
The role of constitutive activation of FMS-related
tyrosine kinase-3 and NRas/KRas mutational status
in infants with KMT2A-rearranged acute
lymphoblastic leukemia

Constitutive activation of the FMS-related tyrosine
kinase-3 (FLT3) by mutations or high expression levels is
common in acute leukemias.1 Aberrant FLT3 signaling is
mediated via the RAS/MAPK and PI-3-Kinase/AKT path-
ways leading to proliferation, survival, and therapy resist-
ance.1 Infants and children with KMT2A
(MLL)-rearranged acute lymphoblastic leukemia
(KMT2Ar-ALL) have an unfavorable prognosis.
Activating FLT3 tyrosine kinase domain mutations
(TKDs) and N/KRAS mutations are frequently identified
in KMT2Ar-ALL.2-6 This subgroup is also characterized by
exceptionally high FLT3 expression associated with lig-
and-independent signaling.7,8 In order to investigate the
prognostic impact of a constitutive activation of FLT3 in
infants and children, we analyzed FLT3 transcription lev-
els and common mutations in FLT3 and NRAS/KRAS. We
show that in infants, high FLT3 activation correlates with
a superior prognosis. Moreover, we show that RASmuta-
tions alter the positive effect of constitutive FLT3 activa-
tion and increase relapse risk. High FLT3 activation sur-
prisingly inhibits proliferation of human KMT2Ar-ALL

samples in patient-derived xenografts (PDX). Small mol-
ecule FLT3 inhibition was efficient in FLT3high PDX with-
out an activating FLT3 mutation suggesting that FLT3
expression, regardless of mutations, may play a role for
novel therapies in the future. 

Analyses were performed on samples from infants and
children with KMT2Ar-ALL from trials ALL-BFM 86, 90,
95, 2000, AEIOP-BFM ALL 2009 and German patients
enrolled in Interfant-99/-06 (Online Supplementary
Methods, Online Supplementary Table S1). We detected
mutations in the TKD or the juxtamembrane domain
(JMD) of FLT3 in 15/167 (9%) patients (Table 1). In chil-
dren (patients >1 year, n=72), only one FLT3 aberration
(TKD-D835H) was found (1/72, 1.4%). In infants (n=95),
FLT3-TKD mutations were identified in 12/95 (12.6%)
patients. Seven of these had D835 substitutions and 4
had I836 deletions, all of which are activating.9,10 One
infant had a novel 12-base pair (bp) deletion and 3-bp
insertion involving codons D835 to S838 similar to the
mutation reported by Taketani et al.3 Notably, of the 12
infants with a FLT3-TKD mutation, only 3 suffered from
relapse; 3-year cumulative incidence of relapse (CIR)
26±14%. In only 2/95 (2.1%) infant patients, alterations
in the JMD of FLT3were detected, namely one uncharac-
terized duplication, and one novel Y589_F594 deletion.
Both patients relapsed. 
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Figure 1. Prognostic impact of FLT3 tran-
scription and FLT3 activation in infant
KMT2Ar-ALL. A: Box plot with FLT3 expres-
sion levels in FLT3high, FLT3low, BCR-ABL1
positive patients and in healthy bone mar-
row. B-E:  Kaplan-Meier estimates for prob-
ability of event-free survival (pEFS) (B and
D) and for cumulative incidence of relapse
(CIR) (C and E) at 3 years. Plots for low vs.
high levels of FLT3 transcription (RQ < or
≥2) are shown in B and C, and plots for low
vs. high FLT3 activation are shown in D and
E. High or low activation of FLT3 was
derived from FLT3 transcription level 
(RQ < or ≥2) and FLT3 mutational status 
(FLT3high/mut, FLT3high/non-mut, FLT3low/mut vs.
FLT3low/non-mut/FLT3mutbut no transcription).
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We further identified 39 non-synonymous N/KRAS
mutations in 21/95 (22.1%) infants and 10/72 (13.9%)
children (Table 1). N/KRAS 12/13 mutations were detect-
ed in 28/167 patients. Seven patients had more than one
N/KRAS 12/13 mutation. One of these had a KRAS A11D
and a G12C mutation. Another patient had a 3-bp inser-
tion leading to a KRAS 10A11 mutation. NRAS 61 muta-
tions were found in 2 patients. No KRAS 61, but one
KRAS E63K mutation, previously described in

