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ABSTRACT
◥

Purpose: The purpose of this study is to evaluate ponatinib for
advanced gastrointestinal stromal tumors (GIST).

Patients and Methods: This single-arm phase II trial enrolled
patients with metastatic and/or unresectable GIST with failure of
prior tyrosine kinase inhibitor (TKI) treatment into two cohorts
based on presence or absence of KIT exon 11 (ex11) primary
mutations. Patients initially received ponatinib 45 mg once daily.
Following a temporary clinical hold in October 2013, dose reduc-
tions were implemented to reduce risk of arterial occlusive events
(AOE). Primary endpoint was 16-week clinical benefit rate (CBR) in
KIT ex11–positive cohort.KITmutations in circulating tumorDNA
(ctDNA) were assessed.

Results: Forty-five patients enrolled (30 KIT ex11–positive and
15KIT ex11–negative);median follow-upwas 14.7 and13.6months,
respectively, as of August 1, 2016. Sixteen-week CBR was 36% (KIT

ex11–positive; primary endpoint) and 20% (KIT ex11–negative).
ctDNA analyses (n ¼ 37) demonstrated strong concordance of
primary KIT mutations between plasma and tumor. At least two
secondary mutations were detected in 35% of patients overall and
54% of KIT ex11–positive patients. Changes from baseline in
mutated ctDNA levels were consistent with clinical activity. Pona-
tinib was ineffective in patients withKIT exon 9 primarymutations.
Resistance was associated with emergence of V654A. AOEs and
venous thromboembolic events occurred in three and two patients,
respectively. Six patients died; two deaths (pneumonia and pulmo-
nary embolism) were considered possibly ponatinib-related.

Conclusions: Ponatinib demonstrated activity in advanced
GIST, particularly in KIT ex11–positive disease. ctDNA analysis
confirmed heterogeneous resistance mutations in TKI-pretreated
advanced GIST. Safety was consistent with previous studies.

Introduction
Gastrointestinal stromal tumors (GIST) are the most common

mesenchymal malignancy of the gastrointestinal tract, with an
estimated annual incidence of 5,000 to 6,000 new cases in the
United States (1, 2). Oncogenic, gain of function mutations in KIT
and PDGFRA are found in approximately 85% and 5% of GIST,
respectively (3, 4). Although the currently approved tyrosine kinase
inhibitors (TKI) for KIT-mutant GIST (first-line: imatinib; second-
line: sunitinib; third-line: regorafenib, fourth-line: ripretinib;
refs. 5–7) are typically initially effective in the treatment of unre-
sectable disease, the emergence of secondary mutations and sub-
sequent disease progression is a major challenge in the treatment of
GIST (8–10). Patients with GIST refractory to approved TKIs
typically experience rapid disease progression; median progres-
sion-free survival (PFS) and overall survival (OS) generally decrease
with each additional line of treatment (11–15).

Ponatinib, a potent BCR::ABL1 inhibitor, is a third-generation TKI
designed to potently inhibit BCR::ABL1 with or without any single
resistancemutation, including T315I. In theUnited States, ponatinib is
approved for the treatment of adults with chronic phase (CP) chronic
myeloid leukemia (CML) with resistance or intolerance to at least two
prior kinase inhibitors; accelerated phase (AP) or blast phase (BP)
CML or Philadelphia chromosome positive acute lymphoblastic leu-
kemia (PhþALL) for whomno other kinase inhibitor is indicated; and
for T315I-positive CML or Phþ ALL (16). Ponatinib has potent
preclinical activity against mutated KIT and platelet-derived growth
factor-a (PDGFRA), including clinically relevant mutations found in
GIST that confer resistance to available TKIs (17, 18). Detailed in vitro
analysis has shown that ponatinib has a broad, but imperfect,
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inhibitory profile against various KIT mutations (19). Ponatinib
demonstrated strong potency against KIT with primary mutations in
exon 11 (ex11) andmost secondary mutations, including mutations in
the activation loop (exon 17/18) and at the T670 gatekeeper residue
(exon 14). However, ponatinib had reduced activity against KIT with
an exon 13 (V654A) secondary mutation or with an exon 9 (ex9)
primary activating mutation (19).

