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Abstract

The purpose of the present study was to investigate the in vitro and in vivo activity of PLX9486, a tyrosine kinase inhibitor
(TKI) targeting both primary KIT exon 9 and 11 and secondary exon 17 and 18 mutations in gastrointestinal stromal tumors
(GISTs). Imatinib, a potent inhibitor of mutated KIT, has revolutionized the clinical management of advanced, metastatic
GIST. However, secondary resistance develops mainly through acquired mutations in KIT exons 13/14 or exons 17/18.
Second-line sunitinib potently inhibits KIT exon 13/14 mutants but is ineffective against exon 17 mutations. In our study,
PLX9486 demonstrated in vitro nanomolar potency in inhibiting the growth and KIT phosphorylation of engineered BaF3
cells transformed with KIT exon 17 mutations (p.D816V) and with the double KIT exon 11/17 mutations (p.V560G/D816V).
The in vivo efficacy of PLX9486 was evaluated using two imatinib-resistant GIST patient-derived xenograft (PDX) models.
In UZLX-GIST9 (KIT: p.P577del; W557LfsX5;D820G), PLX9486 100 mg/kg/day resulted in significant inhibition of prolif-
eration. Pharmacodynamic analysis showed a pronounced reduction in mitogen-activated protein kinase (MAPK) activation
and other downstream effects of the KIT signaling pathway but no significant effect on KIT Y703 and Y719 phosphoryla-
tion. Similarly, in MRL-GIST1 (KIT: p.W557_K558del;Y823D) PLX9486 treatment led to significant tumor regression
and strong inhibition of MAPK activation. Interestingly, the inhibitory effect on MAPK activation was evident even after
a single dose of PLX9486. In conclusion, PLX9486 showed anti-tumor efficacy in patient-derived imatinib-resistant GIST
xenograft models, mainly through inhibition of KIT signaling. These preclinical efficacy data encourage further testing of
PLX9486 in the clinical setting.
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Introduction

Gastrointestinal stromal tumors (GISTs) are rare mesen-
chymal tumors arising in the wall of the digestive tract [1].
The vast majority of these tumors are driven by activating
mutations in genes encoding the KIT receptor or the plate-
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let-derived growth factor receptor alpha (PDGFRA) [2].
These mutations result in the constitutive activation of the
respective receptor tyrosine kinases (RTKs) and downstream
signaling cascades, including phosphatidylinositol-3-kinase
(PI3K)/AKT/mammalian target of rapamycin (mTOR)
and RAS/RAF/mitogen-activated protein kinase (MAPK)
pathways. These changes ultimately converge and result in
uncontrolled GIST cell proliferation and survival [2].
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More than 50% of primary, localized and resectable GIST
can be cured by surgery alone [3]. However, approximately
25% of patients present with metastatic disease at diagnosis,
and about 40% of patients who had initial gross macroscopic
surgical removal experience recurrence during the further
course of the disease [2]. Recurrent or metastatic GISTs
are treated using tyrosine kinase inhibitors (TKIs) such as
imatinib, which is a potent antagonist of activated KIT and
achieves a disease control rate of 75-85% [1]. The outcome
of TKI treatment is strongly influenced by the type of onco-
genic KIT mutation [4]. Higher response rates as well as longer
median overall survival times have been reported in GIST
patients with KIT exon 11 mutations, the most common pri-
mary mutation, as compared with KIT exon 9 mutated GIST,
which requires a higher dose of imatinib [4]. Nevertheless,
the majority of GIST patients treated with imatinib develop
resistance over time and ultimately progress, mainly due to
the acquisition of secondary mutations in the KIT receptor
kinase domain, most commonly in regions encoded by exons
13/14 and 17/18 [5]. Sunitinib and regorafenib, which have
activity against imatinib-resistant GIST, are used as second-
and third-line treatments after imatinib failure [6, 7]. Unfor-
tunately, due to the heterogeneity of resistant clones or other
factors, the response duration tends to be shorter with every
subsequent treatment. Sunitinib is active against KIT exon
13 and 14 alterations (e.g., p.V654A or p.T670I) because its
binding is unencumbered by the mutation. However, second-
ary mutations in the activation loop (A-loop) of the receptor,
encoded by KIT exons 17 and 18, are resistant to both imatinib
and sunitinib [5, 8]. Regorafenib is the only approved agent
for the treatment of GIST after failure of both imatinib and
sunitinib. Although it has demonstrated activity against some
mutations in the A-loop, the clinical benefit from regorafenib
is rather limited by its inability to inhibit the p.D816V muta-
tion, and disease progression typically occurs after a median
treatment duration of less than a year [7, 9, 10]. Therefore, to
address GIST mutation heterogeneity more effectively, there
is a need to develop new compounds that can block the entire
spectrum of KIT A-loop mutations.

