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Abstract

Purpose: K/T mutations (K/7+) are common in core binding factor (CBF) AML and have been
associated with varying prognostic significance. We sought to define the functional and clinical
significance of distinct K/7 mutations in CBF pediatric AML.

Experimental Design: Following transfection of exon 17 (E17) and exon 8 (E8) mutations into
HEK?293 and Ba/F3 cells, KIT phosphorylation, cytokine independent growth, and response to
tyrosine kinase inhibitors (TKI) were evaluated. Clinical outcomes of patients treated on COG
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AAMLO531 (), a phase 11 study of gemtuzumab ozogamicin (GO), were analyzed according to
mutation status (K/7+ vs wild type K/7 (K/7-)) and mutation location (E8 vs. E17).

Results: K/T mutations were detected in 63/205(31%) patients; 22 (35%) involved only E8,
32(51%) only E17, 6(10%) both exons, and 3(5%) alternative exons. Functional studies
demonstrated that E17, but not E8, mutations result in aberrant KIT phosphorylation and growth.
TKI exposure significantly impacted growth of E17, but not E8, transfected cells. K/7+ CBF
AML patients had comparable overall survival (OS) to that of K/7- (78%, vs. 81%, p=0.905) but
higher relapse rates (RR 43% vs. 21%, p=0.005). E17 K/T+ outcomes were inferior to K/7-
patients [disease free survival (DFS) 51% vs. 73%, p=0.027; RR 21% vs. 46%, p=0.007)] although
GO abrogated this negative prognostic impact. E8 mutations lacked significant prognostic impact
and GO failed to significantly improve outcome.

Conclusion: E17 mutations impact prognosis in CBF AML, as well as response to GO and
TKIs, thus clinical trials utilizing both agents should be considered for K/7+ patients.

Summary of Translational Relevance:

Patients with core binding factor (CBF) AML generally have a good prognosis, while co-
occurrence of K/7 mutations in this group has been associated with varying prognostic
significance. This study evaluated the functional properties of K/7 mutations occurring in the
immunoglobulin (IgG) and tyrosine kinase domains (TKDs) and their prognostic impact. We
found that mutations in the 1gG domain (exon 8) have no functional or prognostic impact. In
contrast, mutations in the TKD (exon 17) resulted in aberrant KIT phosphorylation and were
associated with inferior clinical outcomes. Importantly, exon 17 mutations also conferred
sensitivity to KIT-directed tyrosine kinase inhibitors (TKI) /n vitro. Moreover, when exon 17-
positive patients received gemtuzumab ozogamicin in combination with chemotherapy, their
negative prognostic impact was abrogated. Patients with exon 17 mutated CBF AML represent a
higher risk subgroup of CBF AML and may benefit from TKIs or CD33-targeted therapy.

INTRODUCTION

The cytogenetic abnormalities t(8;21)(q22;922) and inv(16)(p13.1922)/t(16;16)(p13.1;g22)
[hereafter referred to as inv(16)], commonly referred to as core binding factor (CBF) acute
myeloid leukemia (AML), are observed in 20-30% of pediatric AML cases and confer
favorable outcome with overall survival (OS) in the range of 85%.(1,2) However, disease
outcomes with initial therapy are not favorable in all cases,(1,3,4) thus efforts continue to
further risk stratify such patients to improve clinical response. The K/T proto-oncogene
encodes a transmembrane glycoprotein type 111 receptor tyrosine kinase (RTK).(5-7)
Mutations in K/T serve as potent oncogenic events in a number of malignancies, namely
gastrointestinal stromal tumors (GIST), melanomas, and mastocytosis.(8-10) Oncogenic
mutations often effect domains critical to RTK activity, such as the juxtamembrane domain
(JMD) in exon 11 as seen in GIST, or the tyrosine kinase domain (TKD), and result in ligand
independent activation.(7,11,12) Among malignancies with K/7 mutations (K/T+),
inhibition of aberrantly activated KIT has been achieved with a subset of tyrosine kinase
inhibitors (TKI) with KIT targeting potential; these medications have proven to be quite
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effective and, in some cases, are considered the front-line therapeutic approach for K/7-
mutated disease.(13,14)

KIT mutations are enriched in CBF AML and published adult series report a prevalence of
12-46% of t(8;21) and 9-53% of inv(16) AML.(15-19) Within pediatric CBF AML, K/T+
disease is seen in approximately 20-40% of patients.(2,17,19-22) We previously screened
CBF AML samples from pediatric patients enrolled on serial trials and identified K/T
mutations in approximately 20% of patients. Within that heterogeneously treated population,
KT+ disease lacked prognostic significance overall and within cytogenetic subtypes.(19)
Data regarding the prognostic significance of K/7+ CBF AML is conflicting, particularly in
children. While some pediatric and dual adult/pediatric studies have failed to show a
prognostic impact,(2,20,21,23,24) other pediatric series and meta-analyses dispute such
findings, suggesting prognostic impact may differ in the context of certain K/7 mutations or
cytogenetic subgroups.(15,17,22,25-27)

