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Purpose: We investigated why three patient-derived xenograft (PDX) childhood BRAFVEIE.
mutant brain tumor models are highly sensitive to trametinib. Mechanisms of acquired resistance
selected /n situ, and approaches to prevent resistance were also examined, which may translate to
both low-grade glioma (LGG) molecular subtypes.

Experimental Design: Sensitivity to trametinib [MEK inhibitor (MEK:i)] alone or in
combination with rapamycin (TORCL inhibitor), was evaluated in pediatric PDX models. The
effect of combined treatment of trametinib with rapamycin on development of trametinib
resistance /n vivowas examined. PDX tissue and tumor cells from trametinib-resistant xenografts
were characterized.

Results: In pediatric models TORCL1 is activated through ERK-mediated inactivation of the
tuberous sclerosis complex (TSC): consequently inhibition of MEK also suppressed TORC1
signaling. Trametinib-induced tumor regression correlated with dual inhibition of MAPK/TORC1
signaling, and decoupling TORC1 regulation from BRAF/MAPK control conferred trametinib
resistance. In mice, acquired resistance to trametinib developed within three cycles of therapy in
all three PDX models. Resistance to trametinib developed /n situ is tumor-cell-intrinsic and the
mechanism was tumor line specific. Rapamycin retarded or blocked development of resistance.

Conclusions: In these three pediatric BRAF-mutant brain tumors, TORC1 signaling is
controlled by the MAPK cascade. Trametinib suppressed both MAPK/TORC1 pathways leading
to tumor regression. While low-dose intermittent rapamycin to enhance inhibition of TORC1 only
modestly enhanced the antitumor activity of trametinib, it prevented or retarded development

of trametinib resistance, suggesting future therapeutic approaches using rapamycin analogs in
combination with MEKis that may be therapeutically beneficial in both KIAA1549::BRAF- and
BRAFVS00E_driven gliomas.

Introduction

Brain tumors constitute about 21% of pediatric cancers, and of these low-grade gliomas
(LGG) occur most frequently. While the survival for these patients is relatively good,
even at 5 years, these indolent tumors eventually progress (1-3). Current treatment for
LGG includes intensive chemo-radiation therapy that leads to cognitive decline, malignant
transformation, and other life-debilitating or —threatening sequelae (2). The 15-year

incidence of adverse outcomes such as blindness, hearing loss, obesity, hormonal imbalance

respectively was 18%, 22%, 53%, and approximately 25% respectively (4-7). Among
survivors assessed for intellectual function, 34% had an intelligence quotient (1Q) below
average. Treatment-resistant progressive disease is the most common cause of death (8).

Genomic studies have shown that in low-grade tumors (juvenile pilocytic astrocytoma)
approximately 90% have a tandem duplication involving the K/AA1549and BRAF genes
that generate KIAA1549: BRAF constitutively active fusions (9, 10). Higher grade tumors
tend to have activating point mutations of BRAF, most frequently the V600E variant. Such
activating mutations have been identified in diffuse astrocytomas (23%), gangliogliomas
(33%), pleomorphic xanthoastrocytoma (PXA; 70%), and glioblastoma (10%—15%; refs.
9-12). Drawing from available databases (ACS and CBTRUS), approximately 1,400 new
pediatric BRAF mutant brain tumors are diagnosed annually in the United States (13-15).
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The characteristic of these BRA~fusion, BRAFVEY0E tumors, and those in NF1 patients,

is activation of the MAPK pathway (16). However, the response to BRAF, MEK, or
combinations of MAPK inhibitors (MAPKIi) is context specific. Selumetinib (AZD6244)

an allosteric inhibitor of MEK1/2 is highly active in KIAA1549::BRAF, BRAFV600E and
NFI-driven tumors pediatric LGGs (17, 18). Dabrafenib, a BRAF-selective inhibitor has
shown activity in epitheloid glioblastoma (19) and BRAF-mutation positive LGG (20).
However, BRAF inhibitors are not active in KIAA1549::BRAF LGG, the major molecular
subtype (21). We previously reported that selumetinib caused regression of an astrocytoma
patient-derived xenograft (PDX) model with BRAFY690E put not in a PDX model with wild-
type BRAF (22). However, compared with the pediatric PDX, BRAFVEYE glioblastoma cell
lines and their xenografts displayed much less sensitivity to selumetinib (23). The basis for
differential sensitivity to selumetinib observed in different BRAFVEIE cell lines remains
poorly understood.

While selumetinib has demonstrated clinical activity in KIAA1549::BRAF, BRAFV600E angd
NF1-driven pediatric brain tumors (18), patients with BRAFV600F mutations have a higher
rate of progression on treatment (i.e., become resistant) or progress rapidly when treatment
is interrupted or dose-reduced (24, 25). Thus, while selumetinib causes tumor shrinkage,

it is not curative. Preventing resistance and enhancing the cytotoxicity of MEK-targeted
[MEK inhibitor (MEK:i)] therapy thus remains the clinical challenge (24). Unfortunately,
there are no xenograft models of fusion-driven LGG to use in development of more effective
MEK:i-based therapies. To overcome this limitation, we have used three models driven by
BRAFV600E noint mutations as surrogates to improve MEKi-based therapies.

Here we have attempted to identify the mechanism/s that define sensitivity to trametinib

of three PDX models derived from BRAFVEOOE pediatric brain tumors. Using these models
we have explored drug combinations that may retard or prevent emergence of trametinib
resistance in animal models. Importantly, maintenance of TORCL1 inhibition prevents or
retards emergence of trametinib resistance in each PDX model. Although these data were
developed using BRAFV600E mutant PDX models, the results may translate to improved
therapies for tumors driven by the KIAA1549::BRAF and potentially NF1-driven LGG.

Materials and Methods

Reagents

RPMI1640 medium, FBS, Crystal Violet, and Alamar Blue were purchased from Invitrogen.
Primary antibodies, if not indicated, were all purchased from Cell Signaling Technology.
Selumetinib (Selleck Chemicals) was dissolved in DMSO at concentration of 10 mmol/L;
trametinib was purchased from MedChem Express and dissolved in DMSO at 10 mmol/L.
Rapamycin and dabrafenib were purchased from LC Laboratories, and dissolved in DMSO
at concentration of 20 mmol/L. Details of antibodies, their source, and plasmids used are
given in Supplementary Table S1. Details of plasmids and other constructs used are also
given in Supplemental Methods.
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Childhood brain tumor PDX models

BT-40 was established at diagnosis from a leptomenigial mass in a 14-year—old male (22).
NCH-MN-1 was established in mice from an occipital mass in a 16-year—old female at
diagnosis. 1C-3635 was established from a cerebral mass diagnosed as a pleomorphic
xanthoastrocytoma (PXA) from a 10-year—old female (26). All models were directly
implanted into mice without culture on plastic. Each PDX model was confirmed as having
BRAFVEI0E mytation by sequencing (27, 28).

