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ABSTRACT

Malignant peripheral nerve sheath tumor (MPNST) is a highly aggressive type of
soft tissue sarcoma with a high propensity to metastasize and very limited
treatment options. Loss of the RAS-GAP NF1 leads to sustained RAF/MEK/ERK
signaling in MPNST. However, single-agent MEK inhibitors (MEK:i) have failed to
elicit a good and sustained inhibition of the pathway in MPNST. Here, we report
that MEKi treatment resistance in MPNST involves two pathways: direct
transcriptional upregulation of the receptor tyrosine kinase (RTK) PDGFR[3, and
MEKIi-induced increase in RAF dimer formation and activation of downstream
signaling. While the pharmacological combination of MEKi with a PDGFR[ specific
inhibitor was more effective than treatment with MEKi alone, the combination of
MEKi and RAF-dimer inhibitors led to a robust inhibition of the MAPK pathway
signaling. Furthermore, this combination treatment was effective in vitro and in
vivo, as demonstrated by the significant increase in drug synergism and its high
effectiveness at decreasing MPNST viability. Our findings support the use of this
combination strategy to overcome MEKI resistance and as a novel targeted
therapeutic approach for NF1-deficient MPNST patients, which in turn could impact

future clinical trials for this patient population.
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CHAPTER 1 — INTRODUCTION



CHAPTER 1.1 — MALIGNANT PERIPHERAL NERVE SHEATH TUMORS

Malignant peripheral nerve sheath tumor (MPNST) is a highly aggressive type of
soft tissue sarcoma that originates in the cellular component of the peripheral
nerves. Accounting for 5-10% of all soft tissue sarcomas ', this disease has a high
propensity to metastasize, poor sensitivity to systemic chemotherapy and
radiotherapy, and poor prognosis, with a 5-year survival rate of 30-40% 2.
Diagnostic of the disease generally occurs between ages 20-50, but cases have
been reported in newborns and infants 34. Patients normally present a rapidly
enlarging mass that may cause neurological symptoms, such as paraesthesia or
motor weakness, and that in 50% of patients has already metastasized, usually to
the lung, soft tissue, bone, and liver °. Primary tumors are commonly located on

the extremities, followed by the trunk and head/neck .

Complete surgical resection with wide margins remains the best treatment option
for MPNST patients, which makes the disease outcome particularly detrimental in
cases with unresectable or metastatic disease -8, Also, the location of the tumors
can significantly affect the ability to achieve suitable negative surgical margins
without resulting in an important compromise of function 2. In addition to surgery,
the majority of patients also receive adjuvant treatment with radiation,
chemotherapy, or both '°. Therefore, the discovery of novel targeted therapeutic

strategies for MPNST is an urgent clinical need.



Conventionally, MPNST arises through three distinct clinical settings. Around 45%
of MPNSTs arise in the setting of Neurofibromatosis type | (NF1-associated),
another 45% arise sporadically, and 10% are associated with previous
radiotherapy treatment 71911 Patients with Neurofibromatosis type | presenta 10%

lifetime risk of developing MPNST.3



CHAPTER 1.2 - GENOMIC ALTERATIONS IN MPNST

Regardless of the clinical setting through which MPNST arises, most MPNSTs
share a frequent biallelic genetic inactivation of three major tumor suppressor
pathways including the NF1, CDKN2A, and PRC2 (EED or SUZ12) (Figure 1 A)
12-14 PRC2 mutations were observed in 70% of NF1-associated, 92% of sporadic,
and 90% of radiotherapy-associated MPNSTs, and loss of trimethylation at lysine
27 of histone H3 (H3K27me3) was detected in these tumors (Figure 1 B) '2.
Investigating the involvement of PRC2 in MPNST will help to determine its role in
the onset and progression of the disease. On the other hand, NF1 functions as a
RAS-GAP, and its absence can lead to uncontrolled activation of RAS and
subsequent sustained activation of the RAF/MEK/ERK signaling '8, which
identifies this signaling pathway as an important target for MPNST treatment.
Finally, CDKN2A mutations are found in around 81% of NF1-associated, and 95%
of sporadic and radiotherapy-associated MPNSTs 2. All these data suggest that
despite the clinical heterogeneity found in MPNST, at the molecular level these

tumors represent a relatively homogenous group of diseases.
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Figure 1. Common genetic alterations in MPNST

A) Inactivating mutations of NF1, CDKN2A, and PRC2 (EED or SUZ12
components) frequently co-occur in MPNST.

B) Representative H&E staining and H3K27me3 IHC images of the interface of
plexiform neurofibroma transitioning into MPNST.

* Adapted from: Lee, W., et al. PRC2 is recurrently inactivated through EED or
SUZ12 loss in malignant peripheral nerve sheath tumors. Nat. Genet. 46, 1227—
1232 (2014).




CHAPTER 1.2.1 — POLYCOMB REPRESSIVE COMPLEX 2 AND MPNST

The Polycomb group (PcG) proteins are epigenetic regulators capable of forming
complexes that modulate the chromatin environment in order to help establish
and/or maintain targeted transcriptional repression throughout cell generations
17,18 Disruption of these factors can result in the dysregulation of gene expression
patterns, which can influence changes in cell fate to promote cancer progression
18, Polycomb repressive complex 1 (PRC1) and Polycomb repressive complex 2
(PRC2), the best characterized PRCs, carry out post-translational modifications

(PTM) of histones in order to mediate gene silencing '°.

PRC2 is a methyltransferase that establishes and maintains H3K27me2/3 in the
genome and regulates chromatin structure, transcription, and cell differentiation 9
(Figure 2). Its core proteins include the mutually exclusive SET-domain containing
enzymatic proteins EZH1 or EZH2, the WD40 protein EED, and the Zinc-finger
protein SUZ12. This core complex can associate with additional proteins, such as
JARID2, RBAP46/48, and AEBP2, and non-coding RNAs (ncRNAs) that contribute
to the stability of the complex, regulate its enzymatic activity, and support its
targeting to the chromatin 1820, PRC2 is known to be involved in the repression of
developmentally-regulated genes, and loss of its function through knockouts (KO)
of EZH1/EZH2, EED, or SUZ12 in mice, results in early embryonic lethality with
the embryos failing to undergo gastrulation, while loss of JARID2 results in mid-

late-gestation lethality 2'-24.



PRC2 mutations conferring both loss- and gain-of-function have been identified in
different cancers, which indicate its ability to act as either an oncogene or a tumor
suppressor depending on the cancer context '®. Cancers that present PRC2
inactivation include MPNST '213 melanoma '3, pediatric gliomas 2°-28, invasive
breast cancer 2°, myeloid disorders 3031, T-cell acute lymphocytic leukemia (ALL)
32 early T-cell precursor ALL 33, and others. Among all of these, MPNST has the
highest prevalence of complete loss of PRC2 function. In MPNST, most EED and
SUZ12 genetic alterations are nonsense mutations resulting in frameshift or

truncations that lead to a non-functional complex 12-14.34.35,

Interestingly, recent studies in our lab have identified that the loss of PRC2 function
in MPNST leads to the development of an immune desert tumor microenvironment
(TME) 3%6. Loss of PRC2 reprograms the chromatin landscape, leading to a cell-
autonomous shift from signaling-dependent immune cellular responses (e.g.,
interferon y) to development and differentiation transcriptional programs normally
regulated by PRC2. This also leads to diminished tumor immune infiltrates,
increased immune evasion, and decreased tumor T-cell recruitment, conferring

MPNST with resistance to immune checkpoint blockade (ICB) therapies 6.

Considering all of this, it is important to determine if PRC2 loss has any role in

determining the sensitivity of MPNST to targeted therapies of the MAPK pathway.
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Figure 2. PRC2 regulation of chromatin state

A) H3K27 acetylation helps promote an open chromatin state with active
transcription.

B) PRC2 methylates H3K27, leading to the condensation of the chromatin and
inactivation of the transcription activity.

* Figure created with BioRender.com.



CHAPTER 1.2.2 — CDKN2A AND MPNST

Cell cycle progression from G1 to mitosis is regulated by various cyclin proteins
and cyclin-dependent kinases 7. At the same time, these proteins can be inhibited
by different cyclin-CDK inhibitors proteins (CDIs), which include p16'NK4a p21CIP1)
p27XP1 and some associated proteins that include p15NK4b p18INK4c p1QINK4d gng
p57KIP2 37 Therefore, these proteins act as tumor suppressors capable of
regulating cell cycle progression, and their inactivation is associated with human

carcinogenesis 38,

Somatic loss of CDKN2A, the gene that encodes the p16'™NK4@ and p14ARF proteins,
is a common characteristic of MPNST, with an occurrence of about 81% of NF1-
associated, and 95% of sporadic and radiotherapy-associated MPNSTs '2.
p16/NK4a inhibits the CDK4 and CDK6 cyclin-dependent kinases maintaining the
retinoblastoma (RB) protein in an unphosphorylated state leading to E2F being
unable to promote cell cycle progression and provoking a growth-suppressive cell
state 33°. On the other hand, p14ARF binds to and inhibits the MDM2 protein and
prevents the MDM2 mediates the degradation of p53, which then can also lead to

a suppression of cell cycle progression or to apoptosis 4%-4? (Figure 3).

While CDKN2A deletions are not found in Plexiform Neurofibromas, loss of this
gene has been identified in another precursor lesion to MPNST called Atypical

neurofibromas 4344, Atypical neurofibromas are normally slow-growing tumors,



with few mutations apart from those in NF1 and CDKN2A 45, highlighting the
potential importance of CDKNZ2A in the development of these tumors. On the other
hand, MPNST is a highly aggressive tumor that has been found to carry additional
frequent mutations that may be important for the development of Atypical

neurofibromas and plexiform neurofibromas into MPNST 12-14.46,

(cpka/6) ((CDK2 )

(Cyclin D) (Cyclin E) ¢
N

)

Degradation

A\ 4 v
G, S G Mitosis

Cell cycle progression—

Figure 3. CDKN2A regulation of cell cycle progression and p53 levels
CDKNZ2A gene codes for the p16'NK42 and p14ARF proteins. p16 inhibits the CDK4/6
kinases, which then indirectly suppresses the cell cycle progression, while p14
inhibits MDM2 leading to a stable p53 and arresting cell cycle progression or
leading to apoptosis.

* Figure created with BioRender.com.
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CHAPTER 1.2.3 — NF1 AND MPNST

The NF1 protein, neurofibromin 1, is a RAS GTPase activating protein (RAS-GAP)
that limits signaling downstream of RAS by facilitating the hydrolysis of GTP to
GDP 4748 (Figure 4). The absence of this tumor suppressor can lead to
uncontrolled activation of RAS and subsequent sustained activation of the

RAF/MEK/ERK signaling 1518,

Loss of NF1 is a common event in MPNST as around 45% of cases are patients
with previous Neurofibromatosis type | disease that go through a two-hit
mechanism in which the initiating tumor cell loses the non-mutant allele of the gene
in order for the disease to progress to MPNST 4950, On the other hand, more than
70% of the non-NF1-associated MPNSTs also carry NF1 loss-of-function
mutations '>='4, which points to the loss of the NF1’s tumor suppressive abilities as

a key event in MPNST pathogenesis.

11
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NF1 limits RAS downstream signaling by facilitating the conversion of the active
RAS-GTP to the inactive RAS-GDP form

* Figure created with BioRender.com.

12



CHAPTER 1.3 — MAPK SIGNALING PATHWAY IN CANCER

The mitogen-activated protein kinase (MAPK) signal transduction cascades are
highly conserved critical regulators of cell growth and cell-cycle progression. The
most well-studied of the MAPK signaling pathways is the RAS-RAF-MEK-ERK
cascade °' (Figure 5). This signaling pathway is dysregulated in more than one-
third of all human cancers, and alterations leading to abnormal activation of the

pathway can be found at almost every level of the cascade 5253,

The RAS-ERK MAPK signaling pathway starts when receptor tyrosine kinases
(RTK) are activated upon stimulation by extracellular mitogens. These active RTKs
can then stimulate the RAS (H-, N-, K-RAS) small GTPase proteins. RAS proteins
are activated when guanine exchange factors (GEF) mediate the binding to GTP,
and are inactivated when GTPase activating proteins (GAP), like NF1, facilitate the
hydrolysis of GTP to GDP 7. Activated RAS can then recruit RAF (A-RAF, B-RAF,
and C-RAF/RAF1) kinases to the plasma membrane by binding to the RAS binding

domain (RBD) of RAF, in order to facilitate its activation 5154,

Activation of RAF involves the dephosphorylation of a conserved inhibitory site in
RAF (A-RAF S214, B-RAF S365, C-RAF S259), an event that facilitates the
dissociation of 14-3-3 proteins and subsequent RAF dimerization 55%.
Dephosphorylation of the conserved inhibitory site is mediated by a ternary

complex comprised of SHOC2, MRAS, and PP1 %5758  Active RAF dimers are
13



formed by either homodimers or heterodimers containing any combination of A-

RAF, B-RAF, and C-RAF.

Active RAF kinases phosphorylate and activate downstream MEK1/2 kinases.
MEK1/2 then phosphorylates and activate ERK1/2 kinases, its only characterized
downstream target %°. Both MEK and ERK have identical isoforms with a high
conservation of both their sequence and function, and therefore there are normally

referred to as MEK1/2 and ERK1/2, or simply MEK and ERK.

After being phosphorylated by MEK, active ERK can translocate to the nucleus to
regulate the transcription of numerous transcription factors and proteins that
promote cell-cycle progression, cell survival, cell differentiation, angiogenesis, and
others 526061 Additionally, ERK is also involved in negative feedback loops of the
MAPK pathway, in which by regulating the transcription of a group of genes that
negatively inhibit the pathway or by directly interacting with a set of proteins
involved in the pathway, it can regulate the activity of RTKs, RAS, and RAF

proteins 4862,

14



Cell growth + survival
Angiogenesis
Migration/Invasion

Figure 5. MAPK signaling pathway

MAPK pathway signaling involves the activation of upstream RTKs, formation of
active RAS-GTP, phosphorylation and dimerization of RAF, phosphorylation of
MEK, phosphorylation of ERK, and translocation of active ERK to the nucleus to
promote the expression of different target genes that control cell growth, survival,
angiogenesis, cell migration, and invasion.

* Figure created with BioRender.com.
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CHAPTER 1.4 — MAPK PATHWAY INHIBITORS IN CLINICAL DEVELOPMENT

The RAS-ERK MAPK pathway plays a central role in most human cancers, with
more than 30% of cases showing an abnormal activation of the signaling pathway
5253 Also, many of its components have been identified as oncogenes or tumor
suppressor genes. Because of this, an immense interest has been generated in
the targeting of this pathway, and numerous inhibitors of the pathway have gone

into development and passed through preclinical and clinical studies 53:63.64

However, the ability of tumors to acquire drug resistance to MAPK inhibitors has
become a major issue in the treatment of these cancers 2. For this reason, newer
studies have focused on identifying combination therapies capable of inhibiting
multiple targets within the same pathway in order to better regulate other
interconnected signaling pathways and overcome the different resistance

mechanisms that could arise after drug treatment 6°.

16



CHAPTER 1.4.1 — MEK INHIBITORS IN CLINICAL DEVELOPMENT

While mutations in MEK are not as frequent in cancer as mutations in other
members of the MAPK pathway 667 its central role in controlling this pathway has
led to many MEK inhibitors (MEKi) entering preclinical and clinical development 2.
Currently, four MEKi have been approved by the FDA: Trametinib, Binimetinib,
Selumetinib, and Cobimetinib ¢ All these are ATP non-competitive, type Il

allosteric inhibitors 6971,

Trametinib, in particular, was initially described as a MEKIi that preferentially binds
to unphosphorylated MEK and is capable of preventing RAF-dependent MEK
phosphorylation and activation 2. Interestingly, recent studies have shown that
Trametinib is more effective than either of the other MEKi mentioned above at
disrupting RAF-MEK complexes and at inhibiting both MEK and ERK

phosphorylation 8.

On the other hand, in contrast to most MEK inhibitors, CH5126766 was found to
promote the formation of the RAF—MEK complexes and, by doing so, makes MEK
become an inhibitor of RAF 3. Recent studies have shown that CH5126766 has

similar effectiveness as Trametinib at inhibiting MEK phosphorylation 8,

All these MEKI possess different properties that can affect their effectiveness

depending on the cellular context, and their different pharmacokinetic profiles
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could also affect their clinical activity >-"5. Therefore, more studies need to be done
to better determine which MEK inhibitors work best in what cellular context and
which MEKi should be optimally used in the different pharmacological

combinations.
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CHAPTER 1.4.2 — RAF INHIBITORS IN CLINICAL DEVELOPMENT

The RAF kinases ARAF, BRAF, and CRAF are key players in the MAPK signaling
cascade. While not activated, these kinases exist in the cell in a monomeric form
and normally need to dimerize in order to be active and phosphorylate MEK %2.
However, mutations like the BRAFV60E which is seen in around 8% of tumors,
confers BRAF with the ability to constitutively signal as a monomer 76-78, For this
reason, several RAF inhibitors (RAFi) that target RAF monomers have been
developed, with Vemurafenib, Dabrafenib, and Encorafenib already approved by
the FDA 7°. However, the release of the negative feedback of the MAPK pathway
in response to the monomeric RAFi treatment can lead some cancer cells to rapidly
form RAF dimers and subsequently become resistant to these inhibitors 7680,
Additionally, it was also discovered that treatments with non-saturating
concentrations of RAFi could lead to paradoxical activation of the MAPK pathway
by binding to the RAF monomers, inducing RAF dimerization, and then not being

able to effectively inhibit the other RAF in the active dimer 8182,

To overcome the limitations of the first developed RAFi, a new type of RAFi that is
equally potent against RAF monomers and dimers is being developed 8384, This
new class of RAFi includes the LY3009120 and the TAK-632, among others.
However, these equipotent RAFi have not been very successful in the clinic, and
this may be due to these drugs also being potent inhibitors of dimeric BRAF"T, a

situation that could be causing many on-target toxicities in normal tissues ©2.
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On the other hand, recent studies identified a third class of RAFi that are more
selective against RAF in its dimeric form. Some of these inhibitors include
Naporafenib (LXH254), Regorafenib, and Sorafenib, among others . With these
advancements in RAFi development, more studies need to assess how to exploit
the different allosteric properties of the RAFi when designing novel combinatorial

therapies for cancer.
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CHAPTER 1.4.3 - RTK INHIBITORS IN CLINICAL DEVELOPMENT

Receptor tyrosine kinases (RTK) are cell-surface receptors that regulate different
cellular processes, including cell survival, proliferation, differentiation, migration,
and many others. There are 58 known RTK, and while they are divided into 20
subfamilies, all of them share a similar structure comprised of an extracellular
ligand binding domain, a single transmembrane helix, and intracellular regions that
contain several domains that include the tyrosine kinase domain 8%, Abnormal
activation of RTKs can be caused by both ligand-dependent and ligand-
independent mechanisms 85-87. One example of the latter is when MAPK pathway
inhibitors relieve the negative feedback inhibition of upstream RTK signaling,
leading to upregulation of the pathway and potential development of adaptive
resistance to the inhibitor 62768889 |n the case of MPNST, | and others identified

that the levels of the RTK PDGFRP consistently increase after MEKi treatment .