Given this discrepancy and the uncertainty regarding the functional significance of KIT
mutations, we sought to investigate the functional impact of distinct mutation subsets as well
as TKI response in an /n vitro model. Moreover, we defined the prognostic impact, both
overall and by mutation subtype, of pediatric K/7+ CBF AML patients treated on the
pediatric phase Il de novo AML study COG AAMLO0531, where the primary aim entailed
randomization to the CD33-targeted antibody drug conjugate gemtuzumab ozogamicin
(GO). Thus, our analysis also provides insight into the therapeutic efficacy of CD33
targeting agents in K/7+ CBF AML. As GO has previously been found to be particularly
effective in CBF AML,(1,28-30) we hypothesized that it may also provide therapeutic
benefit in K/7+ disease. This large-scale analysis of pediatric CBF AML patients treated
with a uniform chemotherapy backbone provides valuable insight into the distinct functional
properties of K/7 mutations and their prognostic significance, both overall, and in the
context of GO treatment.

MATERIALS AND METHODS

Pediatric patients identified as having CBF AML and enrolled on COG AAML0531 were
eligible for this study. All samples from patients enrolled on AAMLO0531 were eligible for
our correlative study if written consent for biology studies was obtained. The trial was
conducted in accordance with the Declaration of Helsinki. The institutional review boards of
all participating institutions approved the clinical protocol and this study was approved by
the COG Myeloid Disease Biology Committee. Details of the treatment protocol have been
described previously.(1) Patients with CBF AML enrolled on AAMLO0531 were randomly
assigned to one of 2 treatment arms, Arm A (No GO) which was conventional chemotherapy
only and Arm B (GO) which included a dose of GO (3 mg/m?) on day 6 of induction I and
day 7 of intensification 1. Given the historically favorable outcome of CBF AML,(1) CBF
patients enrolled on the study received 5 cycles of chemotherapy and the front-line use of
hematopoietic stem cell transplant was prohibited.

Cytogenetic data was available for 949/1022 (93%) patients enrolled on AAMLO0531. A
diagnosis of CBF AML was made if either t(8;21)(g22;22) or inv(16)(p13;q22)/t(16;16)
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(p13;922) was detected in diagnostic bone marrow (BM) or peripheral blood (PB) specimens
by either conventional cytogenetics and/or fluorescent /n situ hybridization techniques.
Karyotype was confirmed by central review in 100% of cases.

KIT mutational analysis:

Samples from diagnostic and remission BM or PB underwent DNA extraction using the
AllPrep Extraction Kit (Qiagen). The integrity of the samples was confirmed by
visualization on a 0.8% agarose gel. All samples then underwent targeted exome capture
sequencing, which included the entire coding region of K/7, as previously described.(31)
Samples from relapse specimens underwent analysis of mutations of exon 8 and 17 using
amplification by genomic PCR as previously described.(19)

CD117 expression analysis:

Flow cytometry was used to determine the CD117 (KIT) mean fluoresence intensity (MFI)
of myeloid progenitor cells, as defined by CD45 low and side scatter. BM cells were
incubated with CD117-PE (clone 104D2; BD Biosciences), C45-peridinin chlorophyll
protein (clone 2D1; BD Biosciences), and CD34-allophycocyanin (clone HPCA-2; BD
Biosciences). Cells were then incubated followed by red cell lysis and then washed,
following which flow cytometric data collected as previously described.(32,33) The CD117
linear MFI was determined without knowledge of any other clinical characteristics. Ba/F3
cell lines also underwent CD117 expression evaluation utilizing the antibody and procedures
described above.

Generation of mutants:

KITD419G, D419del, V559D, L576P, D816V, and N822K mutations were engineered into
samples pLXSNneoKIT using the QuikChange mutagenesis kit (Agilent Technologies) and
were confirmed by sequence analysis.

Cell Culture and Transduction:

HEK293T cells (ATCC) were maintained in DMEM supplemented with 10% fetal bovine
serum (FBS), L-glutamine, and penicillin/streptomycin. Ba/F3 cells (DSMZ) were
maintained in RPMI 1640 supplemented with 10% FBS, 10 ng/mL IL-3, L-glutamine, and
penicillin/streptomycin. Ba/F3 cells were passaged 3-6 times following thaw and prior to
transduction. For virus generation, HEK293T cells were seeded at 6x10° cells per well and
incubated overnight, with media replacement prior to transfection. The transfection complex
(135pL Gibco® Opti-MEM +10puL FUGENE 6 Transfection Reagent) and 3.4ug of K/T
retroviral expression vector was incubated at room temperature for 15 minutes. The complex
was added to the cells and viral supernatant collected and filtered after 48 hours. For
transduction, Ba/F3 cells (DSMZ) were split to 4x10° cells/mL and viral supernatant was
added to 1x108 cells at 24 hours, centrifuged at 2500 rpm for 90 minutes at 30°C and
incubated overnight. Cells were then washed with phosphate buffered saline (PBS) to
remove viral particles and re-suspended in fresh media and at 24 hours post-virus removal
were selected with 500 ug/mL Geneticin. Mycoplasma testing was performed on the Ba/F3
cells using the MycoAlert Mycoplasma Detection Kit (Lonza).
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Immunoblot Analysis:

