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Abstract

Purpose: Recurrent internal tandem duplication (ITD)
mutations are observed in various cancers including acute
myeloid leukemia (AML), where ITD mutations in tyrosine
kinase receptor FLT3 are associated with poor prognostic
outcomes. Several FLT3 inhibitors (FLT3i) are in clinical trials
for high-risk FLT3-ITD–positive AML. However, the variability
of survival following FLT3i treatment suggests that the mere
presence of FLT3-ITDmutations might not guarantee effective
clinical response. Motivated by the heterogeneity of FLT3-ITD
mutations, we investigated the effects of FLT3-ITD structural
features on the response of AML patients to treatment.

Experimental Design: We developed the HeatITup (HEAT
diffusion for Internal Tandem dUPlication) algorithm to
identify andquantitate ITD structural features includingnucle-
otide composition. Using HeatITup, we studied the impact of
ITD structural features on the clinical response to FLT3i and
induction chemotherapy in FLT3-ITD–positive AML patients.

Results: HeatITup accurately identifies and classifies ITDs
into newly defined categories of "typical" or "atypical" based
on their nucleotide composition. A typical ITD's insert
sequence completely matches the wild-type FLT3, whereas an
atypical ITD's insert contains nucleotides exogenous to the
wild-type FLT3. Our analysis shows marked divergence
between typical and atypical ITD mutation features. Further-
more, our data suggest that AML patients carrying typical
FLT3-ITDs benefited significantly more from both FLT3i
and induction chemotherapy treatments than patients with
atypical FLT3-ITDs.

Conclusions: These results underscore the importance of
structural discernment of complex somatic mutations such as
ITDs in progressing toward personalized treatment of AML
patients, and enable researchers and clinicians to unravel ITD
complexity using the provided software.

See related commentary by Gallipoli and Huntly, p. 460

Introduction
Several recurrent somatic genetic alterations in acute myeloid

leukemia (AML) have been incorporated in the standard-of-care
recommendations for diagnosis, response assessment, and treat-
ment outcome prediction (1, 2). Internal tandem duplication
(ITD) mutations in the Fms-like tyrosine kinase 3 (FLT3) gene
are among the most frequent somatic alterations in AML (3).
FLT3-ITDs are always in-frame insertions and result in the loss of

autoinhibitory function, leading to increased tyrosine kinase
activity. The presence of FLT3-ITD, regardless of the cytogenetic
classification, is associatedwith significantly increased relapse risk
and decreased overall survival (OS; refs. 4–12). Hence, screening
for the presence of the FLT3-ITD mutation is recommended
(4, 8, 9), and genetic tests to identify FLT3-ITD mutations are
now part of routine diagnostic workups for both de novo and
relapsed AML patients. Recently, next-generation sequencing
(NGS) diagnostic assays have been developed to test for the
presence of mutant FLT3-ITD in AML patients (13, 14). Although
these new technologies enable a more detailed analysis of com-
plex FLT3-ITD mutations, we still lack an understanding of the
heterogeneity of ITD structures and its impact on the clinical
outcomes. We present the first study to collate the effect of
structural properties of FLT3-ITDs beyond the length of the
duplicated segment itself on response to targeted therapy.

The prevalence of prognostically high-risk FLT3-ITDmutations
resulted in the introduction of FLT3-inhibitory agents as thera-
peutic options for FLT3-ITD–positive AML. More recently, FLT3
tyrosine kinase inhibitory small-molecules (FLT3i) with various
levels of specificity and potency have been developed (15, 16).
FLT3i are classified based on their mechanism of interaction with
the receptor (15) into type I [e.g., Gilteritinib (ASP2215; refs. 17,
18) and Midostaurin (19, 20)] or type II [e.g., Sorafenib (21–23)
and Quizartinib (AC220; refs. 24–27)]. Although the newer
generation of FLT3i provides stronger and more prolonged anti-
leukemic activity, the complete response rate still is at most
50% (depending on response criteria; refs. 17–20, 27–31),
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demonstrating that much remains to be learned before effective
use of these agents for targeted therapy in FLT3-ITD–positive
patients. The heterogeneity of ITD mutations could be one of
the factors leading to variability in treatment response of the FLT3-
ITD–positive AML patients.