PLX9486 (Plexxikon) is a selective TKI, targeting mutated
KIT and demonstrating potent activity in vitro against primary
exon 9 and 11 mutations, as well as secondary A-loop muta-
tions located in exons 17 and 18 [11]. In the current study,
we describe the in vitro efficacy of PLX9486 using BaF3 cell
assays and the in vivo activity of PLX9486 in two imatinib-
resistant patient-derived xenograft (PDX) models with double
KIT exon 11 and 17 mutations.
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Materials and methods
Cell culture, BaF3 KIT inhibition assay

BaF3 is a murine pro-B cell line that depends on interleu-
kin 3 (IL3) for growth and survival which can be comple-
mented by introducing exogenous activated kinases [12].
BaF3 parental cells (DSMZ #ACC300) were cultured in
RPMI in the presence of 10% fetal bovine serum, 1% non-
essential amino acids, 1% L-glutamine and 1% penicil-
lin—streptomycin (all Thermo Fisher) in the presence of
IL3. KIT expression construct was generated by cloning
the full-length, wild-type human KIT (KIT-WT) sequence
into the pCI-Neo mammalian expression vector (Promega
Corporation) allowing selection of clones with geneticin
(G418; Life Technologies). Expression constructs with
KIT p.D816V and the double mutant KIT p.V560G/D816V
were created with site-directed mutagenesis (Quikchange,
Agilent). BaF3 parental cells were stably transfected with
the expression plasmids by electroporation (Bio-Rad), and
G418-resistant clones were isolated by limiting dilution
and tested for IL-3 independence (for the KIT p.D816V
and KIT p.V560G/D816V clones) or dependence on stem
cell factor (SCF) (for the KIT-WT clone). For compound
testing of growth inhibition, two replicate 96-well plates
(Corning) were plated at a density of 10,000 cells per
well. The cells were plated in 50 pL volume of cell culture
medium without IL3 the day before incubation with eight-
point dilution ranges of either test compound, PLX9486
or imatinib. Dilution series of test compounds were made
in 100% DMSO and then mixed 1/250 (v/v) in growth
medium of which 50 pL was added per well, resulting in
final concentration ranges of 10 pM to 4.6 nM or 1 pM to
0.46 nM. The high or low concentration range was chosen
to get a most accurate determination of the compounds
IC50 in a particular cell line and assay condition. The
compound-treated cells were incubated for 3 days at 37 °C,
and relative proliferation was measured by addition of
CellTiter-Glo® Luminescent Cell Viability Assay Reagent
(Promega) and measurement of luminescence. Lumines-
cence values were normalized to 0.2% DMSO-treated con-
trol wells. Compound inhibition tests were repeated over
multiple weeks with new compound preparations and cell
cultures. PLX9486 was tested in BaF3 KIT-WT in eight
independent experiments, in BaF3 KIT p.D816V in seven
and in BaF3 KIT p.V560G/D816V in three experiments.
For compound inhibition of KIT phosphorylation,
100,000 cells were plated in 50 pL. per well without IL3 in
96-well poly-p-lysine-coated plates and left to adhere for
1 h. Dilution series of test compounds were subsequently
added to the cells as described for testing of growth inhi-
bition. Cells were incubated at 37 °C for 1 h after which
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medium was removed and cells were lysed on ice for 5 min
(lysis buffer (1x) Perkin Elmer). Total KIT phosphoryla-
tion was detected by AlphaScreen® technology (Perkin
Elmer) by mixing equal volumes (5 pL each) of lysate,
PY20 acceptor beads (Perkin Elmer), biotinylated antihu-
man KIT antibody (R&D Systems) and streptavidin-coated
donor beads (Perkin Elmer) to a 384-well AlphaPlate (Per-
kin Elmer). After 2-h incubation at room temperature,
plates were read using an Alpha-signal-enabled plate
reader (Perkin Elmer). Eight DMSO-only positive and
eight no KIT capture antibody-negative control wells were
included in each plate and used for signal normalization
and assay controls.