Various RTK inhibitors (RTKi) have been developed and approved by the FDA for
different diseases. These drugs are either small molecular inhibitors that target the
intracellular tyrosine kinase domain or monoclonal antibodies that interfere with
RTK upregulation 8192, Furthermore, the small molecule inhibitors can be divided
into three categories: type | inhibitors like Avapritinib that bind to the active
conformation of a kinase in the ATP pocket, type Il inhibitors like AZD-3229 that
bind an inactive conformation of the kinase, and type Il inhibitors like Ripretinib

that are allosteric ligands that bind to a site different from the active site 9394,
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CHAPTER 1.4 -TARGETED INHIBITION OF MAPK PATHWAY AS TREATMENT

FOR MPNST

In recent years, preclinical studies have evaluated the use of single-agent MEK
inhibitors (MEKIi) as a treatment for MPNST 997 While this strategy has been
effective for plexiform neurofibromas %-'°° an MPNST precursor, it has failed to
show a good and sustained inhibition of ERK activity in MPNST. As with other
cancers, activation of the receptor tyrosine kinases (RTKs) or the development of
adaptive resistance after the release of ERK feedback inhibition of the MAPK
pathway signaling could play a major role in the development of this resistance
76,88,89,101,102 Additionally, MEKIi has also been found able to reactivate C-RAF and
induce RAF/MEK complex formation, which in turn could also lead to the

development of resistance 7.

In my work, | identified that MEKi treatment resistance in MPNST involves two
pathways, PDGFRf upregulation through direct transcriptional upregulation, and
MEKI treatment induced RAF dimer formation which leads to an increased MAPK
pathway signaling. These resistance mechanisms can be overcome by the
pharmacological combination of MEK inhibition and RAF-dimer inhibitors (Figure
6). These findings support the use of this combination strategy to overcome MEK:i

resistance and as a novel targeted therapeutic strategy for MPNST patients.
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Figure 6. Graphical abstract.

MEK inhibitors lead to PDGFR pathway upregulation and increase RAF dimer
formation in MPNST. Combination treatments capable of inhibiting both resistance
mechanisms could prove to be an effective for the treatment of MPNST patients.
* Figure created with BioRender.com.
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CHAPTER 2 — MATERIALS AND METHODS
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CHAPTER 2.1 — MATERIALS

CHAPTER 2.1.1 — CELL LINES AND CELL CULTURES

The ST88-14 (RRID:CVCL_8916) and the M724 (MPNST724, RRID:CVCL_AUZ20)
human MPNST cell lines were obtained as gifts provided by Jonathan A. Fletcher
(Brigham and Women's Hospital, Harvard Medical School). The SNF96.2 (CRL-
2884, RRID:CVCL_K281) human MPNST cell line and the HEK-293T (CRL-3216,
RRID:CVCL_0063) cell line were purchased from ATCC. The M1, M3, M4, M5 and
M6 Human NF1 associated MPNST cell lines were gifts developed by William L.
Gerald and Xiaoliang L. Xu at the Memorial Sloan Kettering Cancer Center. The
SK-Mel-103, SK-Mel-113, SK-Mel-217, and MeWo NF1-mutant melanoma cell
lines were obtained as gifts provided by David Solit. The ST88-14, M724, SK-Mel-
103, SK-Mel-113, SK-Mel-217, and MeWo cell lines were grown in RPMI
supplemented with 10% FBS, the SNF96.2 cell line was grown in DME HG
supplemented with 10% FBS and 1mM Sodium Pyruvate at 1.5 g/L-Sodium
Bicarbonate, and the M1, M3, M4, M5, M6, and HEK-293T cell lines were grown
in DMEM HG supplemented with 10% FBS. All these culture media were also
supplemented with penicillin (100 U/ml), streptomycin (100 pg/ml), and L-
glutamine (2 mM), and cells were cultured in 5% CO2 incubator at 37°C. All cell
lines were tested negative for mycoplasma by the ABM Mycoplasma PCR
Detection Kit (catalog # G238). Other relevant reagents used in this study are listed

in Table 1.
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CHAPTER 2.1.2 - MICE

All animal experiments were performed following the protocols approved by the
MSKCC Institutional Animal Care and Use Committee (IACUC), and were in
compliance with relevant ethical regulations regarding animal research. For lll
xenograft studies and pharmacodynamics studies, 6-8 weeks old CB17 SCID

female mice were purchased from Taconic.

CHAPTER 2.1.3 - OTHER RELEVANT REAGENTS

Table 1. Drugs, chemicals, and reagents used

Supplier Catalog # Item
Addgene 52962 LentiCas9-Blast plasmid
Addgene 52961 LentiCRISPR v2 plasmid
Addgene 52963 LentiGuide-Puro plasmid
Addgene 8454 pCMV-VSV-G packaging plasmid
Addgene 12260 psPAX2 packaging plasmid
Applle_d Biological G238 Mycoplasma PCR Detection Kit
Materials Inc.
Bio-Rad 1620115 Nitrocellulose Membrane, Roll, 0.45
Mm
Cell Signaling 8821 Active Ras Detection Kit
Technology
Cell Signaling ,
7722 Blue Loading Buffer Pack

Technology
Cell Signaling 9803 Cell Lysis Buffer (10X)
Technology

. Matrigel Basement Membrane Matrix,
Corning 356237 Phenol Red-free, LDEV-free
LI-COR Biosciences | 928-60000 E:j;lf'eo” Puo. Pre-stained Protein
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LI-COR Biosciences 927-60001 Intercept (TBS) Blocking Buffer
LI-COR Biosciences | 927-85001 | mtercept 120 (TBS) Protein-Free
Antibody Diluent
- . cOmplete™, EDTA-free Protease
Millipore Sigma 4693132001 Inhibitor Cocktail
Millivore Siama WBKLS050 | Immobilon Western Chemiluminescent
pore 519 0 HRP Substrate
- . PhosSTOP, Phosphatase Inhibitor
Millipore Sigma 4906837001 Cocktail Tablets
New England BioLabs | N3200L 1 kb Plus DNA Ladder
New England BioLabs | R3733L Bsal-HFv2
New England BioLabs | RO739L BsmBI-v2
New England BioLabs | B7025S Gel Loading Dye, Purple (6X), no SDS
New England BioLabs | C3040H Stable - Competent  E.coli — (High
Efficiency)
Omega Bio-Tek D6492-01 E.Z.N.A. Cycle Pure Kit (V-spin)
Omega Bio-Tek R6834-01 E.Z.N.A. Total RNA Kit |
Omega Bio-Tek HCRO003 Homogenizer Columns
Promega G9242 CellTiter-Glo 2.0 Cell Viability Assay
Qiagen 28706 QIAquick Gel Extraction Kit
Proteome Profiler Human Phospho-
R&D Systems ARY001B RTK Array Kit
R&D Systems ARO002 Resazurin / Alamar Blue
- ™ H
Roche 6365787001 X-tremeGENE™ 9 DNA Transfection
Reagent
Teknova M1088 MOPS/SDS Running Buffer
Thermo Fisher A1113903 | Blasticidin S HCI
Scientific
Thermo Fisher ChlP-grade Protein A/G magnetic
e 26162
Scientific beads
Thermo Fisher
Scientific 17101015 Collagenase, Type I, powder
Thermo Fisher BP172-5 | Dithiothreitol (DTT)
Scientific
Thermo Fisher 78444 Halt Protease and Phosphatase
Scientific Inhibitor Cocktail
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Th.erm.o. Fisher 4368813 ngh—Cgpgmty _ cDNA Reverse
Scientific Transcription kit

Thermo Fisher NPO336BO | \UPAGE 4-12% Bis-Tris gels
Scientific X

Thermo Fisher NP0007 NUPAGE LDS sample buffer

Scientific

Th.erm.o. Fisher 23225 Pierce BCA Protein Assay Kit
Scientific

Thermo Fisher 36978 PMSF Protease Inhibitor

Scientific

Thermo Fisher A25778 PowerUp SYBR Green Master Mix
Scientific

Thermo Fisher A1113803 | Puromycin Dihydrochloride

Scientific

Th.erm.o. Fisher 89900 RIPA Lysis and Extraction Buffer
Scientific

Thermo Fisher 26634 Spectra  Multicolor Broad Range
Scientific Protein Ladder

Thermo Fisher 37542 StartingBlock (TBS) Blocking Buffer
Scientific

Thermo Fisher 34578 SuperSignal West Pico PLUS
Scientific Chemiluminescent Substrate

Table 2. Small molecule inhibitors used

Supplier Catalog # | ltem

gﬁ;‘r’::g:u ieale n/a Ripretinib (DCC-2618)

MSKCC Pharmacy n/a Binimetinib (MEK162) — for in vivo studies
SelleckChem S8553 Avapritinib (BLU-285)

SelleckChem S8780 AZD3229

SelleckChem S7007 Binimetinib (MEK162) — for in vitro studies
SelleckChem S7108 Encorafenib (LGX818)

SelleckChem S7842 LY3009120

SelleckChem S8745 Naporafenib (LXH254)

SelleckChem S1008 Selumetinib (AZD6244)
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SelleckChem

S2673

Trametinib (GSK1120212)

Table 3. sgRNAs used for CRISPR/Cas9 KOs

Species sgRNA 20-mer Guide Sequence

n/a sgCNT GCTGATCTATCGCGGTCGTC
Human sgBRAF GGTTTCCGCTGTCAAACATG
Human sgCRAF GTGATGCTGTCCACTCGGAT
Human sgPDGFRf GACTAACGTGACGTACTGGG
Human sgSHOC2 TAGTTATACGATTAAAGCGA

Table 4. Primers used for RT-qPCR

Species Primer Sequence (5’ to 3’) [PAM = NGG]
Human Fw_DUSP6 GGCGAGCTGCTGCTACACGA
Human Rv_DUSP6 TGCCGGGCGTTCTACCTGGA
Human Fw_PDGFRB ACAGACTCCAGGTGTCATCCA
Human Rv_PDGFRB CCACTTTCTTTGCGGGGGTA
Human Fw_RPL27 CATGGGCAAGAAGAAGATCG
Human Rv_RPL27 TCCAAGGGGATATCCACAGA
Human Fw_SPRED2 GACGTTTTTACAACAGCTACAGACA
Human Rv_SPRED2 TGTGGGGTATGAGTCGTGGA
Human Fw_SPRY2 ATTTGCACATCGCAGAAAGAAGA
Human Rv_SPRY2 AGAACACATCTGAACTCCGTGA

Table 5. Antibodies used for WB and IP

. Catalo | Target _— I
Supplier g# Protein Host Application Dilution
cell Signaling | » 15 | g Tubulin | Rabbit | Western blot 1:1000
Technology
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cell Signaling | g5598 | B-Tubulin | Mouse | Westernblot | 1:1000

Technology

cell Signaling | o433 | grRAF Rabbit | Western blot 1:1000

Technology

cell Signaling | 1014 | BRAF Rabbit | Western blot 1:1000

Technology

Santa Cruz sc Western blot, 1:200

Biotechnolog 5084 BRAF Mouse Immunoprecipitat 1.pg/Ii3

y ion

cell Signaling | 55745 | cRAF Rabbit | Western blot 1:1000

Technology

e ipitat

Mlllllpore 07-396 | CRAF Rabbit !mmunopre0|p|a 1ug

Sigma lon

Cell Signaling 12552 | CRAF Mouse | Western blot 1:1000

Technology

cell Signaling | 4605 | ERK1/2 | Rabbit | Westernblot | 1:1000

Technology

cell Signaling | 4605 | ERK1/2 | Mouse | Westernblot | 1:1000

Technology

Cell Signaling 5415 Isotype Rabbit !mmunopre0|p|tat 1 ug/IP

Technology control Ion

Cell Signaling | .o |lsotype [\ ' | Immunoprecipitat [ | o

Technology control Ion

Mlllllpore 07-641 | MEK1 Rabbit !mmunopre0|p|tat 1 ug/IP

Sigma lon

cell Signaling | 9155 | MEK1/2 | Rabbit | Westernblot | 1:1000

Technology

cell Signaling | 4604 | MEK1/2 | Mouse | Westernblot | 1:1000

Technology

Cell Signaling | 5~ PDGFRB | Rabbit | Western blot 1:500

Technology

Cell Signaling 3175 PDGFRB Mouse | Western blot 1:500

Technology

Cell Signaling phospho- - :
Rabbit Western blot 1:1000

Technology 4370 ERK1/2 abbi este

o phospho-
cell Signaling | 9451 | CRAF- Rabbit | Western blot 1:1000
Technology S259
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phospho-
Cell Signaling CRAF- : .
Rabbit | Western blot 1:1000
Technology 9431 S289, P!
S296, S301
. , phospho-
cell Signaling | 9457 | CRAF- Rabbit | Western blot 1:1000
Technology $338
Cell Signaling phospho- - :
Rabbit | Western blot 1:1000
Technology | 21°% | MEK1/2 el
Cell Signaling | 53600 | sHOC2 | Rabbit | Westernblot | 1:1000
Technology
Cell Signaling | 15641 | Vinculin | Rabbit | Western blot 1:1000
Technology
. . Anti-rabbit
Cell Signaling | ., 9G, HRP- ZW_ Western blot 1:2000
Technology linked Antibody
. . Anti-mouse
Cell Signaling 2076 9G, HRP- ZW_ Western blot 1:2000
Technology linked Antibody
IRDye®
926- 800CW 2ry
i lot 1:10,000
LI-COR 32211 | Goat anti- | Antibody | ' estern blo
Rabbit IgG
IRDye
926- 680RD 2ry
i lot 1:20,000
LI-COR 68070 | Goat anti- | Antibody | ' eStern blo
Mouse IgG
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CHAPTER 2.2 - METHODS

CHAPTER 2.2.1 — CELL VIABILITY ASSAY

MPNST cells (1-3 x 103 cells/well) were seeded in clear bottom 96-well white or
black plates, allowed to attach overnight, and treated the next day with serial
dilutions of a single drug, a combination of drugs, or vehicle (1% DMSO). Cell
viability was assayed five days post-treatment using the ATP CellTiter-Glo 2.0 cell
viability assays (Promega) or Resazurin/Alamar Blue (R&D Systems) according to
the manufacturer’s protocol. ICso values were calculated by nonlinear regression
analysis using the GraphPad Prism 9.0 software. All the data were normalized to
vehicle treatment. The BLISS synergy scores were calculated using the

Combenefit platform as previously described 3.

CHAPTER 2.2.2 - DRUGS AND CHEMICALS

See Table 1 and Table 2 for information on all the drugs, chemicals, and reagents

used in this study.

CHAPTER 2.2.3 - GENERATION OF DRUG-RESISTANT CELL LINES

MEK:i-resistant cell lines resistant were generated by exposing the NF1-associated
MPNST cell lines M3 and ST88-14 to increasing concentrations of trametinib for
at least months of continuous drug exposure. The cell culture medium was

changed twice per week, and fresh drug was added each time.
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CHAPTER 2.2.4 — PROTEIN EXTRACTION AND WESTERN BLOTTING

After the indicated treatment time, cells were lysed using RIPA buffer (Thermo
Fisher) supplemented with phosphatase and protease inhibitors (Thermo Fisher
Scientific or Millipore Sigma), followed by boiling for 5 min at 95°C, sonicating 5-
10 min, and protein quantification by BCA protein assay kit (Thermo Fisher).
Protein samples were prepared by mixing with NUPAGE LDS sample buffer
(Thermo Fisher) and 1 M DTT (Thermo Fisher), followed by boiling for 10 min at
70°C. Proteins samples were then separated by SDS-PAGE on 4-12% Bis-Tris
Gel (Thermo Fisher) with MOPS/SDS running buffer (Teknova), and followed by
protein transfer to nitrocellulose membranes (BioRad) by wet electroblotting.
Membranes were blocked for 1 hr at room temperature with StartingBlock TBS
buffer (Thermo Fisher) or Intercept (TBS) Blocking buffer (LI-COR), and incubated
with primary antibodies of interest overnight at 4°C under soft rotations. Then
membranes were washed thrice with 1x TBS-T, and incubated with HRP-
conjugated secondary antibody (for ECL detection) or fluorescent dye-labeled
secondary antibody (for fluorescence detection with LI-COR) for 1 hr at room
temperature. Then membranes were washed thrice with 1x TBS-T. Membranes for
ECL detection were visualized with chemiluminescence using HRP substrates
(Millipore, or Thermo Fisher), and chemiluminescence scanning with ImageQuant

LAS4000 (GE Healthcare). Membranes for fluorescence detection were imaged
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with the Odyssey Infrared Imaging System (LI-COR Biosciences). The list of

antibodies used can be found in Table 5.

CHAPTER 2.2.5 - PHOSPHO-RTK ARRAY ASSAY

MPNST cells were seeded in 15-cm dishes, allowed cell attachment overnight,
treated the next day with the desired drug concentrations, harvested at the
experiment endpoint, and lysed using the lysis buffer provided by the Human
Phospho-RTK Array Kit (R&D). For tumor samples, the tumor tissue collected at
the experiment endpoint was homogenized and then lysed using the same lysis
buffer and kit. Cell lysates were centrifuged for 5min at 14,000 x g, and the
supernatant was then processed following the kit manufacturer's instructions, and
ECL western blotting was performed as described above. Band intensity

quantifications were done using the Image Studio Lite Software.

CHAPTER 2.2.6 - IMMUNOPRECIPITATION ASSAY

After the indicated treatment time, cells in 10-cm or 15-cm plates were washed
once with cold PBS, then harvested by scraping in PBS, pelleted at 600 x g for
5min, and then lysed using a 1% Triton lysis buffer (Cell Signaling) supplemented
with phosphatase and protease inhibitors (Thermo Fisher Scientific or Millipore
Sigma). Samples were sonicated for 5min, the protein was isolated by centrifuging
for 10min at 14,000 x g, and quantified. 1ug of the antibodies of interest was added,

and samples were incubated overnight under gentle rocking. Next, Protein A/G
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Magnetic Beads (Thermo Fisher) were added to the samples, and
immunoprecipitates were purified using a magnetic separation rack, washed three
times with 1% Triton lysis buffer, and then pelleted for 5min at 1,000rpm in 4°C.
The sample was resuspended in 3X SDS sample buffer (Cell Signaling), boiled for
5min, centrifuged for 1min at 14,000 x g, and then the protein supernatant was
collected for subsequent studies using the western blotting procedures described

above. See Table 5 for the list of antibodies used.

CHAPTER 2.2.7 — ACTIVE RAS PULL-DOWN ASSAY

MPNST cells were seeded in 10-cm dishes, allowed cell attachment overnight, and
treated the next day with the desired drug concentrations. The cells were then
collected 2hr, 24hr, or 48hr after treatment and GTP-bound RAS was quantified
using an active RAS detection kit (Cell Signaling Technology, #8821) according to

the manufacturer's instructions.

CHAPTER 2.2.8 — RNA ISOLATION AND QRT-PCR

Total RNA was isolated from cells using the E.Z.N.A total RNA Kit (Omega), and
homogenizer columns (Omega). The RNA quality and quantity were determined
using the NanoDrop 8000 Spectrophotometer (Thermo Scientific). RNA was then
reverse transcribed using the High-Capacity cDNA Reverse Transcription kit
(Thermo Fisher). gPCR was performed following the manufacturer instructions of

the PowerUp SYBR Green Master Mix (Thermo Fisher), with a ViiA 7 Real-Time
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PCR system (Applied Biosystems). The specificity of the amplified DNA was
confirmed by performing melting curves after each gPCR, and PCR
contaminations that could affect the results were determined by also running a no
template control in the RT-qPCR reactions. The housekeeping gene RPL27 was
used as the reference gene for normalization, and the AACT method was used to
calculate the relative fold change gene expression. Each RT-qPCR was performed
in at least triplicates. Primers were designed using the online NCBI Primer-BLAST
tool, and then purchased from Eurofins Genomics. The sequences of all the

primers used for gPCR are listed in Table 4.