Cells were washed in PBS and lysed in Triton-x Lysis Buffer supplemented with protease
and phosphatase inhibitors. Lysate concentrations were measured using the Pierce BCA™
Protein Assay. Protein was subjected to electrophoresis on a 4-12% Bis-Tris Gel with MES
buffer according to manufacturer guidelines using the Invitrogen Bolt. Following
electrophoresis, proteins were transferred to a nitrocellulose membrane on the Invitrogen
iBlot and underwent blocking using iBind solution. Antibody probing was performed using
iBind with anti-KIT (Cell Signaling), anti-Phospho-KIT (Cell Signaling), anti-p-actin
AC-15 (Sigma-Aldrich,), HRP Goat anti-Mouse IgG (H+L) secondary (ThermoFisher), and
HRP Goat anti-Rabbit IgG (H+L) secondary (ThermoFisher). Blots were developed in
SuperSignal West Pico Chemiluminescent Substratea and imaged with Bio-Rad
ChemiDoc™ MP.

Cell Proliferation/IL-3 withdrawal:

Cells were expanded after being washed three times and then plated at a density of 5x10°
cells/ml in non-1L-3 containing medium. Viable cell counts were obtained using trypan blue
staining on a Countess Il (ThermoFisher).

Drug Sensitivity:
Following transfection, Ba/F3 cells were exposed to dasatinib (Selleckchem) and crenolanib
(Arog Pharmaceuticals). Cells were plated in triplicate and cultured in the presence of drug
for 72 hours, after which cell viability was assessed using CellTiter-Glo reagent on a BioTek
Synergy H4 Hyrbid plate reader using Gen5 2.1 software. Experiment were repeated in
triplicate with the median results shown. Numerical 1C50 values were generated using non-
linear best-fit regression analysis with Prismé software (GraphPad).

Statistical methods:

Clinical outcome data from AAMLO0531 was current as of December 31, 2014. The median
days follow up for all eligible patients alive at last contact for the clinical trial included in
our analysis was 1946 days (range 0-2908 days). For the purpose of this study, patients were
defined as being in complete remission (CR) if they had <5% blasts and absence of
extramedullary disease after completion of induction | course. The Kaplan-Meier method
was used to estimate survival outcomes.(34) OS was defined as the time from study entry or
from end of course I, for patients in CR, to death. Event-free survival (EFS) was defined as
the time from study entry until death, induction failure, or relapse of any type. Disease-free
survival (DFS) was defined from the end of course | for patients in CR until relapse or death
from any cause. Relapse rate (RR) was defined as the time from end of induction | for
patients in CR to relapse, where deaths in absence of relapse were considered competing
events.(35) The significance of predictor variables was tested using log-rank statistic for OS,
EFS, and DFS and the Gray statistic for RR.(36,37) Patients lost to follow-up were censored
at time of last point of contact. The significance of observed difference in proportions was
analyzed by the chi-square test between patient groups and the Fisher’s exact test was used
if data were sparse. The Kruskal-Wallis test was used to determine the significance between
differences in medians of the groups.
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Study population

All CBF AML patients enrolled on COG AAMLO0531 were eligible for this study. Of the
247 eligible CBF patients, 205 (83%) [109 t(8;21) and 96 inv(16)] had diagnostic BM or PB
specimens available for K/T analysis by targeted exome capture and complete clinical
information available.

Prevalence and type of KIT mutations at diagnosis

Clinical and

KIT mutations were detected in 63 (31%) samples. Mutations were confirmed to be somatic
in all evaluable samples (n=54, 86%) where both a diagnostic and remission sample were
available, thus no germline K/7 mutations were detected in our cohort. Among all K/T
mutations detected, 22 (35%) involved exon 8 (E8) only, 32(51%) involved exon 17 (E17)
only, 6 (10%) involved both exons, 1(1%) entailed a dual E17/exon 13 mutation, and an
additional 3 (5%) patients had mutations detected outside the 2 hot-spot regions (Figure 1,
Supplemental Figure S1A). Mutations occurring in E8, the extracellular IgG domain,
included indels (n=24), which were largely inframe, or single nucleotide variants (SNVs)
(n=8) (Figure 1). E17 mutations, occurring in the activation loop of the TKD, were mostly
SNVs; the most common loci involved were D816 and N822, and included a variety of
amino acid substitutions (Figure 1). Mutations located outside E8 and 17 were located in
exon 11 (E11; n=2), exon 13 (E13; n=1), both of which make up the JMD, and in exon 16
(E16; n=1), the TKD, a region in which mutations are rarely reported outside of GIST and
melanomas. The E11 and E16 mutations were isolated K/7 abnormalities. In total, 15 (24%)
of K/T+ patients were found to harbor multiple mutations (n = 13 with 2 mutations and n=2
with 3 mutations). Breakdown among E8 mutations by CBF translocation demonstrated that
13 (46%) occurred in t(8;21) and 15 (54%) inv(16) samples (Supplemental Figure S1B). E17
mutations demonstrated a predominance of t(8;21) with 24 (63%) occurring in t(8;21) and
14 (37%) occurring in inv(16) patients (Supplemental Figure S1C). The median variant
allele frequency (VAF) of the K/T mutation detected was 0.32 (range 0.04-0.83). Among
our K/T+ cohort there were 10 patients with documented relapse with available specimen
for K/T sequencing. Five patients had no detectable E8 or E17 K/7 mutation at the time of
relapse, with diagnostic VAF available in 4 specimens (range 0.15-0.45). An additional 5
patients were found to have retained K/7 mutations at the time of relapse (E8, n=4; E17,
n=1), with diagnostic VAF available in 4 specimens (range 0.13-0.7).