Philadelphia chromosome-like ALL,11 was identified. Of 8
available relapse samples, 3 had RAS mutations present
at diagnosis. Of the 5 relapse specimens that did not have
RAS mutations at relapse, only 1 had a RAS mutation at
diagnosis, suggesting a subclonal mutation. None of the
8 patients had a FLT3 mutation, neither at diagnosis nor
at relapse. In infants, the presence of RAS mutations cor-
related with a lower 3-year probability of event-free sur-
vival (3y-pEFS mut 16±8% vs. wt 43±6%, P=0.04), and a
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Table 1. Clinical features and FLT3 transcription level of infants and children with MLL-rearranged ALL and mutations in the FLT3, NRAS, or
KRAS genes.

Trial Age at Dx Diagnosis Cyto- Remission RG RG SCT in RQ FLT3-JMD FLT3-TKD NRAS NRAS KRAS KRAS
(years) genetics status 06 1st CR FLT3 12/13 61 12/13 63

Infants
1 Interfant-99 0.3 Pro-B ALL t(4;11) Relapse HR HR no ND Y589_F594D
2 Interfant-06 0.6 B-ALL t(9;11) Relapse IR IR no 0.56 Duplication*
3 Interfant-06 0.3 cALL t(11;19) Relapse HR HR yes ND D835H
4 Interfant-06 0.9 cALL t(4;11) Death IR IR yes 7.81 D835H
5 Interfant-06 0.2 Pro-B ALL t(4;11) CCR HR HR yes 1.87† D835H
6 Interfant-06 0.1 Pro-B ALL t(11;19) Relapse HR HR no 1.48† D835H G12D
7 Interfant-06 0.9 Pro-B ALL t(11;19) CCR IR IR no 0.79† D835E
8 Interfant-06 0.9 Pro-B ALL t(1;11) Relapse IR IR yes <0.01 D835_S838 DIMSinsL
9 Interfant-99 0.1 Pro-B ALL t(4;11) CCR HR HR yes 3.85 D835E + D835Y
10 Interfant-06 0.2 Pro-B ALL t(4;11) CCR IR IR no 0.99† D835Y + D835H
11 Interfant-06 0.6 Pro-B ALL t(4;11) CCR IR IR no 1.87† I836
12 Interfant-06 0.7 Pro-B ALL t(4;11) CCR IR IR yes 5.38 I836
13 Interfant-99 0.5 Pro-B ALL t(11;19) CCR HR IR no ND I836  subclonal
14 Interfant-99 0.5 Pro-B ALL t(4;11) Death SR IR no ND I836  subclonal G12S
15 Interfant-99 0.2 cALL t(10;11) Relapse HR HR yes 2.07 11A12
16 Interfant-99 0.4 Pro-B ALL t(4;11) Relapse SR IR no 3.46 G12D G12D‡
17 Interfant-06 0.6 Pro-B ALL t(4;11) CCR IR IR no ND G12A G13D
18 Interfant-06 0.3 Pro-B ALL t(4;11) Relapse IR IR no 2.45 G12C + G12D G13D‡
19 Interfant-06 0.1 Pro-B ALL t(6;11) Death HR HR yes 0.62 G12S
20 Interfant-06 0.1 Pro-B ALL t(4;11) Relapse HR HR no 1.9 G13D
21 Interfant-06 0.3 cALL t(10;11) Relapse HR HR no 0.52 G13D
22 ALL-BFM 90 0.1 Pro-B ALL t(4;11) Relapse IR HR no ND G12D G12D
23 Interfant-99 0.3 Pro-B ALL t(11;19) CCR SR IR no ND G12D
24 Interfant-99 0.8 Pro-B ALL t(9;11) CCR SR IR no ND G12D
25 Interfant-99 0.4 Pro-B ALL t(4;11) Relapse SR HR no ND G12D
26 Interfant-99 0.3 Pro-B ALL t(4;11) Relapse HR HR yes ND G13D
27 Interfant-99 0.3 cALL t(11;19) Death HR HR yes ND G12V
28 Interfant-06 0.2 Pro-B ALL t(4;11) Relapse HR HR yes 2.42 G12S
29 Interfant-06 0.7 Pro-B ALL t(4;11) CCR IR IR no 2.92 G12S
30 Interfant-99 0.1 Pro-B ALL t(9;11) Relapse HR HR no 1.79 Q61K
31 Interfant-06 0.1 Pro-B ALL t(4;11) Relapse IR IR yes 1.93 Q61K‡
32 Interfant-06 0.4 Pro-B ALL t(4;11) Relapse HR HR no 3.66 G12S
33 Interfant-99 0.1 Pro-B ALL t(4;11) LFU SR HR no 2.32 G12D + G12V