GIST xenografts

The in vivo efficacy of PLX9486 was assessed
using two GIST PDX models UZLX-GIST9 (KIT:
p.P577del;W557LfsX5;D820G) [13] and MRL-
GIST1 (2007031011; Pt ID 152499) (KIT: p.W557_
K558del; Y823D) [14]. Both models maintained stable mor-
phological and immunohistochemical features as well as the
presence of KIT mutations identical to the original patient
sample and earlier passages [13, 14]. The UZLX-GIST9
study was performed in the Laboratory of Experimental
Oncology, KU Leuven, Belgium, and the MRL-GIST1
study was carried out under contract at Molecular Response
Laboratory (MRL), San Diego, USA, currently CrownBio.
Both in vivo experiments were approved by respective ethics
board and conducted according to their rules and national
regulations.

Compounds, reagents and experimental design

For both experiments, PLX9486, imatinib, 1-methyl-
2-pyrrolidone (NMP) solvent and the diluent (PEG400/
tocopherol polyethylene glycol succinate/poloxamer 407/
water, 40:5:5:50 v/v) were provided by Plexxikon. The stock
solution of imatinib and PLX9486 (200 mg/ml each) was
prepared in NMP every 10 days. The final dosing solutions
were formulated daily by diluting the stock solutions with
the diluent (1 in 10 v/v). Mice were dosed once a day, using
an oral gavage. Using historical data from various experi-
ments, the coefficient of variation for proliferation [meas-
ured by the mitotic index or phospho-histone H3 (pHH3)
count] was estimated in the range 0.5-0.6. Based on a two-
sample two-sided 7 test (with alpha equal to 0.05) for a mean
ratio, 11-15 tumors per group (6—8 experimental animals,
transplanted bilaterally) were needed to detect a 50% reduc-
tion in proliferation (mitotic count) with at least 80% power.
UZLX-GIST9 mice (n=23, transplanted bilaterally) were
treated with vehicle (NMP/diluent; 1:10 v/v; n=7), imatinib
(100 mg/kg/qd; n="7) or PLX9486 (100 mg/kg/qd; n=9)

for 28 days. In the second experiment, mice carrying a sin-
gle MRL-GIST1 tumor were treated with vehicle (n=6) or
PLX9486 (100 mg/kg/qd, n=13) for 22 days. On the last
day of the latter experiment, two of the vehicle control mice
were administered with a single dose of PLX9486, two hours
prior to termination, to assess early effects of the compound.
For both experiments, the drug efficacy was assessed by
three-dimensional tumor measurements using an electronic
caliper three times per week. The body weight and general
well-being of mice were followed up daily during the treat-
ment period. Tumor samples collected on the last day of
experiments were analyzed by histopathology. Western blot-
ting (WB) was performed to evaluate KIT pathway signaling
in the UZLX-GIST9 tumors.

Immunohistochemistry (IHC) and WB analysis were
conducted using the following antibodies and reagents:
phospho-KITY”!?| phospho-KITY’%, phospho-AKTS47?,
AKT, phospho-MAPK 202204 MAPK, phospho-S65240/244,
S6, phospho-4E-translation initiation factor binding protein
1 (p-4EBP15%%), 4EBP1, tubulin, pHH3 and horseradish
peroxidase (HRP)-labeled anti-rabbit Signal Stain® Boost
IHC detection (all from Cell Signaling Technologies), KIT
(CD117), anti-rabbit Envision 4+ System-HRP labeled poly-
mer and 3'-diaminobenzidine-tetrahydrochloride (all from
DAKO), discovered on GIST 1 (DOG1) (Leica Biosystems),
Ki67 (Thermo Scientific), cleaved PARP (poly-ADP ribose
polymerase) (Abcam), Western Lightning® Plus—ECL-
enhanced chemiluminescence substrate reagents (Perkin
Elmer).

Histopathology and western blotting

Paraffin sections (4 pm) were cut for hematoxylin and eosin
(H&E) and IHC. KIT and DOG1 immunostainings were
performed to confirm GIST diagnosis. Histologic response
(HR) was evaluated by assessing the magnitude of necrosis,
myxoid degeneration and/or fibrosis on H&E staining using
the following previously described grading system: grade 1
(0-10%), grade 2 (> 10% and <50%), grade 3 (>50% and
<90%) and grade 4 (>90%) [5]. Proliferative and apoptotic
activities were evaluated as described before [15]. The level
of MAPK phosphorylation was assessed on IHC by evalu-
ating the intensity and percent of tumor area with positive
pPMAPK (Supplemental Table S1). In addition, for UZLX-
GIST?9, the status of KIT signaling was assessed by perform-
ing WB analysis as previously described [15].