Biological Characteristics for CBF AML patients with KIT mutations

Clinical characteristics and CR rates of the 63 K/7+ CBF AML patients were compared to
the 142 CBF patients with wild-type K/7 (K/T-). There were no significant differences in
sex, race, ethnicity and median age for the 2 groups (Supplementary Table S1). K/ 7+
patients had significantly higher BM blast percentage and peripheral blasts. There were no
significant differences in treatment assignment for K/7+ vs. K/7- patients. Rates of
induction CR were also comparable (K/7+83% vs. KIT- 82%, p=0.980, Supplementary
Table S1). There was a broad range of CD117 surface expression among the CBF patients
overall (range 3.18-1570), with a median CD117 MFI of 199, which was significantly
higher compared to that of the non-CBF patients treated on AAMLO0531 (n=795) who had a
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median MFI of 74.55 (range 2.59-894; p<0.001). Among the CBF cohort, median CD117
expression MFI in K/7- patients was 216.5 (range 3.18-1560) which was significantly
compared to 158 (range 21.4-617) in K/T+ patients (p=0.034, Supplementary Table S1).
Patients with E8 mutations had a median expression of 178 (range 58.2-342), which was not
significantly different than K/7- patients (p=0.568). In contrast, E17+ patients had a median
CD117 expression of 132.5 (range 21.4-617), which was significantly lower than those with
KIT- CBF AML (p=0.008).

Functional Evaluation of KIT Mutations

HEK?293 cells transduced with E8 mutations (D419G, D419del) had no evidence of KIT
phosphorylation and did not demonstrate IL-3 independent proliferation following
transduction into Ba/F3 cells (Figure 2A, B). Conversely, transduction of the E17 mutations
(D816V, N822K) into HEK?293 cells resulted in autonomous receptor phosphorylation and
IL-3 independent proliferation in Ba/F3 cells (Figure 2A, B). The D816V mutation resulted
in more potent KIT phosphorylation as well increased detection of the immature (125 kDa)
vs mature (145kDa) form of KIT, and corresponding activating potential in the Ba/F3 cells,
compared to N822K (Figure 2A, B). Transduction of the E11 mutations (V559D, L576P)
also resulted in aberrant KIT phosphorylation (Supplementary Figure S2A). Following
transduction into the Ba/F3 cells, the L576P demonstrated late much slower growth
compared to the E17 mutations and no IL-3 independent growth was observed in the V559D
(Supplementary Figure S2B). Evaluation of CD117 expression of cell lines demonstrated a
range of MFI (Supplemental Figure S3). Ba/F3 cells transduced with the E8 mutations
demonstrated the highest CD117 expression with an MFI of 536.13 and 544.49 for D419del
and D419G respectively. E17 mutant Ba/F3 transduced cells demonstrated lower CD117
expression comparatively, with the MFI of D816V and N822K found to be 36.64 and 290.62
respectively, which corresponded with what was seen in patient samples.

We subsequently evaluated the cytotoxic effect of dasatinib and crenolanib on transduced
cells. Neither parental Ba/F3 nor those transduced with WT-K/7 demonstrated any response
to the TKIs with 1C50s >10,000 nM (Figure 2C-F). However, Ba/F3 cells transduced with
either of the E17 variants were uniquely susceptible to both TKIls. D816V-transduced cells
had an 1C50 of 14.3 and 13 nM when exposed to crenolanib and dasatinib respectively
(Figure 2C, D). The N822K-transduced cells had an 1C50 of 3.8 and 23 nM following
dasatinib and crenolanib exposure, respectively (Figure 2C, D). Ba/F3 cells transduced with
the D419G and D419del mutations and cultured in the presence of IL-3 demonstrated no
particular sensitivity to the TKIs (Figure 2E, F). Transduction of the V559D and L576P
mutations into HEK?293 cells exhibited sensitivity to inhibition of phosphorylation with
dasatinib, but not crenolanib (Supplementary Figure S2C-F).