Unlike many other hotspot mutations, ITD mutations are
diverse and complex genetic alterations (32, 33). Although in-
frame ITDs are mainly in exon 14 of FLT3, they exhibit marked
structural heterogeneity. For example, diversity in ITD duplicated
sequence length, duplication position, or mutation burden is
reported (34). Earlier studies using fluorescence-based capillary
gel electrophoresis (CGE) suggest that the ITD length could affect
the prognostic outcome of AML patients treated with chemother-
apy-based regimens (12, 32). However, the link between the
response to FLT3i and FLT3-ITD structural features remains
unknown. We hypothesized that the FLT3-ITD structural features
beyond the length affect clinical response to FLT3i treatment.
A prerequisite to test this hypothesis was an analytical method
to characterize the complexity of ITD somatic mutations from
NGS readouts.

To address the unmet need for accurate identification of ITD
mutations from the NGS readouts and further characterize their
complexity, we developed HeatITup (HEAT diffusion for Internal
Tandem dUPlication). HeatITup is an efficient and easy-to-use
open-source software that is available for download from https://
github.com/faryabib/HeatITup. Based on the divergence in the
nucleotide composition of ITDmutations beyond the duplicated
segment, we introduced two distinct classes of "typical" and
"atypical" ITD mutations. HeatITup classifies an ITD mutation
as typical if the insertion sequence completely matches the wild-
type FLT3 sequence, otherwise the ITD was classified as atypical.
We applied HeatITup to samples from both The Cancer Genome
Atlas (TCGA) cohort and AML patients sequenced at the Univer-
sity of Pennsylvania (UPENN) to identify and annotate FLT3-ITD
mutations.

Equipped with our refined ITD classification, we systematically
studied the impact of the presence of FLT3-ITD mutations and

their structural features on the clinical response to FLT3-inhibitory
agents and induction chemotherapy. Our data suggest that AML
patients carrying typical ITD mutations with insert sequences
entirely from the FLT3 wild-type sequence benefit significantly
more from FLT3i than patients with atypical ITDs whose inserts
consist of nucleotides exogenous to the wild-type FLT3. Further-
more, we observed longer OS in individuals harboring long
typical versus long atypical FLT3-ITD mutations, when patients
only received induction chemotherapy. Together, our results
suggest that the selectivity of response to treatments depends not
only on the presence of an ITD mutation in the AML genome
but could also be a function of the ITD structure beyond the
mutation length.

Materials and Methods
TCGA AML cohort

Sequencing files for 321 samples from 149 AML patients in the
TCGA cohort were downloaded from the Genome Data Com-
mons (https://gdc.cancer.gov; ref. 3).

DNA sequencing
The protocol for this study was approved by the University of

Pennsylvania Medical School's Institutional Review Board. FLT3
sequencing was performed via targeted NGS (HUP-HemeV2;
the University of Pennsylvania, Philadelphia, PA) on the
MiSeq sequencing system (Illumina) as described before (13).
HUP-HemeV2 is aClinical Laboratory Improvement Amendment
(CLIA)–confirmed NGS assay designed at the University of Penn-
sylvania to detect somatic mutations in 68 genes including FLT3
(13).DNAwasquantifiedusing afluorescent-basedmeasurement
(Qubit, Life Technologies), and 50 to 250 ng of DNAwas used for
enrichment. The minimum DNA concentration for assay was
10 ng/mL, for a minimum of 50 ng. Following library preparation
with the TruSeq Amplicon assay (Illumina), libraries were pooled
and sequenced on the MiSeq system to an average depth of
coverage greater than 1,000x.

The UPENN cohort
Five hundred and thirty-seven amplicon-based NGS clinical

samples from 431 AML patients were collected and analyzed to
identify and characterize FLT3-ITD mutations. These samples
were obtained from 2013 to 2017. The data collection was frozen
in June 2017. In this cohort, 68 patients were sequenced more
than once throughout the course of their disease. Overall, 139
FLT3-ITD–positive samples from 97 individuals were identified.

Date of diagnosis, date of NGS testing, date of censor (death
or last recorded follow-up), sex, age, allogenic transplant, FLT3i
type (ref. 15; type I, type II, and both), and disease status at the
time of FLT3i treatment initiation were obtained for the 97
FLT3-ITD–positive patients from the University of Pennsylva-
nia electronic health record system and verified using Leukemia
Tissue bank database of the University of Pennsylvania. The
FLT3 type I–inhibitory agents included Gilteritinib (32) and
Midostaurin (8), whereas the Type II inhibitors included
Quizartinib (14), Sorafenib (31), and PLX3397 (9). Eighty-
four of 97 patients who had complete retrievable clinical
annotations and conformed to stringent clinical annotation
criteria, described below, were selected to minimize clinical
variability across the individuals included in our retrospective
survival analysis (Table 1).

