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ABSTRACT
Introduction: The oncogenic signaling of KIT/PDGFRA is pivotal to the biology of GIST,

a human malignant mesenchymal neoplasm that features myogenic differentiation.
Despite targeted inhibition of these receptors provides a major clinical benefit, GIST cells
adapt to KIT/PDGFRA driver suppression and eventually develop resistance, which
usually occurs due to the polyclonal expansion of tumor subpopulations bearing
KIT/PDGFRA secondary mutations. Remarkably, the molecular mechanisms underlying
adaptive resistance in GIST remain unclear. Interestingly, KIT oncogenic signaling is
largely driven by PI3BK/mTOR and RAS/MAPK pathways regardless of KIT primary or
secondary mutations.

Hypothesis: The dissection of KIT-downstream pathways will allow the identification of
critical elements involved in the process of the adaptation to treatment, thus emerging
as potential therapeutic targets to enhance the clinical efficacy of KIT/PDGFRA
inhibitors.

Methods: Clinically representative GIST cell models were used, in vitro and in vivo,
throughout. KIT-downstream pathways were characterized through pharmacological
screenings. RNA sequencing studies identified Atrogin-1 as a critical gene co-regulated
by KIT-downstream pathways. Functional studies were performed on viral gene
overexpression and knock-down models to elucidate Atrogin-1 regulation and role in
GIST. Proof-of-concept studies evaluated the preclinical impact of co-targeting KIT and
the ubiquitin-pathway (UP) in GIST.

Results: /n vitro and in vivo studies revealed PI3BK/mTOR and MEK1/2 as the most
essential KIT-downstream mediators. RNA sequencing underscored Atrogin-1 (aka
FBXO032, a SCF E3 ubiquitin-ligase and the main effector of muscular atrophy in
cachexia) as the most differentially expressed gene co-regulated by PI3K/mTOR and
MEK1/2, resulting in increased expression upon inhibition of KIT, or KIT-downstream
pathways. Functional studies and ChIP demonstrated that KIT and/or KIT-downstream
signaling regulates Atrogin-1 expression through FOXO3a. Atrogin-1 proved to have a
pro-survival role in GIST leading to apoptosis evasion and treatment adaptation upon
KIT or KIT-downstream pathways inhibition through induction of cell quiescence. Atrogin-
1 function was restricted to GIST cell lineage, being absent in other KIT- and kinase-
driven neoplasms. Moreover, a significant increase in Atrogin-1 expression was shown
in post-imatinib (IM) GIST tumor samples compared to pre-IM and also by IHC in a tissue
microarray from pre- and post-IM GIST samples. Finally, combined inhibition of KIT and
the UP with imatinib and TAK-243 (an UAE specific inhibitor), respectively, showed
enhanced anti-tumor activity compared to single-agent IM.

Conclusions: Atrogin-1 emerges as a crucial KIT-dependent and GIST cell lineage-
specific pro-survival factor, which drives adaptation to KIT targeted inhibition through
induction of cell quiescence. Atrogin-1 highlights the ubiquitin proteome system as a
therapeutic vulnerability. Accordingly, combined KIT and UP inhibition results in a novel
therapeutic strategy to overcome tumor cell adaptation in the treatment of GIST patients.
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RESUMEN

Introduccidén: La sefalizacién oncogénica de KIT/PDGFRA es fundamental para la
biologia del GIST, una neoplasia mesenquimal maligna humana que presenta
diferenciacion miogénica. A pesar de que la inhibicion selectiva de estos receptores
proporciona un importante beneficio clinico, las células de GIST se adaptan a la
supresion de KIT/PDGFRA y acaban desarrollando resistencias, que suelen producirse
debido a la expansion policlonal de subpoblaciones tumorales portadoras de mutaciones
secundarias en KIT/PDGFRA. Cabe destacar que el mecanismo molecular subyacente
a la resistencia adaptativa en GIST sigue sin estar claro. Es importante sefalar que la
sefalizacién oncogénica de KIT se canaliza en gran medida por las vias PI3K/mTOR y
RAS/MAPK, independientemente del tipo de mutaciéon primaria o secundaria en KIT.
Hipétesis: El estudio de las vias activadas por KIT permitira identificar elementos
criticos implicados en el proceso de adaptacién al tratamiento, emergiendo asi como
potenciales dianas terapéuticas para potenciar la accién anti-tumoral de los inhibidores
de KIT/PDGFRA.

Métodos: A lo largo de todo proyecto se utilizaron modelos celulares in vitro e in vivo
de GIST clinicamente representativos. Se caracterizaron las vias de sefializacion de KIT
mediante estudios farmacoldégicos. Los estudios de secuenciacion de ARN identificaron
a Atrogin-1 como un gen critico corregulado por las vias de KIT. Se realizaron estudios
funcionales en modelos de sobreexpresion y silenciamiento de genes mediante vectores
virales para dilucidar la regulacion de Atrogin-1 y su papel en GIST. Se realizaron
estudios de prueba de concepto para evaluar el impacto preclinico de inhibicién conjunta
de KIT y de la cascada ubiquitinizacién (CU) en GIST.