Prognostic significance of KIT mutations in CBF AML

Five-year OS for K/7+ vs. K/T- CBF AML was comparable (K/7+ 78+£12% vs. KIT

- 81+7% (p=0.905, Table 1). However, K/T+ patients who achieved CR had inferior DFS
compared to K/7- patients (55+14% vs. 73+8%, respectively, p=0.040, Figure 3A) and
higher RR (43+£14% vs. 21+8% for K/7- patients, p=0.005, Figure 3B). Analysis of
outcome by cytogenetic subtype did not demonstrate any differences, with exception that
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KIT+ patients with t(8;21) had higher RR (36£19% vs. 11+9% for K/7-, p=0.007; Table 1).
When treated with conventional chemotherapy only, K/7+ patients had inferior outcomes
compared to K/7- (EFS 44+20% vs. 70+£11%, p=0.021; DFS 43+20% vs. 69+12%,
p=0.034; RR 57+21% vs. 28+12% vs. p=0.013; Table 1). However, this effect was not
observed in the GO arm (Table 1) suggesting that GO abrogated the negative prognostic
impact of K/T+ disease.

Given the distinct functional properties of E8 vs. E17 mutations, we analyzed the outcomes
among CBF patients according to the location of the K/7 mutation. For E8 mutations (E8+),
we compared E8+ only patients to K/7—. However, given activating potential of E17
mutations, we also included patients with dual E17/E8 mutations as E17+. Patients (n=3)
with K/T mutations that only occurred outside E8 or E17 were excluded from the outcome
analysis given the small size of this cohort. While OS was comparable for E17+ vs. KIT

= (72£17% vs. 81+7%; p=0.478; Supplementary Table S2), E17+ patients experienced
inferior DFS of 51+18% vs. 73+8% for K/7- (p=0.027; Figure 4A), with a corresponding
RR of 46£19% vs. 21+8%, respectively (p=0.007; Figure 4B). This effect was most
pronounced in the E17+ t(8;21) subset, with this cohort experiencing DFS of 52+23% vs.
80+11% for K/7- (p=0.025) with a corresponding RR of 43+24% vs. 11+9%, respectively
(p=0.003; Supplementary Table S2). Analysis by treatment arm demonstrated that GO
recipients experienced similar outcomes, regardless of E17+ status, with similar OS among
the cohorts (Supplementary Table S2). Corresponding DFS and RR were also comparable
among GO recipients (DFS E17+ 67+24% vs. K/7- 78+11%, p=0.396, RR E17+ 27+24%
vs. KIT- 13+9%, p=0.207; Figure 4C and 4D). In contrast, among patients treated on the No
GO arm, E17+ patients experienced a DFS of 35+25% vs. 69+12% in K/7- patients
(p=0.021), with a corresponding RR of 65£27% vs. 28+12% respectively (p=0.010;
Supplementary Table S2). We subsequently analyzed the differential impact of GO within
the E17+ cohort. Those receiving GO experienced a DFS of 67+£24% vs. 35+25% for No
GO recipients (p=0.161; Figure 4C, Supplementary Table S3), with a corresponding RR of
27+24% vs. 6527, respectively (p=0.062; Figure 4D, Supplementary Table S3),
demonstrating a trend towards improved disease outcomes with GO for E17+ patients.
Among patients receiving standard chemotherapy, E17+ patients experienced an OS of
57+28% vs. 85+8% in K/7- patients (p=0.057; Supplementary Table S3). This suggests that
following relapse, although some E17+ patients could be successfully salvaged, those who
did not receive GO-augmented up-front therapy had a trend towards inferior survival.

E8+ patients experienced an OS of 91+12% compared to 81+7% (p=0.302) for K/7-
patients (Supplementary Table S4). DFS in E8+ patients was 60+22% vs. 73+8% in K/T-
patients (p=0.305; Figure 5A) with a corresponding RR of 40+23% vs. 21+8%, respectively
(p=0.072; Figure 5B). Despite the less significant clinical effect of E8 mutations observed
compared to E17, we also sought to analyze whether GO had differential impact in this
cohort. OS among GO recipients was 100£0% in E8+ vs. 77£10% for K/7- patients
(p=0.092). For GO recipients, this translated into a DFS of 64+29% for E8+ vs. 78+11%
(p=0.456) in K/T- patients (Figure 5C) with a corresponding RR of 36£31% vs. 13+9%,
respectively (p=0.082; Figure 5D). For CBF AML patients treated with standard
chemotherapy (No GO arm), similar outcomes were seen for E8+ vs. K/7- patients across
OS, DFS and RR (Supplementary Table S5). Analysis of the use of GO did not result in any
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signal of improvement in outcome for E8+ patients. In contrast, E17+ CBF AML treated
with GO experienced similar DFS and RR to K/7- patients (Supplementary Table S2).
Taken together, while GO did not result in the similar significant clinical impact in E8+
patients as compared to E17+, there was a trend towards reduced relapse and improved
outcomes among all K/7+ GO recipients.