CHAPTER 2.2.9 — GENE KNOCKOUT BY CRISPR/CAS9

The LentiCRISPR-v2, LentiGuide-Puro and LentiCas9-Blast vectors were
purchased from Addgene. The sgRNA oligos (as listed in Table 3) were annealed,
digested using BsmBI (New England BioLabs), and cloned into the vectors. The
plasmid was co-transfected into HEK-293T cells with the packaging plasmids
psPAX2 (Addgene)and pVSVg (Addgene), and the resulting lentivirus was
collected. MPNST cells were then transduced with respective plasmids with the
sgRNA of interest and then were selected with 2 - 5 pg/ml Puromycin
dihydrochloride (Thermo Fisher) or Blasticidin S HCI (Thermo Fisher) until all

negative control cells were dead. All the relevant reagents are listed in Table 1.

CHAPTER 2.2.10 - IN VIVO MOUSE STUDIES
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For MPNST M3 cells and PDXs xenograft studies, 2 x 10® and 3 x 108 cells,
respectively, were resuspended in 100mL of 1:1 mix of DMEM media and Matrigel
(Corning, #356237), and subcutaneously injected into both flanks of 6- to 8-week-
old CB17 SCID mice (Taconic). When tumors reached 100-150 mm?3 on average,
the mice were assigned to different treatment groups to ensure similar distribution
of tumor sizes and mouse weights. Tumors size was measured twice a week with
a caliper, and tumor volume was calculated with the formula Vol=(4/3)m x
(length/2) x (width/2) x (depth/2). Binimetinib and Trametinib were administered by
oral gavage, and Ripretinib was administered in a mouse diet formulated to
achieve approximate levels of 25 or 100 mg/kg/day in mouse efficacy studies °*.
Control treatments involve a control chow provided by Deciphera Pharmaceuticals,
and the drug vehicle for oral gavage (1% carboxymethyl cellulose + 0.5% Tween
80 in ddH20). The body weight of the mice was monitored during the whole
experiment. Mice were euthanized once the experiment endpoint was reached, or
humane endpoints were required. All the relevant reagents are listed in Table 1
and Table 2. All data was plotted and analyzed with the GraphPad Prism 7-9

software.

CHAPTER 2.2.11 — QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses and plots were generated using GraphPad Prism 7-9
software. All data are presented as the mean £+ SEM (unless otherwise noted).

Statistical comparisons between two groups were performed using a two-tailed
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unpaired t-test, and for more than two groups were performed using one-way
ANOVA. Significant differences between groups are defined by ns P>0.05; *

P<0.05; ** P<0.005; *** P<0.0005; **** P<0.0001.
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CHAPTER 3 — MEK INHIBITION LEADS TO AN INCREASE OF PDGFRB AND

REACTIVATION OF MAPK SIGNALING IN NF1-DEFICIENT MPNST
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CHAPTER 3.1 — ACUTE EXPOSURE TO MEKI TREATMENT LEADS TO THE

INCREASE OF PHOSPHORYLATED PDGFRB

To determine the potential contribution of upstream signaling in the ability of
MPNST to develop resistance to MEK inhibition, we evaluated the levels of active
RAS upon treatment with a MEK inhibitor (MEK:i). Interestingly, although MEK:i
treatment led to the inhibition of the ERK signaling, there was an increase in the
RAS-GTP and pMEK levels in a dose and time-dependent manner, suggesting
that MEKIi treatment over time leads to an increase in the MAPK pathway activity
in MPNST cells (Figure 7 A). Previous studies have shown that loss of ERK-
mediated negative regulation of RAS and different MAPK pathway proteins as well
as upregulation of RTK activity, are two adaptive mechanisms that could lead
MPNST cells to present this behavior 76:88.89.101.102 "\We decided to first focus on
assessing the role of the latter, as RTK upregulation has been characterized as a

mechanism of drug resistance in many different cancers.

A phospho-RTK array performed after MEKi treatment of MPNST M3 cells
revealed that the PDGFRP and MET receptors are activated following MEK:i
treatment (Figure 7 B). The activity of both PDGFRB and MET receptors has been
previously shown to increase following MEKi treatment in MPNST °°. However,
only phospho-PDGFR} levels, but not those of MET, were also increased in a
second MPNST cell line as well as in an MPNST cell xenograft upon MEKi

treatment (Figure 7 C-D). Furthermore, in the ST88-14 cell line, the levels of
40



phospho-PDGFR[ didn’t change after MEKi treatment, but PDGFR[3 was the RTK
with the highest detected levels which could suggest that it plays an important role
in RTK signaling in this cell line (Figure 7 E). Hence, we decided to further study

the role of PDGFR} in the response of MPNST cells to MEKI treatment.
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Figure 7. Acute exposure to MEKi treatment leads to the increase of
phosphorylated PDGFRf
A) Western blot analysis of M3 cells were treated with 1 nM or 50 nM Trametinib
for 2hr, 24hr, or 48hr.
B-E) Phospho-RTK arrays of M3 (B) and ST88-14 (E) cells treated with DMSO or
50 nM Trametinib for 48hr, or SNF96.2 cells treated with DMSO or 500 nM
Binimetinib for 2hr (C), or M724 cells treated in vivo with vehicle or oral Binimetinib
(30mg/kg BID) for 48hr (D). PDGFRB is identified by red squares.
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CHAPTER 3.2 — ACUTE EXPOSURE TO MEKI TREATMENT LEADS TO AN

INCREASE IN TOTAL PDGFRB

To further evaluate the role of PDGFR in MPNST, total levels of this protein were
assessed in a panel of cell lines. Results indicate that PDGFRp levels increased
in the M3 cells following MEKI treatment (Figure 8 B), but did not increase in the
ST88-14 cell line, the cell lines whose phospho-PDGFR} levels didn't change in
response to MEKIi treatment (Figure 8 C). Nevertheless, the increase in PDGFRp
levels was observed in the majority of MPNST cells tested (Figure 8 A-l), further
supporting the observation that PDGFRB is a key RTK involved in MPNST

response to MEKi treatment.
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Figure 8. Acute exposure to MEKi treatment leads to an increase in total
PDGFRB

A) Summary heatmap highlighting the MPNST cell lines in which PDGFRf protein
levels increase as a response to 48hr in vitro Trametinib treatment.

B-1) Western blot analysis of M3 (B) and ST88-14 (C), SNF96.2 (D), M1 (E), M4
(F), M5 (G), M6 (H) or M724 (1) cells treated with increasing concentrations of
Trametinib for 48hr.
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CHAPTER 3.3 — CHRONIC EXPOSURE MEKI TREATMENT LEADS TO

PDGFRB INCREASE

While acute exposure to MEKi treatment resulted in an increase of PDGFR in the
majority of MPNST cell lines, we wondered whether chronic exposure to the MEKIi
would have similar effects. To assess this, we developed MEKi-resistant M3 cells
(Figure 9 A-B) and ST88-14 cells (Figure 9 D-E), by culturing the cells under
increasing concentrations of the MEKi Trametinib. Similar to the effects of acute
MEKi treatment (Figure 9 F), PDGFR@ levels were increased in MEKi-resistant M3
cells (Figure 9 C). On the other hand, MEKi-resistant ST88-14 cells also showed
increased PDGFR[ levels as they adapted to the constant exposure to MEKi
treatment, and this increase was reversible as a 72-hours washout of the drug
resulted in PDGFR returning to basal levels (Figure 9 F). Taken together, these
results point to increasing PDGFR} levels as a mechanism through which MPNST
cells respond and develop resistance to MEKi treatment and highlight the

importance of developing a drug combination strategy that takes this into account.
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Figure 9. Chronic exposure MEKi treatment leads to PDGFR@ increase

A,D) Schematic of the strategy followed for developing Trametinib resistant M3 (A)
and ST88-14 (D) cells.

B,E) Cell viability of parental and Trametinib resistant M3 (B) and ST88-14 (E) cells
treated with increasing doses of Trametinib for 5 days. Error bars represent the
mean of three measurements + SEM.
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C) Western blot analysis of M3 parental and Trametinib resistant cells.
F) Western blot analysis of ST88-14 parental and Trametinib resistant cells after a
72hr drug washout or under constant MEKi treatment.
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CHAPTER 4 — RIPRETINIB SYNERGIZES WITH MEKI AT INHIBITING MAPK

SIGNALING AND CELL VIABILITY PARTIALLY THROUGH TARGETING

PDGFRB
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CHAPTER 4.1 — PDGFRB INHIBITORS EFFICACY AGAINST MPNST

Considering that MPNST cells respond to acute or chronic MEKi treatment by
increasing PDGFR levels, we decided to test the efficacy of combining the MEK:i
Trametinib with the type | inhibitor Avapritinib, the type Il inhibitor AZD-3229, and
the novel PDGFRa/B and KIT inhibitor Ripretinib 4. In vitro cell viability assays
carried out after treating ST88-14 or M3 cells with the different drug combinations
showed that the RTK inhibitors by themselves had little to no effect at the selected

doses (Figure 10. A,C,E,G,|,K)

When combined with the MEKI, Ripretinib was able to potentiate the effect of the
drug as the concentration of Trametinib needed to reach ICso was significantly
reduced as demonstrated by the left shifting of the curves in the cell viability plots,
suggesting that the combination has a high efficacy at decreasing ST88-14 cell
viability (Figure 10 A), and Bliss synergy analysis demonstrated that this
combination has a strong synergetic effect (Figure 10 B). Similar results were
obtained with the M3 cells, which also showed a high drug synergy for the
Trametinib and Ripretinib combination treatment (Figure 10 C,D). On the other
hand, the MEKi and Avapritinib or AZD3229 combination treatment resulted in a
greatly reduced synergy in the ST88-14 cells (Figure 10 E-F,I-J), and was

completely lost in the M3 cells (Figure 10 G-H,K-L).
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Figure 10. PDGFRS inhibitors' efficacy against MPNST

A,C) Cell viability of ST88-14 (A) or M3 (C) cells treated with increasing doses of
Trametinib and Ripretinib for 5 days. Error bars represent the mean of three
measurements + SEM.

B,D) Bliss synergy score heat map for the combination treatment of Trametinib and
Ripretinib in ST88-14 (B) or M3 (D) cells. Data represent the mean from n = 3.
E,G) Cell viability of ST88-14 (E) or M3 (G) cells treated with increasing doses of
Trametinib and Avapritinib for 5 days. Error bars represent the mean of three
measurements + SEM.

F,H) Bliss synergy score heat map for the combination treatment of Trametinib and
Avapritinib in ST88-14 (F) or M3 (H) cells. Data represent the mean from n = 3.
[,K) Cell viability of ST88-14 (l) or M3 (K) cells treated with increasing doses of
Trametinib and AZD3229 for 5 days. Error bars represent the mean of three
measurements + SEM.

J,L) Bliss synergy score heat map for the combination treatment of Trametinib and
AZD3229 in ST88-14 (J) or M3 (L) cells. Data represent the mean from n = 3.
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CHAPTER 4.2 — RIPRETINIB EFFECTS ON RTKS IN MPNST ARE SPECIFIC

TO PDGFRB

To assess the specificity of Ripretinib at inhibiting PDGFR in MPNST, we carried
out a phospho-RTK array, which demonstrated that PDGFR[ was the only RTK to
be inhibited by Ripretinib in MPNST (Figure 11 A-B,D-E). Furthermore, Ripretinib
was also able to inhibit the MEKi treatment mediated increase in phospho-

PDGFRB levels in M3 cells (Figure 11 D-E).

To determine if the drug combination was also effective at inhibiting the MAPK
pathway activity, protein analyses were performed after treating ST88-14 and M3
cells with Trametinib and Ripretinib (Figure 11 C,F). Ripretinib treatment by itself
had little to no effect on inhibiting pERK levels, but combining this with Trametinib
resulted in a stronger pERK inhibition compared to either single agent alone,
further supporting the previously observed drug synergy (Figure 10 A-B,C-D).
Furthermore, the combination was also able to inhibit some of the Trametinib-
treatment mediated increase of pMEK levels, in both cell lines (Figure 11 C,F). The
MAPK pathway transcriptional output was also effectively inhibited by the
combination as demonstrated by the reduction in DUSP6, SPRY2, and SPRED2
expression levels (Figure 12 B-D). Interestingly, the gene expression analysis also
shows that the increase in PDGFRf protein levels seen in M3 cells after MEKi

treatment occurs because of an increase in its transcription levels (Figure 12 A).
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Figure 11. Ripretinib effects on RTKs in MPNST are specific to PDGFRf
A,D) Phospho-RTK arrays of ST88-14 (A) and M3 (D) cells treated with DMSO, 50
nM Trametinib, 100 nM Ripretinib, or 50 nM Trametinib and 100 nM combination
for 48hr. PDGFR} is identified by red squares.

B,E) Normalized mean pixel intensity quantification of PDGFRf levels in the
Phospho-RTK arrays of ST88-14 (B) and M3 (E) cells.

C,F) Western blot analysis of ST88-14 (C) or M3 (F) cells treated with Trametinib
and Ripretinib for 48hr.
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Figure 12. MPNST upregulates PDGFR in response to MEKi treatment

A-D) RT-gPCR analysis of the changes of PDGFR[3, DUSP6, SPRY2, or SPRED2
expression levels in M3 cells treated with 50 nM Trametinib and 100 nM Ripretinib
for 48hr.
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CHAPTER 4.3 - RIPRETINIB AND MEKI COMBINATION IS HIGHLY

SYNERGETIC AGAINST A PANEL OF MPNST CELL LINES

Because of the high effectiveness and synergy observed for the Ripretinib and
MEKI treatment, we decided to focus on this combination and test its effectiveness
against a panel of MPNST cell lines with different genetic characteristics commonly

found in MPNST (Figure 13 A) 14

While all MPNST cell lines tested had different sensitivities to MEKi treatment
(Figure 13 B), as seen with ST88-14 and M3 cell lines, Ripretinib treatment by itself
had little to no effect at the selected doses (Figure 13 C), but the combination with
Trametinib had similar high efficacy and synergy across all tested MPNST cell lines
as demonstrated by the left shifting of the curves in the cell viability plots and the
high scores obtained for the Bliss synergy analysis (Figure 14 A-H). This suggests
that the combination of Trametinib and Ripretinib could be highly effective for the

treatment of MPNST.
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Figure 13. Ripretinib and MEKi combination is highly synergetic against a
panel of MPNST cell lines

A) Genetic characteristics of the panel of MPNST cell lines used in the different
experiments.

B-C) Cell viability of MPNST cell lines treated with increasing doses of Trametinib
(B) or Ripretinib (C) for 5 days. Error bars represent the mean of three
measurements £ SEM.

D) Bar graph plot of the cell viability ICso (nM) fold change of MPNST cells treated
for 5 days with Trametinib in combination with Ripretinib.
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Figure 14. Cell Viability experiments for the Ripretinib and MEKi combination
against a panel of MPNST cell lines

A-H) Cell viability and Bliss synergy score heat map for M3 (A), ST88-14 (B),
SNF96.2 (C), M1 (D), M4 (E), M5 (F), M6 (G) or M724 (H) cells treated with
increasing doses of Trametinib and Ripretinib for 5 days. Error bars represent the
mean of three measurements + SEM, and Bliss scores represent the mean from n
= 3.

60



CHAPTER 4.3.1 — COMBINATION TREATMENT IS EFFECTIVE REGARDLESS

OF MPNST PRC2 STATUS

Loss of PRC2 function by loss-of-function mutations in the SUZ12 or EED subunits
is a common event in MPNST. Previous analysis of a panel of MPNST cells shows
that both PRC2 WT and PRC2 loss cells are sensitive to the pharmacological
combination of Trametinib and Ripretinib (Figure 13 A, Figure 14). However, to
better assess if the presence or absence of PRC2 function has any effect on the
sensitivity of MPNST cells to the combination, we repeated the drug treatment
studies using PRC2 loss isogenic M3 cells (Figure 15 A) previously developed in
the lab. Obtained results show that PRC2 loss isogenic M3 cells had similar
sensitivity to Ripretinib single-agent treatment, as demonstrated by the similar
downward shifting of the points in the y-axis of the graphs (Figure 15 B,E), and

similar sensitivity to Trametinib single-agent treatment (Figure 15 B-C,E-F).

The combination also treatment had similar high efficacy and synergy in both cell
lines tested as demonstrated by the left shifting of the curves in the cell viability
plots (Figure 15 B,E), very similar Trametinib ICso for the different combinations
with Ripretinib (Figure 15 C,F) and similar high drug synergism (Figure 15 D,G).
These results suggest that regardless of PRC2 status, the tested pharmacological

combination is very effective and synergetic in MPNST.
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Figure 15. Combination treatment is effective regardless of MPNST PRC2
status
A) Western blot validation of SUZ12 KO in ST88-14 cells using CRISPR-Cas9.
B,E) Cell viability of M3sCNT (B), and M3s95U212 (E) cells treated with increasing
doses of Trametinib and Ripretinib for 5 days. Error bars represent the mean of
three measurements + SEM.
C,F) Bar graph plot of the change in Trametinib ICso (nM) in M3SCNT (C), and
M3s95U212 (F) cells when combined with increasing doses of Ripretinib.

D,G) Bliss synergy score heat map from combination treatment of Trametinib and
Ripretinib in M3%9°NT (D), and M33%95Y212 (G) cells. Data represent the mean from n

= 3.
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CHAPTER 4.3.2 — COMBINATION TREATMENT IS EFFECTIVE AGAINST

MEKI-RESISTANT MPNST CELLS

The ability of MPNST to develop MEKI treatment resistance has greatly affected
the effectiveness of these small molecule inhibitors in the clinic. To assess the
ability of Ripretinib and Trametinib combination treatment to overcome this drug
resistance, we studied the efficacy of the combination treatment against the MEKi-
resistant M3 and ST88-14 cells developed in Chapter 3.3. In both models tested
the combination treatment was able to synergistically decrease the cell viability of
both parental and resistant cells (Figure 16). This data suggests that even in
models in which MEK inhibition is not enough to effectively lower cell viability, dual

targeting with Trametinib and Ripretinib is able to overcome this.
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Figure 16. Combination treatment is effective against MEKi-resistant MPNST
cells

A,C,E,G) Cell viability of M3 parental (A), M3 MEKi-Resistant (C), ST88-14
parental (E), and ST88-14 MEKIi-Resistant (G) cells treated with increasing doses
of Trametinib and Ripretinib for 5 days. Error bars represent the mean of three
measurements + SEM.

B,D,F,H) Bliss synergy score heat map from combination treatment of Trametinib
and Ripretinib in M3 parental (B), M3 MEKi-Resistant (D), ST88-14 parental (F),
and ST88-14 MEKIi-Resistant (H) cells. Data represent the mean from n = 3.
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CHAPTER 4.4 — EFFICACY OF RIPRETINIB AND MEKI IS PARTIALLY

THROUGH TARGETING PDGFRB

Interestingly, while PDGFRf knockout did make the cells more sensitive to MEKI
treatment, as shown by the significant reduction in the trametinib 1Cso (Figure 17
A,C-D), the absence of PDGFRf did not affect the sensitivity of the cells to
Ripretinib treatment (Figure 17 B) or the ability of the drug combination to
synergize and be effective at reducing MPNST cell viability (Figure 17 E-H),
suggesting that other targets of the drug might be also important for mediating this

effect.