Resultados: Estudios in vitro e in vivo revelaron que PISBK/mTOR y MEK1/2 son los
mediadores mas esenciales de las vias activadas por KIT. La secuenciacion del ARN
puso de manifiesto que Atrogin-1 (también conocido como FBX032, una SCF ubiquitina-
ligasa E3, y el principal efector de la atrofia muscular en la caquexia) es el gen mas
expresado de forma diferencial de entre todos los corregulados por las vias PI3K/mTOR
y RAS/MAPK, lo que resulta en un aumento de la expresién tras la inhibicion de KIT o
de las vias activadas por KIT. Estudios funcionales demostraron que KIT y/o las vias
activadas por KIT regulan la expresion de Atrogin-1 a través de FOXO3a. Atrogin-1
demostro tener un papel pro-supervivencia en el GIST ya que ayuda a las células de
GIST a evitar la apoptosis, permitiendo la adaptacién al tratamiento tras la inhibicion de
KIT o sus vias, todo ello a través de la induccién de la quiescencia celular. Esta funcion
de Atrogin-1 esta restringida al linaje celular del GIST, ya que no se observé en otros
tumores con alteraciones en KIT o en otros receptores tirosina quinasa. Ademas, se
demostrd, mediante inmunohistoquimica y datos de microarray de expresion, un
aumento significativo de la expresién de Atrogin-1 en muestras tumorales de GIST tras
el tratamiento con imatinib en comparacion con las muestras previas al tratamiento. Por
ultimo, la inhibicién combinada de KIT y la CU usando imatinib y TAK-243 (un inhibidor
especifico de UAE), respectivamente mostr6 una mayor actividad antitumoral en
comparacion con el tratamiento unicamente con imatinib.
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Conclusiones: Atrogin-1 es un factor pro-supervivencia crucial, dependiente de KIT y
especifico del linaje celular de GIST, que participa en la adaptacién a la inhibicion
dirigida de KIT a través de la induccién de la quiescencia celular. Atrogin-1 subraya la
relevancia del sistema de ubiquitin-proteosoma como potencial diana terapéutica. Asi,
la inhibicion combinada de KIT y la CU es una nueva estrategia terapéutica para revertir
la adaptacion de las células tumorales al tratamiento en los pacientes de GIST.
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ABBREVIATIONS

4-OHT: 4-hydroxy-tamoxifen

ABL: ABL proto-oncogene non-receptor
tyrosine kinase

ANO1: Anoctamin 1

ARF: alternate open reading frame
ASCO: American Society of Clinical
Oncology

ATP: Adenosine triphosphate

AVA: Avapretinib

BL: baseline

Cas 3: Caspase 3

CDKA4: cyclin dependent kinase 4
CDKN2A: Cyclin Dependent Kinase
Inhibitor 2A

ChIP: Chromatin immunoprecipitation
CMB: Combination

CML.: Chronic myeloid leukemia

CRL: cullin-RING-ub ligases

CSF1R: Colony stimulating factor 1
receptor

CT - Computed tomography

CTG: Cell-titer Glo

Cys: Cysteine

DEPDC5: DEP domain containing 5,
GATOR1 subcomplex subunit

DFG: Asp-Phe-Gly

DMSO: Dimethyl sulfoxide

DNA: Deoxidribonucleic acid

DREAM complex: Dimerization partner,
RB-like, E2F and multi-vulval class B
DUB: deubiquitinases enzymer

DUSP: Dual

phosphatase

specificity  protein

EGFR: Epidermal growth factor receptor
ERK: Extracellular signal-regulated
kinases

ESMO: European Society of Medical
Oncology

ETV1: ETS variant transcription factor 1
EUS: Endoscopic ultrasonography
EZH2: Enhancer of zeste homolog 2
FGFR1: Fibroblast growth factor
receptor 1

FLT3: FMS related receptor trysoine
kinase 3

FNA: Fine-needle aspiration

FOXO: Forkhead box O

GDP: Guanosine diphosphate

GIST: Gastrointestinal stromal tumor
GRB2: Growth factor receptor bound
protein 2

GTP: Guanosine triphosphate

H2AX: Histone H2AX

HBSS: Hank’s balanced salt solution
HECT: Homologous to E6-AP carboxil
HIF: Hypoxia inducible factor

HSP90: Heat shock protein 90

i.v.p: ltravenous administration

ICCs: Interstitial cells of cajal

IGF: Insulin growth factor

IGFR: Insulin growth factor receptor

IM: Imatinib

INK4A: INhibitors of CDK4

KIT: KIT proto-oncogene receptor
tyrosine kinase

Lys: Lysine
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MAX: MY C associated factor X 1
mDOR: Median duration of response
MMR: Miss-match repair