The strong preclinical activity of ponatinib against KIT and
PDGFRA supported its clinical investigation in patients with GIST.
The objective of the current phase II study (NCT01874665) was to
evaluate the efficacy and safety of ponatinib in patients with advanced
GIST after failure of prior TKI therapy; biomarker assessments were
also performed. Given the known preclinical profile of ponatinib,
patients were prospectively enrolled into two cohorts based on the
presence or absence of primary KIT ex11 mutations; ctDNA analysis
was performed to explore the relationship between tumor mutation
status and ponatinib activity in this heavily pretreated population.

Patients and Methods
Study design

In this phase II, single-arm, open-label, multicenter study, patients
were enrolled in one of two cohorts, the KIT ex11–positive (KIT
ex11–pos) or the KIT ex11–negative (KIT ex11-neg) as reported by
investigators based on historical tumor analysis. TumorKIT/PDGFRA
mutations were recorded for all patients enrolled in the study. If the
patient did not have a genetic analysis of a tumor sample performed
at a Clinical Laboratory Improvement Amendments–certified labo-
ratory, mutational analysis ofKIT/PDGFRA genes in at least 1 archival
tumor specimen was performed. Patients who did not have an archival
specimenwere required to undergo a tumor biopsy for genetic analysis.
Blood samples were obtained at baseline and at times of tumor
assessment for detection of mutations in KIT and PDGFRA in circu-
lating DNA.

All patients started on 45 mg/day ponatinib; treatment contin-
ued until the occurrence of disease progression or unacceptable
toxicity. Between October 8, 2013, and May 21, 2014, a temporary
clinical hold was imposed by the FDA on all ponatinib trials in

order to assess the risk of vascular occlusive events and to provide
dose reduction instructions for management of these events. A
total of 45 patients were enrolled prior to the hold; of those, 13
patients were censored. After the October 2013 temporary clinical
hold, eligibility was amended to include only those patients who
had received all three TKIs approved for GIST at that time
(imatinib, sunitinib, and regorafenib); enrolled patients who had
not received at least 3 prior therapies were discontinued if they had
not achieved at least stable disease (SD) lasting ≥16 weeks during
ponatinib treatment. Accordingly, patients with SD or better at the
end of Cycle 6 (1 cycle ¼ 4 weeks) had ponatinib reduced to
30 mg/day if the dose was not already reduced for other reasons;
doses could be escalated to 45 mg/day upon disease progression.
Reduction of ponatinib dose to as low as 15 mg/day was permitted
to manage drug-related adverse events (AE) or drug–drug inter-
actions, and the dose could be re-escalated up to 45 mg/day once
events resolved. Ponatinib was supplied as oral tablets in either the
45-mg or 15-mg strengths.

This study was conducted in accordance with the ethical stan-
dards consistent with the Declaration of Helsinki and with Good
Clinical Practice guidelines and all applicable regulatory require-
ments. The protocol and the informed consent received institu-
tional review board/ethics committee approval. All patients signed
the informed consent.

Patients
Patients ≥18 years of age with histologically confirmed metastatic

and/or unresectable GIST who experienced progression on prior TKIs
were eligible. At study initiation, patients with failure of at least one
prior TKI treatment were eligible. After the October 2013 temporary
clinical hold, eligibility was amended to include only those patients
who had received all three approved TKIs for GIST at that time
(imatinib, sunitinib, and regorafenib); enrolled patients who had not
received at least three prior therapies were discontinued if they had not
achieved at least SD lasting ≥16 weeks during ponatinib treatment.
Eligible patients had Eastern Cooperative Oncology Group perfor-
mance status ≤2, measurable disease per modified RECIST version
1.1 (12), and adequate hepatic, renal, and pancreatic function. Patients
with clinically significant, uncontrolled, or active cardiovascular dis-
ease, uncontrolled hypertension, uncontrolled hypertriglyceridemia, a
bleeding disorder, ongoing or active infection, or those taking medica-
tions with risk of serious cardiac ventricular arrhythmias (e.g., torsades
de pointes) were excluded, as were patients with history of chronic
pancreatitis or acute pancreatitis within 1 year prior to study com-
mencement.Women whowere pregnant or lactating were not eligible.
The use of approved TKIs or investigational agents within 2 weeks or
six half-lives of the agent prior to start of treatment (whichever was
longer) was prohibited.