Cell culture

The BT40 cell line, which harbors heterozygous BRAFVY800E mutation, was developed
from the PDX model established in this laboratory (23), AM38 and DBTRG-05MG
glioblastoma cell lines with BRAF(V600E) mytation were generously provided by T.
Nicolaides [University of California San Francisco (UCSF), San Francisco, CA]. All the
cells were maintained in antibiotic-free RPMI 1640 medium (Invitrogen) supplemented
with 10% FBS and 2 mmol/L glutamine at 37°C with 5% CO,. All cells were maintained
as subconfluent cultures and split 1:3, 24 hours before use. Experiments were carried

out within 10 passages of receiving the glioblastoma cells. Cells were subjected to

short tandem repeat (STR) DNA Profiling Analysis and BRAFVY690E mytation status was
verified by restriction analysis and DNA sequencing. HEK293T cells used for lentivirus
packaging were from ATCC (CRL-3216) and cultured in DMEM with 10% FBS. One
day before transfection, cells were seeded on polylysine coated plates to approximately
70% confluence. All cells were routinely tested for Mycoplasma (MycoAlert, Lonza) and
determined to be negative.

Tumor cell isolation and culture from PDX

Primary cultures from BT-40, NCH-MN-1, and 1C-3635 and BT40/TramR (trametinib-
resistant) tumors resistant to trametinib were developed as described below. Tumor cells
were isolated as described (23) with minor modification and grown in Stem Cell culture
medium [DMEM/F12 knockout medium supplemented with 20 mL Stem-pro Neural
supplement (Gibco™), penicillin-streptomycin, FGF(20ng/mL), and rhEGF (20ng/mL), and
transferred to 75 cm? Corning ultra-low attachment flasks, and cultured at 37°C with 5%
CO,, for 3 days. Analysis of cultures using lactate dehydrogenase (LDH) isozyme analysis
showed cells to be human without detectable murine contamination.

Clonogenic assays

Clonogenic assay was performed as described (29), with some modification. Briefly, 0.2 to
1 x 104 cells were seeded on 6-well culture plates, and cultured for approximately 24 hours,
exposed to increasing concentrations of selumetinib (AZD6244) or trametinib for a further
48 hours. Medium was removed and replaced with drug-free complete medium (RPM1640
with 10% FBS). Cells were allowed to proliferate for another 2 to 3 weeks (37°C, 5%
COy). Colonies were fixed with methanol for 15 minutes and stained with 0.01% (w/v)
crystal violet for 10 minutes. Excess crystal violet was washed away with H,O. The stained
crystal violet was resolved with 10% acetate solution and colonies (>50 cells) quantified by
measuring OD575 Empty wells were subjected to the same staining and washing procedure
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served as blank controls. Cells treated with DMSO were set as 100%, the cell viability was
calculated by comparing the signal from treated cells with that of the cells with control
treatment and presented as percent of control.

Cellular viability assay

Cell viability assays were conducted using the Alamar Blue cell viability reagent according
to the manufacturer’s directions as previously described (30). Absorbance of a minimum of
six replicates per treatment condition was measured.

Western blotting

Protein extraction from xenograft tissue and /n vitro cultured cells, cell lysis, and Western
blotting were performed as described (23, 31). Immunoreactive bands were visualized by
using Super Signal Chemiluminiscence substrate (Pierce) and Biomax MR and XAR film
(Eastman Kodak Co.).

In vivo tumor growth inhibition studies

C.B.17SC scid™'~ female mice (C.B-/gh-121crTac-PrkdcSc™, Taconic Farms) were used to
propagate subcutaneously implanted tumors as previously described (22). All mice were
maintained under barrier conditions and experiments were carried out using protocols and
conditions approved by the institutional animal care and use committee of University of
Texas Health San Antonio. Mice were randomized into groups of 5 or 10 when tumors
were 200 to 400 mm3. Trametinib dissolved in DMSO (5%) was diluted with 0.5%
methylcellulose/0.2% Tween-80 solution and administered once daily by oral gavage (PO),
for a scheduled 6 weeks at a dose of 1 mg/kg. Rapamycin, dissolved in DMSO, was
diluted with 5% Tween-80 in water and administered by intraperitoneal injection, using an
administration schedule of once daily for 5 days each week for 6 consecutive weeks at a
dose of 5 mg/kg. Dabrafenib was formulated in 5% DMSO0/0.5% methyl cellulose/0.2%
Tween 80 and administered at 30 mg/kg daily (oral gavage). Selumetinib was dissolved in
0.5% hydroxypropyl methyl cellulose, 0.1% polysorbate 80, and administered orally, using
a twice-daily schedule (once daily at weekends) for a scheduled 6 weeks at a dose of 75
mg/kg. For subcutaneous tumors, volumes were determined weekly using digital calipers to
measure perpendicular diameters, as previously described (32).

Orthotopic xenograft studies

C.B-Igh-1%/\cr Tac- PrkdcSe™® female mice were implanted with 5 x 104 BT-40/Luc cells
intracranially to establish BT-40 tumors as previously described (33). Bioluminescent
imaging was used for tumor growth monitoring using PerkinElmer IVIS Spectrum on

day 7 postinjection and once weekly thereafter. Mice were injected with 150 mg/kg
Potassium Luciferin (Gold Biotechnology) i.p. and anesthetized with isoflurane for imaging
inside the VIS chamber. Living Image 4.5 software (PerkinElmer) was used to determine
when the region of interest reached a bioluminescence imaging (BLI) value of >1 x 10°
photons/sec/cm3/steradian at which point mice were randomized into control or treatment
groups.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 6

Apoptotic threshold determination

Fluorescence-based whole-cell mitochondrial depolarization assays with Bim BH3

peptide over a concentration range were performed as described (34) with

slight modification. DMSO was set as negative control, and carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (Tocris Bioscience) at final concentration of 10umol/L
was used as the positive control treatment. To produce a normalized value for each profile to
simplify comparison, the area of each curve was calculated in Excel, and then subjected the
following equation to get the percentage of mitochondrial depolarization: % depolarization
(%Aym loss) 100 x [1-(BH3-FCCP)/(DMSO-FCCP)].

Supplemental methods

Details for antibodies used, plasmids, lentivirus preparation, infection, construction of

the 7SC2 GAP mutant, generation of luciferase-tagged BT-40 cells, development of
trametinib resistance, orthotopic inoculation, and apoptotic threshold assay are given in the
supplemental methods.

Data availability statement

Results

The data generated in this study are available upon request from the corresponding author.