Children
34 ALL-BFM 2000 1.7 cALL t(9;11) CCR SR NA no ND E63K
35 ALL-BFM 2000 12.4 Pro-B ALL t(1;11) CCR IR NA no 3.4 G12A
36 ALL-BFM 2000 1.3 cALL t(9;11) Death IR NA no 1.48 G12C
37 ALL-BFM 2000 1.6 Pro-B ALL t(9;11) Relapse IR NA no 1.59 D835H G12S

subclonal
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higher 3y-CIR (mut 69±11% vs. wt 40±6%, P=0.01). 
Next, we analyzed FLT3 transcription by qRT-PCR in

124 patients (69 infants, 55 children). When we separat-
ed the infant cohort into 2 groups according to the medi-
an RQ value (< or ≥2, Figure 1A), a low FLT3 transcription
level significantly correlated with a low pEFS (FLT3low
16±7% vs. FLT3high 57±9%, P=0.009) and a high CIR
(FLT3low 69±8% vs. FLT3high 25±8%, P=0.001) (Figure 1B-
C). Moreover, the median FLT3 transcription level was
low in all 8 relapse samples analyzed (initial 1.85 vs.
relapse 1.46, P=0.263). It is important that median FLT3
transcription levels in the FLT3low group of infants was 16-
fold higher than in bone marrow of healthy controls
(FLT3low n=35 vs. healthy n=8, P<0.0001) and 4.6-fold
higher than in BCR-ABL-positive ALLs (FLT3low n=35 vs.
BCR-ABL n=15, P=0.009). In multivariate analysis, the
prognostic impact of FLT3 transcription levels in infants
was independent of age (< vs. ≥6 months), initial white
blood cell count (< vs. ≥300,000/ml),  prednisone response
(poor vs. good), and non-remission on day 33: in a Cox
regression analysis for EFS and relapse incidence with
these covariables, FLT3low resulted in a hazard ratio of 3.80
(95% confidence interval (CI) 1.71-8.44, P=0.001) for EFS
and 6.68 (95% CI 2.37-18.8, P<0.0001) for relapse inci-
dence (Online Supplementary Table S2). No prognostic rel-
evance of FLT3 transcription was observed for children
with B- or biphenotypic ALL (3y-pEFS FLT3low 71±11% 
vs. FLT3high 65±10%, P=0.73, and 3y-CIR FLT3low 12±8% 
vs. FLT3high 12±7%, v=0.93). Children with T-ALL were
excluded as they showed very low FLT3 transcription (B-
cell/biphenotypic ALL, n=46, median 3.17 vs. T-ALL,
n=9, median 0.17, P<0.00001). Of the 6 infants with low
FLT3 transcription, but with a FLT3-TKD mutation, two
had a relapse. Importantly, in one of these two patients
(patient 8), a FLT3-TKD mutation (new del/ins with
unknown effects) was present, but the FLT3 gene was
not transcribed at all. We next analyzed infants with a
presumed high FLT3 activation (FLT3high/mut, FLT3high/non-
mut, FLT3low/mut) compared to those with a low FLT3
activation (FLT3low/non-mut/FLT3mut but no transcription) and
found the CIR to be further reduced and the pEFS to be
further increased in the group with high FLT3 activation
(Figure 1D-E). The other relapsed patient with a FLT3-
TKD mutation (patient 6) had, in addition, a RAS muta-