Statistical analysis
Wilcoxon matched-pairs test (WMP) was used to compare
the tumor volumes between baseline and the last day of the

experiments. Mann—Whitney U test (MWU) was performed
to compare results obtained with different treatments. A p
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value <0.05 was considered statistically significant. Sta-
tistica 13.0 (Dell Inc.) software was used for all statistical
calculations.

Results
In vitro activity of PLX9486

The ability of PLX9486 to inhibit KIT catalytic activity
in cells was evaluated using engineered BaF3 cells cre-
ated by stable transfection of full-length DNA constructs
containing KIT-WT, KIT p.D816V or KIT p.V560G/
D816V. The BaF3 cell clones expressing the oncogenic
KIT p.D816V and KIT p.V560G/D816V proliferated in
the absence of IL3 at a rate similar to the parental BaF3
cells with IL3. The cells expressing the KIT-WT construct
were shown to be dependent upon the KIT-ligand SCF for
growth in the absence of IL3 and are sensitive to imatinib
and PLX9486 inhibition (Table 1). BaF3 clones express-
ing KIT p.D816V or KIT p.V560G/D816V are essentially
resistant to imatinib. PLX9486 is, however, a potent inhibi-
tor of growth and KIT phosphorylation in the imatinib-
sensitive and imatinib-resistant BaF3 cell lines (Table 1),
with growth IC50=61 nM for KIT-WT and more potently
against BaF3 KIT p.D816V (IC50=6.6 nM) and BaF3 KIT
p-V560G/D816V (IC50="7.1 nM) (Fig. 1 and Table 1). Only
the KIT-driven proliferation of the transfected BaF3 cells in
the absence of IL3 is inhibited by PLX9486. The same cell
clone tested in the presence of IL3 is essentially resistant
to PLX9486 as illustrated by the IC50 shift from 7.1 nM to
greater than 10,000 nM for BaF3 KIT p.V560G/D816V cells
(Supplemental Fig. S1).

In vivo efficacy of PLX9486 in imatinib-resistant
patient-derived xenograft models

The translation of in vitro cellular activity of PLX9486 on
imatinib-resistant tumors with A-loop mutations was inde-
pendently tested in two TKI-resistant human PDX models.

-e- BaF3KIT D816V
< 1004
z — BaF3KIT V560G/D816V
) —- BaF3KIT-WT
D
E 501
o
D
2
D
Q- 0 T T _L
0.001 0.01 01 1 10 100

PLX9486 Conc. uM

Fig.1 Growth curves of BaF3 cells, treated with PLX9486, showing
growth inhibition of cells with different KIT genotypes: KIT p.D816V
(IC50=6.6 nM), KIT p.V560G/D816V (IC50=7.1 nM) or BaF3
KIT-WT stimulated with stem cell factor IC50=61 nM). Data are
shown as mean values + standard error of the mean of relative cell
growth

Tumor volume evaluation

Mice bearing bilateral tumors of UZLX-GIST9 were treated
orally with vehicle, imatinib or PLX9486 (each 100 mg/
kg/qd) for 28 days. On the last day of dosing (day 28), the
mean tumor volumes increased by 125% from the baseline
(p=0.002, WMP) in the vehicle-treated group and by 79% in
the imatinib-treated group (p =0.04). In contrast, PLX9486
treatment led to a nearly complete tumor growth inhibition
with only 14% increase in tumor volume compared to base-
line (p =0.22, WMP). The tumor volumes of PLX9486-
treated animals were significantly smaller than those of the
vehicle-treated group (p <0.001, MWU) (Fig. 2a).

No significant body weight decrease (Supplemental Fig.
S2) or treatment-related toxicity was observed in any of the
treatment groups. One mouse in the PLX9486-treated group
was sacrificed on day 22 for ethical reasons, because one of
the tumors exceeded the acceptable volume, also hindering
the mobility of the animal. Interestingly, histologic evalua-
tion of the tumor revealed that although the tumor grew to
168% from baseline, the vast majority of cells (>90% tumor
area) were necrotic with only few zones containing viable
cells (Fig. 2¢).