To identify important differences that could be leading Ripretinib but not Avapritinib
to synergize more potently with MEKIi, we carried out an immunoblot assay after
the combination treatments, which showed that while both PDGFR inhibitors
have very similar effects on PDGFR3, RAS-GTP and pERK levels, there are key
differences in the total and active BRAF and CRAF levels. Results showed that
RAF levels are decreased with Ripretinibo and MEKi combination but are not
significantly affected by Avapritinib treatment (Figure 18). Interestingly, published
literature on Ripretinib identifies BRAF and CRAF as secondary targets for this
molecule °*. Taken together, the results highlight that while PDGFRp is an
important player in the MPNST response to MEKi treatment, other proteins may

be also playing a key role in mediating MPNST resistance to MEK inhibition.
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Figure 17. Efficacy of Ripretinib and MEKi is partially through PDGFRf

A) Western blot validation of PDGFRB KO in ST88-14 cells using CRISPR-Cas9
and three different single guide RNAs.

A-B) Cell viability of ST88-1459CNT and ST88-1439PPCFRE cells treated with
increasing doses of Ripretinib (B) or Trametinib (C) for 5 days. Error bars represent
the mean of three measurements £+ SEM.
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D) Bar graph plot of the cell viability IC50 (nM) of ST88-14%9¢NT and ST88-
14s9PDCFRE cells treated with increasing doses of Trametinib (C). Error bars
represent the mean of triplicate experiments, with internal triplicates, + SD.

E,G) Cell viability of ST88-14%9°NT (E) or ST88-1439PDPCFRE (G) cells treated with
increasing doses of Trametinib and Ripretinib for 5 days. Error bars represent the
mean of three measurements + SEM.

F,H) Bliss synergy score heat map for the combination treatment of Trametinib and
Ripretinib in ST88-1459CNT (F) or ST88-14%9PPCFRE (H) cells. Data represent the
mean from n = 3.

I) Western blot analysis of M3 cells treated with Trametinib, Ripretinib and
Avapritinib for 48hr.
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Figure 18. Effects of the Trametinib and Ripretinib or Avapritinib
combination treatment on MAPK pathway-associated proteins

Western blot analysis of M3 cells treated with Trametinib, Ripretinib and Avapritinib
for 48hr.
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CHAPTER 5 — MEKI TREATMENT-INDUCED RAF DIMERIZATION MEDIATES

SYNERGISM WITH RAF INHIBITORS IN MPNST
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CHAPTER 5.1 - RAF PROTEINS PLAY AKEY ROLE IN MPNST RESPONSE TO

MEKI TREATMENT

Based on the importance of the MAPK pathway in MPNST, and the role of BRAF
and CRAF as key mediators of this signaling pathway, we decided to test the role
of these kinases on the ability of MPNST cells to respond to MEKi treatment.
Knocking out BRAF or CRAF resulted in the cells being more sensitive to MEKIi
treatment, with the greater reduction of Trametinib ICso seen after the CRAF KO
(Figure 19 A-B, Figure 20 A-B), which suggests that in MPNST CRAF could be a

more important player than BRAF in the response to MEKIi treatment.

While the KOs didn’t influence the overall sensitivity of the cells to Ripretinib single
drug treatment, lower concentrations of Ripretinib did cause an initial increase in
cell proliferation, which was reversed as drug concentrations increased (Figure 19
C, Figure 20 C). Considering that RAF proteins are secondary targets of Ripretinib,
the increase of cell proliferation seen with lower drug concentrations points to
Ripretinib causing a paradoxical activation of the MAPK pathway, which RAF
inhibitors are known of being capable of promoting in situations in which drug
concentrations are not high enough to inhibit both units of the RAF dimers 182,
Interestingly, CRAF KO in ST88-14, and not BRAF KO, reduced the Ripretinib
treatment mediated increase of cell proliferation, further supporting the previous
observation that CRAF appears to play a more essential role than BRAF in MPNST

cells (Figure 19 C).
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To determine if the absence of BRAF or CRAF affected the effectiveness of the
drug combination, we performed cell viability experiments. Results show that while
BRAF KO did have some effect in reducing the synergy for the drug combination,
it was the CRAF KO that resulted in a nearly complete loss of the high drug synergy
observed for Trametinib and Ripretinib combination in the control ST88-14 and M3
cells (Figure 19 D-I, Figure 20 D-I). This suggests that CRAF plays an important

role in the ability of Trametinib and Ripretinib to synergize in MPNST.
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Figure 19. Assessing the role of RAF proteins in ST88-14 MPNST cells

A) Western blot validation of BRAF and CRAF KO in ST88-14 cells using CRISPR-
Cas9.

B-C) Cell viability of ST88-1459CNT ST88-1459BRAF and ST88-1439CRAF cells treated
with increasing doses of Trametinib (B) or Ripretinib (C) for 5 days. Error bars
represent the mean of three measurements + SEM.

D,F,H) Cell viability of ST88-1439CNT (D), ST88-14598RAF (F) and ST88-14SICRAF (H)
cells treated with increasing doses of Trametinib and Ripretinib for 5 days. Error
bars represent the mean of three measurements + SEM.

E,G,|) Bliss synergy score heat map from combination treatment of Trametinib and
Ripretinib in ST88-1439CNT (E), ST88-1459BRAF (G) and ST88-1459CRAF (|) cells. Data
represent the mean from n = 3.
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Figure 20. Assessing the role of RAF proteins in M3 MPNST cells

A) Western blot validation of BRAF and CRAF KO in M3 cells using CRISPR-Cas9.
B-C) Cell viability of M339CNT  \M3s9BRAF gnd M3SICRAF cells treated with increasing
doses of Trametinib (B) or Ripretinib (C) for 5 days. Error bars represent the mean
of three measurements + SEM.

D,F,H) Cell viability of M339CNT (D), M3s9BRAF (F) and M3sICRAF (H) cells treated with
increasing doses of Trametinib and Ripretinib for 5 days. Error bars represent the
mean of three measurements + SEM.

E,G,|) Bliss synergy score heat map from combination treatment of Trametinib and
Ripretinib in M3sICNT (E), M3S9BRAF (G) and M3SICRAF (1) cells. Data represent the
mean from n = 3.
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CHAPTER 5.2 — MEKI AND RAFI TREATMENT INDUCES RAF DIMERIZATION

IN MPNST

Next, we decided to test the role of these kinases and their ability to dimerize on
the capacity of MPNST cells to respond to MEKi treatment. MEKi treatment
resulted not only in a reduction of phospho-ERK levels and an increase in
phospho-MEK levels, but it also resulted in an activation of the upstream RAF
proteins as demonstrated by the upwards shifting of the BRAF band, the increase
of active S338 phospho-CRAF, and the decrease of the inhibitory CRAF
phosphorylations in S289, S296, and S301 (Figure 21 A). Ripretinib treatment had
minimal effects on phospho-ERK and phospho-MEK levels but did cause some
minor increases in active BRAF and CRAF levels. This increase was further
induced by the Trametinib and Ripretinib combination treatment, all while the drug
combination was still effective at inhibiting downstream MAPK pathway activity as
shown by diminished levels of phospho-ERK (Figure 21 A). We then performed
co-immunoprecipitation assays to assess how RAF dimer formation was affected
by the combination treatment. While MEKi treatments by themselves promoted the
increase of BRAF and CRAF interaction and even BRAF/CRAF interaction with
MEK, the combination treatment resulted in a further induction of the RAF
dimerization and their interaction with MEK (Figure 21 B). Interestingly, this
combination treatment mediated an increase in RAF dimerization and interaction
with MEK occurs at drug concentrations that synergize at decreasing both MPNST

cell viability and phospho-ERK levels (Figure 21 A, Figure 10 A).
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Figure 21. MEKi and RAFi treatment induces RAF dimerization in MPNST
A-B) Western blot analysis of ST88-14 cells whole-cell lysate (A) or lysate
subjected to immunoprecipitation (B) after 24hr treatment with Trametinib and
Ripretinib.
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CHAPTER 5.3 — RAF DIMERIZATION IS REQUIRED FOR THE SYNERGISM OF

MEKI AND RAFI TREATMENT IN MPNST

Studies have shown that SHOC2-mediated de-phosphorylation of a conserved
phosphorylation site in RAF proteins provides a key input that facilitates RAF
dimerization %5578 Thus, to further study how the MEK:i treatment mediated RAF
dimerization plays a role in the effectiveness of the combination treatment, we
knocked out SHOC2 to develop RAF dimerization deficient MPNST cells (Figure
23 A). As expected, SHOC2 KO cells were more sensitive to MEKIi treatment, as
shown by the reduction in Trametinib ICso compared to the sgCNT cells (Figure 22
A,C), as the cells are not able to effectively respond to MEK inhibition when they

lack the ability to increase MAPK pathway activity through RAF dimer formation

105

Knocking out SHOC2 in MPNST also resulted in a meaningful reduction of the
synergism for the Trametinib and Ripretinib combination, and even some drug
concentrations now had an antagonistic effect as highlighted by the decrease in
the Bliss synergy score (Figure 22 A-D). This decrease in drug synergy coincides
with the decrease in both RAF dimer formation and BRAF/CRAF interaction with
MEK following the SHOC2 KO (Figure 23 B). Interestingly, regardless of the KO,
the combination treatment still resulted in the increase of active BRAF and CRAF
levels and RAF dimerization, albeit to a lesser extent in SHOC2 KO cells (Figure

23 A-B). At these same drug concentrations, Trametinib and Ripretinib still
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synergized at inhibiting MAPK pathway downstream activity, as shown by the
decrease of pERK levels (Figure 23 A). Taken together, decreased RAF dimer
formation and BRAF/CRAF interaction with MEK did not affect the ability of the
combination treatment to decrease pERK levels, but it did result in a significant
reduction in the ability of the combination treatment to synergistically inhibit
MPNST cell viability, suggesting that RAF dimerization in response to MEKi
treatment is an important event required for RAF targeting drugs to be able to

potentiate MEKI treatment.
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Figure 22. RAF dimerization is required for the synergism of MEKi and RAFi
treatment in MPNST

A,C) Cell viability of ST88-14%9CNT (A) and ST88-1459SHOC2 (C) cells treated with
increasing doses of Trametinib and Ripretinib for 5 days. Error bars represent the
mean of three measurements + SEM.

B,D) Bliss synergy score heat map for the combination treatment of Trametinib and
Ripretinib in ST88-1459CNT (B) and ST88-1459SHOC2 (D) cells. Data represent the
mean from n = 3.

80



A

Trametinib (nm)
Ripretinib (nm)
SHOC2

PERK
ERK
PMEK
MEK

BRAF
PCRAF

5338

pCRAF
S259

CRAF
B-Tubulin

Trametinib (nM)
Ripretinib (nv)
Ip; | BRAF

BRAF CRAF

|p: | BRAF

=3 BRAF

MEK | craF

MEK

sgCNT sgSHOC?2
0 5 5 0 5 5 0 5 5 0 5 50
0 O 0 100100100 O O O 100 100 100
— SRS T — O—
;:: et - ;:: —_— 4:::

—-— oo L B T S —

L A A A _ A B

T — N —— —" —
sgCNT sgSHOC2
5 0 5 5 0 5 5 0 5 5

0 5
0 0O 0 100100100 O O O 100 100 100

'.-"II. i 'II' P JIEp— - - ;iiilllii
- - -
- O e S e ;
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CHAPTER 6 — MEKI TREATMENT SENSITIZES TUMOR CELLS TO RAF

DIMER INHIBITORS IN NF1-DEFICIENT MPNST
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CHAPTER 6.1 - RAF DIMER INHIBITORS SYNERGIZE WITH MEKI

TREATMENT IN MPNST

Considering that Ripretinib synergizes with MEKi due to its ability to target RAF
proteins in the presence of MEKi treatment-induced RAF dimerization, we
wondered whether other RAF inhibitors (RAFi) were also able to effectively
synergize with MEKi treatment in MPNST. Currently, three main types of RAF
inhibitors (RAFi) exist: equipotent RAFi that target both monomeric and dimeric
RAF, those selective against monomeric RAF, and those selective against dimeric
RAF 9. Combination treatment with Trametinib and either LY3009120, an
equipotent pan-RAF inhibitor 819 or Naporafenib, a dimer-selective pan-RAF
inhibitor 68197 resulted in a high drug synergism at decreasing cell viability (Figure
24 C-F). Thus, both LY3009120 and Naporafenib showed a high ability to
potentiate MEKIi treatment (Figure 24 [), like what is observed with Ripretinib and
Trametinib treatment (Figure 24 A-B,l). On the other hand, Encorafenib, a
monomer-selective pan-RAF inhibitor ¢, did not present any synergism when
combined with Trametinib treatment (Figure 24 G-I), highlighting the importance of

inhibiting RAF dimers in order to synergize with MEKIi treatment in MPNST.
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Figure 24. RAF dimer inhibitors synergize with MEKi treatment in MPNST
A,C,E,G) Cell viability of ST88-14 cells treated with increasing doses of Trametinib
and Ripretinib (A), LY3009120 (C), Naporafenib (E), or Encorafenib (G) for 5 days.
Error bars represent the mean of three measurements £ SEM.

B,D,F,H) Bliss synergy score heat map for the combination treatment of Trametinib
and Ripretinib (B), LY3009120 (D), Naporafenib (F), or Encorafenib (H) in ST88-
14 cells. Data represent the mean from n = 3.

I) Bar graph plot of the cell viability IC50 (nM) fold change of ST88-14 cells treated
for 5 days with Trametinib and Ripretinib (16, 64 or 256 nM), LY3009120 (4, 16 or
64 nM), Naporafenib (4, 16 or 64 nM), or Encorafenib (16, 64 or 256 nM).
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CHAPTER 6.2 - DIFFERENT TYPES OF MEKI CAN SYNERGIZE WITH RAFI IN

MPNST

Different MEKi have different properties that can affect their effectiveness at
inhibiting both MEK and ERK phosphorylations, and even disrupting RAF-MEK
complexes 6873-75 However, combinations of other MEK:i, like Binimetinib and
Selumetinib, with dimer-specific RAFi proved to be equally effective and highly
synergistic, like the effects seen in combinations with Trametinib (Figure 25 A-H),
which highlights the important role of MEK inhibition in mediating the increased

cell sensitivity to the RAFi.
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Figure 25. Different types of MEKi can synergize with RAFi in MPNST

A-D) Cell viability and Bliss synergy score heat map for ST88-14 cells treated with
increasing doses of Binimetinib and Ripretinib (A-B) or Naporafenib (C-D) for 5
days. Error bars represent the mean of three measurements + SEM, and Bliss

scores represent the mean from n = 3.

E-H) Cell viability and Bliss synergy score heat map for ST88-14 cells treated with
increasing doses of Selumetinib and Ripretinib (E-F) or Naporafenib (G-H) for 5
days. Error bars represent the mean of three measurements + SEM, and Bliss

scores represent the mean from n = 3.



CHAPTER 6.3 — RAF DIMER INHIBITORS INDUCE RAF DIMERIZATION AND

RAF/MEK INTERACTION IN MPNST

Next, we characterized through immunoblot assays the response of MPNST cells
to RAFi-mediated perturbations in the MAPK pathway. Treatments with Ripretinib
and Encorafenib had no noticeable effects on pERK levels, while LY3009120 and
Naporafenib started to cause minor reductions in pERK levels (Figure 26 A).
However, Treatment with LY3009120 and Naporafenib resulted in a similar
increase of active BRAF and CRAF levels as seen with Ripretinib treatment (Figure
26 A). This increase was less prominent in the cells treated with Encorafenib.
Similar to Ripretinib, LY3009120 and Naporafenib treatment also resulted in an
increase in RAF dimer formation and BRAF/CRAF interaction with MEK, whereas
Encorafenib had a significantly decreased ability to promote dimer formation
(Figure 26 B). Collectively, these data suggest that MEKIi treatment of MPNST is

an important step needed to potentiate the effects of RAF dimer-targeted inhibitors.
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Figure 26. RAF dimer inhibitors induce RAF dimerization and RAF/MEK
interaction in MPNST

A-B) Western blot analysis of ST88-14 cells whole-cell lysate (A) or lysate
subjected to immunoprecipitation (B) after 24hr treatment with Ripretinib,
LY3009120, Naporafenib or Encorafenib.
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CHAPTER 7 — COMBINED INHIBITION OF PDGFRB AND RAF DIMERS

ENHANCES THE SENSITIVITY OF MPNST TUMORS TO MEKI
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CHAPTER 7.1 — ASSESSING THE PHARMACODYNAMICS OF THE MEKI AND

RAFI COMBINATION STRATEGY

To study the in vivo pharmacodynamics of the combination strategy, we grafted an
MPNST PDX into SCID mice and treated them with Ripretinib and Trametinib once
the tumor volume reached 100-150 mm?3 (Figure 27 A). Immunoblot analysis of the
sample shows that in vivo MEKi treatment resulted in an increase in PDGFR[f
levels and a slight reduction of pERK levels (Figure 27 B), like what is also seen in
the in vitro studies (Figure 8 A-1). On the other hand, Ripretinib treatment did not
affect PDGFR but showed a marked increase in pERK levels possibly through a
treatment-induced paradoxical activation of RAF proteins as not enough drug has
accumulated in the tumor to fully inhibit their activity, which could lead to an
increase cancer cell proliferation like the one observed in vitro (Figure 13 C).
Finally, while the drug combination strategy did lead to an increase in PDGFRf(3
levels in some samples, the combination treatment was more effective than either

single agent at inhibiting pERK levels (Figure 27 B).

91



100-150 mm? Dosing

i Subcutaneous i pj TR
/7 i Xenotransplantation Ripretinib = 25mg/kg/day chow
> 1 MPNST4PDX i Trametinib = 10mg/kg (qd)

A @
o ® U

) § : . gEnd point
SCID mice  pay 0 2

MPNST-4

Vehicle Trametinib Ripretinib Combo
PDGFRB L — . e
DERK [ e o = == - IR0 ==

ERK .'....!..8.3

Figure 27. Assessing the pharmacodynamics of the MEKi and RAFi

combination strategy
A) Schematic of the MPNST-4 PDX pharmacodynamic study.
B) Western blot analysis of MPNST-4 PDX tumors after treatment for 48hr.
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CHAPTER 7.2 — ASSESSING THE EFFICACY OF THE MEKI AND RAFI

COMBINATION STRATEGY

To study the in vivo efficacy of the drug combination, an MPNST PDX was grafted
into SCID mice, and treatment was started once tumors reached the appropriate
size (Figure 28 A). While Trametinib treatment by itself was capable of controlling
tumor growth, there was no significant difference between the vehicle-treated and
the Ripretinib-treated groups. Nevertheless, Ripretinib treatment was able to
potentiate the effects of Trametinib as the combination treatment was more
effective at controlling the tumor growth than either single agent (Figure 28 B-C).
Immunoblot analysis of the samples collected at the endpoint of the study showed
that while in vivo MEKIi treatment did result in a decrease in pERK levels, the
treatment also led to an increase in PDGFRp levels (Figure 28 D), like the one
observed in the previous in vitro studies (Figure 8 A-l). On the other hand, an
increase in PDGFR} levels was only detected in one sample of the combination
group and was not observed in the Ripretinib treatment group. Nevertheless, the
combination treatment was more effective than MEKi single treatment at inhibiting

pERK levels in the tumors (Figure 28 D).