DISCUSSION

We retrospectively examined the prevalence and prognostic significance of K/7 mutations in
a cohort of 205 children with CBF AML enrolled on AAMLO0531 and demonstrated a
mutation rate of 31% and, overall, an association of K/7+ status with decreased EFS and
DFS and increased RR. The negative prognostic impact observed was primarily driven by
E17 mutations, which were associated with higher rates of disease recurrence and inferior
DFS. In the context of GO therapy, E17+ outcomes were comparable to that of K/7- CBF
AML patients. GO therapy resulted in a trend towards reduced relapse and improved OS,
EFS, and DFS in E17+ patients compared to those who received standard chemotherapy
only. Importantly, this trend towards clinical improvement with GO therapy was not as
pronounced in E8+ disease. The similar outcome achieved in the No GO arm for E8+ vs.
KIT- patients underscores the less significant clinical impact of this mutation subtype
compared to E17. Further, we showed that E17 mutations resulted in autonomous activation
of KIT signaling and were sensitive to the cytotoxic effects of TKIs.

This study is significant as it contrasts with our previous large pediatric CBF AML analysis
in which K/7 mutations lacked prognostic significance. However, in that earlier analysis, the
study cohort was heterogeneously treated on serial POG/CCG/COG trials with regimens of
variable intensity. Our present study reflects a more uniformly treated CBF AML patient
population. It is also significant in that it is the first study to suggest that GO provides
therapeutic benefit, specifically for E17+ patients, but potentially all K/7+ CBF AML.

To date, the prognostic impact of K/7 mutations in CBF AML remains controversial. Some
studies suggest that K/7 mutations are associated with inferior remission duration and
overall survival.(4,18,24,38-41) However, in other analyses K/7 mutations lack prognostic
significance.(3,19,21,42-44) Ayatollahi et a/, in a meta-analysis of 22 published series,
demonstrated that K/7 mutations were associated with inferior prognosis, with this effect
most significant in t(8;21) as compared to inv(16) disease.(26) A second recent meta-
analysis by Chen et a/ found that outcomes were inferior in K/7+ CBF AML overall, and
specifically in K/7+ 1(8;21).(15) Four additional pediatric studies found that K/7 mutations
adversely affected OS, DFS and RR in pediatric t(8;21) AML.(17,22,27,45) Conversely, a
more recent series of t(8;21) pediatric CBF AML patients enrolled on multiple cooperative
group clinical trials failed to demonstrate prognostic significance of K/7 + disease.(2)
Importantly, K/7+ patients enrolled on that study received high doses of cytarabine and
anthracyclines during induction and it was hypothesized that this might explain the failure to
detect a difference in outcome.(2) Unlike the study by Klein ef a/and our previous study
cohort, the uniform conventional chemotherapy backbone used in our present study cohort
may have facilitated our ability to detect differences in outcome for K/7+ disease. Similar to
the 4 other pediatric studies in which prognostic significance was noted,(17,22,27,45) our
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study population was treated with a standardized MRC based conventional chemotherapy
backbone. Additionally, our large cohort size allowed us to detect differences in outcome
according to the location of the K/7 mutation

Previous studies demonstrate that GO improves outcome in CBF AML(1,28-30) and our
series also supports this finding, demonstrating that among CBF patients the prognostic
impact of K/7 mutations was abrogated with addition of GO. Among GO recipients, K/ 7+
and K/T- patients experienced equivalent outcomes; this effect was most evident in E17+
patients. Importantly, the clinical benefit of GO in this patient population suggests that the
inferior outcome observed with K/7+ CBF AML patients can be mitigated with appropriate
intensification of therapy and without the use of HSCT. The mechanism of determinants of
response to GO is an area of ongoing investigation and has included investigation into
mediating aspects including expression of CD33 and cytogenetic or mutational profile.
(29,32,46) Although CBF AML is associated with lower CD33 expression compared to
other AML subgroups, this group of patients still experiences improved outcomes with GO.
(32,46,47) In a prior analysis of CD33 expression for this trial, we demonstrated that 79% of
patients with CBF AML had CD33 MFI below the median CD33 expression as defined for
the entire cohort of de novo AML patients.(32) Strategies that involve intensification of
therapy in CBF AML, such as high dose anthracyclines and higher dose cytarabine, have
historically resulted in improved outcomes.(48-50) As CBF patients are known to be
chemo-responsive, our results may also support that intensification of therapy for the E17+
subgroup of CBF patients with GO can result in further improvement in outcome despite
lower expression of the CD33 cell surface target. As multiple aspects of the disease, in
addition to CD33 expression, may mediate GO response (e.g. mutational profile, SNP
genotype) (29,32,51,52), future analyses that comprehensively study factors that predict GO
response may aid in our understanding as to the differential GO effect seen in our study
cohort.