MRI: Magnetic resonance imaging
mMTOR: Mechanistic target of rapamycin
Kinase

myoD: Myogenic differentiation 1
NCCN: National Comprehensive Cancer
Network

NF1: Neurofibromin 1

OS: Overall survival

p.o: Oral administration

PARP: Poly(ADP-Ribose) polymerase
PCA: Principal component analysis
PDGFRA: Platelet derived growth factor
A

PET: Positron emission tomography
PFS: Progression-free survival

PI3K: Phosphatidylinositol-4,5-
Bisphosphate 3-Kinase

PVDF: Polyvinilydene

g.d: Every day

RBR: RING-between-RING

RE: Regorafenib

RI: Ripretinib

RING: Really interesting new gene
RNA: Ribonucleis acid

SCF: Stem cell factor

SDH: Succinate dehydrogenase

Ser: Serine

SHC: Src Homology 2 domain-
containing transforming protein 1
shRNA: Shor-harpin RNA

SKP2: S-Phase kinase associated
protein 2

SPRY: Sprouty

STATS3: Signal transducer and activator
of transcription 3

SU: Sunitinib

Thr: threonine

TKI: Tyrosine kinase inhibitor

TNBC: Triple negative breast cancer
TP53: tumor protein 53

TRAM: Trametinib

UAE: Ubiquitin activating enzyme

Ub: Ubiquitin

UPS:Ubiquitin proteosome system

WD: withdrawn

WT: Wildtype
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1. INTRODUCTION

Cancer is a group of diseases, which can arise in almost any organ or tissue of the body
as a result of an uncontrolled division of abnormal cells. Cancer cells are capable to grow
in a self-autonomous manner and create a mass, named neoplasia or tumor, that
eventually cause the death if the patient does not receive specific anti-cancer treatments.
Tumors can be classified in benign or malign. Benign tumors are generally characterized
by lower proliferation rates and, especially, lack of invasion of adjacent tissues. On the
other hand, malign tumors are defined by their potential to spread not only to adjacent

tissues, but also to distant organs.

There exist different types of cancer depending on their cell of origin. Accordingly,
malignant tumors can be categorized in 4 different types, based on the embryonic origin
of the cells that form the neoplasm: 1) epithelial, 2) mesenchymal, 3) hematological, and

4) derived from nervous system:

1) Epithelial malignant tumors are called carcinomas, which comes from Greek -
carcinos (crab) and -oma (tumor). They are the most frequent, representing 80%

of the total malignant cancers.

2) Mesenchymal malignant tumors are called sarcomas, which comes from -sarcos
(flesh) and -oma (tumor). They come from non-epithelial tissues derived from
embryonic mesoderm, such as bone, muscle, and blood vessel among others.

They represent approximately 1% of adult cancers and 12% of pediatric tumors.

3) Hematological neoplasms are essentially leukemias and lymphomas, which

derived from myeloid and lymphoid tissues, respectively.

4) Finally, malignancies derived from nervous system arise from glia cells and

represent a small proportion of neoplasms.

This thesis is focused on sarcomas, and particularly, in a specific subtype of sarcoma

named gastrointestinal stromal tumor (GIST).

Before 1998, GIST was commonly misclassified as leiomyosarcoma, a malignant

neoplasm derived from the smooth muscle, arising in the gastrointestinal tract. In 1998,
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the identification of KIT expression as a common feature of GISTs enabled their

classification as an independent entity (1).

GIST is the most common tumor of mesenchymal origin in the gastrointestinal tract and
the most common malignant sarcoma subtype. It arises from the Interstitial Cells of Cajal
(ICCs). The oncogenic activation of KIT or platelet-derived growth factor receptor-a
(PDGFRA) is a pivotal and shared event by most of GISTs. This dependency on
KIT/PDGFRA signaling has made of this tumor a paradigmatic model of oncogenic

addiction and an example of success for targeted therapy.

11. Epidemiology

Despite of being the most common mesenchymal tumor in the gastrointestinal tract,
GIST only account for 1% of all gastrointestinal malignancies and 2.2% of gastric tumors
(2—4). The annual incidence of GIST is ~1-1.3 cases/100,000, without significant
differences between American and European studies (5). Of note, a French study

ascertained that GIST is the most frequent histological subtype among sarcomas (6).

Overall, clinically malignant GIST displays a low incidence compared to other cancer
types. However, several studies have reported the presence of micro-GISTs in up to one
third of the population, after the analysis of resected whole stomachs from patients of
gastric cancer (7). These micro-GISTs are smaller than 1 cm and, although they bear
the same oncogenic mutations present in larger symptomatic GISTs, they rarely
transform to GIST. However, micro-GISTs are mitotically inactive, frequently calcified,
and they are present as a nodular ICCs overgrowth. Thus, although fundamental, other
molecular alterations beyond KIT mutations are required for a micro-GIST to evolve to a

malignant tumor with metastatic potential (8).