Efficacy outcomes
The primary outcome measure was investigator-assessed clinical

benefit rate (CBR) at 16 weeks, defined as the composite of complete
response (CR), partial response (PR), and SD according to modified
RECIST version 1.1 (12), in the KIT ex11–pos cohort. Secondary
outcome measures included investigator-assessed CBR at 16 weeks in
the KIT ex11–neg cohort and in the total patient population and
objective response rate (ORR), defined as the composite of CR and PR
according to modified RECIST version 1.1 (12), PFS, and OS in both
cohorts and in the total patient population. Similar endpoints were
used in phase II studies of regorafenib and sunitinib in patients with
GIST (20, 21).

Translational Relevance

Ponatinib demonstrated antitumor activity in patients with
advanced gastrointestinal stromal tumors (GIST), particularly in
those with KIT exon 11 mutations. Analysis of circulating tumor
DNA (ctDNA) confirmed heterogeneous resistance mutations in
patients with advanced GIST previously treated with tyrosine
kinase inhibitors (TKI). To the best of our knowledge, this is the
first report of a clinical trial in advanced GIST in which patient
enrollment was prospectively guided by mutational status. Our
results demonstrate that trials evaluating TKI efficacy based on
primary GIST mutations are feasible and informative. There was
concordance between primary mutations detected in plasma
ctDNA using beads, emulsions, amplification, and magnetics
(BEAMing) and in tumor biopsies. The majority of patients had
primary and/or secondary KITmutations detected in plasma. The
incomplete spectrum of KIT mutations detectable by BEAMing
may be overcome by use of next-generation sequencing. Future
GIST trials should continue to evaluate ctDNA using sequencing-
based approaches.
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Tumor response was assessed by CT or magnetic resonance
imaging every two cycles for the first six cycles and every three
cycles thereafter. PFS was defined as the time from start of
ponatinib administration to objective disease progression or death
due to any cause. OS data were collected every 6 months following
discontinuation for up to 24 months after enrollment of the last
patient.

Correlative assessments
The association between KIT mutations detected using ctDNA

and antitumor activity of ponatinib was assessed as an exploratory
outcome. Blood was drawn for detection of KIT mutations in ctDNA
(liquid biopsy) at baseline and at the time of tumor assessment.
Samples were analyzed for KIT mutations using beads, emulsions,
amplification, and magnetics (BEAMing) digital polymerase chain
reaction technology (Sysmex Inostics, Inc.; refs. 22, 23), which allowed
detection of seven primary (exons 9, 11, 13) and 20 secondary (exons
13/14, 17/18) mutations (ref. 24; Supplementary Table S1).

Safety outcomes
Safety was assessed by routine physical examination, laboratory

evaluations, electrocardiograms, and echocardiograms as defined
prospectively in the protocol. The laboratory evaluations included
serum analyses performed at baseline and prespecified time points for
the following labs: serum chemistry, fasting serum lipid panel, hemo-
globin A1c (HbA1c), C-reactive protein, cardiac troponin (cTn), and
N-terminal pro-brain natriuretic peptide (NT-proBNP). AEs were
assessed throughout the study and categorized by the U.S. National
Cancer Institute Common Terminology Criteria for Adverse Events,
version 4.0.

Statistical analysis
For CBR and ORR, 95% exact confidence intervals (CI) were

calculated. For PFS and OS, medians were estimated using the
Kaplan–Meier method. Descriptive statistics were used to summarize
exposure to ponatinib over time, AE incidence rates, and the incidence
of occurrence of overall toxicity, categorized by toxicity grades.