Table 1 IC50 values for proliferation (growth) and total phospho-tyrosine KIT (pY-KIT) for imatinib and PLX9486 measured in BaF3 KIT-WT,

KIT p.D816V and KIT pV560G/D816V cell clones

BaF3 cells KIT WT p.D816V p.V560G/D816V

IC50 [nM] Growth Growth pY-KIT Growth pY-KIT
PLX9486 61 (47-78) 6.6 (4.6-9.6) 74 (<4.6 and 74) 7.1 (4-12) 28 (11, 26, 77)
Imatinib 89 (71-110) 4100 (3200-5300) > 10,000 2800 (2200-3600) > 10,000

95% confidence interval (CI) is shown for individual observations with n <3
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Fig.2 Tumor volume evolution as percent of normalized baseline
during 28 days of treatment in UZLX-GIST9 (a). Histologic response
(HR) evaluated by assessing the magnitude of necrosis, myxoid
degeneration and/or fibrosis on H&E staining (b). H&E images of

A second in vivo efficacy study of PLX9486 was per-
formed using the independently derived imatinib-resist-
ant model MRL-GIST1. In this experiment, mice were
treated orally with either the vehicle (control) or PLX9486
(100 mg/kg/qd) for 22 days. At the end of the treatment
period, vehicle-treated tumors grew steadily to 306%
of baseline. In contrast, the mean tumor volume in the
PLX9486-treated tumors showed 34% regression (Fig. 3a).
Of note, four mice in the control group were sacrificed on
days 18 and 20 due to the growth of tumors exceeding the
protocol limit (tumor volume > 2000 mm?). The removal
of the four control animals artificially increased the aver-
age body weight with two remaining larger animals. In
the PLX9486 treatment group, no adverse effects were
observed, and the body weight had only minor change
(—2.3%) from the start of treatment.

PLX9486_100x

control and PLX9486-treated tumors at 100-fold (x100) and 400-fold
(x400) magnification showing features of histologic response (HR)

(©

Histologic response

Treatment-related HR was assessed by evaluating the histo-
logic features (necrosis or myxoid degeneration) in tumors,
collected at the end of the in vivo experiment. In the UZLX-
GISTY model, minimal HR (grade 1) was observed in the
tumors of the control group. PLX9486 caused HR grade 2
and 4 in 30% of tumors (Fig. 2b). Figure 2¢ shows an exam-
ple of grade 4 necrosis observed in the PLX9486-treated
tumors. In addition, two tumors (20%) in the imatinib group
showed HR grade 2 and one tumor had grade 3.

In the MRL-GIST1, model treatment with PLX9486 for
22 days led to a grade 2 HR in 2 out of 3 tumors analyzed.
The HR observed in this model was characterized by the
induction of myxoid degeneration where viable cells were
replaced by an amorphous collagen matrix with scattered
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Fig.3 Tumor volume evolu-
tion as percent of normalized
baseline during 22 days of
treatment in MRL-GIST1 (a),
H&E images of control and
PLX9486-treated tumors at
100-fold (x100) and 400-fold
(x400) magnification showing
features of histologic response
(HR) in MRL-GIST1 (b)
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cells (Fig. 3b). This phenomenon is characteristic of the
response to imatinib in imatinib-responsive tumors in both
preclinical and clinical settings [16].

Proliferative and apoptotic activity

The proliferative activity of the xenotransplants was assessed
by counting the mitotic figures on H&E-stained slides and
by pHH3 as well as Ki67 immunostainings. In UZLX-GIST9
model, vehicle-treated tumors showed a high mitotic activity
[median 46 mitosis per 10 high power field (HPF)], which
was not statistically different in imatinib-treated group
(59.5 per 10 HPF). In contrast, PLX9486 treatment led to a
dramatic decrease in the number of mitotic cells (0 per 10
HPF; p <0.001, MWU in comparison with vehicle control)
(Table 2). The effect of PLX9486 on proliferation was con-
firmed by pHH3 and Ki67 immunostainings (Table 2) No
significant induction of apoptotic activity was observed in
any of the end of treatment samples (Table 2).
Vehicle-treated MRL-GIST1 tumors were characterized
by active proliferation; the average number of mitotic cells

@ Springer

on H&E- and pHH3-positive cells per 10 HPF was 46.5 and
83, respectively. In contrast, the average number of mitotic
cells on H&E, pHH3 and Ki67 stains was reduced to zero in
PLX9486-treated tumors (Fig. 4). As in the UZLX-GIST9
model, no apoptotic activity was observed in the remaining
MRL-GIST1 tumor samples after three weeks of PLX9486
treatment.