Sensitivity to trametinib correlates with TORC1 inhibition

Each of the PDX (subcutaneous) models was sensitive to trametinib. Trametinib (1 mg/kg
daily for 42 days) induced partial regression of BT-40 (Fig. 1A) or complete regressions

of NCH-MN-1 (Fig. 1B) and IC-3635 (Fig. 1C) models. However, at the end of treatment
tumor regrowth was rapid for each model. We reported previously (23) that in BT-40
xenografts selumetinib induced suppression of both phosphor-ERK and decreased TORC1
signaling as determined by decreased phosphorylation of 4EBP1 and S6 protein. Treatment
of mice with trametinib (1 mg/kg/day) also reduced phospho-4EBP1 at days 1 and 5 in
IC-3635 whereas this was more pronounced after 5 days’ treatment in NCH-MN-1 tumors
(Figs. 1D, E).

Both selumetinib and trametinib have relatively poor penetration to brain tissue due to
efflux mediated by ABCB1 and ABCG?2 transporters (35) however trametinib has potential
advantages over selumetinib because of increased potency. Comparison of the inhibitory
potency of trametinib and selumetinib revealed that trametinib was more than 40-fold more
potent than selumetinib, consistent with published literature. For BT-40, ICgq values were
for trametinib 0.8 nmol/L a clinically relevant drug exposure (36), and selumetinib 25
nmol/L, respectively (Supplementary Fig. S1A). Consequently, we focused on trametinib to
further develop MEKi combinations.

The tuberous sclerosis complex is regulated via MAPK signaling in pediatric BRAF-mutant
brain tumor PDX models

The tuberous sclerosis complex (TSC) is inactivated by Akt phosphorylation of TSC2 at
several sites (S939, S981, S1130/32 and T1462) (37) and by ERK1/2 at S540 and S664

Clin Cancer Res. Author manuscript; available in PMC 2023 September 01.
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(38, 39). As shown in Fig. 1F, TSC2 was phosphorylated at S664 in untreated subcutaneous
BT-40, NCH-MN-1, and IC-3635 tumors, and this was decreased by trametinib treatment.
Phosphorylation at T1462 was not detected in these PDX models, and trametinib treatment
did not induce phosphorylation. We next examined the phosphorylation of TSC2 in

two adult glioblastoma cell lines. Phosphorylation of TSC2 (S664) was detected in
DBTRG-05MG control and trametinib treated cells (Fig. 1F). Phosphorylation of an

Akt site on TSC2(T1462), was detected in DBTRG-05MG cells following trametinib
treatment consistent with trametinib induced activation of Akt (Supplementary Fig. S1B).
Phosphorylation of TSC2(T1462) was observed in AM38 cells engineered to overexpress
Myr-Akt3 (Fig. 1F). These data suggest that in some glioblastoma (GBM) lines TSC2

may be inactivated through PI3K/Akt signaling when MEK is inhibited (consistent with
Akt phosphorylation in DBTRG-05MG cells), whereas in pediatric BRAFYE9E ppX
models TSC2 is phosphorylated predominantly or exclusively through the MAPK cascade
conferring sensitivity to MEKi (schema Fig. 1G and Supplementary Fig. S2).

Suppression of the tuberous sclerosis complex or activation of PI3K/Akt signaling confers
resistance to trametinib

To determine the role of TSC2 in trametinib sensitivity ShRNA was used to suppress

TSC2, Fig. 2A. Knockdown of TSC2 or expression of TSC2ACGAP (Fig. 2B) prevented
trametinib-induced suppression of phospho-4EBP1. Importantly, knockdown of TSC2,

or overexpression of Myr-AKT1 or Myr-AKT3 (Fig. 2C) or PTEN knockdown (Fig.

2D) conferred trametinib resistance. A schematic model of how inhibition of MEK
regulates TORCL is presented in Supplementary Fig. S2. Consistent with the conjecture
that sensitivity to trametinib requires inhibition of TORCL signaling, rapamycin partially
restored trametinib sensitivity to BT-40 cells in which TSC2 had been suppressed using
short hairpin RNA (shRNA,; Supplementary Fig. S3A). These results suggested that addition
of rapamycin to trametinib treatment may enhance the antitumor activity of trametinib.

Rapamycin enhances trametinib antitumor activity

The antitumor activity of trametinib, rapamycin or the combination, was next evaluated

in subcutaneous BT-40 xenografts. Trametinib (1 mg/kg) and rapamycin (5 mg/kg) or the
combination, suppressed phosphorylation of S6 protein within 24 hours (Supplementary
Fig. S3B). Trametinib caused partial regression of subcutaneous BT-40 PDX’s, followed
by rapid tumor recurrence at the end of treatment. Median time to recurrence (>100 mm3)
was at week 8 (Fig. 3A), significantly different from time to event for control tumors
(P<0.001). Rapamycin significantly inhibited growth of BT-40 xenografts (P < 0.001),
although it did not cause tumor regressions. Of note, trametinib combined with rapamycin
induced more rapid tumor regression, but importantly the median time for tumor regrowth
was significantly delayed compared with trametinib alone, (median 10 weeks; £< 0.001),
suggesting greater cytotoxic activity of the combination. In a pilot study, the effect of
trametinib, rapamycin, or the combination was assessed in the intracranial BT-40 model.
As with the subcutaneous BT40 model, trametinib effectively suppressed growth during
treatment, whereas rapamycin had less effect on tumor growth. The combination delayed
tumor regrowth compared with trametinib alone (Supplementary Fig. S4). In a second
study with intracranial BT-40/Luc, where treatment was started when tumors were more

Clin Cancer Res. Author manuscript; available in PMC 2023 September 01.
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advanced, the trametinib—rapamycin combination was effective in causing tumor regression
(Fig. 3B, C), and was also more effective than selumetinib against intracranial BT-40/Luc
(Supplementary Fig. S5).

Development of trametinib resistance

In the recent phase 11 trial of selumetinib, patients with BRAFYE90F tymors had worse
outcomes than those with KIAA1549..BRA~driven tumors, with progression on treatment
or rapid progression when treatment was reduced, interrupted, or discontinued at the end

of 2 years (24). Thus, although MEK inhibition causes tumor shrinkage, it is not curative,
and development of resistance is a significant problem. We therefore investigated whether
combination treatment with trametinib and rapamycin could retard or prevent emergence of
resistance. To develop trametinib resistance, mice bearing subcutaneous BT-40 xenografts
were treated with drug(s) for 42 days, and the first tumor to reach four-fold the volume at
initiation of treatment (i.e., the least responsive BT-40 tumor) was transplanted into recipient
mice and the treatment repeated (schema Fig. 3D). This treatment and process was repeated
until tumors were resistant to trametinib. We defined resistance as more than 25% tumor
volume increase while on treatment. Tumors progressed on treatment by Cycle 3 (Fig.