tion (Table 1). Likewise, most patients with a high FLT3
transcription level that suffered from relapse also had
RAS mutations, suggesting that RAS mutations alter the
positive effect of FLT3 activation. A Cox regression
analysis of relapse incidence in infants with the same
variables as above plus FLT3low vs. FLT3high, RAS mutation
vs. wildtype and the interaction of FLT3high and RAS wild-
type resulted in a hazard ratio of 0.04 (95% CI 0.01-0.37,
P=0.005) for the interaction (Online Supplementary Table
S3).

In order to clarify the protective mechanism of high
FLT3 activation, we performed xenotransplantation
assays of 19 KMT2Ar samples into NOD.CgPrkdcscid
Il2rgtm1Wjl/SzJ mice. When these patients were separated
according to FLT3 activation (FLT3high/mut, FLT3high/non-mut,
FLT3low/mut vs. FLT3low/non-mut/FLT3mut but no transcription), a
high FLT3 activation correlated with prolonged PDX sur-
vival, confirming the clinical data (P=0.0054, Figure 2A).
In vivo bromodeoxyuridine (BrdU) assays in a subset of 3
FLT3high and 3 FLT3low PDX bearing different patients
revealed significantly slower proliferation rates in human
leukemic cells from FLT3high mice (Figure 2B-C). Human
PDX cells from six situations (FLT3high/mut, FLT3high/non-mut,
FLT3low/mut, FLT3low/non-mut, FLT3high/Ras-mut, FLT3low/Ras-mut) revealed
an activation of p-Erk in FLT3high, FLT3mut and RAS-mutat-
ed, but not in FLT3low/non-mut samples (Figure 2D) supporting
that FLT3high/mut, FLT3high/non-mut and FLT3low/mut correspond to
high FLT3 activation. High p-Akt was detected in FLT3high,
but not in FLT3low samples without RAS-mutations. No
changes were detected in RAS-mutated samples, imply-
ing a minor role of p-Akt in that situation. Interestingly,
CDKN1A/p21 indicating cell cycle arrest was higher in
FLT3high patients (Figure 2D), supporting our BrdU data. In
order to test if FLT3high ALLs are targetable by FLT3
inhibitors irrespective of FLT3 mutations, we performed
experiments in FLT3high/non-mut compared to FLT3low/non-mut PDX.
Treatment with Lestaurtinib resulted in a small but signif-
icant prolongation of median survival in FLT3high/non-mut
xenografts (57 vs. 54 days, P<0.0001) but not in 
FLT3low/non-mut animals (Figure 2E). When Lestaurtinib was
combined with a regimen mimicking standard induction
chemotherapy in humans (vincristine, dexamethasone,
PEG-asparaginase), survival could be increased by ≈30%
as compared to chemotherapy only in FLT3high/non-mut animals
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38 ALL-BFM 2000 15.7 Pro-B ALL t(4;11) CCR HR NA yes 2.27 G12D G13D
39 AIEOP-BFM 