Table 1. Demographics and baseline characteristics.

Characteristics
KIT exon 11–positive
(n ¼ 30)

KIT exon 11–negative
(n ¼ 15)

Total
(N ¼ 45)

Median age (range), years 62 (40–81) 56 (24–77) 59 (24–81)
Sex, male, n (%) 19 (63) 7 (47) 26 (58)
Race,a white, n (%) 29 (97) 15 (100) 44 (98)
Median time since diagnosis (range), years 6 (1–30) 7 (1–25) 6 (1–30)
ECOG performance status, n (%)

0 17 (57) 6 (40) 23 (51)
1 12 (40) 9 (60) 21 (47)
2 1 (3) 0 1 (2)

Primary tumor site, n (%)
Stomach 10 (33) 5 (33) 15 (33)
Small intestine 7 (23) 7 (47) 14 (31)
Esophagus 2 (7) 0 2 (4)
Other/unknown 11 (37) 3 (20) 14 (31)

Number of target lesions, n (%)
1 0 0 0
2 7 (23) 5 (33) 12 (27)
3 12 (40) 3 (20) 15 (33)
4 8 (27) 5 (33) 13 (29)
5 3 (10) 2 (13) 5 (11)

Number of prior anticancer regimens, n (%)
≤2 6 (20) 2 (13) 8 (18)
3–5 16 (53) 10 (67) 26 (58)
≥6 8 (27) 3 (20) 11 (24)
Median (range) 4 (1–10) 5 (2–7) 4 (1–10)

Number of prior approved TKIs, n (%)
1 2 (7) 1 (7) 3 (7)
2 10 (33) 6 (40) 16 (36)
3 18 (60) 8 (53) 26 (58)

Among patients with KIT ex11–negative tumors (n ¼ 15)
KIT exon 9 mutations NA 7 (47) 7 (16)
KIT exon 13 mutations NA 1 (7) 3 (7)
KIT exon 17 mutations NA 2 (13) 5 (11)
Wild-type KIT and PDGFRA NA 6 (40) 6 (13)

Among patients with wild-type KIT tumors (n ¼ 6)
SDHB-intact NA 2 (13) 2 (4)
SDHB-negative NA 1 (7) 1 (2)
Unknown (tissue not available for testing) NA 3 (20) 3 (7)

Abbreviations: ECOG, Eastern Cooperative Oncology Group; SDHB, succinate dehydrogenase complex iron sulfur subunit B.
aRace was unknown in one patient in cohort A.
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Determination of sample size
The planned enrollment for the study was 45 patients (30 in theKIT

ex11–pos cohort and 15 in the KIT ex11–neg cohort). For the primary
analysis population (KIT ex11–pos cohort), an exact binomial test
determined that a one-stage design with at least 30 patients with the
ex11 mutation could distinguish a favorable true CBR of 30% from a
null rate of 10% with more than 80% power and a one-sided type 1
error rate of 0.025. Ponatinib would be considered promising in this
population if at least seven of 30 patients experienced clinical benefit.

Data availability
The data sets, including the redacted study protocol, redacted

statistical analysis plan, and individual participant data supporting
the results reported in this article, will be made available within
three months from initial request, to researchers who provide a
methodologically sound proposal. The data will be provided after
de-identification, in compliance with applicable privacy laws, data
protection, and requirements for consent and anonymization.

Results
Demographics and baseline characteristics

A total of 45 patients were enrolled and initiated ponatinib treat-
ment at three centers in the United States between June 5, 2013, and
October 1, 2014. The demographics and baseline characteristics of
patients (30 with GIST harboring KIT ex11 mutations and 15 with
GIST without KIT ex11 mutations) are summarized in Table 1. Of the
15 patients with KIT ex11–neg tumors, seven cases harbored KIT ex9
mutations, one harbored a primary KIT exon 13 mutation, one
harbored a primary KIT exon 17 mutation, and six were wild type
at the KIT and PDGFRA loci. Of the six patients with wild-type KIT
tumors, two patients had tumors that were succinate dehydrogenase
complex iron sulfur subunit B (SDHB)–intact (wild-type) and one was
SDHB-negative by IHC; no tissue was available for testing in tumors
from three patients. Overall, patients were heavily pretreated (with
82% having undergone treatment with at least three prior anticancer
regimens) and typically hadmultiple lesions (with 73%having three or
more lesions).