GISTs largely affect middle-aged people, with the most frequent age of diagnosis being
between 60s and 70s. Furthermore, GISTs do not exhibit any predilection for sex, race,
or ethnicity. Their location is predominantly in the stomach and the small bowel, although

they can emerge in any portion of the gastrointestinal tract (2,5,6,9).
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1.2. Origin

During the late 1990s, it was demonstrated first, the pivotal role of KIT in ICCs, and
second, the broad expression of KIT by GISTs cells (1,10-12). These coetaneous
findings led to the hypothesis that GISTs arise from ICCs. This hypothesis spanned and
gained strength thanks to subsequent transgenic mice studies, in which it was
demonstrated that KIT mutation leads to ICCs hyperplasia and GIST-like tumors
development (13). Later studies further underpinned this idea with the identification of
the ETS family member ETV1 as a master regulator in ICCs and GISTs cells (14). ICCs
are cells of mesenchymal origin distributed along the gastrointestinal tract, mostly
located surrounding the myenteric plexus, between circular and longitudinal muscular
layer. They are thought to originate from a common progenitor that also gives rise to
smooth muscle cells of the longitudinal muscular layer (11). They act as pacemaker
controlling the peristaltic movements of the gastrointestinal tract. As previously
mentioned, KIT signaling is vital in these cells. Accordingly, although it is not required for
linage decision, or ICCs differentiation during embryogenesis, it is critical for the
postnatal ICCs proliferation and to undertake their physiological function (12). Likewise,
oncogenic KIT signaling is not only fundamental for GIST cells to originate the tumor, but
it is also essential throughout the entire curse of the disease, until the most advanced

stages.

1.3. Diagnosis

GISTs patients do not exhibit specific symptoms that facilitate the diagnosis. In early
stages of the disease, patients are asymptomatic or present very mild symptoms.
Consequently, early diagnoses are rare, and manly occur during a medical intervention
due to tumor unrelated reasons (15). This is because GISTs largely affect stomach and
small bowel, which are cavities susceptible to certain degree of distension without giving
rise to any kind of symptoms. Nonetheless, tumor overgrowth can be sometimes
associated with the emergence of related symptoms. The most frequent is
gastrointestinal bleeding (overt or occult), which is associated with anemic syndrome.
Abdominal mass or abdominal pain are also relatively common. Finally, neoplasm

growth may cause intestinal obstruction in some cases (15,16).

Approximately, 15% of GISTs are diagnosed when they have already disseminated to

distant organs or tissues forming metastases (5). As in other cancers, metastases are
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the main responsible of the clinical complications, eventually causing the death of the
patient. GISTs predominantly disseminate to liver and peritoneum, which can cause

abdominal pain, liver failure, ascites, and intestinal obstruction, among others (17).

The utility of laboratory tests for the diagnosis is limited due to the lack of sensitive and
specific findings. Blood test, although important to assess the general performance of

the patient, is not helpful for the diagnosis.

The habitual procedure is to perform a computed tomography (CT). Specifically, an
abdominopelvic CT using contrast (intravenous and oral) is critical to delimit the tumor
size and to detect possible metastases. GISTs typically are shown as a well-delimited
mass arising from the muscular layer. It is also common to observe necrotic areas due
to an exacerbated growth and the lack of vascularity (18). Nevertheless, despite being
certainly useful, CT imaging is not sufficiently specific for the diagnosis of GISTs, which
necessarily requires of a tumor biopsy. Therefore, the use of CT imaging, together with
other imaging techniques, such as magnetic resonance imaging (MRI) or positron
emission tomography (PET), is restricted to initial staging, surgery monitoring and
disease follow-up (19). In turn, if the tumor is accessible, the standard procedures to
obtain the tumor biopsy necessary for the diagnosis are the endoscopic ultrasonography
(EUS) guided biopsy or fine-needle aspiration (FNA). Tumor sample is then fixed in

paraformaldehyde 4% for tissue preservation and histological analysis (18,19).

In most cases, GIST cells have spindle-cell appearance (77%). However, they can also
have epithelioid morphology (8%), which is more frequent when they arise in the
stomach, or mixed morphology (15%). One relevant aspect at the time of diagnosis is
the mitotic rate, which is obtained counting the number of mitoses in 5 mm?. The mitotic
rate, together with the tumor size and tumor site, are the 3 prognosis features to classify

GISTs according to the risk of recurrence (20) (Table 1).

Table 1. Risk stratification system used in GIST according to National Institute of Health criteria.