Translational Relevance

Internal tandem duplication (ITD) mutations are diverse
and complex genetic alterations and result in increased kinase
activity of FLT3 receptors in acute myeloid leukemia (AML)
patients. Given that the presence of FLT3-ITD mutations is
associated with poor prognostic outcomes, several FLT3 inhi-
bitors (FLT3i) for targeted therapy of FLT3-ITD–positive AML
patients were developed. We tested the hypothesis that the
FLT3-ITD structural features beyond the length affect response
to the targeted therapy. Our data suggest that the selectivity of
response to FLT3i depends not only on the presence, but also
on the nucleotide composition of ITD mutations in newly
diagnosed and relapsed AML. To enable investigating the
diversity of ITD mutations, we developed an efficient and
easy-to-use software to detect and characterize ITDs. Our
software could inform clinical decision-making for patients
carrying this class of complex mutations by facilitating similar
studies in AML and other malignancies with high rate of ITD
mutations.
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Accordingly, 68 of 84 FLT3-ITD–positive patients who received
an FLT3i as part of their treatment were used to assess the
correlation between FLT3-ITDmutation classification and surviv-
al for FLT3i-treated patients (FLT3i-treated cohort; Table 1). These
68 FLT3i-treated patients were annotated as either newly diag-
nosed or relapsed AML. The newly diagnosed group consisted of
individuals diagnosed with de novo AML with no previous history
of leukemia who received induction chemotherapy, were treated
with FLT3i, and were tested with the NGS-based panel within 30
days of the diagnosis date (n ¼ 42). Alternatively, the relapsed
group consisted of patients with relapsed AML who only received
induction chemotherapy but not FLT3i prior to the relapse. This
group was treated with both FLT3i and induction chemotherapy
and tested for FLT3 mutation by the NGS-based panel within 30
days after the relapse date (n ¼ 26).

Most of the FLT3-ITD–positive AML patients at UPENN receive
FLT3i treatment. So, to investigate the relationship between the
FLT3-ITD classification and OS of patients who were only treated
with induction chemotherapy and not FLT3i, we combined the
remaining 16 of 84 FLT3-ITD–positive newly diagnosed (de novo
AML with no previous history of leukemia) patients in UPENN
cohort who only received standard chemotherapy with the 35
FLT3-ITD–positive de novo AML patients from the TCGA cohort
who were also treated with standard chemotherapy (non–FLT3i-
treated cohort). Similar to the newly diagnosed FLT3i-treated
cohort, only the UPENN patients who received standard chemo-
therapy but not FLT3i and were tested for the presence of FLT3
mutation within 30 days of the diagnosis date were included in
the non–FLT3i-treated cohort (n¼ 51). Fifty-six of the total of 58
newly diagnosed FLT3-ITD–positive patients (42 FLT3i-treated
and 16 chemotherapy only) were cytogenetically characterized
and classified according to Medical Research Council (MRC)

classification system (4, 35), among them none were favorable,
49 were intermediate, 6 were unfavorable, and 1 had no growth.

ITD clonal assignment
All reads with a similar FLT3-ITD mutation were assigned to a

clone with an allele frequency (AF). We provided a helper pro-
gram to assist in grouping together similar mutations into clones.
We only considered clones with an AF � 1%, resulting in 189
typical and 50 atypical clones in 97 FLT3-ITD–positive indivi-
duals in the UPENN cohort. Due to an approximately 100-fold
lower sequencing coverage of the TCGA samples, we only includ-
ed clones if their FLT3-ITD duplication length was 15 or greater.
Each individual's representative FLT3-ITD clone was determined
based on the dominant clone from the earliest sample in the
UPENN cohort or the longest duplication in the TCGA cohort due
to the significantly less coverage of these samples. See Supple-
mentary Information for further description.