ALL 2009 17.6 Pro-B ALL t(4;11) Death HR NA yes 3.1 G12D
40 AIEOP-BFM 

ALL 2009 12.0 Pro-B ALL t(4;11) CCR HR NA yes 3.62 G12S
41 AIEOP-BFM 

ALL 2009 3.0 Pro-B ALL t(4;11) CCR HR NA no 4.17 G12D
42 AIEOP-BFM 

ALL 2009 1.4 Pro-B ALL t(9;11) CCR SR NA no 2.08 A11D + G12C
43 AIEOP-BFM 

ALL 2009 14.7 Pre-T ALL t(9;11) Relapse HR NA yes 0.17 G12D
Dx indicates diagnosis; RG, risk group of original trial; RG ˈ06, risk group according to Interfant-06 trial; SCT, stem cell transplantation; RQ, relative quantification (2-ΔΔCT); FLT3-
JMD, FLT3 juxtamembrane domain mutation; FLT3-TKD, FLT3 tyrosine kinase domain mutation; ND: not determined (no RNA available); cALL, common ALL; CCR, continu-
ous complete remission; and LFU, lost to follow up; SR, standard risk; IR, intermediate risk; HR, high risk; NA, not applicable. *uncharacterized duplication of unknown size; 
†Patients with low FLT3 transcription level but activating FLT3 mutation; ‡mutation present at relapse.
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(113 vs. 86 days, P=0.0003), whereas this effect was only
marginal in the FLT3low/non-mut setting (63 vs. 60 days,
P<0.0001) (Figure 2E). These data support the relevance
of FLT3 expression irrespective of FLT3 mutations.

In summary, we report that FLT3 activation is associat-

ed with a good prognosis in KMT2Ar infant ALL, which
is in contrast to several studies.12-14 Chillon et al.13 ana-
lyzed a cohort of 17 KMT2A-AF4-positive ALL cases
including only 4 infants. Kang et al.14 used FLT3 transcrip-
tion levels to separate infant KMT2Ar and KMT2A-
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Figure 2. High FLT3 activation inhibits the growth of KMT2Ar-ALL cells in vivo. Cells from patients with a high and a low FLT3 activation status as indicated were
injected into NSG mice and mice were sacrificed upon detection of leukemic symptoms. A: Survival prolongation in mice bearing patients with a high FLT3 acti-
vation status (FLT3high/mut, FLT3high/non-mut, FLT3low/mut), Kaplan-Meier log-rank test. B: A subgroup of 3 mice from each group, were fed with BrdU before euthanasia.
Human leukemic cells were recovered from the spleens (upper panel) and the bone marrow (lower panel), stained with an anti-BrdU antibody and 7-AAD and
FACS analysis was performed. The percentages of cells in the different cell cycle phases are depicted. H = high FLT3 activation status; L = low FLT3 activation
status; *P<0.05; **P<0.01; ***P<0.001. C: Representative plots of cell cycle distributions of two samples from both groups as indicated and schematic
overview. D: Human leukemic cells were recovered from fully engrafted xenograft spleens. Cells were lysed and subjected to Western Blotting experiments for
the markers indicated. H = high FLT3 expression; L = low FLT3 expression. Quantification of the p-Erk/Erk ratio was determined using Image J software. E:
Xenograft mice (FLT3high/non-mut, upper panel and FLT3low/non-mut, lower panel) were subjected to treatments with vehicle only, Lestaurtinib, chemotherapy only (dexam-
ethasone, vincristine and PEG-asparaginase), or a combination of chemotherapy and Lestaurtinib, as indicated. Survival curves, Kaplan-Meier log-rank test.

A

B

D

E

C



germline ALL. The latter were characterized by low FLT3
transcription and a good prognosis. Stam et al.12 analyzed
a smaller cohort of KMT2Ar infants and identified a small
group of FLT3highpatients with a low 1y-EFS, but the level
of significance was also low. In accordance with a previ-
ous study, we confirmed that RAS mutations correlate
with a poor prognosis in KMT2Ar-ALL,4 abolishing the
positive effect of high FLT3. Conversely, low FLT3
expression is associated with an inferior prognosis,
regardless of RAS. Our in vivo studies confirm our clinical
data as high FLT3 inhibits cell cycle and delays leukemic
outgrowth in mice, suggesting pro-survival functions.
Distinction of high/low FLT3 levels remains artificial, and
the lack of a validation cohort and small sample sizes
should be addressed in the future. Also, we cannot
exclude that mutations in other genes may interfere with
our findings. A recent clinical trial was unable to show a
benefit from adding Lestaurtinib to chemotherapy in
KMT2Ar infant ALL patients, even though 95% confi-
dence intervals were very large.15 Further studies are
needed to confirm potential effects in subgroups,
depending on FLT3 expression and FLT3 and RAS muta-
tional status.
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