Risk category Tumor size (cm) Mitotic index Primary tumor site
Very low risk 2.0 <5 any
Low risk 2.1-5.0 <5 any
Intermediate risk 2.1-5.0 >5 gastric
<5 06-10 any
5.1-10.0 <5 gastric
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High risk any any tumor rupture
>10 cm any any
any >10 any
>5.0 >5 any
2.1-50 >5 non-gastric
5.1-10.0 <5 non-gastric

Histological morphology-based diagnosis is always supported by the immunohistological
stain for KIT receptor (CD117). Approximately, 95% of GISTs stains for KIT, largely
showing a cytoplasmatic pattern, and less frequently, a membranous or perinuclear
expression (20-22). Beyond KIT, DOG1 is frequently expressed, and it is extremely
helpful in the diagnosis of KIT negative GISTs, in which it is expressed in one third of the
cases (23). DOGH1 is calcium-activated chloride channel encoded by the gene ANOT,
that is required for the function of ICCs. Furthermore, 80% also express CD34, a
membrane protein commonly present in hematopoietic progenitors and endothelial cells,

but also in some stromal mesenchymal cells, such as fibroblast (24,25).

Finally, mutational analysis of KIT and PDGFRA is highly recommended because it has
a predictive value of response to tyrosine kinase inhibitors (TKIs). Additionally, the
detection of mutations in KIT or PDGFRA can have a diagnostic value in those GIST
negative for the immunohistochemical stain of KIT or DOG1. Although some evidence
indicates the prognosis role of specific GIST molecular subtypes in the determining the
course of the disease, guidelines do not recommend mutational assessment with this

purpose (26-28).

1.4. Treatment

1.4.1. Localized disease

Complete surgical resection is the standard and the only potentially curative treatment
for localized GIST. The objective of the procedure is the entire removal of the tumor
mass with microscopically negative margins. This often entails the complete or partial
removal of the stomach or intestine. Incomplete resection is associated with worse
outcome and increased risk of recurrence (29). Lymphadenectomy is not of routine
because nodal metastases are unusual. All GISTs greater than 2 cm must be removed
as they cannot be considered benign. However, there is not a consensus about GISTs
smaller than 2 cm, and it depends on other characteristics such as tumor location or
mitotic rate (18,29).
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Despite a complete macroscopically excision of the tumor bulk, nearly 50% of patients
eventually experience disease recurrence (30). Hence, the need to reduce the size of
larger tumors before surgery, together with the risk of relapse after tumor excision,
especially in high-risk neoplasm, motivate the perioperative (pre- and post-) use of the

specific KIT inhibitor imatinib.

1.4.2. Metastatic disease

Before 2000, there were scarce treatment options for GIST patients. The response rate
to conventional agents, such as doxorubicin, was below 5% (31,32). The median overall
survival (OS) of patients with advanced GIST was 18 months, with progression-free
survival (PFS) of 9-12 months. Remarkably, the approval of imatinib in 2002 constituted

a milestone in the treatment of advanced GIST patients.

1.4.3. Imatinib

During 1990s, the tyrosine kinase inhibitor STI-571, later known as imatinib mesylate,
was developed for the treatment of chronic myelogenous leukemia (CML) as a specific
inhibitor of the Abelson Tyrosine-Protein Kinase 1 (ABL), which is the oncogenic driver
of the disease upon gene fusion with BCR (33,34). The structural similarities of ABL with
KIT led to explore the activity of imatinib in the latter. /n vitro experiments showed a
robust inhibition activity, which prompted further clinical studies in GISTs patients
(35,36). Imatinib binds to the amino-terminal site of the kinase domain (ATP binding
pocket) in the inactive conformation of the receptor. In particular, imatinib binds to the
amino acids Cys673, Glu640, Asp810 and Phe811 in the Asp-Phe-Gly (DFG) motif of
the activation loop. When it is bound, imatinib prevents the conformational change that

enables the switch to the active conformation (32,37).

A phase |, phase II, and two phase llI clinical trials evaluating the efficacy of imatinib in
GIST patients yielded striking results. Overall, more than 70% of patients with advanced
KIT-positive GIST experienced disease control, with a median PFS of 20-24 months.
Hereby, imatinib was approved in 2001 for the treatment of metastatic or unresectable
GIST, becoming the first approved TKI (17,38—40). Later studies reported that up to 30%
of the patients remained progression-free for 5 years after treatment initiation, and 7-9%

achieved a long-lasting response for more than 10 years (41,42). A subsequent phase
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Il clinical trial studied the efficacy of higher doses of imatinib, and determined that GIST
patients with KIT exon 9 mutation benefit from higher doses of imatinib leading to
increased PFS (38,43).

1.4.4. Adjuvant imatinib

As previously mentioned, nearly 50% of GIST patients develop recurrent disease after
macroscopically complete resection of the tumor. For this reason, two randomized phase
Il clinical trials evaluated the post-surgery use of imatinib in high-risk GIST patients.
Z9001 ftrial from the American College of Surgeons found a recurrence-free survival
(RFS) of 98% after 1 year of adjuvant imatinib, compared to 83% of placebo (44).
Likewise, XVIII/AIO ftrial from the Scandinavian Sarcoma Group ascertained a 5-year
PFS of 65.6% after 36 months of adjuvant imatinib, compared to 47.9% in the 12-months
group. Of note, the 5-year overall survival was 92% and 81.7%, respectively (45). Results
of this study led the National Comprehensive Cancer Network (NCCN) and the European
Society of Medical Oncology (ESMO) guidelines to recommend the use of adjuvant

imatinib for 3 years after surgery in high and intermediate-risk patients (18,19).

