conclusion, whether KMT2A-PTD acts as an independent prognosis marker is still
rather unclear. Our results emphasize that KMT2A-PTD might be considered as a potential
adverse prognostic factor, especially in elderly and/or with concurrent RTK/RAS pathway
mutations. However, its independent prognostic value, especially within the favorable
intermediate risk group and the role of upfront HSCT, should be validated in a larger
prospective cohort of patient. As unfit and HSCT-ineligible patients are characterized
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by a very poor outcome, targeted therapies such as IDH inhibitors and venetoclax-based
regimens might be of interest in this specific mutational setting.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ cancers13092272 /51, Table S1: Univariate analysis.
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