We also provide biologic rationale for the discrepancies in clinical outcomes observed,
demonstrating the functional significance of activating E17 abnormalities. The recent study
by Yui et al supports our findings demonstrating in adult CBF AML, that only E17
mutations conferred inferior prognosis, with the D816 mutation demonstrating the strongest
impact on prognosis.(25) Kim et a/also reported on the adverse prognostic impact of D816
mutations, which were most pronounced in t(8;21) AML.(39)

We recognize that the prognostic effect of K/7 mutations in our study may have been
influenced by therapy, as patients included in our analysis included GO and No GO
recipients. Although due to the relatively large cohort size for a pediatric study, we were able
to analyze patients according to treatment arm in order to delineate the impacts of GO and
KIT mutations. However, a more definitive analysis on the impact of GO in CBF K/7+
patients will require additional patients as our study was not powered to detect that
difference. While our large cohort size allowed us to detect differences in outcome according
to the location of the K/7 mutation, limitations in the number of patients with each distinct
mutation did not allow us to analyze the prognostic impact of the distinct E17 mutations.
Additionally, the number of patients in our study cohort with relapse specimen available
limited further analysis regarding the clonality of K/7 mutations in CBF AML.
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As next generation sequencing identifies a greater number of mutations in a variety of
oncogenic genes, it is important to understand the functional and clinical consequences of
noted abnormalities and relation to clonality. Although our relapse cohort is too small to
draw conclusions regarding the clonality of K/7 mutations and presence in the dominant
clone, they do suggest occurrence of dynamic patterns of clonal evolution with regard to
KIT mutations that occur between diagnosis and relapse in CBF patients, and are in line
with the findings presented by Faber et a/.(53) Our data regarding the functional
implications of K/T mutations suggest that E17 mutations result in aberrant phosphorylation
of K/T and subsequent oncogenic growth, with the D816V demonstrating even more potent
transformation capacity compared to the N822K alteration. This is line with previous studies
that have demonstrated that D816 mutations result in structural alterations of the activation
loop, resulting in ligand-independent auto-activation.(54) Our findings also support the prior
study by Omori ef a/which demonstrated a more potent proliferative effect of D816V
compared to N822K mutations.(55) Similar to Omori et a/, following transduction we also
observed higher levels of K/7 detected in the exon 17 mutations compared to WT-K/T, as
well as in the exon 8 and 11 mutations we tested.(55) Further, we report that transfection of
the D816V resulted in higher levels of the immature form of KIT when compared to the
other K/T mutations and WT-KIT. This aligns with data derived from analysis of GIST,
which has shown that activating exon 11 K/7 mutations result in higher levels of the
immature form of KIT, which is constitutively phosphorylated and retained within the
intracellular compartment.(56)

We show that E17 mutations, in addition to serving as activating events, may serve as a
substrate for TKIs with activity against mutant KIT. The apoptotic effect of crenolanib and
dasatinib observed in E17+ transduced cells is in line with other /n vitro studies, and
supports that E17 mutations can serve as therapeutic targets in AML.(57,58) In contrast,
neither of the E8 mutations we investigated had a functional impact and both were
insensitive to the cytotoxic effects of TKIs. We also demonstrate that mutations in exon 11,
which compromise the JMD and is critical to KIT activation, result in aberrant
phosphorylation. These mutations resulted in a weaker phosphorylation signal as compared
to the E17 mutations, and were not found to be transforming events, which is likely a
function of less potent phosphorylation. However, E11 mutations are amenable to TKI
therapy, as mutations at these sites have been the targets of effective TKI therapy in many
solid tumors.(8,9) Taken together, these /n vitro findings suggest that intensification of
therapy with TKIs should be studied further in patients with E17 as well as rare E11, but not
E8, mutations. We acknowledge that response to TKIls in K/7 mutant AML may be
mediated by multiple mechanisms. While levels of cell surface KIT expression have been
shown to be a mechanism that can mediate KIT-inhibitor mediated cytotoxicity, higher levels
of KIT expression do not necessarily result in enhanced toxicity (59-61). We demonstrated
that cell surface KIT expression was lowest in the E17+ patients, and significantly lower
than K/T7- patients. We observed similar findings in the Ba/F3 transduced cell lines with
E17+ mutations demonstrating lower CD117 expression compared to E8 mutations and K/7-
WT. These findings suggest that K/7 mutations are not always associated with higher cell
surface KIT expression, and that aberrantly activated KIT signaling is likely to be the most
important target of anti-KIT TKIs. Notably, aberrant intracellular retention of constitutively

Clin Cancer Res. Author manuscript; available in PMC 2020 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tarlock et al.

Page 12

phosphorylated immature KIT, as was seen in the D816V mutation, is a common mechanism
for KIT activating mutations in GIST and has been shown to be amenable to imatinib
treatment, as the drug blocked mutant KIT phosphorylation and restored protein maturation.
(56) Ongoing clinical trials are currently investigating the role of TKIs in CBF AML,
regardless of K/7 mutational status, and will provide important information regarding the
efficacy of TKIs in this population and how K77 mutational status impact TKI response.
Addition of TKIs may be an important therapeutic strategy as the limits of intensification
with conventional cytotoxic agents has been reached in pediatric AML therapy and TKls
have been shown to be safe when combined with intensive chemotherapy.(62-64)

Our study is significant in that it reflects, within the context of homogenously treated
pediatric CBF AML population, that K/7 mutations are associated with inferior clinical
outcome and that this effect is largely due to the impact of E17+ disease, a finding supported
by our /n vitro functional studies. Importantly, not all K/7 mutations are equally amenable to
TKI targeting and this study illustrates the importance of defining the functional significance
of a particular RTK mutation and the impact of targeted therapeutics on such abnormalities.
In the context of K/7+ CBF AML, future clinical trials that include GO, as well as TKI
therapy for activating KIT mutations, namely E17+ disease, are prudent, and can further the
goal of improving outcome for this higher risk group of pediatric CBF AML patients.
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Figure 1.
KIT mutations detected in CBF AML patients by targeted exome capture. Mutations most

commonly occurred in exon 8, which is part of the extracellular immunoglobulin domain,
and exon 17, part of the tyrosine kinase domain. Mutations detected include single
nucleotide variants (SNVs) and small indels, most of which were in-frame. Dotted lines
indicate exon boundaries.
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Figure2.