Considering that the pharmacodynamics study showed that Ripretinib treatment
with a 25 mg/kg/day dose led to an increase in pERK levels (Figure 27 B) and that
this drug dose was not capable of controlling tumor growth (Figure 28 B-C), we

wanted to determine if a higher dose of Ripretinib was more effective as a single
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agent and in combination with a MEKi. To study this, we grafted MPNST M3 cells
into SCID mice and started treatment with a 100 mg/kg/day dose of Ripretinib and
MEKIi once the tumor volume reached the appropriate size (Figure 29 A). Both
single agents decreased tumor growth compared to the vehicle-treated group, but
the combination treatment was more effective than either treatment by itself as
demonstrated by the further reduction in tumor growth (Figure 29 B-C).
Furthermore, treatments were also well tolerated as there was no significant loss

of mice weight following treatment administration (Figure 29 D).

Taken together, the in vivo studies show that Ripretinib and MEKi combination is
more effective than either drug by themselves at leading to a reduction in MAPK
pathway activity and MPNST tumor growth, which supports its use as a therapeutic

strategy for the treatment of MPNST patients.
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Figure 28. Assessing the efficacy of the MEKi and RAFi combination strategy
against an MPNST PDX

A) Schematic of the MPNST-2 PDX efficacy study.

B) MPNST-2 PDX tumor volume curves of vehicle, Trametinib, Ripretinib, or the
combination cohorts.

C) MPNST-2 PDX tumor volume distribution at the experiment endpoint.

D) Western blot analysis of MPNST-4 PDX tumors collected and the experiment
endpoint.
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Figure 29. Assessing the efficacy of the MEKi and RAFi combination strategy
against a xenograft of MPNST cells

A) Schematic of the M3 cells xenograft efficacy study.

B) M3 xenograft tumor volume curves of vehicle, Binimetinib, Ripretinib, or the
combination cohorts.

C) M3 xenograft tumor volume distribution at the experiment endpoint.

D) Body weight measurements of SCID mice treated with vehicle, Binimetinib,
Ripretinib, or the combination.
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CHAPTER 8 — DISCUSSION
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CHAPTER 8.1 - MEKI TREATMENT RESISTANCE BY DIRECT
TRANSCRIPTIONAL UPREGULATION OF THE RECEPTOR TYROSINE

KINASE PDGFRB

While targeted cancer treatment has brought significant improvements in the field
of cancer therapeutics, the ability of tumors to develop resistance to these
therapies has been a limiting factor in the treatment of cancer. Studies all over the
world have focused on the development of novel therapeutic strategies to
overcome this problem. One of the most proposed ways to overcome the
development of resistance is the use of combination strategies that take into
account the rewiring mechanisms of cancer cells to target them rationally with
novel therapeutic strategies. While there has been a lot of progress in some cancer
types, no targeted treatments have been effectively developed for MPNST, cancer
that is very aggressive and that has a high propensity to metastasize, all while
often being resistant to chemotherapy and radiotherapy '-3. For this reason, the
present study focused on the study and development of novel therapeutic

strategies for the treatment of MPNST patients.

MPNST is characterized by the loss-of-function of NF1, a tumor suppressor and
negative regulator of the MAPK pathway 4. Loss of NF1 function can drive the
formation of different tumors by leading to sustained ERK activation. Recently,
preclinical studies have evaluated the use of single-agent MEK:i for the treatment

of MPNST 9-97 However, despite studies showing that MEKi treatment is effective
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against the MPNST precursor NF1-associated plexiform neurofibroma %1% this
therapeutic strategy has failed to be effective and produce a good and sustained
inhibition of ERK activity in MPNST as these tumors have been found to develop

resistance to single-agent MEK inhibition.

In addition to the loss of NF1 function, MPNSTs also present frequent co-occurring
loss-of-function mutations of the Polycomb repressive complex 2 (PRC2), on the
EED or SUZ12 subunits 124, Interestingly, this loss of PRC2 function can also
indirectly potentiate the effects of NF1 loss-of-function by amplifying Ras-driven
transcription '3, which highlights the importance of developing novel therapeutic
strategies to improve MEKI efficacy in MPNST and overcome the ability of the

tumor to develop resistance.

The activation of RTKs or the development of adaptive resistance after the release
of the ERK-mediated feedback regulation of the MAPK pathway, are two
mechanisms of resistance previously identified in other cancers that may also be
involved in MPNST 76:88:89.101.102 Tq petter assess the involvement of RTKs in
MPNST’s ability to develop MEKIi resistance, we carried out in vitro drug treatments
followed by immunoblots or phospho-RTK array assays. The results identify
several RTKs that are dysregulated in response to MEKi treatment. These RTKs
include PDGFRB, PDGFRa, c-MET, HER kinases, among others, many of which
have also been reported before to increase their activation in response to MEK

inhibition in MPNST 0. However, in this study, we identified that PDGFRR is the
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RTK whose total and active levels most consistently increase in MPNST in
response to acute MEKi treatment (Figure 7 and Figure 8), and that this increase
occurs as a result of its direct transcriptional upregulation in response to MEKi
treatment (Figure 12 A). Moreover, even in the ST88-14 cell line, in which PDGFRf
levels do not change in response to acute treatment, we identified that PDGFRJ
is the RTK with higher detectable phosphorylated levels, suggesting that it also

plays an important role in RTK signaling in this cell line (Figure 7 E).

Considering that all the initial observations of PDGFRf increase were in response
to acute MEKi treatment, we wondered whether MPNST cells that develop
resistance to single-agent MEK inhibitors would similarly increase the levels of
PDGFRB. To assess this, we developed MEKIi resistance MPNST cells by culturing
them for several months under increasing concentrations of Trametinib. Obtained
results demonstrate that PDGFR[3 levels were still increased in MEKIi-resistant M3,
a cell line that also increased PDGFR levels after acute exposure to the inhibitor.
However, the ST88-14 cells that adapted to the constant exposure to MEKi

treatment now showed an increase in PDGFR levels (Figure 9).

Therefore, the observed increase in PDGFRp levels can occur both as a response
to acute MEKIi exposure or as an adaptation to chronic exposure. Thus, our results
identify PDGFR as a key RTK involved in MPNST's ability to develop resistance
to MEKi treatment and an important target for the development of combinatorial

treatments.
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Different types of PDGFRf inhibitors have been developed and subjected to
preclinical and clinical studies. These small molecule inhibitors can be divided into
type | inhibitors that bind to the active conformation of a kinase in the ATP pocket
(e.g., Avapritinib), type Il inhibitors that bind to an inactive conformation of the
kinase (e.g., AZD-3229), and type lll inhibitors that are allosteric ligands that bind

to a site different from the active site like (e.g., Ripretinib) 9394,

In this study, we identified that combination treatments with Trametinib and
Ripretinib have a strong synergetic effect and are very effective at decreasing
MPNST cell viability, regardless of the different common genetic alterations found
in MPNST (Figure 10, Figure 13, and Figure 14). The obtained results for this
combination treatment are also very promising because doses of Ripretinib that
had little to no effect on MPNST cell viability were capable of greatly potentiating
the effects of MEKi treatment. Additionally, the levels of no other RTKs were

affected by Ripretinib treatment in MPNST (Figure 11).

Interestingly, not only do the expression levels of PDGFR[ increase in response
to MEKIi treatment in M3 cells, but the expression levels of the PDGFR} ligands
PDGFA, PDGFB, and PDGFC also increase in response to MEK inhibition (Figure
30). The obtained results also show that single-agent treatment with Ripretinib or
Avapritinib had no effect and that these PDGFR@ inhibitors were not able to either

promote or completely inhibit the MEKIi treatment mediated increase of PDGFA,
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PDGFB, and PDGFC expression levels. PDGFB was the PDGFRf ligand whose
expression levels were more significantly upregulated in response to the MEKi
treatment, which suggests it may be playing a more important role in mediating the
activation of the PDGFRf signaling compared to the other ligands. Further studies
would need to be carried out in order to determine how universal this event is in

MPNST and what role it could be playing in the response of MPNST cells to MEKIi

treatment.
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Figure 30. Changes in expression levels of PDGFR( ligands in response to
combination treatments

A-C) RT-gPCR analysis of the changes of PDGFA, PDGFB, or PDGFC expression
levels in M3 cells treated with DMSO, 50 nM Trametinib, 100 nM Ripretinib, or 200
nM Avapritinib for 48hr.
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Since the loss of PRC2 function has been found to indirectly promote Ras-driven
transcription '3, we decided to study whether the absence or presence of PRC2
activity in MPNST might have some role in the sensitivity of the cells to the
combination treatment. For this study, we treated PRC2 loss isogenic M3 cells,
which had been previously developed in the lab, with the Trametinib and Ripretinib
combination. The obtained results show that the combination treatment is effective
and synergetic regardless of MPNST PRC2 status (Figure 15). Nevertheless, more
detailed studies could help to better identify smaller changes in the sensitivity of
MPNST cells to the different drugs tested that could be occurring because of losing

PRC2 function.
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CHAPTER 8.2 - MEKI RESISTANCE BY MEKI-TREATMENT-INDUCED
INCREASE IN RAF DIMER FORMATION AND ACTIVATION OF DOWNSTREAM

SIGNALING

On the other hand, while pharmacological combinations of MEKi with Ripretinib
were found to be very effective, combinations of MEKi with the PDGFR[ specific
inhibitors Avapritinib and AZD3229 proved to have limited effects as these drugs
had a reduced ability to potentiate the effects and synergize with MEK:i (Figure 10).
Additionally, while knocking out PDGFRB did make the cells more sensitive to
MEK:i treatment, its absence did not diminish the ability of the MEKi and Ripretinib
combination to synergize and be effective at reducing MPNST cell viability (Figure
17). This result suggests that other targets of Ripretinib might also be important for
mediating this effect. Interestingly, BRAF and CRAF, important players of the

MAPK pathway, have been described as secondary targets for this molecule %.

Additionally, immunoblot assays performed in the present study show that RAF
levels are decreased with Ripretinib and MEKi combination but are not significantly
affected by Avapritinib treatment (Figure 18), further supporting the role of BRAF
and CRAF as important targets of Ripretinib in MPNST, and potential key players
in mediating the high drug synergy observed for the MEKi and Ripretinib
combination treatment. Furthermore, our studies identify CRAF as the key RAF
kinase involved in the response of MPNST cells to the MEKi and RAFi treatment

(Figure 19 and Figure 20).
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In this study, we also identified that NF1-deficient MPNST can adapt and overcome
MEKIi treatment through the stimulation of RAF dimer formation and RAF/MEK
complex formation, which in turn can lead to an increase in the downstream MAPK
signaling (Figure 21), in a similar manner to what has been previously described
in KRAS mutant cancers 7. Interestingly, doses of the drug combination that cause
an increase in RAF dimer formation, RAF interaction with MEK, and active
phosphorylated BRAF and CRAF, are the doses that also present high drug
synergy in reducing MPNST cell viability, which goes in hand with the completely

diminished pERK levels (Figure 21).

To determine the role that RAF dimer formation could have in the synergy
observed for the MEKi and Ripretinib mediated RAF inhibition, we developed RAF
dimerization deficient cells by knocking out SHOC2. This protein is a key
phosphatase involved in the dephosphorylation of an inhibitory site in RAF, an
event that promotes the eventual dimerization and activation of RAF kinases
57.58105 These cells were then subjected to drug treatment studies as part of cell
viability or co-immunoprecipitation and immunoblot experiments. The obtained
results demonstrate that the decrease in RAF dimer formation and BRAF/CRAF
interaction with MEK, as a result of loss of SHOCZ2 function, resulted in a significant
reduction in the drug synergy observed for the MEKi and RAFi combination

treatment (Figure 22 and Figure 23). This observation suggests that RAF
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dimerization in response to MEKi treatment is an important event required for RAF-

targeting drugs to potentiate MEKIi treatment.

Taken together, this study demonstrates that MEKi treatment resistance in MPNST
involves two pathways: direct transcriptional upregulation of the receptor tyrosine
kinase (RTK) PDGFRB and MEKi-induced increase in RAF dimer formation and
activation of downstream signaling. While these two pathways for the development
of MEKIi resistance in MPNST may not be completely independent, our studies
show that the induction of RAF dimer formation is the main pathway that needs to

be inhibited.
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CHAPTER 8.3 — THERAPEUTIC STRATEGIES FOR THE TREATMENT OF

MPNST

Current clinical RAF inhibitors have different affinities towards RAF monomers and
dimers, and can be classified as inhibitors with an increased affinity towards either
RAF monomers, RAF dimers, or those that are equipotent against both RAF
monomers and dimers ®. As expected, monomer-specific RAF inhibitors
(Encorafenib) were not able to potentiate the effect of MEKi treatment in MPNST
as RAF dimer formation overcomes the effect of the inhibitors. On the other hand,
pharmacological combinations of the RAF dimer selective (Naporafenib) or the
equipotent (LY3009120) inhibitors with MEKi resulted in a robust drug synergy at
inhibiting both the MAPK pathway signaling and viability of MPNST cells (Figure
24). However, while very effective at inhibiting RAF dimers, equipotent RAF
inhibitors have failed to be successful in the clinic, and they are predicted to cause
on-target toxicities at the doses required for a strong antitumor effect 688384
Because of this, RAF-dimer selective inhibitors like Naporafenib, Regorafenib,
Sorafenib, and others 89 may prove to be more tolerable and effective as a

combination treatment with MEKi.

Another therapeutic strategy that could prove to be very effective for MPNST is the
combination of MEKi with a drug capable of targeting the two mechanisms of
resistance to MEKi described in our study. As we show here, Ripretinib, a “switch-

control” kinase inhibitor with high affinities against both PDGFRf, and B-RAF and
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C-RAF dimers %, is an example of a molecule that not only fits the targeting
requirement, but that presents a very robust ability to synergize and potentiate
MEKi treatment in MPNST. The pharmacological combination of the MEKi
Trametinib and Ripretinib was not only able to be highly effective and synergetic
in naive MPNST cells, but it was similarly effective against the MEKi resistance

cell lines developed in the study (Figure 16).

This combination strategy was also found to be effective and well tolerated in the
in vivo experiments, with studies showing that Ripretinib and MEKi combination is
more effective than either drug by themselves at leading to a reduction in MAPK
pathway activity and MPNST tumor growth (Figure 27, Figure 28, and Figure 29).
Results also show that low Ripretinib doses (25 mg/kg/day chow) not only had no
noticeable effect in reducing tumor growth, but this low dose may even be leading
to some increased tumor growth compared to the vehicle-treated group (Figure
28). This event may be provoked by the RAF inhibitor properties of Ripretinib that
are leading to a paradoxical activation of the MAPK pathway signaling and an
increase in tumor growth when it is exposed to drug doses that are incapable of
successfully inhibiting both units of the RAF dimers. Treatment with a high dose of
Ripretinib (100 mg/kg/day chow) not only diminished this increase in tumor growth
but also resulted in single-agent Ripretinib now being able to decrease tumor
growth compared to the vehicle-treated group (Figure 29). Taken together, the
obtained results support its use as a therapeutic strategy for the treatment of NF1-

deficient MPNST patients.
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Additionally, preliminary experiments done in this study demonstrate that the MEKi
and Ripretinib combination treatment is also effective and synergetic at decreasing
the cell viability of a panel of NF1-mutant melanoma cell lines (Figure 31). The
results suggest that the proposed combination strategy might also be highly
effective for the treatment of this and other NF1-deficient cancer. These
observations go in hand with results from recent studies that show that loss of NF1
makes melanoma and lung cancer more sensitive to inhibitions of the RAS-ERK
signaling by the use of SHP2 inhibitors '°%. However, further experiments are
needed in order to completely determine the specific role that the absence of NF1
has in mediating the synergy and effectiveness of the proposed therapeutic
strategy and to determine if the loss of NF1 is a sufficient marker to identify cancers

susceptible to this pharmacological combination.
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Figure 31. Assessing the efficacy of the MEKi and Ripretinib combination
against a panel of NF1-mutant melanoma cell lines

A,C,E,G) Cell viability of SK-Mel-103 (A), SK-Mel-113 (C), SK-Mel-217 (E), and
MeWo (G) cells treated with increasing doses of Trametinib and Ripretinib for 5
days. Error bars represent the mean of three measurements + SEM.

B,D,F,H) Bliss synergy score heat map for the combination treatment of Trametinib
and Ripretinib in SK-Mel-103 (B), SK-Mel-113 (D), SK-Mel-217 (F), and MeWo (H)

cells. Data represent the mean from n = 3.



In addition to the proposed therapeutic strategy of this study, as mentioned before,
PDGFRB is not the only RTK whose levels change in MPNST following MEKIi
treatment. This suggests that other RTKs may also have a role in the development
of resistance to MEK inhibition. The increased signaling coming from these RTKs
would converge on RAS activation. However, no good pan-RAS inhibitors are
available at the moment and, for this reason, other studies have looked into the
possibility of inhibiting SHP2, a key mediator of RAS signal transduction
downstream of RTKs, in combination with MEKi °°. Results from this study showed
that the combined MEKIi and SHPZ2 inhibition with SHP099 was more effective than
MEK:i alone and that the combination was effective against both naive and MEK:i
resistant MPNST. While this is a potential therapeutic strategy capable of
overcoming MPNST’s ability to develop resistance to MEKi treatment, further

studies would also be needed to determine its efficacy in the clinic.

On the other hand, for all the pharmacological combinations tested in the present
study, the act of inhibiting MEK was more important than the specific MEKi used,
as combinations with either Trametinib, Binimetinib, or Selumetinib were all able
to robustly synergize with both Ripretinib and Naporafenib (Figure 25). This is of
particular interest as MEKIi have different biochemical properties and abilities to
inhibit MEK and ERK phosphorylation or disrupt RAF-MEK complexes. Trametinib,
in particular, has been found to be a more potent inhibitor and disruptor of these
cellular processes than Binimetinib or Selumetinib 88.7475.10°; stjll, combinations of

either MEKi with RAF dimer inhibitors were all very effective in MPNST.
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CHAPTER 8.4 — STUDY IMPLICATIONS AND FUTURE DIRECTIONS

Currently, there is an unmet clinical need for the development of novel effective
therapeutic strategies for NF1-deficient MPNST patients. This study demonstrates
that NF1-deficient MPNST develops resistance to MEKIi treatment by upregulating
PDGFRp transcription and increasing RAF dimer formation. Furthermore, the
present findings provide the scientific rationale and support for the clinical
evaluation of MEKi and PDGFRP / RAF-dimer inhibitors for the treatment of
MPNST, findings that could impact the development of future clinical trials for this

patient population.

Further studies will determine the efficacy of other PDGFR[ / RAF-dimer inhibitors
in combination with MEK:i for the treatment of MPNST. One combination strategy
we are particularly interested in testing for MPNST is the triple combination
treatment of MEKi (e.g., Trametinib, Binimetinib, etc.), RAF monomer-specific
(e.g., Dabrafenib, Encorafenib, etc.), and RAF dimer-specific (e.g., Regorafenib,
Sorafenib, etc.) inhibitors. This therapeutic strategy has already been studied for
other cancers and, interestingly, while it has not been found to be necessarily more
effective at reducing tumor growth when compared to the dual treatment with MEKi
and RAF-dimer-inhibitors, as both have similar effectiveness, the triple drug
combination treatment was found to be more tolerable 8. This observation is very
significant as improving the well-being of the patients under cancer treatment

should also be a major focus for the scientific community.
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On the other hand, results from the present studies highlight the importance of
further studying and identifying potential differences in how RAF dimers and RAF-
MEK complexes are formed in response to either upstream activation of the MAPK
pathway or because of direct induction of the compounds interacting with either
RAF or MEK proteins. Something that we will want to address is determining how
important is the contribution of upstream signaling in promoting RAF dimer
formation compared to the role that the relief of ERK feedback inhibition has in this
process in response to MEKi and RAFi treatment. To address this, we could inhibit
upstream signaling with SHP2i like SHP099 and determine if the MEKi and RAFi
treatments are still able to efficiently induce the formation of the RAF dimers and
RAF-MEK complexes. Other questions that would need to be addressed include:
Are the complexes formed by upstream activation the same that are formed in
response to RAFi or MEKi treatment? Does RAFi or MEKIi interact with different
pools of RAF dimers and RAF-MEK complexes? How is the cellular localization or

size of the complexes affected by the different drug treatments?