1.4.5. Neoadjuvant imatinib

Based on the excellent response observed in metastatic GISTs, preoperative or
neoadjuvant imatinib intends to decrease tumor size, and thus to facilitate surgical
resection minimizing organ excision. Hence, it is recommended in GIST patients with
large gastric GIST, or in those who have rectal and duodenal neoplasm in order to
preserve the maximum quality of life. Nonetheless, there are not randomized clinical
trials evaluating the neoadjuvant imatinib, and all the evidence come from the
retrospective evaluation of phase Il clinical trials, in which the optimal duration of
treatment prior surgery was estimated in 6-12 months. (46—49). Therefore, the decision
of using preoperative imatinib should be addressed on an individual basis considering
different aspects, such as the specific characteristics of the tumor. The determination of
KIT/PDGFRA primary mutation is also extremely useful because not all of them are

equally sensitive to imatinib (49-52).
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1.4.6. Resistance to imatinib

Resistance to imatinib, and other TKls, can be divided in two types: primary and
secondary. Primary resistance to imatinib, defined as disease progression within the first
6 months after initiating the therapy, occurs in 10% of cases (17). Results from clinical
trials determined that it exists a correlation between genotyping and resistance. Thus,
the probability of resistance to imatinib in KIT exon 11, KIT exon 9 and KIT wild-type
(WT) GISTs is 5%, 16% and 23%, respectively (28,32). As aforementioned, GISTs
harboring KIT exon 9 mutation require higher doses of imatinib to achieve a response.
This probably accounts for some of the resistance observed in this subset of tumors
(43,53). On the other hand, WT GISTs include tumors in which KIT/PDGFRA are not the
tumor drivers, which might be the responsible of the resistant cases. Moreover, there are
a subset of GISTs which are driven by the mutation D842V, affecting exon 18 of
PDGFRA. This mutation renders tumor cells a strong resistance to imatinib binding by

stabilizing the active conformation of the receptor (27,28,37,53,54).

Nonetheless, most patients experience an initial clinical benefit after the treatment with
imatinib. Unfortunately, up to 85-90% these patients eventually develop resistance,
which more commonly occur within the first 3 years. The most common mechanism of
resistance is the polyclonal expansion of tumor subpopulations harboring acquired
secondary mutations in KIT or PDGFRA. They occur almost exclusively in the same
allele as the primary mutation (32). Secondary mutations in KIT are substitutions that
fundamentally affect two domains: the ATP-binding pocket and the activation loop
(32,55). Secondary mutations in the ATP-binding pocket emerge in KIT exons 13 and
14, although strictly, the exon 14 encodes for the ‘gatekeeper’ region of the kinase.
These mutations are the most common at the onset of imatinib failure and confer
biochemical resistance to imatinib by directly hindering drug binding to the receptor.
Conversely, secondary mutations in the activation loop include a broad range of amino
acid changes across KIT exons 17 and 18. These mutations stabilize the active
conformation of the receptor hampering drug binding (21,56—-58). Drug development in
GIST after imatinib-failure has consisted in the investigation and successful approval of
multikinase inhibitors with a broader activity against KIT oncoproteins. Notably, there
exists a considerable heterogeneity in secondary resistance mutations across different
patients, and within single patients and single lesions (56,59,60). This heterogeneity

entails a challenge after first-line imatinib failure, as approved drugs in the second and
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third lines are not effective against the entire resistance spectrum, which in turn results

in modest clinical benefit (57). (Figure 1).

1.4.7. Sunitinib

Following imatinib failure, sunitinib, a multitargeted TKI with strong activity against KIT
and PDGFRA, is approved as second-line treatment for metastatic GIST patients with
imatinib-resistant disease. Approximately, 50% of patients yield a clinical benefit after
the treatment with sunitinib, with a median PFS of 5-6 months (61,62). Importantly, the
exons affected by the secondary mutations determine the response to sunitinib. Herein,
KIT ATP-binding pocket mutations (encoded by exons 13 and 14) are extraordinarily
sensitive to sunitinib, while the activity against mutations affecting the activation loop

domain is scarce (53,59).

1.4.8. Regorafenib

Regorafenib is a multikinase inhibitor with activity against KIT and PDGFRA that hold
the approval in the third line of treatment for metastatic GIST after sunitinib failure,
depicting a PFS of 4.8 months. Like in the case of sunitinib, secondary mutations in KIT
limit the activity of regorafenib (63). Thus, most mutations affecting activation loop
(encoded by exons 17 and 18) are sensitive, while drug activity against mutations in the
ATP-binding pocket is minimal (59).