Statistical analysis
The Mann–Whitney U test was used in comparing duplicated

and spacer segment lengths, as well as purine and pyrimidine
abundance. Exogenous nucleotide abundance was compared
using Tukey HSD after ANOVA. The x2 test was used to assess
the point mutation co-occurrence frequency. OS, defined as the
time fromdiagnosis until death or last follow-up, was determined
using Kaplan–Meier survival curves. Survival statistical analyses
were performed using Cox regressions (36). Univariate Cox
regressions were used to select possible confounding variables
among the following features: disease stage (newly diagnosed and
relapsed), sex, age, allogenic transplant, FLT3i type, disease status
at the time of FLT3i treatment initiation, and clone frequency.
Wherever applicable, the significant confounding variables were
controlled for in the subsequent multivariate Cox regression
models of ITD classification. The proportional hazards assump-
tion for each variable was tested and met using Schoenfeld
residuals (37). Adjusted P values for the variables of interest
(FLT3i treatment, duplication length, ITD classification, and
spacer sequence exogenous ratio) were determined by the Benja-
mini–Hochberg procedure. Wherever applicable, the entire spec-
trum of the ITD spacer sequence exogenous ratio values was
used—the exogenous ratio cutoff in figures was used for visual-
ization purposes only.

Results
Unlike many other hotspot mutations, ITDs are diverse and

complex genetic alterations. We observed that the inserted seg-
ment of DNA could appear immediately next to its origin of
duplication or there could be intervening nucleotides (Figs. 1A
and 3). Although ITD mutations are mainly in the FLT3 exon 14,
the insertion location and sequences, the length of the duplicate
segment, and the composition of the DNA segment between the
duplication and its origin add to the ITD structural complexity
(Figs. 1A and 3).

We defined several attributes to capture ITD diversity. We
termed the part of an inserted DNA segment that is a duplication
of the reference as "duplication," and the nucleotides in between
the duplication and its origin as "spacer" (Fig. 1A). We observed
that a spacer could consist of nucleotides that were either
endogenous to the FLT3 wild-type sequence or not part of the
wild-type exon (Figs. 1A and 3). To this end, we classified an ITD

Table 1. Clinical characteristics of FLT3-ITD–positive AML patients

N (%)

All subjects 84 (�)
Sex
Male 43 (51.2)
Female 41 (48.8)

Age at diagnosis
<60 54 (64.3)
�60 30 (35.7)

Disease status
Newly diagnoseda 58 (69.0)
Relapse 26 (31.0)

Induction chemotherapy
Yes 82 (97.6)
No 2 (2.40)

FLT3 inhibitor treated
Yes 68 (81.0)
No 16 (19.0)

FLT3 inhibitor characterization
Type 1 23 (33.8)
Type 2 29 (42.7)
Both 16 (23.5)

Allogeneic transplant
Yes 54 (64.3)
No 30 (35.7)

Disease status at initiation of FLT3 inhibitor
Remission 32 (38.1)
Active disease 52 (61.9)

aOf the 58 newly diagnosed patients, none had favorable cytogenetics, 49 had
intermediate risk, 6 had adverse risk, 1 had no growth, and 2 did not have
cytogenetics performed.
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as "typical" if the insertion sequence completely matched the
FLT3 wild-type sequence; otherwise, the ITD was classified as
"atypical" (Figs. 1A and 3). As such, the difference between typical
and atypical ITDs is based on the presence of nucleotides, exclud-
ing point mutations that are exogenous to FLT3-wild-type
sequences in an ITD insertion. Importantly, although atypical

and typical ITDs could have spacer sequences, they both resulted
in in-frame mutations.

Because ITD mutations are a combination of alterations, com-
monly used tools such as Pindel (38) do not directly detect them.
We developed HeatITup to address the unmet need for accurate
identification of ITD mutations from NGS short sequence reads

A

B C

Figure 1.