Additionally, to elucidate the specific role that the absence of NF1 has in mediating
the synergy observed for the proposed combination strategy, we could perform
NF1 KO, rescue, and over-expression experiments to determine how this affects
the efficacy and synergy of the combination treatment and the cell sensitivity to
single-agent treatments. We could also determine how NF1 might be involved in

regulating the formation of RAS-RAF-MEK complexes in basal conditions and in
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response to drug treatments, which might provide novel insights into NF1 role in
regulating the MAPK pathway signaling, in addition to its direct RAS-GAP activity.
One limitation that we could encounter in this study is that knocking out NF1 in a
cell line does not necessarily create a cell line dependency in the MAPK pathway.
To overcome this, we could develop TPA-independent NF1 KO melan-a cells,
which are immortalized mouse melanocytic cell line that requires 12-O-
tetradecanoylphorbol-13-acetate (TPA) for normal growth 1°. This might prove to
be a good model to study how NF1 absence affects the pathway and drug
effectiveness since the growth of these cells would be expected to be dependent
on the NF1 absence and the subsequent increased activation of the MAPK

pathway signaling.

Further studies would also help to determine ways to improve the in vivo
administration of the combination strategy to obtain a better synergy and improved
antitumor efficacy. One potential strategy that has been proposed before is the
implementation of sequential administration of drugs that takes into account

sequence-dependent effects of the drug treatment in order to improve its efficacy
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In the case of the present study, PDGFRp levels were found to increase in
response to MEK:i treatment, which led to the testing of a combination strategy that
inhibited both MEK and PDGFRB in MPNST. However, considering that the

observed increase in PDGFR levels in response to MEKi treatment was not
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immediate and depended on the increase of its transcription, it would be interesting
to test if a therapeutic strategy that involved an initial single-agent MEKIi treatment,
followed by treatment with the combination of MEKi and PDGFRi will lead to an

increase in drug synergy and treatment efficacy.

MEKI treatment was also found to increase RAF dimer formation in MPNST, and
combinations of MEKi and RAF dimer inhibitors were highly effective and
synergetic. Therefore, further studies will determine if an initial induction of RAF
dimer formation by single-agent treatment with MEKi will lead to a subsequent
increase in both the drug synergy of MEKi and RAFi combination and of the
treatment efficacy. Initial single-agent treatment with RAFi might not have the
same benefit and could be even detrimental as low concentrations of RAFi may
lead to an increase of both RAF dimerization and RAF downstream signaling,
leading to an increase in tumor growth until enough RAFi accumulates in the tumor

to successfully inhibits the RAF proteins.

Future studies could also study potential mechanisms of resistance that MPNST
could use to overcome the different proposed pharmacological combination
treatments. To identify these mechanisms, we could develop combination-
treatment-resistant cell lines and initially determine if an increase of different
specific RTKs is involved. It would also be important to carry out RNA-seq
experiments to identify different cellular processes and signaling pathways that are

dysregulated following both acute and chronic exposure to combination
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treatments. Careful studies of these dysregulated pathways could lead to the
identification of potential mechanisms of resistance to the combination strategy
and would inform future studies that focus on developing novel more effective

therapeutic strategies for MPNST.

Finally, considering that the proposed combination strategy leads to an increase
in RAF dimer formation and RAF interaction with MEK, we could determine if
MPNST is able to take advantage of this and increase MAPK pathway signaling to
a level that can by itself overcome the combination treatment. If this is the
mechanism in play, then an increase in drug doses may be enough to overcome
the resistance unless the dose needed is not safely achievable and has many
associated toxicities. In this case, changing drugs with other more potent and
tolerable MEK or RAF inhibitors could be enough to overcome this problem and
develop novel therapeutics for MPNST that are highly effective and able to avoid

MPNST’s ability to develop resistance to drug treatments.
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Abstract

Malignant peripheral nerve sheath tumor (MPNST) is a highly aggressive type of
soft tissue sarcoma with high propensity to metastasize and very limited treatment
options. Loss of the RAS-GAP NF1 leads to sustained RAF/MEK/ERK signaling in
MPNST. However, single-agent MEK inhibitors (MEK:i) have failed to elicit a good
and sustained inhibition of the pathway in MPNST. Here, we report that MEKi
treatment resistance in MPNST involves two pathways: direct transcriptional
upregulation of the receptor tyrosine kinase (RTK) PDGFR, and MEKi-induced
increase in RAF dimer formation and activation of downstream signaling. While the
pharmacological combination of MEKi with a PDGFRf specific inhibitors was more
effective than treatment with MEKIi alone, the combination of MEKi and RAF-dimer
inhibitors led to a robust inhibition of the MAPK pathway signaling. This
combination treatment was effective in vitro and in vivo as demonstrated by the
significant increase in drug synergism and its high effectiveness at decreasing
MPNST viability. Our findings support the use of this combination strategy to
overcome MEK:i resistance, and as a novel targeted therapeutic strategy for NF1-
deficient MPNST patients, which in turn could impact future clinical trials for this
patient population.

Significance

This study demonstrates that NF1-deficient MPNST develops resistance to MEKI
treatment by upregulating PDGFR[ transcription and increasing RAF dimer
formation, and a combination of MEKi and RAF-dimer inhibitors can overcome this
resistance.

Introduction

Malignant peripheral nerve sheath tumors (MPNST) originate in the cellular
component of the peripheral nerves and account for 5-10% of all soft tissue
sarcomas (1). It is a highly aggressive disease with a high propensity to
metastasize and poor sensitivity to systemic chemotherapy and radiotherapy.
Complete surgical resection with wide margins remains the best treatment option
for MPNST patients, which makes the disease outcome particularly detrimental in
cases with unresectable or metastatic disease (1-4). Therefore, the discovery of
novel targeted therapeutic strategies for MPNST is an urgent clinical need.
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MPNST arises through three distinct clinical settings. Around 45% of MPNSTs
arise in the setting of Neurofibromatosis type | (NF1-associated), another 45%
arise sporadically, and 10% are associated with previous radiotherapy treatment.
Interestingly, regardless of the clinical setting through which it arises, most
MPNSTs share a frequent biallelic genetic inactivation of three major tumor
suppressor pathways including the NF1, CDKNZ2A, and PRC2 (EED or SUZ12) (5—
7). NF1 functions as a RAS-GAP, and its absence can lead to uncontrolled
activation of RAS and subsequent sustained activation of the RAF/MEK/ERK
signaling (8,9), which identifies this signaling pathway as an important target for
MPNST treatment.

Recently, preclinical studies have evaluated the use of single-agent MEK inhibitors
(MEKi) as a treatment for MPNST (10-12). While this strategy has been effective
for plexiform neurofibromas (13—-15), an MPNST precursor, it has failed to show a
good and sustained inhibition of ERK activity in MPNST. As with other cancers,
activation of the receptor tyrosine kinases (RTKs) or the development of adaptive
resistance after the release of ERK feedback inhibition of the MAPK pathway
signaling could play a major role in the development of this resistance (16—20).
Additionally, MEKi has also been found able to reactivate C-RAF and induce
RAF/MEK complex formation, which in turn could also lead to the development of
resistance (21).

Here we identified that MEKi treatment resistance in MPNST involves two
pathways, PDGFRf upregulation through direct transcriptional upregulation, and
MEK:i treatment induced RAF dimer formation which leads to an increased MAPK
pathway signaling. These resistance mechanisms can be overcome by the
pharmacological combination of MEK inhibition and RAF-dimer inhibitors. Our
findings support the use of this combination strategy to overcome MEKi resistance,
and as a novel targeted therapeutic strategy for MPNST patients.

Materials and Methods

Cell lines, cultures, and reagents

The ST88-14 (RRID:CVCL_8916) and the M724 (MPNST724, RRID:CVCL_AUZ20)
human MPNST cell lines were obtained as gifts provided by Jonathan A. Fletcher
(Brigham and Women's Hospital, Harvard Medical School). The SNF96.2 (CRL-
2884, RRID:CVCL_K281) human MPNST cell line and the HEK-293T (CRL-3216,
RRID:CVCL_0063) cell line were purchased from ATCC. The M1, M3, M4, M5 and
M6 Human NF1 associated MPNST cell lines were gifts developed by William L.
Gerald and Xiaoliang L. Xu at the Memorial Sloan Kettering Cancer Center. The
ST88-14 and M724 cell lines were grown in RPMI supplemented with 10% FBS,
the SNF96.2 cell line was grown in DME HG supplemented with 10% FBS and
1mM Sodium Pyruvate at 1.5 g/L-Sodium Bicarbonate, and the M1, M3, M4, M5,
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M6, and HEK-293T cell lines were grown in DMEM HG supplemented with 10%
FBS. All these culture media were also supplemented with penicillin (100 U/ml),
streptomycin (100 pg/ml), and L-glutamine (2 mM), and cells were cultured in 5%
CO2 incubator at 37°C. All cell lines were tested negative for mycoplasma by the
ABM Mpycoplasma PCR Detection Kit (catalog # G238). Other relevant reagents
used in this study are listed in Supplementary Table 1.

Cell viability assay

MPNST cells (1-3 x 103 cells/well) were seeded in clear bottom 96-well white or
black plates, allowed to attach overnight, and treated the next day with serial
dilutions of a single drug, a combination of drugs, or vehicle (1% DMSO). Cell
viability was assayed five days post-treatment using the ATP CellTiter-Glo 2.0 cell
viability assays (Promega) or Resazurin/Alamar Blue (R&D Systems) according to
the manufacturer’s protocol. ICso values were calculated by nonlinear regression
analysis using the GraphPad Prism 9.0 software. All the data were normalized to
vehicle treatment. The BLISS synergy scores were calculated using the
Combenefit platform as previously described (22).

Drugs and chemicals
See Supplementary Table 1 for information on all the drugs, chemicals, and
reagents used in this study.

Generation of drug-resistant cell lines

MEK:i-resistant cell lines resistant were generated by exposing the NF1-associated
MPNST cell lines M3 and ST88-14 to increasing concentrations of trametinib for
at least months of continuous drug exposure. The cell culture medium was
changed twice per week, and fresh drug was added each time.

Protein extraction and western blotting

After the indicated treatment time, cells were lysed using RIPA buffer (Thermo
Fisher) supplemented with phosphatase and protease inhibitors (Thermo Fisher
Scientific or Millipore Sigma), followed by boiling for 5 min at 95°C, sonicating 5-
10 min, and protein quantification by BCA protein assay kit (Thermo Fisher).
Protein samples were prepared by mixing with NUPAGE LDS sample buffer
(Thermo Fisher) and 1 M DTT (Thermo Fisher), followed by boiling for 10 min at
70°C. Proteins samples were then separated by SDS-PAGE on 4-12% Bis-Tris
Gel (Thermo Fisher) with MOPS/SDS running buffer (Teknova), and followed by
protein transfer to nitrocellulose membranes (BioRad) by wet electroblotting.
Membranes were blocked for 1 hr at room temperature with StartingBlock TBS
buffer (Thermo Fisher) or Intercept (TBS) Blocking buffer (LI-COR), and incubated
with primary antibodies of interest overnight at 4°C under soft rotations. Then
membranes were washed thrice with 1x TBS-T, and incubated with HRP-
conjugated secondary antibody (for ECL detection) or fluorescent dye-labeled
secondary antibody (for fluorescence detection with LI-COR) for 1 hr at room
temperature. Then membranes were washed thrice with 1x TBS-T. Membranes for
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ECL detection were visualized with chemiluminescence using HRP substrates
(Millipore, or Thermo Fisher), and chemiluminescence scanning with ImageQuant
LAS4000 (GE Healthcare). Membranes for fluorescence detection were imaged
with the Odyssey Infrared Imaging System (LI-COR Biosciences). The list of
antibodies used can be found in Supplementary Table 4.

Phospho-RTK array assay

MPNST cells were seeded in 15-cm dishes, allowed cell attachment overnight,
treated the next day with the desired drug concentrations, harvested at the
experiment endpoint, and lysed using the lysis buffer provided by the Human
Phospho-RTK Array Kit (R&D). For tumor samples, the tumor tissue collected at
the experiment endpoint was homogenized and then lysed using the same lysis
buffer and kit. Cell lysates were centrifuged for 5min at 14,000 x g, and the
supernatant was then processed following the kit manufacturer's instructions, and
ECL western blotting was performed as described above. Band intensity
quantifications were done using the Image Studio Lite Software.

Immunoprecipitation assay

After the indicated treatment time, cells in 10-cm or 15-cm plates were washed
once with cold PBS, then harvested by scraping in PBS, pelleted at 600 x g for
5min, and then lysed using a 1% Triton lysis buffer (Cell Signaling) supplemented
with phosphatase and protease inhibitors (Thermo Fisher Scientific or Millipore
Sigma). Samples were sonicated for 5min, the protein was isolated by centrifuging
for 10min at 14,000 x g, and quantified. 1ug of the antibodies of interest was added,
and samples were incubated overnight under gentle rocking. Next, Protein A/G
Magnetic Beads (Thermo Fisher) were added to the samples, and
immunoprecipitates were purified using a magnetic separation rack, washed three
times with 1% Triton lysis buffer, and then pelleted for 5min at 1,000rpm in 4°C.
The sample was resuspended in 3X SDS sample buffer (Cell Signaling), boiled for
5min, centrifuged for 1min at 14,000 x g, and then the protein supernatant was
collected for subsequent studies using the western blotting procedures described
above. See Supplementary Table 4 for the list of antibodies used.

Active RAS pull-down assay

MPNST cells were seeded in 10-cm dishes, allowed cell attachment overnight, and
treated the next day with the desired drug concentrations. The cells were then
collected 2hr, 24hr, or 48hr after treatment and GTP-bound RAS was quantified
using an active RAS detection kit (Cell Signaling Technology, #8821) according to
the manufacturer's instructions.

RNA isolation and gqRT-PCR

Total RNA was isolated from cells using the E.Z.N.A total RNA Kit (Omega), and
homogenizer columns (Omega). The RNA quality and quantity were determined
using the NanoDrop 8000 Spectrophotometer (Thermo Scientific). RNA was then
reverse transcribed using the High-Capacity cDNA Reverse Transcription kit
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(Thermo Fisher). gPCR was performed following the manufacturer instructions of
the PowerUp SYBR Green Master Mix (Thermo Fisher), with a ViiA 7 Real-Time
PCR system (Applied Biosystems). The specificity of the amplified DNA was
confirmed by performing melting curves after each gPCR, and PCR
contaminations that could affect the results were determined by also running a no
template control in the RT-gPCR reactions. The housekeeping gene RPL27 was
used as the reference gene for normalization, and the AACT method was used to
calculate the relative fold change gene expression. Each RT-qPCR was performed
in at least triplicates. Primers were designed using the online NCBI Primer-BLAST
tool, and then purchased from Eurofins Genomics. The sequences of all the
primers used for qPCR are listed in Supplementary Table 3.

Gene knockout by CRISPR/Cas9

The LentiCRISPR-v2, LentiGuide-Puro and LentiCas9-Blast vectors were
purchased from Addgene. The sgRNA oligos (as listed in Supplementary Table 2)
were annealed, digested using BsmBI (New England BioLabs), and cloned into the
vectors. The plasmid was co-transfected into HEK-293T cells with the packaging
plasmids psPAX2 (Addgene)and pVSVg (Addgene), and the resulting lentivirus
was collected. MPNST cells were then transduced with respective plasmids with
the sgRNA of interest and then were selected with 2 - 5 pg/ml Puromycin
dihydrochloride (Thermo Fisher) or Blasticidin S HCI (Thermo Fisher) until all
negative control cells were dead. All the relevant reagents are listed in
Supplementary Table 1.

In vivo mouse studies

For MPNST M3 cells and PDXs xenograft studies, 2 x 10® and 3 x 108 cells,
respectively, were resuspended in 100mL of 1:1 mix of DMEM media and Matrigel
(Corning, #356237), and subcutaneously injected into both flanks of 6- to 8-week-
old CB17 SCID mice (Taconic). When tumors reached 100-150 mm?3 on average,
the mice were assigned to different treatment groups to ensure similar distribution
of tumor sizes and mouse weights. Tumors size was measured twice a week with
a caliper, and tumor volume was calculated with the formula Vol=(4/3)m x
(length/2) x (width/2) x (depth/2). Binimetinib and Trametinib were administered by
oral gavage, and Ripretinib was administered in a mouse diet formulated to
achieve approximate levels of 25 or 100 mg/kg/day in mouse efficacy studies (23).
Control treatments involve a control chow provided by Deciphera Pharmaceuticals,
and the drug vehicle for oral gavage (1% carboxymethyl cellulose + 0.5% Tween
80 in ddH20). The body weight of the mice was monitored during the whole
experiment. Mice were euthanized once the experiment endpoint was reached, or
humane endpoints were required. All data was plotted and analyzed with the
GraphPad Prism 7-9 software.

Quantification and Statistical analysis
All statistical analyses and plots were generated using GraphPad Prism 7-9
software. All data are presented as the mean £+ SEM (unless otherwise noted).
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Statistical comparisons between two groups were performed using a two-tailed
unpaired t-test, and for more than two groups were performed using one-way
ANOVA. Significant differences between groups are defined by ns P>0.05; *
P<0.05; ** P<0.005; *** P<0.0005; **** P<0.0001.

Data availability

The authors confirm that the data supporting the findings of this study are available
within the paper. Any additional information required to reanalyze the reported data
is available from the corresponding authors upon request.

Results

MEK inhibition leads to an increase of PDGFR and reactivation of MAPK
signaling in NF1-deficient MPNST

To determine the potential contribution of upstream signaling in the ability of
MPNST to develop resistance to MEK inhibition, we evaluated the levels of active
RAS upon treatment with a MEK inhibitor (MEK:i). Interestingly, although MEK:i
treatment led to the inhibition of the ERK signaling, there was an increase in the
RAS-GTP and pMEK levels in a dose and time-dependent manner, suggesting
that MEKIi treatment over time leads to an increase in the MAPK pathway activity
in MPNST cells (FIG. 1 A). Previous studies have shown that loss of ERK-
mediated negative regulation of RAS and different MAPK pathway proteins as well
as upregulation of RTK activity, are two adaptive mechanisms that could lead
MPNST cells to present this behavior (16-20). We decided to first focus on
assessing the role of the latter, as RTK upregulation has been characterized as a
mechanism of drug resistance in many different cancers.

A phospho-RTK array performed after MEKi treatment of MPNST M3 cells
revealed that the PDGFRP and MET receptors are activated following MEK:i
treatment (FIG. 1 B). The activity of both PDGFRB and MET receptors has been
previously shown to increase following MEKi treatment in MPNST (24). However,
only phospho-PDGFR} levels, but not those of MET, were also increased in a
second MPNST cell line as well as in an MPNST cell xenograft upon MEKi
treatment (SUPP FIG. 1 A-B). Hence, we decided to further study the role of
PDGFR in the response of MPNST cells to MEKi treatment.