Beyond sunitinib and regorafenib, several other multikinase inhibitors have been
clinically investigated in the past for the treatment of metastatic imatinib-resistant GIST.
Nilotinib, dasatinib, sorafenib or pazopanib are some of them. However, the overall
clinical benefit of these agents is modest, achieving median PFS of 4-5 months.
Moreover, the spectrum of activity against different KIT secondary mutations is limited in
these agents (21,57).

The mechanism of action of most approved TKls consists in directly binding to the
catalytic site in the ATP-binding pocket of the phosphorylated, or the unphosphorylated
inactive conformation of the kinase (type | and type Il kinase inhibitors, respectively).
Nonetheless, the emergence of KIT mutations prompting the transition of the receptor
toward the active conformation or hampering drug binding constitute the most common

resistance mechanism. This transition from the unphosphorylated inactive conformation
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to the active conformation is mediated by specific amino acids within the switch pocket
domain of the protein that interact and stabilize the activation loop. Thus, using drugs
capable of inducing the inactive state of the protein would overcome conformational

resistance mechanism rendered by KIT secondary mutations.

1.4.9. Ripretinib

Ripretinib (DCC-2618) is a type Il switch-control TKI designed to target the full spectrum
of KIT and PDGFRA mutations, potentially overcoming resistance due to heterogeneity
of secondary KIT mutations (64). The positive results obtained in the phase Il INVICTUS
trial led to its approval in fourth line of treatment and beyond. In this ftrial, ripretinib
achieved a remarkable median PFS of 6.3 months. Although response rate was
approximately 10% (in line with previous TKIs), most patients experienced a clinical

benefit through stabilization of the disease (65).

Ripretinib binds to both the switch pocket and the activation loop, locking KIT and
PDGFRA in the inactive conformation and therefore achieving a broad inhibition of most
primary and secondary mutations of these receptors. However, in vitro studies revealed
higher 1Cso values for multiresistant KIT D816V and its homologous PDGFRA D842V
compared to other secondary mutants. Likewise, ATP-binding pocket mutations may
also display lower sensitivity to ripretinib. Moreover, the low response rate observed in
the clinical trial (<10%) hints scarce apoptosis induction. In this context, preliminary
results of the phase lll trial INTRIGUE, in which ripretinib was compared to sunitinib in
second-line of treatment in advanced GIST patients, was recently reported. In the study,
ripretinib did not demonstrate improvement in PFS compared to sunitinib, thereby
missing the end point of the study. Whereas the PFS was 8.3 months in the intent-to-
treat population and 7 months in KIT exon 11 mutant GIST, ripretinib achieved 8 and 8.3
months respectively (66,67). Further studies are warranted to explore whether resistance

mutations may be the underlying mechanisms of resistance to this drug.

1.4.10. Avapritinib

The development of avapritinib (BLU-285) is conceptually the opposite to ripretinib.
Whereas ripretinib seeks to target the full spectrum of mutations, avapritinib is
specifically designed as a potent and highly selective inhibitor of all activation loop

mutants. Type Il inhibitors (such as imatinib, sunitinib or regorafenib, among others) bind
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to KIT/PDGFRA in the inactive conformational state. However, mutations in the
activation loop stabilize the active conformation. Avapritinib is a type | kinase inhibitor
able to bind to the active conformation (68,69). Phase | NAVIGATOR trial evaluated the
activity of avapritinib in GIST patients harboring PDGFRA D842V multiresistant mutation.
Results of the trial showed a response rate of 88%, with a median duration of response
(mDOR) of 27.6 months and a 12 months PFS of 81%. Given the substantial activity
achieved, avapritinib was approved for the treatment of metastatic PDGFRA D842V

mutant GIST, becoming the first agent ever effective in this subset of patients (70).

The NAVIGATOR trial also evaluated avapritinib in non-PDGFRA D842V GIST patients
in > fourth line of treatment showing overall response rate of 17%, mDOR of 10.2 months
and median PFS of 3.7 months. These results led to the phase Ill VOYAGER ftrial, which
compared avapritinib with regorafenib in the third line of treatment. Results did not meet
primary endpoint (median PFS) as avapritinib showed a median PFS of 4.2 months,
compared to 5.6 months of regorafenib (71). The similar activity of both drugs is probably
due to mutational heterogeneity, with the emergence of mutations affecting other regions
of the kinase domain (such as ATP-binding pocket or the gatekeeper). In this regard, a
recent study highlighted mutations in the kinase domain of PDGFRA involving exons 13,
14 and 15, as the responsible for the resistance and tumor progression in D842V
PDGFRA mutant GIST patients from NAVIGATOR trial (72).
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Figure 1. Oncogenic primary and secondary mutations in KIT and PDGFRA, and their specific sensitivity
against approved drugs for the treatment of GIST. Drug sensitivity: sensitive (green), intermediate (yellow),
resistant (red). Domains: extracellular domain (green), ATP binding pocket (blue), and activation loop (red).
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1.5. Biological features

1.5.1. Oncogenic mutations in KIT

KIT is transmembrane receptor that belongs to the type Ill RTK family, which also
includes other members such as PDGFRA, PDGFRB, macrophage colony-stimulating-
factor receptor (CSF1R) and Fl cytokine receptor (FLT3). Binding of KIT ligand, the stem
cell factor (SCF), to KIT results in receptor homodimerization and kinase activation. The
activated kinase then cross-phosphorylate the intracellular tyrosine residues, enhancing
the activation and triggering downstream signaling pathways that control main cellular
functions (32,73).