Schematic of representative typical and atypical ITD mutations and HeatITup algorithm. A, Schematic of representative typical and atypical ITD mutations
with marked insertion, duplication, spacer, and exogenous nucleotides. First sequence: marked features of ITD structure. Remaining sequences are
examples of typical and atypical ITDs. Top to bottom: Duplication with no spacer; duplication with spacer; duplication with spacer and a point mutation;
duplication with entire spacer exogenous to the exon sequence; duplication with part of spacer exogenous to the exon sequence. Light gray, duplicated;
black, point mutation; dark gray, exogenous sequences. B, Outline of the HeatITup algorithm. C, Schematic of HeatITup modules and their function to
analyze an ITD mutation. In this schematic, an ITD in the FLT3 sequence (middle, black horizontal line) is analyzed using a suffix tree (top), a sliding
window (bottom left), and heat diffusion (bottom right). The repeated substring (duplication, white rectangles on FLT3 sequence) with potential point
mutations (vertical black bars) is identified using repeated suffix tree with "end mutation" (top). The sliding window of minimum Hamming distance
(bottom left) identifies differences within the spacer (vertical bars in the spacer). To differentiate between the exogenous nucleotides in the spacer (vertical
white bars on the spacer) and the point mutations (vertical gray bar on the spacer), heat diffusion is applied to the signal processed from the spacer (bottom right).
WT, wild type.
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and further characterize the complexity of ITD mutations based
on the aforementioned structural attributes. Rather than search
for an insertion as in refs. 3, 38–40, HeatITup can analyze both
mapped (heatitup program) and unmapped (heatitup-
complete program) short-read sequences and detects the largest
duplicated sequences; characterizes the sequence composition of
the insertion; and classifies an ITD as typical or atypical (Figs. 1A
and 3; see Supplementary Information). By repeated usage of
suffix trees with "endmutations" (seeMaterials andMethods, and
Supplementary Information), HeatITup is able to detect both the
duplications and any possible point mutations within them (Fig.
1B and C). HeatITup also analyzes the composition of spacer
sequences by using a combination of Hamming distance com-
parisons with a reference sequence and discrete Gaussian kernel-
based heat diffusion to detect the sequence segment within the
spacer that may be exogenous to the gene wild-type sequence
(Fig. 1B and C; Materials and Methods; and Supplementary
Information). As such, HeatITup is the first method capable of
annotating duplication, spacer, and the exogenous segments of
the insertion in addition to detecting ITDs.

To assess the accuracy of HeatITup, we first performed a
comparative analysis against four commonly usedmethods based
on 321 samples from 149 individuals profiled in the TCGA AML
cohort using capture-based whole-exome sequencing (3). These
samples were previously scored for the presence of ITDmutations
in FLT3 by the method used in the original analysis of the TCGA
AML cohort (3), ITD Assembler (41), Pindel (38), and Genomen
(42). HeatITup found 7 new FLT3-ITD–positive individuals that
were manually verifiable but missed by these methods (Fig. 2).
Among the 35 detected FLT3-ITD–positive individuals, 20 har-
bored typical and the remaining carried atypical ITDs. HeatITup's
heatitup program (alignment-based, see Supplementary Infor-
mation) but not heatitup-complete program (alignment-
free, see Supplementary Information) missed 1 FLT3-ITD–posi-
tive individual who was only identified by the ITD Assembler
algorithm. Compared with the earlier analysis, HeatITup
increased the percentage of detected FLT3-ITD–positive cases in
the TCGA cohort from19%to23%,which is closer to the expected
frequency of FLT3-ITD–positive cases in a representative AML
cohort based on other methodologies such as CGE, while did not
falsely identify any sample as FLT3-ITD mutated. Together, these
data exhibit that HeatITup accurately detects ITDmutations while
providing high sensitivity.

We then analyzed amplicon-based NGS of 216 patients in the
UPENN cohort to assess the accuracy of FLT3-ITD mutation

detection. We compared our results with a previous analysis of
these samples at theUPENN clinical sequencing laboratory where
a two-step CLIA-confirmed analysis workflow, consisting of a
GATK/Pindel-based pipeline followed by manual variant review,
was used (see Materials and Methods). HeatITup identified 113
FLT3-ITD–positive samples from 71 individuals (Fig. 2B). Our
analysis improved the detection of FLT3-ITD mutations and
found an additional 5 FLT3-ITD–positive individuals that were
manually verifiable but reported aswild-type FLT3 by theUPENN
CLIA-confirmed workflow.

Wenext assessed the accuracy ofHeatITup to classify samples as
typical or atypical. To this end, we independently analyzed 32
UPENN samples with HeatITup and experienced genetic
reviewers who verified the presence and subsequently classified
ITD mutations. When the HeatITup and manual detection/
classification results were compared, 38 of 39 ITDs were classified
concordantly, whereas one sample, CPDC140113, had a discor-
dant classification (Fig. 3, c.f. red-boxed individual). Upon further
inspection, we found that the misclassified FLT3-ITD in sample
CPDC140113 was indeed atypical, and HeatITup was able to
detect and correct the error of manual classification (Supplemen-
tary Table S1). Together, these evaluations exhibited the precision
of HeatITup in detecting and classifying FLT3-ITDmutations into
typical or atypical categories while providing high sensitivity.