To further evaluate the role of PDGFR in MPNST, total levels of this protein were
assessed in a panel of cell lines. Results indicate that PDGFRp levels increased
in the M3 cells following MEKIi treatment (FIG. 1 C). This increase in PDGFRf
levels was observed in the majority of MPNST cells tested (FIG. 1 D, SUPP FIG.
1 C-H). Performing the same phospho-RTK array with the MPNST ST88-14 cell
line, one of the cell lines where PDGFRJ total levels didn't change in response to
MEKi treatment (FIG. 1 F), showed that the levels of activated PDGFRf also didn’t
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change after MEK inhibition (FIG. 1 E), but PDGFRf was the RTK with the highest
detected levels. This points to PDGFR having an important role in RTK signaling
in this cell line.

While acute exposure to MEKi treatment resulted in an increase of PDGFR in the
majority of MPNST cell lines, we wondered whether chronic exposure to the MEKIi
would have similar effects. To assess this, we developed MEKi-resistant M3 cells
(FIG. 1 G-H) and ST88-14 cells (FIG. 1 J-K), by culturing the cells under increasing
concentrations of the MEKi Trametinib. Similar to the effects of acute MEKi
treatment (FIG. 1 C), PDGFR} levels were increased in MEKi-resistant M3 cells
(FIG. 11). On the other hand, MEKIi-resistant ST88-14 cells also showed increased
PDGFR levels as they adapted to the constant exposure to MEKi treatment, and
this increase was reversible as a 72-hours washout of the drug resulted in
PDGFRB returning to basal levels (FIG. 1 L). Taken together, these results point
to increasing PDGFRpB levels as a mechanism through which MPNST cells
respond and develop resistance to MEKIi treatment and highlights the importance
of developing a drug combination strategy that takes this into account.

Ripretinib synergizes with MEKi at inhibiting MAPK signaling and cell
viability partially through targeting PDGFR(

Considering that MPNST cells respond to acute or chronic MEKi treatment by
increasing PDGFR levels, we decided to test the efficacy of combining the MEK:i
Trametinib with the type | inhibitor Avapritinib, the type Il inhibitor AZD-3229, and
the novel PDGFRa/B and KIT inhibitor Ripretinib (23). In vitro cell viability assays
carried out after treating ST88-14 cells with the different drug combinations
showed that the RTK inhibitors by themselves had little to no effect at the selected
doses (FIG. 2 A,C, SUPP FIG. 2 A). When combined with the MEKI, Ripretinib was
able to potentiate the effect of the drug as the concentration of Trametinib needed
to reach ICsp was significantly reduced as demonstrated by the left shifting of the
curves in the cell viability plots, suggesting that the combination has a high efficacy
at decreasing MPNST cell viability (FIG. 2 A), and Bliss synergy analysis
demonstrated that this combination has a strong synergetic effect (FIG. 2 B).
Similar results were obtained with the M3 cells, which also showed a high drug
synergy for the Trametinib and Ripretinib combination treatment (FIG. 2 E-F).

On the other hand, the MEKIi and Avapritinib or AZD3229 combination treatment
resulted in a greatly reduced synergy in the ST88-14 cells (FIG. 2 C-D, SUPP FIG.
2 A-B), and was completely lost in the M3 cells (SUPP FIG. 2 C-F). To assess the
specificity of Ripretinib at inhibiting PDGFR( in MPNST, we carried out a phospho-
RTK array, which demonstrated that PDGFR[ was the only RTK to be inhibited by
Ripretinib in MPNST (SUPP FIG. 2 G,l). Furthermore, Ripretinib was also able to
inhibit the MEKI treatment mediated increase in phospho-PDGFR[ levels in M3
cells (SUPP FIG. 2 G-H). For this reason, we decided to focus on the Ripretinib
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and MEKi combination and test its effectiveness against a panel of MPNST cell
lines with different genetic characteristics commonly found in MPNST (SUPP FIG.
3 A) (25). The obtained results demonstrated that this combination treatment has
similar high efficacy and synergy across all tested MPNST cell lines (FIG. 2 G,
SUPP FIG. 3 D-I). This suggests that the combination of Trametinib and Ripretinib
could be highly effective for the treatment of MPNST.

To determine if the drug combination was also synergistic at inhibiting the MAPK
pathway activity, protein analyses were performed after treating ST88-14 and M3
cells with Trametinib and Ripretinib (FIG. 2 H-I). Ripretinib treatment by itself had
little to no effect on inhibiting pERK levels, but combining this with Trametinib
resulted in a stronger pERK inhibition compared to either single agent alone,
further supporting the previously observed drug synergy (FIG. 2 G). Furthermore,
the combination was also able to inhibit some of the Trametinib-treatment
mediated increase of pMEK levels, in both cell lines tested (FIG. 2 H-1). The MAPK
pathway transcriptional output was also effectively inhibited by the combination
strategy as demonstrated by the reduction in DUSP6, SPRY2, and SPRED2
expression levels (FIG. 2 K-M). Interestingly, the gene expression analysis also
shows that the increase in PDGFR[ protein levels seen in M3 cells after MEKI
treatment occurs as a result of an increase in its transcription levels (FIG. 2 J).

Interestingly, while PDGFRf knockout did make the cells more sensitive to MEKI
treatment, as shown by the significant reduction in the trametinib ICso (SUPP FIG.
4 A-C), the absence of PDGFR} did not affect the ability of the drug combination
to synergize and be effective at reducing MPNST cell viability (SUPP FIG. 4 E-H),
suggesting that other targets of the drug might be also important for mediating this
effect.

To identify important differences that could be leading Ripretinib but not Avapritinib
to synergize more potently with MEKi, we carried out an immunoblot assay after
the combination treatments, which showed that while both PDGFR inhibitors
have very similar effects on PDGFR[3, RAS-GTP and pERK levels, there are key
differences in the total and active BRAF and CRAF levels. Results showed that
RAF levels are decreased with Ripretinibo and MEKi combination but are not
significantly affected by Avapritinib treatment (EIG. 2 N). Interestingly, published
literature on Ripretinib identifies BRAF and CRAF as secondary targets for this
molecule (23). Taken together, the results highlight that while PDGFRp is an
important player in the MPNST response to MEKi treatment, other proteins may
be also playing a key role in mediating MPNST resistance to MEK inhibition.

MEKi treatment-induced RAF dimerization mediates synergism with RAF
inhibitors in MPNST
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Based on the importance of the MAPK pathway in MPNST, and the role of BRAF
and CRAF as key mediators of this signaling pathway, we decided to test the role
of these kinases and their ability to dimerize on the capacity of MPNST cells to
respond to MEKi treatment. Knocking out BRAF or CRAF resulted in the cells
being more sensitive to MEKi treatment, with the greater reduction of Trametinib
ICs0 seen after the CRAF KO (FIG. 3 A-B), which suggests that in MPNST CRAF
could be a more important player than BRAF in the response to MEKi treatment.

Next, we examined the effects of the drug combination on the BRAF and CRAF
proteins and the dimer formation. MEKIi treatment resulted not only in a reduction
of phospho-ERK levels and an increase in phospho-MEK levels, but it also resulted
in an activation of the upstream RAF proteins as demonstrated by the upwards
shifting of the BRAF band, the increase of active S338 phospho-CRAF, and the
decrease of the inhibitory CRAF phosphorylations in S289, S296, and S301 (FIG.
3 C). Ripretinib treatment had minimal effects on phospho-ERK and phospho-MEK
levels but did cause some minor increases in active BRAF and CRAF levels. This
increase was further induced by the Trametinib and Ripretinib combination
treatment, all while the drug combination was still effective at inhibiting
downstream MAPK pathway activity as shown by diminished levels of phospho-
ERK (FIG. 3 C). We then performed co-immunoprecipitation assays to assess how
RAF dimer formation was affected by the combination treatment. While MEK:i
treatments by themselves promoted the increase of BRAF and CRAF interaction
and even BRAF/CRAF interaction with MEK, the combination treatment resulted
in a further induction of the RAF dimerization and their interaction with MEK (FIG.
3 D). Interestingly, this combination treatment mediated an increase in RAF
dimerization and interaction with MEK occurs at drug concentrations that synergize
at decreasing both MPNST cell viability and phospho-ERK levels (FIG. 3 C, 2 A-
B).

Studies have shown that SHOC2-mediated de-phosphorylation of a conserved
phosphorylation site in RAF proteins provides a key input that facilitates RAF
dimerization (26—28). Thus, to further study how the MEKIi treatment mediated RAF
dimerization plays a role in the effectiveness of the combination treatment, we
knocked out SHOC2 to develop RAF dimerization deficient MPNST cells (FIG. 3
). As expected, SHOC2 KO cells were more sensitive to MEKIi treatment, as shown
by the reduction in Trametinib 1Cso compared to the sgCNT cells (FIG. 3 E,G), as
the cells are not able to effectively respond to MEK inhibition when they lack the
ability to increase MAPK pathway activity through RAF dimer formation (29).

Knocking out SHOCZ2 in MPNST also resulted in a meaningful reduction of the
synergism for the Trametinib and Ripretinib combination, and even some drug
concentrations now had an antagonistic effect as highlighted by the decrease in
the Bliss synergy score (FIG. 3 E-H). This decrease in drug synergy coincides with
the decrease in both RAF dimer formation and BRAF/CRAF interaction with MEK
following the SHOC2 KO (FIG. 3 J). Interestingly, regardless of the KO, the
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combination treatment still resulted in the increase of active BRAF and CRAF
levels and RAF dimerization, albeit to a lesser extent in SHOC2 KO cells (FIG. 3
I-J). At these same drug concentrations, Trametinib and Ripretinib still synergized
at inhibiting MAPK pathway downstream activity, as shown by the decrease of
pERK levels (FIG. 3 I). Taken together, decreased RAF dimer formation and
BRAF/CRAF interaction with MEK did not affect the ability of the combination
treatment to decrease pERK levels, but it did result in a significant reduction in the
ability of the combination treatment to synergistically inhibit MPNST cell viability,
suggesting that RAF dimerization in response to MEKIi treatment is an important
event required for RAF targeting drugs to be able to potentiate MEKIi treatment.

MEKi treatment sensitizes tumor cells to RAF dimer inhibitors in NF1-
deficient MPNST

Considering that Ripretinib synergizes with MEKi due to its ability to target RAF
proteins in the presence of MEKI treatment induced RAF dimerization, we
wondered whether other RAF inhibitors (RAFi) were also able to effectively
synergize with MEKi treatment in MPNST. Currently, three main types of RAF
inhibitors (RAFi) exist: equipotent RAFi that target both monomeric and dimeric
RAF, those selective against monomeric RAF, and those selective against dimeric
RAF (30). Combination treatment with Trametinib and either LY3009120, an
equipotent pan-RAF inhibitor (31,32), or Naporafenib, a dimer-selective pan-RAF
inhibitor (30,33), resulted in a high drug synergism at decreasing cell viability (FIG.
4 C-F). Thus, both LY3009120 and Naporafenib showed a high ability to potentiate
MEKIi treatment (FIG. 4 1), like what is observed with Ripretinib and Trametinib
treatment (FIG. 4 A-B, I). On the other hand, Encorafenib, a monomer-selective
pan-RAF inhibitor (30), did not present any synergism when combined with
Trametinib treatment (FIG. 4 G-H, 1), highlighting the importance of inhibiting RAF
dimers in order to synergize with MEKi treatment in MPNST.

In addition, combinations of other MEKI, like Binimetinib and Selumetinib, with
dimer specific RAFi proved to be equally effective and highly synergistic, like the
effects seen in combinations with Trametinib (SUPP FIG. 5), which highlights the
important role of MEK inhibition in mediating the increased cell sensitivity to the
RAFi.

Next, we characterized through immunoblot assays the response of MPNST cells
to RAFi-mediated perturbations in the MAPK pathway. Treatments with Ripretinib
and Encorafenib had no noticeable effects on pERK levels, while LY3009120 and
Naporafenib started to cause minor reductions in pERK levels (FIG. 4 J). However,
Treatment with LY3009120 and Naporafenib resulted in a similar increase of active
BRAF and CRAF levels as seen with Ripretinib treatment (FIG. 4 J). This increase
was less prominent in the cells treated with Encorafenib. Similar to Ripretinib,
LY3009120 and Naporafenib treatment also resulted in an increase in RAF dimer
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formation and BRAF/CRAF interaction with MEK, whereas Encorafenib had a
significantly decreased ability to promote dimer formation (FIG. 4 K). Collectively,
these data suggest that MEKIi treatment of MPNST is an important step needed to
potentiate the effects of RAF dimer-targeted inhibitors.

Combined inhibition of PDGFRB and RAF dimers-enhances the sensitivity of
MPNST tumors to MEKIi

To study the in vivo pharmacodynamics of the combination strategy, we grafted an
MPNST PDX into SCID mice and treated them with Ripretinib and Trametinib once
the tumor volume reached 100-150 mm? (FIG. 5 A). Immunoblot analysis of the
sample shows that in vivo MEKIi treatment resulted in an increase in PDGFR[
levels and a slight reduction of pERK levels (FIG. 5 B), like what is also seen in the
in vitro studies (FIG. 1 C-D). On the other hand, Ripretinib treatment did not affect
PDGFRB but showed a marked increase in pERK levels possibly through a
treatment-induced paradoxical activation of RAF proteins as not enough drug has
accumulated in the tumor to fully inhibit their activity, which could lead to an
increase cancer cell proliferation like the one observed in vitro (SUPP FIG. 3 C).
Finally, while the drug combination strategy did lead to an increase in PDGFRP
levels in some samples, the combination treatment was more effective than either
single agent at inhibiting pERK levels (FIG. 5 B).

To study the in vivo efficacy of the drug combination, an MPNST PDX was grafted
into SCID mice, and treatment was started once tumors reached the appropriate
size (FIG. 5 C). While Trametinib treatment by itself was capable of controlling
tumor growth, there was no significant difference between the vehicle-treated and
the Ripretinib-treated groups. Nevertheless, Ripretinib treatment was able to
potentiate the effects of Trametinib as the combination treatment was more
effective at controlling the tumor growth than either single agent (FIG. 5 D-E).
Immunoblot analysis of the samples collected at the endpoint of the study showed
that while in vivo MEKIi treatment did result in a decrease in pERK levels, the
treatment also led to an increase in PDGFR levels (FIG. 5 F), like the one
observed in the previous in vitro studies (FIG. 1 C-D). On the other hand, an
increase in PDGFR} levels was only detected in one sample of the combination
group and was not observed in the Ripretinib treatment group. Nevertheless, the
combination treatment was more effective than MEKi single treatment at inhibiting
pERK levels in the tumors (FIG. 5 F).

Considering that the pharmacodynamics study showed that Ripretinib treatment
with a 25 mg/kg/day dose led to an increase in pERK levels (FIG. 5 B) and that
this drug dose was not capable of controlling tumor growth (FIG. 5 D-E), we wanted
to determine if a higher dose of Ripretinib was more effective as a single agent
and in combination with a MEKI. To study this, we grafted MPNST M3 cells into
SCID mice and started treatment with a 100 mg/kg/day dose of Ripretinib and
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MEKIi once the tumor volume reached the appropriate size (FIG. 5 G). Both single
agents decreased tumor growth compared to the vehicle-treated group, but the
combination treatment was more effective than either treatment by itself as
demonstrated by the further reduction in tumor growth (FIG. 5 H-I). Furthermore,
treatments were also well tolerated as there was no significant loss of mice weight
following treatment administration (FIG. 5 J).

Taken together, the in vivo studies show that Ripretinib and MEKi combination is
more effective than either drug by themselves at leading to a reduction in MAPK
pathway activity and MPNST tumor growth, which supports its use as a therapeutic
strategy for the treatment of MPNST patients.

Discussion

Despite clinical studies showing that MEKi treatment is effective against the
MPNST precursor NF1-associated plexiform neurofiboroma (13-15), MPNST
develop resistance to single-agent MEKi treatment. In addition to the loss of NF1
function, which can lead to a sustained activation of the RAS/ERK signaling, and
the frequent somatic mutations in CDKN2A, MPNST also present frequent co-
occurring loss-of-function mutations of the Polycomb repressive complex 2
(PRC2), on the EED or SUZ12 subunits (5,7). Interestingly, this loss of PRC2
function can also indirectly potentiate the effects of NF1 loss-of-function by
amplifying Ras-driven transcription (6), which highlights the importance of
developing novel therapeutic strategies to improve MEKI efficacy in MPNST and
overcome the ability of the tumor to develop resistance.

We and others have revealed that MPNST in response to MEKi treatment
upregulate different RTKs (24). In our present study we identify that the direct
transcriptional upregulation of PDGFR} in response to MEKIi treatment serves as
a mechanism of resistance in the majority of MPNST cell lines tested. This
increase in PDGFR levels can occur both as a response to acute MEKi exposure
or as an adaptation to chronic exposure. However, pharmacological combinations
of MEKIi with the PDGFRf specific inhibitors Avapritinib and AZD3229 proved to
have limited effects as these drugs had a reduced ability to potentiate the effects
and synergize with MEK:i.

In this study, we also identified that MPNST cells can adapt and overcome MEKi
treatment through the stimulation of RAF dimer formation, which then leads to an
increase in the downstream MAPK signaling. While these two pathways for the
development of MEK:i resistance in MPNST may not be completely independent,
results from our studies show that the induction of RAF dimer formation is the main
pathway that needs to be inhibited.
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Current clinical RAF inhibitors have different affinities towards RAF monomers and
dimers, and can be classified as inhibitors with increased affinity towards either
RAF monomers, RAF dimers, or those that are equipotent against both RAF
monomers and dimers (30). As expected, monomer-specific RAF inhibitors
(Encorafenib) were not able to potentiate the effect of MEKi treatment in MPNST
as RAF dimer formation overcomes the effect of the inhibitors. On the other hand,
pharmacological combinations of the RAF dimer selective (Naporafenib) or the
equipotent (LY3009120) inhibitors with MEKi resulted in a robust drug synergy at
inhibiting both the MAPK pathway signaling and viability of MPNST cells. However,
while very effective at inhibiting RAF dimers, equipotent RAF inhibitors have failed
to be successful in the clinic and they are predicted to cause on-target toxicities at
the doses required for strong antitumor effect (30,32,34). Because of this, RAF-
dimer selective inhibitors like Naporafenib, Regorafenib, Sorafenib, and others
(30,33), may prove to be more tolerable and effective as a combination treatment
with MEKi.

Another therapeutic strategy that could prove to be very effective for MPNST is the
combination of MEKi with a drug capable of targeting the two mechanisms of
resistance to MEKi described in our study. As we show here, Ripretinib, a “switch-
control” kinase inhibitor with high affinities against both PDGFRf, and B-RAF and
C-RAF dimers (23), is an example of a molecule that not only fits the targeting
requirement, but that presented a be very robust ability to synergize and potentiate
MEKi treatment in MPNST. This combination strategy was also found to be
effective and well tolerated in the in vivo experiments.

For all these pharmacological combinations tested, the act of inhibiting MEK was
more important than the specific MEKi used, as combinations with either
Trametinib, Binimetinib, or Selumetinib were all able to robustly synergize with both
Ripretinib and Naporafenib. This is of particular interest as MEKi have different
biochemical properties and abilities to inhibit MEK and ERK phosphorylation or
disrupt RAF-MEK complexes. Trametinib in particular has been found to be a more
potent inhibitor and disruptor of these cellular processes than Binimetinib or
Selumetinib (21,30,35,36), still combinations of either MEKi with RAF dimer
inhibitors were all very effective in MPNST.