3E, upper row). The rate at which resistance to trametinib developed was consistent in

four independent experiments (Fig. 3E right panel; Supplementary Fig. S6). To determine
whether combination treatment with rapamycin could delay emergence of trametinib
resistance in the BT-40 PDX model we examined the rate at which resistance emerged
when trametinib was combined with rapamycin. Two experimental designs were used; in
the first study, mice were treated with two cycles of trametinib—rapamycin combination
therapy. After cycle 2 transplanted tumors were assessed for their sensitivity to trametinib
administered as a single agent. As shown in Fig. 3E (center panels), the response on cycle

3 to trametinib alone was similar to that of drug-naive BT-40 (see Fig. 3A, trametinib),
suggesting that rapamycin had blocked emergence of trametinib resistance. However, two
additional cycles of trametinib monotherapy resulted in tumors becoming resistant (Fig. 3E,
center panels cycle 5 trametinib).

In the second study, mice were treated with the trametinb—rapamycin combination for six
cycles of treatment (Fig. 3B, lower panels). On cycle 6 of combination treatment, BT-40
xenografts remained as sensitive to the combination as were naive BT-40 xenografts on
treatment cycle 1 (P=0.4538, Supplementary Fig. S7). To address whether addition of
rapamycin could resensitize tumors with acquired resistance to trametinib, the combination
was tested in subcutaneous BT-40 xenografts that were selected for resistance to single-
agent trametinib. The combination slowed tumor progression, but did not induce consistent
tumor regressions (Supplementary Fig. S8A). In contrast, a similar study using the
combination of dabrafenib (BRAF inhibitor) with trametinib showed that BT-40 tumors
progressed during combination treatment by cycle 5 (Supplementary Fig. S8B). Thus, the
combination delayed emergence of resistance compared with trametinib, consistent with
data from melanoma clinical trials (40).

NCH-MN-1 and 1C-3635 subcutaneous PDX models are also highly responsive to
trametinib, and like BT-40 xenografts, tumors recur rapidly at the end of treatment. As
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shown in Fig. 4A, trametinib resistance was acquired rapidly as NCH-MN-1 PDXs showed
progressive disease on trametinib treatment on treatment cycle 3. Even by cycle 2 of
trametinib treatment, event-free survival (EFS) had significantly shortened (EFS days 71.35
vs. 38.46, for cycle 1 compared with cycle 2, £=0.0011). In contrast, tumors treated for
five cycles of trametinib—rapamycin remained sensitive to treatment with all tumors having
at least 50% volume regression [1 complete response (CR)/4 partial response (PR)]. While
resistance to trametinib—rapamycin develops more slowly than with trametinib alone, on
cycle 5 of trametinib—rapamycin treatment all tumors had at least partial responses although
EFS was reduced compared with cycle 1 (112 + 11 days cycle 1, 66 + 6 days cycle 5, P
=0.0001; Fig. 4A). NCH-MN-1 tumors were resistant on cycle 6 of trametinib—rapamycin
treatment.

For subcutaneous 1C-3635 xenografts, development of resistance to trametinib as a

single agent took five cycles of treatment, whereas on cycle 5 of trametinib—rapamycin
combination treatment tumors were still volume responsive (3 CR/2 PR), although the EFS
had shortened from 103.7 £ 6.6 days on cycle 1 to 76.5 + 4.0 days on cycle 5 (< 0.0001)
of trametinib—rapamycin treatment (Fig. 4B). Thus, rapamycin clearly retards development
of trametinib resistance in several PDX models. Hence, the ability of rapamycin to delay or
prevent emergence of trametinib resistance seems to be a more general phenomenon.

Pharmacodynamic changes associated with trametinib resistance

Trametinib resistance emerged within 3 to 5 cycles of single-agent treatment in all three
subcutaneous PDX models. In contrast, resistance to the combination of trametinib with
rapamycin emerged after six cycles of combination treatment in NCH-MN-1 and to a lesser
extent in 1C3635 PDX’s but not in the BT-40 PDX model. It was therefore of interest to
determine how trametinib resistant lines compared with parental lines or after several cycles
of combination treatment where tumors remained sensitive.

BT-40 xenografts and primary cultures

Trametinib had essentially similar effects on pERK, pS6, and p4E-BP1 in both parental
(sensitive) and trametinib-resistant BT-40 xenografts (Supplementary Fig. S9A), suggesting
that resistance was not directly related to MEK inactivation. To determine whether resistance
was tumor-cell-intrinsic, cells were isolated from parental BT-40 xenografts, or from

two BT-40TramR (trametinib-resistant) sublines where resistance had been developed in
independent experiments (designated BT40TramR-Al and BT40TramR-A3) that had been
treated with three cycles of trametinib. /n vitro, cells isolated from trametinib resistant
xenografts were resistant to trametinib compared with cells isolated from parental BT-40
xenografts indicating that resistance was cell intrinsic (Supplementary Fig. S9B). Trametinib
equally inhibited pERK in parental and trametinib resistant cells freshly isolated from
xenografts (Supplementary Fig. S9C). Of note, while MEK inhibition was similar, apoptosis,
as determined by detection of cleaved PARP1, was observed only in BT-40 parental cells
and not in cells isolated from the trametinib-resistant xenografts. Addition of rapamycin to
trametinib did not induce PARP cleavage in cells isolated from trametinib-resistant PDX
tissue.
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Trametinib resistance is associated with altered apoptotic priming threshold.

As BT-40 trametinib-resistant cells failed to show markers of apoptosis, we used a BH3
profiling assay to determine whether cells from resistant tumors had increased resistance

to apoptosis (41). Tumor cells freshly isolated from parental BT-40 xenografts or those
isolated from trametinib-resistant tumors were exposed to increasing concentrations of Bim
BH3 peptide and the loss of mitochondrial potential (Ay) was determined by decrease in
JC1 fluorescence. BT-40 cells were highly sensitive to Bim BH3 peptide, with 50% loss of
membrane potential at approximately 0.31 umol/L BH3 peptide whereas a similar level of
depolarization required more than 1.25 pmol/L BH3 peptide in BT-40 trametinib-resistant
cells (Fig. 5A). Cells from sensitive or trametinib-resistant tumors were equally sensitive
to the uncoupling agent FCCP. In contrast to cells obtained from trametinib-resistant
xenografts, cells isolated from BT-40 tumors treated with three cycles of trametinib—
rapamycin (BT40Trap), remained equally as sensitive to the Bim BH3 peptide as did

cells isolated from naive BT-40 xenografts (Fig. 5B). To further examine the difference

in apoptotic threshold, expression of pro- and antiapoptotic proteins was assessed. In
BT-40 trametinib-resistant tumors, Bax levels were significantly reduced compared with
levels in BT-40 xenografts whereas levels of Bax were less reduced in tumors after four
cycles of trametinib—rapamycin treatment (Fig. 5C). In contrast levels of Bim increased in
trametinib—rapamycin-treated xenografts compared with parental BT-40 or the trametinib-
resistant derivative (Fig. 5C). BCL-xL levels were not different between parental BT-40 and
BT-40 trametinib-resistant xenografts, thus the major difference associated with trametinib
resistance was a statistically significant change in the ratio of proapoptotic factors Bax or
Bim to the prosurvival factor Bcl-xL (Fig. 5D).