Patient disposition
At study termination (data cutoff: August 1, 2016), median

follow-up was 14.7 months (range, 0.4–34.3) in the KIT ex11–pos
cohort and 13.6 months (0.6–32.0) in the KIT ex11–neg cohort. Two
patients (4.4%) continued ponatinib treatment after study termination
at the discretion of their physician. Primary reasons for discontinu-
ation included progressive disease (50% KIT ex11–pos cohort;
67% KIT ex11–neg cohort) and AEs (20% KIT ex11–pos; 13% KIT
ex11–neg cohort; Supplementary Table S2).

Efficacy
Tumor response data are summarized in Table 2, which excludes

two patients whowere discontinued from the study per FDA request as
they had not already responded to ponatinib, nor had they been treated
with all other TKIs approved for GIST. Clinical benefit at 16 weeks was
reported in 10 of 28 patients (36%) in the KIT ex11–pos cohort
(primary outcome, Fig. 1) and 3 of 15 patients (20%) in the KIT
ex11–neg cohort, with a CBR of 30% (13/43) in the total patient
population.

In patients with KIT ex11–pos tumors treated with two and three
prior TKIs, CBR at 16 weeks was 44% and 33%, respectively. Clinical
benefit was not experienced by patients withKIT ex9–positive tumors.

PR as best response was reported in two patients, both with KIT
ex11–pos tumors, resulting in an ORR of 7% in the KIT ex11–pos
cohort, and 0% in the KIT ex11–neg cohort. Best response data for
individual patients are summarized in Fig. 2. In the patient with
SDHB-negative GIST as assessed by IHC, the best response was SD;
total time on treatment at study termination was 29.4 months; the
patient continued ponatinib 45 mg/day after study termination.

Kaplan–Meier plots of PFS and OS are shown in Supplementary
Fig. S1.Median PFSwas 4.0months (95%CI, 2–9) in theKIT ex11–pos
cohort and 2.0 months (2–18) in theKIT ex11–neg cohort; median OS
was 14.7 months (95% CI, 8–30) and 14.3 months (3–not reached),
respectively.

Association of KITmutations detected in ctDNA with antitumor
activity of ponatinib

At the time of ctDNA analyses (March 2, 2015), a total of 105
plasma samples from 37 patients were analyzed (Supplementary
Table S3); 28 patients had baseline and postbaseline samples. In
100% (17/17) of cases in which the primary KIT mutation detected
in the tumor was included in the BEAMing panel, the same
mutation was also detected in the plasma (Supplementary
Fig. S2). In the 12 cases in which the primary KITmutation detected
in the tumor was not included in the BEAMing panel, no primary
mutations were detected in the plasma.

Analysis of ctDNA revealed a high degree of tumor heterogeneity,
with at least two (and up to eight) unique secondary KIT mutations
detected in 35% (13/37) of all patients and 54% (13/24) of patients in
the KIT ex11–pos cohort (Fig. 3). In order to understand the hetero-
geneity and dynamics of resistance mutations post-ponatinib treat-
ment, mutation dynamics in individual patients and the dynamics of
the most common secondary mutations [V654A (exon 13), N822K,
Y823D, D820A/G (all in exon 17/18)] were assessed (Supplementary
Figs. S3 and S4). Although V654A was only detectable at baseline in
one patient, it frequently emerged during treatment with ponatinib,
becoming detectable in eight additional patients (range, 60–480 days of

Table 2. Investigator-reported tumor response.