Currently there is an unmet clinical need for the development of novel effective
therapeutics strategies for NF1-deficient MPNST patients. Our present findings
provide the scientific rationale and support for the clinical evaluation of MEKi and
PDGFRp / RAF-dimer inhibitors for the treatment of MPNST, findings that could
impact the development of future clinical trials for this patient population.
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Figure 1. MEK inhibition leads to an increase of PDGFRP and reactivation of
MAPK signaling in NF1-deficient MPNST

A) Western blot analysis of M3 cells were treated with 1 nM or 50 nM Trametinib
for 2hr, 24hr, or 48hr.

B,E) Phospho-RTK arrays of M3 (B) and ST88-14 (E) cells treated with DMSO
or 50 nM Trametinib for 48hr. PDGFR} is identified by red squares.

C,F) Western blot analysis of M3 (C) and ST88-14 (F) cells treated with
increasing concentrations of Trametinib for 48hr.

D) Summary heatmap highlighting the MPNST cell lines in which PDGFR(
protein levels increase as a response to 48hr in vitro Trametinib treatment.
G,J) Schematic of the strategy followed for developing Trametinib resistant M3

(G) and ST88-14 (J) cells.
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H,K) Cell viability of parental and Trametinib resistant M3 (H) and ST88-14 (K)
cells treated with increasing doses of Trametinib for 5 days. Error bars
represent the mean of three measurements + SEM.

I) Western blot analysis of M3 parental and Trametinib resistant cells.

L) Western blot analysis of ST88-14 parental and Trametinib resistant cells after
a 72hr drug washout or under constant MEKi treatment.
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Figure 2. Ripretinib synergizes with MEKi at inhibiting MAPK signaling and
MPNST cell viability partially through targeting PDGFRf

A,C,E) Cell viability of ST88-14 (A,C) or M3 (E) cells treated with increasing
doses of Trametinib and Ripretinib (A,E) or Trametinib and Avapritinib (C) for
5 days. Error bars represent the mean of three measurements + SEM.

B,D,F) Bliss synergy score heat map for the combination treatment of Trametinib
and Ripretinib in ST88-14 (B) or M3 (F) cells, or Trametinib and Avapritinib in
ST88-14 (D) cells. Data represent the mean from n = 3.

G) Bar graph plot of the cell viability IC50 (nM) fold change of MPNST cells
treated for 5 days with Trametinib in combination with Ripretinib.
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H,l) Western blot analysis of ST88-14 (H) or M3 (1) cells treated with Trametinib
and Ripretinib for 48hr.

J-M) RT-gPCR analysis of the changes of PDGFRp, DUSP6, SPRY2 or SPRED2
expression levels in M3 cells treated with Trametinib and Ripretinib for 48hr.
N) Western blot analysis of M3 cells treated with Trametinib, Ripretinib and

Avapritinib for 48hr.
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Figure 3. MEKIi treatment-induced RAF dimerization mediates synergism with RAF
inhibitors in MPNST

A-B) Cell viability of ST88-14 (A) or M3 (B) cells with a CRISPR-cas9 KO of
BRAF or CRAF treated with increasing doses of Trametinib for 5 days. Error
bars represent the mean of three measurements + SEM.

C-D) Western blot analysis of ST88-14 cells whole-cell lysate (C) or lysate
subjected to immunoprecipitation (D) after 24hr treatment with Trametinib and
Ripretinib.

E,G) Cell viability of ST88-1439CNT (E) and ST88-1439SH0C2 (G) cells treated with
increasing doses of Trametinib and Ripretinib for 5 days. Error bars represent
the mean of three measurements + SEM.

F,H) Bliss synergy score heat map for the combination treatment of Trametinib
and Ripretinib in ST88-14%9°NT (F) and ST88-1459SHOC2 (H) cells. Data
represent the mean from n = 3.
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I,J) Western blot analysis of ST88-1459CNT and ST88-1439SH0OC2 cells whole-cell
lysate (I) or lysate subjected to immunoprecipitation (J) after 24hr treatment
with Trametinib and Ripretinib.
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Figure 4. MEKIi treatment sensitizes tumor cells to RAF dimer-specific inhibitors in
NF1-deficient MPNST

A,C,E,G) Cell viability of ST88-14 cells treated with increasing doses of
Trametinib and Ripretinib (A), LY3009120 (C), Naporafenib (E), or
Encorafenib (G) for 5 days. Error bars represent the mean of three
measurements + SEM.

B,D,F,H) Bliss synergy score heat map for the combination treatment of
Trametinib and Ripretinib (B), LY3009120 (D), Naporafenib (F), or Encorafenib
(H) in ST88-14 cells. Data represent the mean from n = 3.

[) Bar graph plot of the cell viability IC50 (nM) fold change of ST88-14 cells
treated for 5 days with Trametinib and Ripretinib (16, 64 or 256 nM),
LY3009120 (4, 16 or 64 nM), Naporafenib (4, 16 or 64 nM), or Encorafenib
(16, 64 or 256 nM).

J-K) Western blot analysis of ST88-14 cells whole-cell lysate (J) or lysate
subjected to immunoprecipitation (K) after 24hr treatment with Ripretinib,
LY3009120, Naporafenib or Encorafenib.
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Figure 5. Combined inhibition of PDGFR and RAF dimers by Ripretinib enhances
the sensitivity of MPNST tumors to MEKIi

A) Schematic of the MPNST-4 PDX pharmacodynamic study.

B) Western blot analysis of MPNST-4 PDX tumors after treatment for 48hr.
C) Schematic of the MPNST-2 PDX efficacy study.

D) MPNST-2 PDX tumor volume curves of vehicle, Trametinib, Ripretinib, or the
combination cohorts.

E) MPNST-2 PDX tumor volume distribution at the experiment endpoint.

F) Western blot analysis of MPNST-4 PDX tumors collected and the experiment
endpoint.

G) Schematic of the M3 cells xenograft efficacy study.

H) M3 xenograft tumor volume curves of vehicle, Binimetinib, Ripretinib, or the
combination cohorts.

I) M3 xenograft tumor volume distribution at the experiment endpoint.

J) Body weight measurements of SCID mice treated with vehicle, Binimetinib,
Ripretinib, or the combination.
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Supplemental Figure S1 (Related to Figure 1)

A-B) Phospho-RTK arrays of SNF96.2 cells treated in vitro with DMSO or 500
nM Binimetinib for 2hr (A), or M724 cells treated in vivo with vehicle or oral
Binimetinib (30mg/kg BID) for 48hr (B). PDGFR is identified by red squares.

C-H) Western blot analysis of SNF96.2 (C), M1 (D), M4 (E), M5 (F), M6 (G) or
M724 (H) cells treated with increasing concentrations of Trametinib for 48hr.
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Supplemental Figure S2 (Related to Figure 2)

A,C,E) Cell viability of ST88-14 cells treated with increasing doses of Trametinib
and AZD-3229 (A), or M3 cells treated with increasing doses of Trametinib and
Avapritinib (C) or Trametinib and AZD-3229 (E) for 5 days. Error bars
represent the mean of three measurements + SEM.

B,D,F) Bliss synergy score heat map for the combination treatment of Trametinib
and AZD-3229 in ST88-14 (B) or M3 (F) cells, or Trametinib and Avapritinib in
M3 (D) cells. Data represent the mean from n = 3.

G,l) Phospho-RTK arrays of M3 (G) and ST88-14 () cells treated with 100 nM
Ripretinib or 50 nM Trametinib and 100 nM combination for 48hr. PDGFR} is
identified by red squares.

H,J) Normalized mean pixel intensity quantification of PDGFRJ levels in the
Phospho-RTK arrays of M3 (G and Figure 1 B) and ST88-14 (I and Figure 1
E) cells.
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Supplemental Figure S3 (Related to Figure 2)

T
100
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Antagonisnt Symsray

A) Genetic characteristics of the panel of MPNST cell lines used in the different

experiments.

B-C) Cell viability of MPNST cell lines treated with increasing doses of Trametinib
(B) or Ripretinib (C) for 5 days. Error bars represent the mean of three

measurements + SEM.
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D-I) Cell viability and Bliss synergy score heat map for SNF96.2 (D), M1 (E), M4
(F), M5 (G), M6 (H) or M724 (l) cells treated with increasing doses of
Trametinib and Ripretinib for 5 days. Error bars represent the mean of three
measurements £ SEM, and Bliss scores represent the mean from n = 3.
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Supplemental Figure S4 (Related to Figure 2)

A) Western blot validation of PDGFR KO in ST88-14 cells using CRISPR-Cas9
and three different single guide RNAs.

B,D) Cell viability of ST88-1459CNT and ST88-1439PPCFRE cells treated with
increasing doses of Trametinib (B) or Ripretinib (D) for 5 days. Error bars
represent the mean of three measurements + SEM.

C) Bar graph plot of the cell viability IC50 (nM) of ST88-1459NT and ST88-
1459PDCFRB cells treated with increasing doses of Trametinib (B). Error bars
represent the mean of triplicate experiments, with internal triplicates, £ SD.

E,G) Cell viability of ST88-1439CNT (E) or ST88-1459PDCFRE (G) cells treated with
increasing doses of Trametinib and Ripretinib for 5 days. Error bars represent
the mean of three measurements + SEM.

F,H) Bliss synergy score heat map for the combination treatment of Trametinib
and Ripretinib in ST88-1459CNT (F) or ST88-1459"DCFRE (H) cells. Data represent
the mean from n = 3.

149



Viable Cells (%)

Viable Cells (%)

S$T88-14
125 Binimetinib (nM)
100 - Bini " 18|75 3|75 7?0 15|00 3000
e +16nMRipretinib £ 1o -1 1 2 |14
7% -o- +64nMRipretinib 2 5,1 45
50 -e +256 nM Ripretinib _:';im
25
¢ At Syteray
o
100 1000 10000
Binimetinib ("M)
S$T88-14
1259 Selumetinib (nk1)
100] - 128 20 w0 2000 5000
+ e~ + 16 nM Ripretinib 71 |16
75 e~ + 64 nM Ripretinib
0 s +256nMRipretinb  §
25
T T T A
10 100 1000 10000

Selumetinib (nM)

Viable Cells (%)

Viable Cells (%)

ST88-14

-e- Binimetinib

& + 16 nM Naporafenib
-e- + 64 nM Naporafenib
~#~ + 256 nM Naporafenib

Naporafenib (1M)

225 0 25
snudonism’ Syferay

T T
100 1000
Binimetinib (nM)

N

T
10000

ST88-14

-e~ Selumetinib

-e- +16 "M Naporafenib
-~ + 64 nM Naporafenib
-e~ +256 nM Naporafenib 3

T
10

T T 1
100 1000 10000

Selumetinib (nM)

Supplemental Figure S5 (Related to Figure 4)

A-B) Cell viability and Bliss synergy score heat map for ST88-14 cells treated
with increasing doses of Binimetinib and Ripretinib (A) or Naporafenib (B) for
5 days. Error bars represent the mean of three measurements + SEM, and
Bliss scores represent the mean from n = 3.
C-D) Cell viability and Bliss synergy score heat map for ST88-14 cells treated
with increasing doses of Selumetinib and Ripretinib (C) or Naporafenib (D) for
5 days. Error bars represent the mean of three measurements + SEM, and
Bliss scores represent the mean from n = 3.



Supplementary tables

Supplementary Table 1. Drugs, chemicals, and reagents used in this study

Supplier Catalog # Item

Addgene 52962 LentiCas9-Blast plasmid

Addgene 52961 LentiCRISPR v2 plasmid

Addgene 52963 LentiGuide-Puro plasmid

Addgene 8454 pCMV-VSV-G packaging plasmid

Addgene 12260 psPAX2 packaging plasmid

Applied Biological Materials Inc. G238 Mycoplasma PCR Detection Kit

Bio-Rad 1620115 Nitrocellulose Membrane, Roll, 0.45 um

Cell Signaling Technology 8821 Active Ras Detection Kit

Cell Signaling Technology 7722 Blue Loading Buffer Pack

Cell Signaling Technology 9803 Cell Lysis Buffer (10X)

Corning 356237 Matrigel Basement Membrane Matrix, Phenol Red-free, LDEV-free
Deciphera Pharmaceuticals n/a Ripretinib (DCC-2618)

LI-COR Biosciences 928-60000 Chameleon Duo Pre-stained Protein Ladder
LI-COR Biosciences 927-60001 Intercept (TBS) Blocking Buffer

LI-COR Biosciences 927-85001 Intercept T20 (TBS) Protein-Free Antibody Diluent
Millipore Sigma 4693132001 cOmplete™, EDTA-free Protease Inhibitor Cocktail
Millipore Sigma WBKLS0500 Immobilon Western Chemiluminescent HRP Substrate
Millipore Sigma 4906837001 PhosSTOP, Phosphatase Inhibitor Cocktail Tablets
MSKCC Pharmacy n/a Binimetinib (MEK162) — for in vivo studies

New England BioLabs N3200L 1 kb Plus DNA Ladder

New England BiolLabs R3733L Bsal-HFv2

New England BioLabs RO739L BsmBI-v2

New England BiolLabs B7025S Gel Loading Dye, Purple (6X), no SDS

New England BioLabs C3040H Stable Competent E. coli (High Efficiency)
Omega Bio-Tek D6492-01 E.Z.N.A. Cycle Pure Kit (V-spin)

Omega Bio-Tek R6834-01 E.Z.N.A. Total RNA Kit |

Omega Bio-Tek HCRO03 Homogenizer Columns

Promega G9242 CellTiter-Glo 2.0 Cell Viability Assay

Qiagen 28706 QlAquick Gel Extraction Kit

R&D Systems ARY001B Proteome Profiler Human Phospho-RTK Array Kit
R&D Systems AR002 Resazurin / Alamar Blue

Roche 6365787001 X-tremeGENE™ 9 DNA Transfection Reagent
SelleckChem S8553 Avapritinib (BLU-285)

SelleckChem 58780 AZD3229

SelleckChem S$7007 Binimetinib (MEK162) — for in vitro studies
SelleckChem 57108 Encorafenib (LGX818)

SelleckChem 57842 LY3009120

SelleckChem S8745 Naporafenib (LXH254)

SelleckChem 51008 Selumetinib (AZD6244)

SelleckChem S2673 Trametinib (GSK1120212)

Teknova M1088 MOPS/SDS Running Buffer

Thermo Fisher Scientific A1113903 Blasticidin S HCI

Thermo Fisher Scientific 26162 ChIP-grade Protein A/G magnetic beads

Thermo Fisher Scientific 17101015 Collagenase, Type Il, powder

Thermo Fisher Scientific BP172-5 Dithiothreitol (DTT)

Thermo Fisher Scientific 78444 Halt Protease and Phosphatase Inhibitor Cocktail
Thermo Fisher Scientific 4368813 High-Capacity cDNA Reverse Transcription kit
Thermo Fisher Scientific NP0336BOX NUPAGE 4-12% Bis-Tris gels

Thermo Fisher Scientific NP0007 NUPAGE LDS sample buffer

Thermo Fisher Scientific 23225 Pierce BCA Protein Assay Kit

Thermo Fisher Scientific 36978 PMSF Protease Inhibitor

Thermo Fisher Scientific A25778 PowerUp SYBR Green Master Mix

Thermo Fisher Scientific A1113803 Puromycin Dihydrochloride

Thermo Fisher Scientific 89900 RIPA Lysis and Extraction Buffer

Thermo Fisher Scientific 26634 Spectra Multicolor Broad Range Protein Ladder
Thermo Fisher Scientific 37542 StartingBlock (TBS) Blocking Buffer

Thermo Fisher Scientific 34578 SuperSignal West Pico PLUS Chemiluminescent Substrate
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Supplementary Table 2.

sgRNAs for CRISPR/Cas9 used in this study

Species sgRNA 20-mer Guide Sequence

n/a sgCNT GCTGATCTATCGCGGTCGTC

Human sgBRAF GGTTTCCGCTGTCAAACATG

Human sgCRAF GTGATGCTGTCCACTCGGAT

Human sgPDGFRB GACTAACGTGACGTACTGGG

Human sgSHOC2 TAGTTATACGATTAAAGCGA
Supplementary Table 3. Primers used for RT-qPCR in this study
Species Primer Sequence (5’ to 3’) [PAM = NGG]
Human Fw_DUSP6 GGCGAGCTGCTGCTACACGA
Human Rv_DUSP6 TGCCGGGCGTTCTACCTGGA
Human Fw_PDGFRB ACAGACTCCAGGTGTCATCCA
Human Rv_PDGFRB CCACTTTCTTTGCGGGGGTA
Human Fw_RPL27 CATGGGCAAGAAGAAGATCG
Human Rv_RPL27 TCCAAGGGGATATCCACAGA
Human Fw_SPRED2 GACGTTTTTACAACAGCTACAGACA
Human Rv_SPRED2 TGTGGGGTATGAGTCGTGGA
Human Fw_SPRY2 ATTTGCACATCGCAGAAAGAAGA
Human Rv_SPRY2 AGAACACATCTGAACTCCGTGA
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Supplementary Table 4. Antibodies used for WB and IP in this study

Supplier Catalog # Target Protein Host Application Dilution
Cell Signaling Technology 2128 B-Tubulin Rabbit Western blot 1:1000
Cell Signaling Technology 86298 B-Tubulin Mouse Western blot 1:1000
Cell Signaling Technology 9433 BRAF Rabbit Western blot 1:1000
Cell Signaling Technology 14814 BRAF Rabbit Western blot 1:1000
Santa Cruz Biotechnology sc-5284 BRAF Mouse Western b|°t_' L 1:200,
Immunoprecipitation 1 pg/IP
Cell Signaling Technology 53745 CRAF Rabbit Western blot 1:1000
Millipore Sigma 07-396 CRAF Rabbit Immunoprecipitation 1ug
Cell Signaling Technology 12552 CRAF Mouse Western blot 1:1000
Cell Signaling Technology 4695 ERK1/2 Rabbit Western blot 1:1000
Cell Signaling Technology 4696 ERK1/2 Mouse Western blot 1:1000
Cell Signaling Technology 5415 Isotype control Rabbit Immunoprecipitation 1 ug/IP
Cell Signaling Technology 3900 Isotype control Mouse Immunoprecipitation 1 ug/IP
Millipore Sigma 07-641 MEK1 Rabbit Immunoprecipitation 1 pug/IP
Cell Signaling Technology 9122 MEK1/2 Rabbit Western blot 1:1000
Cell Signaling Technology 4694 MEK1/2 Mouse Western blot 1:1000
Cell Signaling Technology 3169 PDGFRB Rabbit Western blot 1:500
Cell Signaling Technology 3175 PDGFRB Mouse Western blot 1:500
Cell Signaling Technology 4370 phospho-ERK1/2 Rabbit Western blot 1:1000
Cell Signaling Technology 9421 phospho-CRAF-S259 Rabbit Western blot 1:1000
Cell Signaling Technology 9431 phospho-CRAF-5289, $296, S301 Rabbit Western blot 1:1000
Cell Signaling Technology 9427 phospho-CRAF-S338 Rabbit Western blot 1:1000
Cell Signaling Technology 9154 phospho-MEK1/2 Rabbit Western blot 1:1000
Cell Signaling Technology 53600 SHOC2 Rabbit Western blot 1:1000
Cell Signaling Technology 13901 Vinculin Rabbit Western blot 1:1000
Cell Signaling Technology 7074 Anti-rabbit IgG, HRP-linked 2ry Antibody |[Western blot 1:2000
Cell Signaling Technology 7076 Anti-mouse IgG, HRP-linked 2ry Antibody |Western blot 1:2000
LI-COR 926-32211 IRDye® 800CW Goat anti-Rabbit IgG 2ry Antibody |Western blot 1:10,000
LI-COR 926-68070 IRDye 680RD Goat anti-Mouse IgG 2ry Antibody |Western blot 1:20,000
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