Downregulation of apoptotic threshold by inhibition of Bcl-xL overcomes the resistance to

trametinib

As BCL-xL level was abundant in BT40 and derived tumors (Fig. 5C), we therefore
determined whether in trametinib-resistant BT-40 cells survival was dependent on BCL-XL.
Knockdown of BCL-XL resulted in increased cleaved PARP, indicating apoptosis, and
significant loss of viability in both parental and trametinib-resistant cells (Supplementary
Fig. S10A-B). To determine if inhibition of BCL-xL overcomes the resistance to trametinib,
we combined suboptimal concentrations of navitoclax that did not induce apoptosis

alone with trametinib treatment. Although the viability of BT40TramR cells was not
significantly affected by either suboptimal concentration of navitoclax or trametinib alone
the combination led to significant decrease of cell viability. In contrast, the combination

of trametinib with ABT-199, a specific BCL-2 inhibitor, did not have any enhanced effects
on cell killing, indicating BCL-xL was the target protein, which was consistent with the
knockdown experiments (Supplementary Fig. S10C).

NCH-MN-1 xenografts and primary cultures

We initially examined MAPK signaling in NCH-MN-1 xenografts that showed progressive
disease during cycle 3 of trametinib treatment. As shown in Fig. 6A, pERK was only
modestly inhibited in trametinib-resistant NCH-MN-1(NCH-MN-1TramR) xenografts even
after treatment daily with trametinib for 5 days. To understand the mechanism of the
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resistance, primary tumor cells were isolated from xenograft and cultured for in vitro
analysis. NCH-MN-1 cells isolated from parental xenografts were sensitive to trametinib,
whereas cells from the NCH-MN-1TramR xenograft proliferated slowly in culture and

the proliferation was stimulated by trametinib (Supplementary Fig. S11A). /n vitro assays

of the primary cells showed that MAPK signaling in cells from the NCH-MN-1TramR
xenograft (trametinib cycle 3) were resistant to trametinib inhibition relative to parental
NCH-MN-1 cells, or cells derived after three cycles of combination treatment (Fig. 6B).
Low concentration trametinib (5 nmol/L) combined with a pan-Raf inhibitor completely
suppressed ERK1/2 phosphorylation in parental NCH-MN-1 cells, but had modest inhibition
on ERK1/2 phosphorylation in NCH-MN-1TramR cells (Fig. 6C; Supplementary Fig.
S11B), suggesting the resistance to trametinib may not be from upstream feedback
activation of BRAF isoforms. To check if MEK1/2 contribute to the resistance per se,
MEK-1 and -2 were knocked down using siRNA in primary cells. In parental NCH-MN-1
cells MEK-1 and -2 knockdown reduced phosphorylation of ERK1/2 dramatically. In
contrast, knockdown of MEK-1 and -2 in NCH-MN-1TramR cells did not change ERK1/2
phosphorylation, indicating that maintained MAPK signaling was due to maintained
activation of ERK1/2 in the absence of upstream signals, suggesting decreased inactivation
of ERK1/2 (Supplementary Fig. S11B-C). ERK1/2 specific dual specificity phosphatase

6 (DUSP®6) protein level was indeed decreased only in the cells from the trametinib-
resistant model (Fig. 6D). Consistent with the /in vitro results, trametinib resistance in
NCH-MN-1TramR xenografts corresponded to decreased levels of DUSP6 after two or three
cycles of treatment (Fig. 6B). Furthermore, knockdown of DUSP6 in NCH-MN-1 parental
cells slowed proliferation and conferred trametinib resistance (Supplementary Fig. S11D-E).
In stem cell medium, trametinib treatment caused dramatic cell viability loss of parental
NCH-MN-1 cells, but had significantly less effect on the viability of cells from cycle 3
trametinib treatment (Fig. 6E). Results from PDX experiments and /17 vitro experiments
suggest decreased feedback inhibition of the MAPK signaling pathway by downregulation
of DUSP6 contributes to trametinib resistance in NCH-MN-1 tumor (42).

IC-3635 xenografts and primary cultures

Early-stage cultures from parental subcutaneous 1C-3635 xenografts or after four cycles

of trametinib or trametinib—rapamycin were next examined. When cells were grown

in stem cell medium (serum-free) trametinib suppressed MAPK and TORC1 signaling

in each cell type (Fig. 7A). However, when cells were grown in complete medium
(RPMI11640 + 10%FBS) trametinib inhibited pERK1/2 in parental cells, and to some

extent in cells derived from trametinb—rapamycin-treated tumors, but had less inhibitory
effect on cells from trametinib-resistant xenografts. These data could indicate activation of
MAPK signaling through increased upstream signaling by activating other RAF isoforms

in trametinib-resistant IC-3635 cells. To test whether increased upstream signaling in
trametinib resistant cells contributed to reduced activity of trametinib, IC-3635 trametinib-
resistant cells were treated with trametinib with or without inhibitors of RTKSs (Fig. 7B).
Treatment of trametinib-resistant IC-3635 cells with a panRAF inhibitor with minimal
paradoxical activation of BRAF [LY 3009120 (43), or CCT196969, a panRAF/SRC-LCK/
p38MAPK inhibitor (44)] suppressed pERK, as did a panFGFR inhibitor (LY2874455), and
high concentrations of the multikinase inhibitor pazotinib. Inhibitors of EGFR (Erlotinib) or
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BCR-ABL had no effect on pERK levels when cells were maintained in serum containing
medium. Thus, maintenance of pERK in this model seemed to be due to increased upstream
signaling. We next determined whether combining panRAF inhibition with trametinib
blocked proliferation of trametinib-resistant 1C-3635 cells (Fig. 7C). IC-3635TramR cells
were resistant to trametinib /n vitro, but were sensitive to the combination of a panRAF
inhibitor (LY3009120) with trametinib, indicating the role of RAF signaling in trametinib
resistance for this line.

Discussion

Both MEK and BRAF inhibitors have shown promise for treatment of childhood BRAF-
mutant brain tumors, and potentially will provide alternatives to cytotoxic chemotherapy
and radiation treatment. However, despite tumor regression or stable disease in response
to treatment, in some patients predominantly those where BRAFV600F s the oncogene,
resistance occurs either on therapy (acquired resistance) or tumors progress rapidly once
therapy is completed or dose-reduced (at 2 years in the recent phase Il clinical trial; ref.
25). Thus, while use of MEKis has altered the standard of clinical care for these patients,
additional combinations will be required to enhance the cure rate, particularly for tumors
harboring BRAFY600E mytations (24)

Here our goal was to focus on pediatric brain tumors with BRAFVE09E mutations in order
to understand the basis for sensitivity to MEK inhibition, and to build upon targeting

MEK to prevent emergence of resistance. We focused on MEKis, rather than combinations
with BRAF inhibitors, as LGG with KIAA1549::BRAF fusions do not respond to BRAF
inhibitors. Furthermore, no human preclinical models of fusion-driven LGG are available
as these cells do not proliferate in culture or in mice. Potentially, results obtained with the
current models may be applicable to treatment of fusion-driven LGG.