We quantified the clonality and structural characteristics of 139
FLT3-ITD–positive samples from 97 individuals in the UPENN
cohort to assess the structural heterogeneity of ITDmutations (see
Materials andMethods). In our cohort, typical and atypical FLT3-
ITD clones occurred with 79.7% and 20.3% frequencies, respec-
tively. We found that our cohort consisted of similar proportions
of mono- and polyclonal cases (Fig. 4A). Although 46.4% of
individuals harbored one FLT3-ITD clone, 7.2% of patients con-
tained more than 3 clones (Fig. 4A). Surprisingly, 45.4% of
polyclonal individuals were homogeneous for the ITD classifica-
tion resulting in 91.8% of patients harboring a single class of
FLT3-ITD (Fig. 4B), which may point to a single ongoing mech-
anism of mutation even in the polyclonal samples. These obser-
vations suggest potentially distinct mechanisms in the etiology of
the two classes of FLT3-ITDmutations or that they are enriched in
particular genetic backgrounds.

As typical and atypical clonesmay have other distinct structural
features beyond the exogenous nucleotides within the insertion,
we sought to quantify these characteristics. We observed margin-
ally significant longer duplications (individuals: P ¼ 0.075,
Fig. 4C; all clones: P ¼ 0.3, Supplementary Fig. S1A) and
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Figure 2.

Comparison of HeatITup with commonly used ITD
detection algorithms. Comparative analysis of
HeatITup with (A) four commonly used methods on
the capture-based whole-exome sequencing TCGA
AML cohort, where fill color represents the number of
algorithms that identified an FLT3-ITD–positive
individual; or (B) an two-step CLIA-confirmed
analysis workflow, consisting of a GATK/Pindel-
based pipeline followed by manual variant review on
amplicon-based samples from the UPENN cohort.
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Figure 3.

HeatITup-generated output of 32 detected and annotated FLT3-ITD mutations that were independently analyzed by a CLIA-confirmed workflow and
manually annotated by expert variant reviewers. Light blue and green, the repeated sequence; dark blue, possible point mutations; orange, exogenous segments.
Colors are customizable in the HeatITup-rendered plot. Red box, CPDC140113, the manually misclassified sample. Letter suffixes of sample ID indicate
different clones of a patient. Black box, magnified ITD annotation.

Schwartz et al.

Clin Cancer Res; 25(2) January 15, 2019 Clinical Cancer Research578

on July 21, 2021. © 2019 American Association for Cancer Research. clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst September 4, 2018; DOI: 10.1158/1078-0432.CCR-18-0655 

http://clincancerres.aacrjournals.org/


significantly longer spacers (individuals: P < 2.22e–16, Fig. 4D; all
clones: P < 2.22e–16, Supplementary Fig. S1B) in atypical versus
typical clones, which may point to the heterogeneity of these
longer duplications in earlier studies (33, 43, 44).

We further characterized theexogenous regionof ITDmutations.
Although the median length of the exogenous segment was 3 bp,
we observed a clone with 51 exogenous nucleotides in our cohort
(Fig. 4E; Supplementary Fig. S1C). Upon further investigation, we
found this segment originated from the intron 30 of the FLT3 exon
14. Although we were able to clarify the origin of the exogenous
segment of the ITD in this case, for the most part, smaller exog-
enous segments in other ITDs were highly promiscuous across the
genome, and it was challenging to resolve their origin. As such, we
only characterized the nucleotide makeup of inserted segments to
gain insight into biases of their nucleotide usage and observed that
the exogenous segments were significantly enriched for purines (P
¼ 0.01) and evenmore significantly for guanine nucleotides [G >A
(P¼ 0.06), G > C (P < 1e–4), G > T (P¼ 0.005), and (P > 0.05) for
all others, Supplementary Fig. S1D].

As the prognostic effect of individual mutations could be
affected by the presence of other mutations, we investigated co-
occurring point mutations in FLT3-ITD–positive genomes.