KIT exon
11–positive

KIT exon
11–negative Total

Endpoint n ¼ 28a n ¼ 15 N ¼ 43a

Response at 16 weeks, n (%)
CBR at 16 weeks, n (%) 10 (36) 3 (20) 13 (30)

(95% CI) (19–56) (4–48) (17–46)
CR 0 0 0
PR 1 (4) 0 1 (2)
SD 9 (32) 3 (20) 12 (28)

PD 9 (32) 7 (47) 16 (37)
Not evaluableb 9 (32) 5 (33) 14 (33)

Best response, n (%)
ORR (CR þ PR), n (%) 2 (7) 0 2 (5)

(95% CI) (1–24) (0–22) (1–16)
CR 0 0 0
PR 2 (7) 0 2 (5)

SD 14 (50) 7 (47) 21 (49)
PD 5 (18) 5 (33) 10 (23)
Not evaluableb 7 (25) 3 (20) 10 (23)

Abbreviation: PD, progressive disease.
aExcludes two patients who were discontinued from study per FDA request.
bNot evaluable group are patients whose tumor was not evaluable but who
remained on study.
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ponatinib treatment). Sustained or transient decreases in ctDNA levels
were seen in themajority of patients withN822K,Y823D, orD820A/G.

A summary of CBR and mutational status at baseline is included in
Supplementary Table S4. The CBR was 43% (95% CI, 18%–71%) and
median PFS was 6.54 months (range, 0.03 months–10.58 months) in
patients with KIT ex11–pos tumors with secondary exon 17/18
mutations detected at baseline (n ¼ 24). Following ponatinib treat-
ment, a correlation between the change in tumor burden and change in
plasma mutation load was observed (Spearman correlation ¼ 0.6298;
P¼ 0.0039; n¼ 19; Fig. 4). Changes in target lesion size were generally
associated with changes in ctDNA levels. Decreases in target lesion size
and ctDNA levels were observed in patients with primary ex11, but not

exon 9 mutations. Exon 9 primary and V654A (exon 13) secondary
mutation ctDNA levels generally increased during ponatinib treat-
ment. ctDNA levels of the most common exon 17/18 mutations
decreased in a majority of patients during ponatinib treatment.

Post hoc analyses
Correlation of CT scan and liver biopsy in a single patient

In one patient who had been treated with two prior TKIs, tumor
regression was observed after two cycles of ponatinib on a CT scan
(Supplementary Fig. S5A and S5B). Pretreatment liver biopsy
showed presence of viable GIST cells with abundant mitotic figures
in 100% of this region (Supplementary Fig. S5C and S5E). In

0 5 10 15 20 25 30 35
Treatment duration (months)

NoYesClinical benefit (CR/PR/SD) at 16 weeks:

Progressive disease
Continued treatment 
Response start
Partial response  

KIT
exon

11

KIT
exon

9

KIT
exon
13/14

KIT
exon
17/18

*

*

Figure 1.

Clinical response by duration of treatment. �Patient was discontinued per FDA request.
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contrast, liver biopsy on day 19 of cycle 1 of ponatinib treatment
was markedly hypocellular, with a myxoid background and rare
viable GIST cells and an absence of mitotic figures (Supplementary
Fig. S5D and S5F).

Safety
Exposure

Time on treatment is shown in Supplementary Fig. S6. The
median time on treatment for all patients was 3.0 months (range,

0.1–32.0) with a median time of 3.8 months (0.1–29.9) in the KIT
ex11–pos cohort and 2.0 months (0.2–32.0) in the KIT ex11–neg
cohort. Median dose intensity values were 41 mg/day (range, 23–
45) in all patients, 42 mg/day (29–45) in the KIT ex11–pos cohort,
and 40 mg/day (23–45) the KIT ex11–neg cohort. Dose reductions
(any) and dose interruptions (≥3 days) were reported in 12 patients
(40%) and 15 patients (50%), respectively, in the KIT ex11–pos
cohort and in eight patients (53%) and seven patients (47%),
respectively, in the KIT ex11–neg cohort.
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Figure 2.