Our results suggest that intrinsic sensitivity to MEK inhibition in three BRAFV600E_driven
pediatric brain tumor PDX models, is through dual inhibition of MAPK and TORC1
signaling that leads to apoptosis, similar to findings in BRAFVE99E melanoma (45). In the
melanoma study by Corcoran and colleagues (45) it was concluded that MAPK signaling
controls TORC1 activity, although the mechanism was not elucidated. Our results support
the idea that mutant BRAF signaling in these brain tumor models controls TORC1 activity
through regulating the activity of the TSC complex. Downregulation of TSC2, or PTEN,
inhibition of TSC2 activity through expression of TSC2AGAP or expression of activated
AKT1/3 all conferred resistance to trametinib. Activation of Akt signaling has previously
been reported to confer MEKIi resistance (46). Phosphorylation of TSC2 (tuberin) by Akt
or ERK1/2 leads to dissociation of the TSC, and its inactivation, leading to increased
TORC1 signaling (47). TSC2 is phosphorylated by ERK1/2 (Serines 540//664) and by
Akt (Serines 939/981/1132 and Threoninel462). We examined phosphorylation of S664
and T1462 as representative of ERK and Akt induced phosphorylation, respectively. In

the three pediatric PDX models sensitive to trametinib, phosphorylation of T1462 was not
detected. However, phosphorylation at S664 was detected in each line, and was decreased by
trametinib treatment leading to inhibition of 4E-BP1 and S6 phosphorylation. These results
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are consistent with MAPK-signaling—induced phosphorylation and inactivation of the TSC
complex.

This explains also, why a MEKi suppresses both MAPK and TORC1 signaling, leading to
tumor regression in pediatric LGG. In the adult GBM cell lines examined, inactivation of the
TSC complex seems to be regulated partially through PI3K/Akt signaling, explaining why
inhibition of the MAPK pathway has a lesser effect on reducing TORCL1 signaling. Several
reports have suggested that the PI3K/mTOR pathway is activated in pediatric glioma, based
on the observation that TORC1 substrates S6 and 4E-BP1 are phosphorylated in 50% of
tumors and may play a role in the pathogenesis of these tumors (48). However, unlike
primary adult glioblastoma (49), mutations in PTEN have not been reported and activating
mutations in receptor tyrosine kinases, such as FGFRL1 are rare (12, 50). The data presented
here suggest that in the three pediatric PDX models, TORCL1 is controlled by BRAF
signaling, through suppression of TSC2, rather than activation of the PI3K/Akt pathway.

While each PDX model was initially very sensitive to trametinib, emergence of trametinib
resistance was relatively rapid. In BT-40 and MN-1 PDX models, tumors demonstrated
progression by treatment cycle 3 and 1C-3635 tumors were significantly less sensitive on
cycle 3 and showed progressive disease on cycle 5 of trametinib treatment. Mechanisms
responsible for acquired trametinib resistance in the models differed. When PDX cells were
cultured /n vitro, each demonstrated resistance to trametinib relative to cells culltured from
the respective parental xenograft indicating tumor-intrinsic resistance. In vitro BT-40 cells
demonstrated an increase in apoptotic threshold. There was a clear shift in the concentration
of Bim BH3 peptide required to cause mitochondrial depolarization in trametinib-resistant
cells. Of note, freshly isolated cells from BT-40 tumors that regrew after cycle 3 of
trametinib—rapamycin treatment showed similar sensitivity to parental BT-40 cells in this
assay. Together, these results indicate that in this model resistance to trametinib is mediated,
at least in part, by an increase in apoptotic threshold. For both NCH-MN-1 and 1C-3635
cells acquired resistance to trametinib was associated with decreased inhibition of MAPK
signaling by trametinib. In NCH-MN-1 xenografts there was a decrease in the levels of
dual specificity phosphatase DUSP6, thus preventing suppression of MAPK signaling.
Decreased DUSPs in MEKi-resistant melanoma has been reported previously (51, 52). For
IC-3635 the mechanism of trametinib resistance appears to be through increased upstream
signaling, and involves activation of RAF isoforms, thus overcoming MEK inhibition,
similar to the mechanism of intrinsic resistance to trametinib in RAS-mutant embryonal
rhabdomyosarcoma (53), indicating that inhibition of ERK1/2 activity leads to feedback
activation of BRAF isoforms. The different mechanisms of resistance to trametinib in these
PDX models is consistent with reports indicating that resistance is tumor line-specific and
drug-specific (54).

In contrast to the rapid emergence of resistance in mice treated with trametinib monotherapy,
resistance to the combination of trametinib-rapamycin was delayed or prevented. BT-40
tumors remained equally as sensitive to trametinib-rapamycin on cycle 6 as were parental
tumors. Similarly, 1C-3635 xenografts remained sensitive on cycle 5 of combination
treatment showing partial or complete tumor regressions, although the EFS was significantly
shortentened compared with cycle 1 of trametinib-rapamycin. NCH-MN-1 xenografts
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remained partially sensitive to the combination on cycle 5, but were resistant on cycle 6

of combination treatment. The mechanism for resistance to the combination of trametinib—
rapamycin remains to be elucidated. Thus, combining low-dose intermittent rapamycin with
trametinib delayed emergence of trametinib resistance. In mice bearing BT-40 tumors that
received two cycles of trametinib-rapamycin, the response to cycle 2 was the same as

on cycle 1 (i.e., no indication of resistance). For cycle 3, mice received only trametinib,

and the tumor response was similar to that of drug-naive BT-40 treated with single agent
trametinib and it took a further three cycles of single agent trametinib therapy to induce
resistance, suggesting that no resistance to trametinib was developed during the two cycles
of combination therapy. In contrast, development of resistance to trametinib as a single agent
by cycle 3 was consistent in four separate experiments.

The precise mechanism by which rapamycin prevents emergence of trametinib resistance
needs further elucidation. However, if as postulated sensitivity to trametinib requires dual
MAPK/TORCL inhibition (45), then a failure to fully inhibit MAPK signaling (NCH-
MN-1), or activation of TORC1 signaling through feedback activation of PI3K/AKT

would potentially be blocked by rapamycin. How rapamycin blocks the trametinib-induced
increase in apoptotic threshold needs further experimentation. However, levels of Bax

were only decreased in trametinib but not trametinib—rapamycin-treated BT-40 xenografts,
suggesting the combination prevented the reduction of Bax levels. More interestingly, after
three cycles of trametinib-rapamycin treatment, levels of Bim were dramaticlly increased
whereas they were not significantly changed in the trametinib resistant tumors relative to
BT-40 parental tumors. Loss of the proapoptotic protein Bim has previously been reported as
a mechanism for trametinib resistance (55).