KIT signaling pathway evaluation

The status of KIT signaling under different treatments was
compared using WB. In UZLX-GIST9 model, PLX9486
inhibited the activation of the downstream signaling cas-
cade, as visualized by the reduced phosphorylation of AKT,
MAPK, S6, and to some extent 4EBP1 (Fig. 5a), although
no evident inhibition of KIT phosphorylation was observed
in this model using two phospho-specific antibodies. The
inhibitory effect on the MAPK activation was confirmed by
IHC, where in most (>70%) of vehicle- and imatinib-treated
tumors the pMAPK staining was (very) strong. In contrast,
PLX9486 treatment drastically reduced the level of pMAPK
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Table 2 Histop athological . Treatment group  Proliferation Apoptosis

assessment of the proliferative

and apoptotic activity in tumors Mitosis (H&E)  pHH3 Ki67 Apoptosis (H&E)  Cleaved PARP

treated with imatinib and

PLX9486 Control 46.0 (n/a) 61.0 (n/a) 0.21 (n/a) 24.0 (n/a) 37.0 (n/a)
Imatinib 59.5 (=) 58.0 (=) 0.22 (=) 21.5(=) 38.5 (=)
PLX9486 0Lh* 2.0(3D)*  0.01(38)* 26(=) 32 (=)

Values are presented as median and fold change in comparison with the control tumors (in brackets).
Mann-Whitney U test was performed for statistical analysis, comparing result from the respective treat-

ment arm with control group

H&E, hematoxylin and eosin staining; n/a, not applicable; PARP, poly-ADP ribose polymerase; pHH3,

phospho-histone H3

1, fold change increase; |, fold change decrease; |||, > 100 fold change decrease; =, no significant differ-
ence in fold change; *p <0.005 by MWU comparing result from the active treatment with control group

in the tumor tissue compared to the other treatment arms
(Fig. 5b, ¢).

MAPK phosphorylation was also strongly reduced in the
tumors of the MRL-GIST1 model after 22-day PLLX9486
treatment (Fig. 4). At the end of the MRL-GIST1 study,
two mice from the control group were treated with a single
dose of PLX9486 and euthanized 2 h later. Interestingly,
even this short-term treatment with PLX9486 caused a dras-
tic decrease in MAPK phosphorylation in comparison with
vehicle-treated tumors. The magnitude of MAPK phospho-
rylation inhibition after 2 h of PLX9486 treatment was com-
parable to that observed in the tumors treated for 22 days
(Fig. 4). As expected, a single dose of PLX9486 did not
influence the proliferation rate of tumor cells (Fig. 4).

Discussion

We present the activity of PLX9486, a potent and selective
TKI, with efficacy in vitro using BaF3 cells and in vivo in
two GIST imatinib-resistant PDX models. PLX9486 showed
nanomolar potency for inhibition of both cell proliferation
and total KIT tyrosine phosphorylation in the imatinib-
resistant BaF3 KIT p.D816V and KIT p.V560G/D816V cell
clones.

In vitro results were confirmed in vivo where PLX9486
showed significant anti-tumor activity in both PDX models
tested, exhibited by strong inhibition of tumor size, histo-
logic analyses of induction of HR and decreased prolifera-
tive activity. Interestingly, although both PDX models carry
primary and secondary KIT exon 11 and 17 mutations and
show similar resistance to imatinib [13, 14], the extent of
anti-tumor effect of PLX9486 in the two models was differ-
ent. While tumor regression was achieved in fast-growing
MRL-GIST1 PDX, disease stabilization was observed in the
slower-growing UZLX-GIST9 model. Technical reasons for
this difference could include different growth properties of

the xenografts, difference in the specific KIT genotype, or
other molecular signatures of the two models.