In vitro evaluation of functional effect of K/7 mutations in exon 8 and exon 17. (A) KIT
phosphorylation following transfection of the mutations in exon 8 (D419G, D419del) and
exon 17 (D816V, N822K) into HEK293 cell line. (B). IL3 withdrawal experiments in the
Ba/F3 cell line confirmed the transforming potential of the E17 mutations D816V and
N822K, both of which demonstrated growth following withdrawal of IL3. (C) Cytotoxicity
following crenolanib exposure in Ba/F3 transduced cells with D816V and N822K mutations;
(D) Cytotoxicity following dasatinib exposure in Ba/F3 transduced cells with D816V and
N822K; (E) Cytoxicity following crenolanib exposure in Ba/F3 transduced cells D419del
and D419G mutations, (F) Cytotoxicity following dasatinib exposure in Ba/F3 transduced
cells with D419del and D419G mutations.
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(A) Disease-free survival among the entire cohort of CBF AML patients according to KIT
mutational status; (B) Relapse risk for the cohort of CBF AML patients according to KIT

mutational status.
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Association of E17 mutations with outcomes in CBF AML. (A) DFS in CBF patients for
KITE17+ compared to K/7- patients; (B) RR in CBF patients for K/7TE17+ compared to
KIT- patients; (C) DFS for CBF patients treated on the GO-containing arm according to
KITE17 status, with the E17+ patients stratified by treatment arm of standard chemotherapy
(No GO) compared to GO containing regimen (GO); (D) RR for the CBF patients treated on
the GO-containing arm according to K/7 E17 status, with the E17+ patients stratified by
treatment arm of standard chemotherapy (No GO) compared to GO containing regimen

(GO).
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Figure5.

Association of E8 mutations with outcomes in CBF AML. (A) DFS in CBF patients for KIT
E8+ compared to K/7- patients; (B) RR in CBF patients for K/7 E8+ compared to K/7-
patients; (C) DFS for CBF patients treated on the GO-containing arm according to K/7 E8
status, with the E8+ patients stratified by treatment arm of standard chemotherapy (No GO)
compared to GO containing regimen (GO); (D) RR for the CBF patients treated on the GO-
containing arm according to K/T E8 status, with the E8+ patients stratified by treatment arm
of standard chemotherapy (No GO) compared to GO containing regimen (GO).

1duosnuepy Joyiny

1duosnue Joyiny

Clin Cancer Res. Author manuscript; available in PMC 2020 February 15.



Tarlock et al. Page 22

Table 1.
Clinical and biologic characteristics of CBF patients treated on COG AAMLO0531 stratified by K/7 mutational
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status

Characteristic No KIT Mutation (N =142) | KIT Mutation (N =63) | P-value
Male,N (%) 72 (51%) 31 (49%) 0.843
Age,median (range in years) 11.55 (0.33-22.53) 11.96 (0.61-22.76) 0.689
CBF 0.288
t(8;21) 72 (51%) 27 (59%)
Inv(16)/t(16;16) 70 (49%) 26 (41%)
Race
American Indian or Alaskan Native 1 (1%) 0 (0%) 1.000
Asian 2 (2%) 4 (8%) 0.666
Native Hawaiian or Other Pacific Islander 0 (0%) 0 (0%) 1.000
Black or African American 16 (13%) 8 (15%) 0.691
White 103 (84%) 40 (77%) 0.236
Unknown 20 11
Ethnicity 0.596
Hispanic 33 (24%) 17 (27%)
Not Hispanic 105 (76%) 45 (73%)
Unknown 4 1
WBCx103%uL — median (range) 34.15 (1-432) 39.6 (2-335.5) 0.487
Platelet count — median (range) 42 (5-477) 22 (2-252) 0.002
BM blast % - median (range) 56 (6-100) 73.5 (22-100) <0.001
Chloroma present 38 (0-98) 57 (0-95) 0.001
Central nervous system Positive 22(15%) 4 (6%) 0.075
CEBPA Positive 0 (0%) 1 (2%) 0.249
NPML1 positive 0 (0%) 0 (0%) 1.000
FLT3/ITD Positive 4 (4%) 2 (3%) 1.000
Treatment Allocation 0.358
Arm A (No GO) 73 (51%) 28 (44%)
Arm B (GO) 69 (49%) 35 (56%)
CR End Induction 1 117 (82%) 52 (83%) 0.98
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