In summary, these results suggest that the sensitivity of BRAF~mutant pediatric brain
tumors to trametinib is due, in part, to MAPK-mediated regulation of TORCL1 activity.

In each of three pediatric PDX models, TORC1 appears to be regulated via BRAF/ERK-
mediated suppression of TSC, hence inhibition of MEK suppresses both MAPK and
TORC1 pathways. Our results suggest also, that resistance to trametinib may result from

a change in apoptotic threshold, due in part to decreased levels of Bax, or increased MAPK
signaling not abrogated by MEK inhibition. Furthermore, rapamycin can retard emergence
of resistance (NCH-MN-1, IC3635) or prevent emergence of resistance (BT-40) at least
over six cycle of therapy. The current data would suggest that administration of low-dose,
intermittent rapamycin analogs may enhance activity of MEKis, and potentially prevent
development of drug resistance. These results may be equally applicable to LGG driven

by KIAA1549::BRAF fusions. While combined trametinib—rapamycin is tolerated in mice,
combining rapamycin with other inhibitors of PI3K/Akt signaling has necessitated dose
reductions (56) whether this combination will be tolerated in the context of pediatric brain
tumors will have to be assessed clinically.
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Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Approximately 1,400 new cases of children with BRAF-activated brain tumors are
diagnosed annually in the United States. Inhibitors of MEK1/2 have shown promising
antitumor activity in patients with activation of BRAF through tandem duplication
(KIAA1549::BRAF) or point mutations that activate BRAF. MEK inhibitors (MEKI)
are equally active in both subtypes of glioma, whereas tumors with tandem duplication
are not sensitive to BRAF inhibitors. Unfortunately, there are no preclinical PDX
models representing BRAF activation due to tandem duplication of KIAA1549::BRAF.
To improve on MEK: s and potentially develop more effective therapy that would
impact tumors driven by the KIAA1549::BRAF duplication, we have characterized the
sensitivity to the MEKIi, trametinib of three BRAFY6Y0F pediatric brain tumor PDX
models. Specifically, we have identified why these PDX models are responsive to
treatment and have identified mechanisms for resistance. Based on these findings we
have developed a treatment that retards or prevents emergence of trametinib resistance
in mice. Potentially, these results could build upon MAPK inhibitor therapy and
translate into more effective control of KIAA1549::BRAF driven glioma that represents
approximately 90 of low-grade glioma (LGG) as well as tumors driven by BRAF point
mutations.

Clin Cancer Res. Author manuscript; available in PMC 2023 September 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lietal. Page 20
BT-40 BT-40 NCH-MN-1 NCH-MN-1 10.00 IC3635  10.00
1000 e = 10. .
r‘g 100 control 100 trametinib control wo trametinib ".’E control
S 3 /
a 10 10 100 100 E 1.00 1.00
g =2
= [=]
[ 04 04 010 010 > 010 0.10
5 ]
g g
2 001 1 o ot ~ 00 0.01
T 0123458789011 0123456789101112 1234567891011 12345678 9101112131415 l23‘*\’:’67'(59“)"12
Weeks Weeks Weeks Weeks eexs
D E Fo .23t
NCH-MN-1 IC3635 2 8 8%
— - o . B S 25 BT MN1 IC-3635PXA
Trametinib single dose  Trametinib 5 days Trametinib single dose  Trametinib 5 days 0O =< ZE__POX PDX PDX

Control 4h 8h 24h Control 4h 8h 24h

P L I T IR R R R I NN R 2N

Control 4h 8h 24h Control 4h 8h 24h

1C3635
trametinib

it

1234567891012

Weeks

Trametinib (2 nmol/L)

‘pTSC2-T1462

pS6
B-Actin

o TR Ramrnmeewe
RO T T T T ] o o
ERK1/2 B g === e - -====== =Rl
P4EBP1 _ - = - ==-- ~~~- === - NN
4EBP1 R SOBBN8: - Babaii. G
RIX BRAF RTX BRAF
P 4 —
P woxa OO T uENE
b eoeeoresnreensionsogi| >, > =
-Actin | 7861
1 1
TORCED  Yranscrpton ToRcy
¥
Tranatation

Active  Non active

(= signaling  signaling shae

e = o

Figurel.
Sensitivity to trametinib of BRAFY800E mytant pediatric brain tumor PDX models correlates

with suppression of MAPK and TORCL signaling. A to C, sensitivity of BT-40, NCH-
MN-1, and IC-3635 brain tumor PDX models to trametinib (1 mg/kg daily x 42 days).

D to E, Pharmacodynamic changes in MAPK and TORCL1 signaling following trametinib
(1 mg/kg) administered on day 1 or treatment for 5 consecutive days. Tumors were
harvested 4 hours after the final drug administration. F, Mice bearing BT-40, NCH-MN-1,
or 1C-3635 xenografts were untreated or received trametinib (1 mg/kg/day) for 5 days, and
phosphorylation of TSC2 at an Akt site (T1462) and an MAPK site (S664) was determined.
No phosphorylation of TSC2 at T1462 was detected in control or treated xenografts,
whereas phosphorylation of TSC2 (S664) was decreased in trametinib-treated tumors.
Trametinib induces phosphorylation of TSC2(T1462) in DBTRG cells, and expression of
Myr-AKT3 induces phosphorylation of TSC2(T1462) in AM38C adult glioblastoma cells.
G, Schema of MEK:i sensitivity in cells with MAPK mediated inactivation of TSC2 without
P13K/Akt phosphorylation of TSC2. h, hours.
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Activating TORCL signaling confers resistance to trametinib in BT-40 cells. A, TSC2 was
suppressed using shRNA. Cells were exposed to trametinib (2 or 5 nmol/L) for 12 or 24
hours. Trametinib inhibited phosphorylation of 4E-BP1 in control transfected cells but not in
cells where TSC2 had been down regulated. B, Expression of shTSC2AGAP_Myc (red arrow)
increases p4E-BP1 that is not inhibited by trametinib. C, Activating TORC1, by knockdown
of TSC2, or expression of constitutively active myrAktl or myrAkt3 induces trametinib
resistance in BT-40 cells. D, Knockdown of PTEN confers trametinib resistance in BT-40
cells. Left, PTEN was suppressed using lentivirus encoded shRNA. After 48 hours cells
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were exposed to trametinib (2-10 nmol/L) for 24 hours, and lysates probed for PTEN and
total and phosphorylated ERK1/2. B-actin was used as a loading control. Right, BT-40 cells
were infected with control virus (shControl), or two shPTEN lentiviruses. Cells infected
with lentivirus were subjected to 2 days’ selection with 1 ug/mL puromycin, and then used
for the subsequent assay. Cells were exposed to trametinib for 48 hours (7= 3 £ SD).
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Figure 3.