Among 68 genes interrogated by the HUP-HemeV2 panel, there
was no significant difference between the mutation patterns of
typical and atypical FLT3-ITD cases (x2 test: P > 0.05). The
distribution of known AML driver mutations (DNMT3A, ASXL1,
IDH1, IDH2, and TET2; ref. 45)was also not significantly different
between the FLT3-ITD classes. Earlier studies suggest that muta-
tion in FLT3 tyrosine kinase domain (TKD) may affect the FLT3i
response (16, 18, 46). The co-occurrence of FLT3-ITD and TKD
mutations was rare in our FLT3-ITD–positive cohort (10.3%), as
expected (20, 47, 48), andwasnot enriched in anyof the FLT3-ITD
classes. Together, these analyses suggest that co-occurring point
mutations are not differentially associated with typical or atypical
FLT3-ITD cases.

Observing a lack of any significant co-occurringmutation and a
marked divergence of typical and atypical ITDs (Fig. 4 and
Supplementary Fig. S1), we investigated whether FLT3-ITD struc-
tural features affect survival rate of AML patients. To this end, we
used univariate Cox regressions to identify possible confounding
variables among disease stage (newly diagnosed and relapsed),
sex, age, allogenic transplant, disease status at the time of FLT3i
treatment initiation, clone frequency, and FLT3i type; and iden-
tified the allogenic transplant [Cox PH: HR, 0.440; confidence
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interval (CI), 0.256–0.757; P¼ 0.00301] and the disease status at
the time of FLT3i treatment initiation (Cox PH: HR, 4.35; CI,
1.54–12.2; P¼ 0.00539) as candidate variables to consider along
with the ITD classification for further multivariate survival anal-
ysis (Supplementary Table S2). There have been conflicting
reports on whether FLT3-ITD duplication length is a significant
prognostic factor in AML patients treated with standard chemo-
therapy. In some reports, longer duplication length is associated
with inferior OS (33, 44), whereas other studies did not find any
linkbetween the ITD length andOSofAMLpatients after standard
chemotherapy (32, 49). The correlation between ITD duplication
length andOSwas insignificant in our FLT3-ITD–positive patients
treated with standard chemotherapy (Table 1, see the non–FLT3i-
treated cohort in Materials and Methods; Supplementary Table
S3). The lack of correlation between duplication length and
survival incentivized the search for alternative sequence charac-
teristics that could describe the heterogeneity of survival. As such,
we inquired whether the appearance of exogenous nucleotides in
ITD mutations affected OS of patients in the non–FLT3i-treated
cohort. Considering ITD classification alone, we observed on
average longer OS in patients harboring typical versus atypical

FLT3-ITDmutations; however, this difference was not statistically
significant (Supplementary Tables S4 and S5). Given the hetero-
geneity in the ITD lengths, we next looked at the top third longest
duplication lengths in our non–FLT3i-treated cohort and found
that individuals with typical FLT3-ITDs had 77.4% reduced haz-
ard compared with the patients with atypical ITDs (Cox PH: HR,
0.226; CI, 0.0764–0.669; P ¼ 0.00722; Fig. 5A; Supplementary
Table S6). Observing that atypical ITD adversely affected OS, we
examined the relationship between the fraction of exogenous
nucleotides in FLT3-ITD spacers andOS in the non–FLT3i-treated
cohort. Higher fraction of exogenous nucleotides alone had no
significant correlation with OS in the non–FLT3i-treated cohort
(Supplementary Table S7), but exhibited a 159 times increased
hazard when the top third longest duplication lengths were
considered (Cox PH: HR, 159.0; CI, 4.92–5160; P¼ 0.00427; Fig.
5B; Supplementary Table S8). Together, these data suggest that
atypical ITDmutations may lower the OS of AML patients treated
with standard chemotherapy.