Tumor response in evaluable patients (n ¼ 36), mutation status, and prior therapies. Dotted line at �30% indicates threshold for PR. Two patients with 0% change
from baseline and one patient with 0.5% change from baseline do not have visible bars. �Patients with KIT exon 11–negative tumors. NL, new lesion; WT, wild-type.
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Number of secondary mutations detected per patient in ctDNA.� n ¼ 37
patients. �Number of unique secondary mutations per patient observed
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AEs
Treatment-emergent AEs reported in ≥20% of patients and serious

treatment-emergent AEs reported in ≥2% of patients are included
in Table 3. Three patients had arterial occlusive events [AOE; myo-
cardial ischemia (n ¼ 1), cerebrovascular accident (n ¼ 1), and
peripheral artery stenosis (n ¼ 1)]. Two patients had venous throm-
boembolic events [pulmonary embolism (n ¼ 2); in one of these
patients, deep vein thrombosis was also reported].

Deaths within 30 days of the last dose and treatment-related deaths
at any time were reported in six patients: hepatic failure (n ¼ 1),
pneumonia (n ¼ 1), pulmonary embolism (n ¼ 1), respiratory failure

(n ¼ 1), neoplasm progression (n ¼ 2); deaths due to pneumonia and
pulmonary embolism were considered possibly related to ponatinib
treatment by the investigator. Hepatic failure was considered not
related to treatment by the investigator; this patient with hepatic
failure received ponatinib at a dose of 45 mg.

Discussion
In this phase II study in patients with advanced GIST who pro-

gressed on prior TKIs, ponatinib showed evidence of clinical activity in
patients with activating mutations in KIT ex11. Clinical benefit (43%
CBR) was observed in patients with primary KIT ex11 mutations and
secondary exon 17/18mutations detected at baseline. Ponatinib hadno
clinical activity in patients with primary mutations in KIT ex9.
Consistent with the observed clinical activity, ctDNA levels of the
most common exon 17 and exon 18 mutations typically decreased
during ponatinib treatment, whereas ctDNA levels ofKIT ex9 primary
and V654A (exon 13) secondary mutations generally increased during
treatment, the latter of which may represent a key acquired resistance
mechanism. Associations between KITmutation status assessed using
ctDNA and ponatinib antitumor activity correlated with data from
preclinical models that demonstrated that ponatinib has potent activ-
ity against secondarymutations such asN822K, Y823D, andD820A/G
but not against V654A (19). ctDNA analysis indicated the presence of
at least two secondary mutations in 54% of patients with KIT ex11
mutations. The reduced activity of ponatinib in KIT ex11–negative
patients could be attributed to the presence of other mutations such as
KIT ex9. Previous preclinical studies demonstrated limited activity of
ponatinib in ex9mutantmodels (19). In addition, the lack of activity in
patients with KIT ex9 mutations is not unique and was previously
reported in the phase III trial of nilotinib versus imatinib, in which
nilotinib demonstrated reduced efficacy compared with imatinib (25).
These findings suggest that the presence of a KIT ex11 mutation may
serve as a response biomarker for ponatinib. Furthermore, the pres-
ence of KIT ex9 mutation may serve as a marker of resistance to
ponatinib. However, additional studies are needed because the
observed resistance to ponatinib could be due to the presence of other
mutations, such as KIT exon 17 or exon 13 mutations.

The safety profile of ponatinib in this study is consistent with that
reported in leukemia studies (26, 27), with the exception that mye-
losuppression occurred less frequently in patients with GIST. Based on
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Figure 4.

Association between changes in target lesion size and KIT-mutated ctDNA
levels (n ¼ 19). Target lesion size (sum of all target lesions) and levels
of primary mutation (in ctDNA) were compared at baseline and first post-
baseline visits.

Table 3. Treatment-emergent AEs.