Sensitivity and development of acquired resistance in BT-40 BRAF~mutant xenografts to
trametinib, rapamycin, or the combination. A, Responses of BT-40 PDX. Mice bearing
subcutaneous BT-40 tumor were randomized to receive no treatment, trametinib (1 mg/kg
daily x 42 days), rapamycin (5 mg/kg daily x 5 for 6 consecutive weeks), or the

combination. Each curve shows the growth of an individual tumor.

B, Activity of the

trametinib—rapamycin combination on intracranial BT-40/Luc tumors. 10° BT-40/Luc cells
expressing luciferase were implanted intracranially. Mice were randomized into control

or treatment groups when the BLI value reached >1 x 10° photons/sec/cm3 and received
combination treatment as in (A). Mice were imaged once weekly to ascertain tumor growth.
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Individual tumor growth curves based on BLI emission. Control (black), treated (Red)

BLI values plotted against time for control and treatment groups. C, Luciferase images

of cranial tumor growth in control and treatment groups. D, Schema for developing drug
resistance in mice. E, Top, Responses of BT-40 xenografts to three cycles of trametinib
treatment (1 mg/kg/day for 42 consecutive days). The arrows indicate the tumor that was
transplanted into recipient mice for the subsequent cycle of treatment. Top right panel,
mean tumor volume (xSD) for cycles 1 to 4 of treatment; Center panels, Responses of
BT-40 xenografts for two cycles of trametinib + rapamycin (trametinib 1 mg/kg daily x

42, rapamycin 5 mg/kg daily x 5 for 6 consecutive weeks). After two cycles of treatment,
single agent trametinib was administered for three further cycles; Bottom panels, Responses
of BT-40 xenografts for six cycles of trametinib + rapamycin (trametinib 1 mg/kg daily

x 42, rapamycin 5 mg/kg daily x 5 for 6 consecutive weeks). Each curve represents the
growth of a single tumor. The arrows indicate the tumor that was transplanted into recipient
mice for the subsequent cycle of treatment. s, second; Rx, treatment; Tram, trametinib; rap,
rapamycin.
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Figure 4.

Rapamycin retards development of trametinib resistance in the NCH-MN-1 and 1C-3635
PDX models. A, Growth of control NCH-MN-1 and responses of xenografts to treatment
with trametinib (1 mg/kg daily x 42 days) on cycles 1 to 3, (top); development of resistance
to combination treatment with trametinib-rapamycin (bottom). Mice received trametinib 1
mg/kg daily x 42 days and rapamycin 5 mg/kg daily x 5 for 6 consecutive weeks for

five cycles. B, Growth of control IC-3635 and responses of xenografts to treatment with
trametinib (1 mg/kg daily x 42 days) on cycles 1 to 5, (top); development of resistance

to combination treatment with trametinib-rapamycin (bottom). Mice received trametinib 1
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mg/kg daily x 42 days and rapamycin 5 mg/kg daily x 5 for 6 consecutive weeks for five
cycles.
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Figure5.
Trametinib resistance is associated with increased apoptotic threshold. A, Sensitivity of

freshly isolated BT-40 or BT-40TramR (trametinib-resistant. Eight cycles of treatment

in mice) and BT-40 Trap (trametinib—rapamycin—treated; 5 cycles in mice) cells to
mitochondrial loss of membrane potential (Ay) with increasing Bim BH3 peptide
concentration; FCCP was used as a control to measure complete loss of membrane
potential. EDsg: BT-40 0.14 pmol/L [95% confidence interval (ClI), 0.08-0.24 umol/L];
BT-40TramR 1.94 pmol/L (95% CI, 0.91-4.5 pmol/L); BT-40Trap 0.1 umol/L (95% ClI,
0.04-0.15 pmol/L). B, Sensitivity of freshly isolated BT-40 or BT-40Trap cells (three cycles
of trametinib + rapamycin in mice) to mitochondrial loss of membrane potential (Ay)

with increasing Bim BH3 peptide concentration; FCCP was used as a control to measure
complete loss of membrane potential. C, Western blot for 8 BT-40 tumors and 8 trametinib-
resistant PDX (TramR) and 8 trametinib—rapamycin—treated tumors (Trap) for Bax, Bim,
and BCLxy . D, Quantitation of Bax and Bim levels from (C).
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Figure 6.
Changes in NCH-MN-1 xenografts with acquired resistance to trametinib. A, Mice bearing

NCH-MN-1 tumors resistant to trametinib (cycle 3) were treated with trametinib (1 mg/kg
daily for up to 5 days). B, Levels of DUSP6 in parental or trametinib resistant MN-1
xenografts. C, Cells from parental NCH-MN-1 xenografts, trametinib-resistant xenografts
(TramR, cycle 3), or cells from NCH-MN-1 tumors treated for three cycles of trametinib—
rapamycin (Trap). Trametinib-resistant cells show enhanced MAPK signaling. D, Response
to increasing concentrations of trametinib in parental, trametinib-resistant, and cells isolated
from tumors after three cycles of combination treatment. E, Response to trametinib of
NCH-MN-1 cells from parental PDX tumor (A red line) and trametinib-resistant xenografts
(M black line). Cells cultured in stem cell medium supplemented with FGF and rEGF

were exposed to indicated concentration of trametinib for 72 hours. Cell proliferation was
measured by Alamar Blue. h, hours.
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Response of 1C-3635 cells derived from trametinib-resistant xenografts. A, Cells were
isolated from subcutaneous 1C-3635 xenografts [cycle 4 trametinib (TramR) or cycle 4
combination treatment (Trap) treatment] and grown in serum-free conditions (left) or
serum supplemented medium. In serum-free medium inhibition of MAPK and TORC1
signaling was similar in all derivatives, whereas in serum containing conditions of growth,
inhibition of MAPK and TORCL signaling was markedly attenuated only in cells derived
from parental 1C-3635 tumors and from combination treated tumors (Trap). B, 1C-3635
trametinib-resistant cells were incubated with trametinib (2 nmol/L) in the absence or
presence of receptor tyrosine kinase inhibitors. Phosphorylation of ERK1/2 and S6 were
determined at 24 hours. C, Response of parental (A) or IC-3635TramR (M trametinib
resistant) cells to trametinib without or with the panRAF inhibitor LY3009120 (@). Cells
were cultured in stem cell medium supplemented with FGF and EGF and exposed to the
indicated concentration of trametinib with or without combining panRaf inhibitor for 72
hours. Cell viability was measured by Alamar Blue, untreated cells were set as 100%.
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