We next tested whether the ITD classification influences the OS
of 68 FLT3i-treated patients with complete clinical annotations
(Table 1, see the FLT3i-treated cohort in Materials and Methods).
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In our cohort, FLT3i treatment significantly improved the OS of
the FLT3-ITD–positive patients, as expected (refs. 16, 20, 25,
26, 50; Cox PH: HR, 0.0432; CI, 0.00583–0.320; P ¼ 0.00209;
Supplementary Table S9). Upon verifying the benefit of FLT3i
treatment, we tested the impact of FLT3-ITD structural features on
OS of the FLT3i-treated patients. We observed that duplication
length had no significant effect on the FLT3i-treated AML
patient OS (Supplementary Table S10). When segregating the
cohort into typical and atypical FLT3-ITDs, we found that
carrying a typical ITD genotype reduced hazard by 66.3% (Cox
PH: HR, 0.337; CI, 0.165–0.689; P ¼ 0.00286; Fig. 5C; Sup-
plementary Table S11), suggesting in the FLT3i-treated cohort
typical patients had superior OS. When tested for the impact of
exogenous nucleotide presence in the ITDs, we observed that an
increased fraction of the FLT3-ITD spacer exogenous sequences
was positively correlated with a lower OS in the FLT3i-treated
cohort, for all and not just long duplication lengths (Cox PH:
HR, 4.96; CI, 1.33–18.5; P ¼ 0.0173; Fig. 5D; Supplementary
Table S12). Taken together, these data suggest that the corre-
lation of FLT3-ITD structure with prolonged survival in
response to treatments could be a multivariate relationship,
potentially dependent on the length and the composition of
inserted sequences. Nevertheless, our observations suggest that
the selectivity of response to FLT3i depends not only on the
presence but also on the nucleotide composition of ITD muta-
tions, and AML patients with atypical FLT3 mutations on
average may have inferior OS in response to treatment with
standard chemotherapy as well as FLT3-inhibitory agents.

Discussion
In this study, we introduce two distinct classes of typical and

atypical ITDs based on the mutation nucleotide composition,
show significant divergence between the characteristics of these
two ITD classes, and develop an efficient and easy-to-use software
(available at https://github.com/faryabib/HeatITup) to classify
and annotate ITD mutations. Notably, our data show that
responses to FLT3i treatment correlate with the classification and
structural features of FLT3-ITD mutations, and suggest that car-
rying atypical ITD mutations with nucleotides mainly exogenous
to the FLT3 wild-type sequence could lower the survival rate in
AML patients. We thus propose that the complexity of ITD
mutations should be characterized and considered to inform
clinical decision-making and therapeutic algorithms for AML
patients. To this end, we have packaged HeatITup as an open-
source tool with the aim of enabling similar analysis in larger
independent cohorts that could further elucidate the potential
effects of heterogeneity in ITDmutations. Although this study is a
step toward implementing precision medicine for AML patients,
more comprehensive studies are warranted to fully understand
the complexity of response to FLT3i treatments. Our data under-
score the importance of understanding FLT3-ITD mutation com-
plexity and interactions between FLT3 and other recurrent muta-
tions in AML patients to improve the prediction of response to
FLT3i-based therapies.

All the typical and atypical FLT3-ITD mutations identified in
our study disrupt the FLT3 exon 14 sequence coding for the FLT3
juxtamembrane domain (JM). Although the crystal structure of
FLT3 suggests that ITD mutations negate the intrinsic autoinhi-
bitory activity of the JM domain (9, 43), it is unclear how highly
heterogeneous characteristics of ITDs affect receptor function.

One could speculate that more complex ITD mutations deviate
further from the receptor wild-type structure. Long atypical ITDs
with large fractions of exogenous nucleotides might further dis-
rupt the autoinhibitory activity of the JM domain, whereas short
duplications or less deviation from the endogenous sequences
may preserve some of the intrinsic autoinhibitory property of the
receptor. Although our retrospective study suggests that the
FLT3-ITD structure could play a role in determining patient out-
comes, we do not provide data about the changes in protein
structure due to typical or atypical ITD mutations; hence, further
studies, such as in references 15, 46, and 51, are essential to clarify
themechanisms of the observed effects and elucidate whether the
diversity of ITD mutations differentially affects FLT3 receptor
activity and drug response.

Recurrent ITDmutations are not unique to FLT3 and have been
reported in a related receptor KIT (9) and histone-lysine
N-methyltransferase 2A (also known as mixed lineage leukemia,
KMT2A/MLL1) in acute lymphocytic leukemia (52). Also, ITD
mutations are frequently observed in solid tumors such as BCOR
in clear cell sarcoma of the kidney (53). Our initial results warrant
investigation of the link between the complexity of recurrent ITD
mutations in genes beyond FLT3 in AML and other cancers. Our
algorithm, HeatITup, provides an accessible computational solu-
tion for accurate detection and classification of ITD that will
enable these studies.
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