Treatment-emergent AEs reported in ≥20%
of patients (N ¼ 45)

Any grade,
n (%)

Grades 3–5,
n (%)

Rash 27 (60) 2 (4)
Fatigue 24 (53) 3 (7)
Abdominal pain 22 (49) 4 (9)
Headache 20 (44) 0
Constipation 19 (42) 0
Myalgia 18 (40) 0
Hypertension 17 (38) 4 (9)
Peripheral edema 16 (36) 1 (2)
Decreased appetite 15 (33) 1 (2)
Dry skin 15 (33) 1 (2)
Increased blood alkaline phosphatase 13 (29) 2 (4)
Cough 12 (27) 0
Vomiting 11 (24) 3 (7)
Nausea 11 (24) 2 (4)
Diarrhea 10 (22) 2 (4)
Increased aspartate aminotransferase 10 (22) 1 (2)
Pyrexia 10 (22) 0
Serious treatment-emergent AEs reported
in ≥2 patients (N ¼ 45)

n (%)

Abdominal pain 4 (9)
Pneumonia 3 (7)
Small intestine obstruction 3 (7)
Fatigue 2 (4)
Nausea 2 (4)
Pulmonary embolism 2 (4)
Vomiting 2 (4)
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experience in phase I and phase II clinical studies, the starting dose of
ponatinib used was 45 mg/day in order to maximize potential efficacy
in this heavily pretreated patient population. To reduce the potential
risk of AOEs due to long-term exposure, the ponatinib dose was
reduced after six cycles of treatment to 30 mg/day in patients with SD
or better, if it had not already been reduced for other reasons. In this
heavily pretreated population, ponatinib showedmodest response and
clinical benefit rates with limited durability of response. Based on the
dose-dependent toxicities observed in this study, lower dosing (30mg)
was used in the POETIG phase II trial in pretreated patients with GIST
(NCT03171389; ref. 28).

To the best of our knowledge, this is the first report of a clinical trial
in advanced GIST in which patient enrollment was prospectively
guided by mutational status and ctDNA analysis was incorporated
to better understand acquired resistance to ponatinib. Our results
support the utility of this approach and demonstrate that clinical trials
evaluating the efficacy of TKIs based on primary tumor mutation in
GIST are feasible and informative. ctDNA analysis by BEAMing
further defined the primary and secondary resistance landscape
in this trial. There was concordance between primary mutations
detected in ctDNA using BEAMing and in tumor biopsies. BEAMing
detected primary and/or secondary KITmutations in plasma from the
majority of patients enrolled; the incomplete spectrum of KIT muta-
tions detectable by BEAMing may be overcome by use of next-
generation sequencing approaches (29–31). Future GIST trials should
continue to evaluate ctDNA using sequencing-based approaches. The
utility of ctDNA analysis in themanagement of patients withGISTwas
demonstrated in a study that included 243 patients with GIST. In
comparison with analysis of tumor mutations, plasma ctDNA analysis
had a positive predictive value of 100%. ctDNA analysis provides a
rapid, noninvasive approach to characterize current mutations, there-
by allowing tailored, personalized therapeutic strategies based on
resistance mutations (32).

The trial had several limitations. Although patient enrollment was
guided by KIT ex11 mutation status, grouping all KIT ex11–negative
patients in one cohort posed challenges in interpreting the lack of
activity due to the heterogeneity of the clinical impact of various
mutations on response to treatment. In addition, most patients
included in the study were white (98%), which may impact the broad
applicability of the findings. Further mutational analysis is needed to
mechanistically define the limited activity of ponatinib in KIT ex11–
negative patients and to determine whether this was solely due to the
presence of KIT ex9 mutation or combinations of other relevant
mutations. Another key limitation of the trial is the limited number
of patients with KIT exon 13 and exon 17 mutations.

The emergence of two or more secondary mutations in a large
proportion of patients suggests a high degree of underlying tumor
heterogeneity and indicates that effective treatment approaches for
GIST may require earlier use of pan-KIT inhibitors or combination
therapies that can suppress development of resistance mutations.
Although ponatinib will not be developed further in GIST due to
the risk/benefit profile, future studies in GIST should focus on
informative study designs, based on strong preclinical data with
robust correlatives together with broad coverage of known resis-
tance mutations.
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