The tumor stabilization in UZLX-GIST9 was accompa-
nied by potent inhibition of proliferation as well as induction
of histologic response. In the clinical setting, imatinib often
causes tumor stabilization, often accompanied by dramatic
histologic response [16]. In the early stage of treatment,
increased tumor size (pseudoprogression) may occur due to
osmotic changes related to rapid induction of intra-tumoral
necrosis or myxoid degeneration, while tumor density and
vascularization decrease [17]. In the UZLX-GIST9 model,
two out of 13 tumors treated with PLX9486 exhibited
grade 4 HR (the replacement of >90% of tumor tissue with
necrosis). While the tumor volume did not show regression,
responses in mitotic index were strong and pathway signal-
ing was inhibited. Similarly, we observed extensive necrosis
in a tumor that had grown beyond the acceptable limit, lead-
ing to early sacrifice of that mouse from the PLX9486 treat-
ment group (on day 22). We previously reported a similar
observation in this model, where two-week treatment with
the multi-targeted TKI cabozantinib led only to a delay in
tumor growth, although the histologic evaluation revealed
necrosis in 50% of the tumors [15].

Comparable to the imatinib-resistant BaF3 KIT p.D816V
cell clones, PLLX9486 treatment led to a substantial decrease
in cell proliferation in both PDX models in vivo. In the
UZLX-GIST9 model, this effect was superior to what was
observed in imatinib-treated tumors. In contrast to the cell-
based experiments, we could not detect inhibition of KIT
phosphorylation by PLX9486 when analyzing total tumor
lysates by WB using two phospho-specific antibodies. Nev-
ertheless, a striking inhibitory effect on MAPK phosphoryla-
tion, downstream of the KIT receptor, was evident by THC
as well as WB analysis of ex-mouse tumors, and as early as
2 h after PLX9486 treatment in the MRL-GIST1 tumors.
Several studies have recently shown that a direct inhibi-
tion of the MAPK pathway components led to a reduced
GIST cell proliferation in vitro and in vivo [18, 19]. Ran
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Fig.4 Representative images of H&E and immunostaining of MRL-GIST1 tumors from control tumors 2 h (h) after single dose of PLX9486
and tumors treated with PLX9486 for 22 days
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Fig.5 Assessment of KIT signaling after 28 days of treatment in
UZLX-GIST9. Western blotting analysis of KIT signaling pathway
(a). Every single lane shows results from an independent tumor. Eval-

et al. demonstrated that the combination of imatinib and
MEK162 (MEK inhibitor) resulted in a dramatic decrease
in tumor volume in two GIST xenografts [18]. Moreover, the
advantage of KIT and MAPK inhibition using combination
therapy is also implicated in reversing resistance resulting
from cross talk between different RTKs which signal mainly
through the MAPK pathway [19]. Furthermore, we also saw
an inhibition of PI3K pathway intermediates (AKT, 4EBP1
and S6 phosphorylation) by PLX9486, which could poten-
tially add to the anti-proliferative effects of the compound
tested.

PLX9486 treatment showed only a limited effect on apop-
tosis in both models. This could be due to the timing of the
tumor harvest or related to dose as observed with a similar
TKI, avapritinib (BLU-285) in our UZLX-GIST9, where
a significant induction of apoptosis was only observed at
the higher dose [20]. Secondly, UZLX-GIST9 is a model of
aggressive GIST with a lot of spontaneous apoptotic activ-
ity even in the untreated tumors, which could be masking
the treatment efficacy in terms of apoptosis induction [13].
Finally, there is evidence that in GIST the response to TKI
(e.g., imatinib) is sustained by autophagy rather than apop-
tosis [21].
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Currently, there are several promising novel therapeutic
approaches being explored for the management of refractory
GISTs in the preclinical and early clinical settings. These
strategies investigate both novel targets as well as novel
compounds with activity against the well-characterized
resistance mechanisms, including secondary exon 17 KIT
mutations and PDGFRA p.D842V mutations [22]. PLX9486
has the potential to serve the unmet medical need for selec-
tive KIT inhibitors targeting secondary KIT exon 17 and
18 mutations. An ongoing clinical trial (NCT02401815) is
evaluating its efficacy in GISTs that are resistant to approved
TKI. In addition, the unique ability of PLX9486 to inhibit
secondary A-loop mutations also makes it an ideal candidate
to combine with other TKIs (e.g., sunitinib and PLX3397)
with complementary KIT-mutant inhibition profiles that
have activities against exon 13 and 14 mutations.

In conclusion, we show that PLX9486 is active in
imatinib-resistant GIST both in vitro and in vivo. The com-
pound inhibits cell proliferation and KIT signaling, with
anti-tumor activity observed in PDX models. These data
warrant further exploration of PLX9486 in clinical trials
either as a single agent or in combination with other targeted
agents.
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