Oncogenic gain-of-function mutations are present in 80-85% of GISTs. These mutations
lead to ligand-independent kinase constitutive activation, which constitute a central event
in GIST tumorigenesis. The most common mutations are located in the exon 11 of the
gene, which encodes for the juxtamembrane domain (67%). These mutations disrupt the
physiological secondary structure of this domain, which normally exerts an autoinhibitory
function impeding the activation loop to switch to the active conformation of the kinase
(74). Mutations in exon 11 include in-frame deletions, insertions, and substitutions (75).
Some deletions are associated with shorter PFS, particularly those involving codons 557
and 558 (76,77). Beyond exon 11, and less frequently, primary mutations can also occur
in exon 9, which encodes for the extracellular domain of the receptor (10%). These
mutations elicit a conformational change in the extracellular domain similar to the change
resulting from the SCF binding (78). Interestingly, mutations in exon 9 are mostly found
in tumors arising in small and large intestine, and their transcriptomic profile differs from
that of exon 11-mutant tumors (79). Rarely, primary mutations can also be found
affecting exons 13 or 17, which encode for the ATP-binding pocket and the activation
loop, respectively. Mutations in the ATP-binding pocket are thought to interfere with the
normal autoinhibitory function of the juxtamembrane domain. Mutations in exon 17, on

the other hand, enable the stabilization of the active conformation of the receptor (32,80).

1.5.2. Oncogenic mutations in PDGFRA

Oncogenic mutations in PDGFRA resulting in constitutive activation of the receptor can
be found in 5-7% of GISTs (27,81). However, this proportion varies among localized and

metastatic disease. Whereas PDGFRA mutant GISTs account for up to 15% of in
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localized tumors, they represent only the 2% among the metastatic GISTs (82).
Mutations in PDGFRA are mutually exclusive from those in KIT and predominantly occur
in exon 18, encoding the activation loop domain of the receptor. In particular, D842V
mutation accounts for 60% of all PDGFRA mutations. As previously explained, this
substitution confers biochemical resistance to most TKI approved. Less frequently,
mutations can affect juxtamembrane domain (encoded by exon 12) and the tyrosine
kinase domain (encoded by exon 14). Regions affected by these mutations are

homologous in KIT, and thereby they are highly sensitive to imatinib (54,83).

PDGFRA-driven GISTs show distinctive pathological features from those of KIT-mutants
GISTs. These features include a predilection for the stomach, variable expression of KIT,
differences in the expression profile, and generally lower malignancy potential, including
smaller size and lower mitotic rate. Decreased malignant potential might explain the

differences in proportion among localized and metastatic GISTs (32).
1.5.3. GIST wild-type

GISTs lacking KIT or PDGFRA mutations account for approximately 10% of all GISTs,
and they are grouped as WT GISTs. WT GISTs are clinically indistinguishable from
KIT/PDGFRA mutants GISTs, as they have an identical morphology and occur anywhere
in the gastrointestinal tract (84). Moreover, WT GISTs may also display KIT expression
and activation despite not harboring KIT mutations. However, the molecular mechanisms
underlying this activation remains unclear. WT GISTs can be biologically divided in two

groups depending on the expression of succinate dehydrogenase (SDH) enzyme.

1.5.3.1.  SDH-Deficient GIST

SDH-ubiquinone complex Il is a component of the Krebs cycle and the mitochondrial
respiratory chain formed by four subunits: A, B, C and D. Itis responsible for the oxidation
of succinate to fumarate. Inactivation of any of the components encompasses the
destabilization and loss of function of the complex. SDH mutations trigger a recurrent
DNA hypermethylation phenotype, which may represent the molecular mechanisms
underlaying the oncogenic signaling (85,86). Accordingly, unlike KIT mutant GISTs, WT
GISTs progress to malignancy without acquiring large-scale chromosomal aberrations
(87). Hypoxia-inducible factor (HIF) and insulin growth factor receptor (IGFR) pathways

have been found commonly hyperactivated in SDH-deficient GISTs (32). Most commonly
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altered subunits are SDHA and SDHB. SDHB-deficient tumors usually present in
younger patients as gastric tumor, with epithelioid morphology, multifocal and
predominantly in women (88). On the other hand, SDHA-negative WT GISTs affect

predominantly to male in the fourth decade and they follow a slower course (89).

1.5.3.2.  SDH-intact GIST

WT GISTs that are not SDH deficient usually harbor genetic events leading to
RAS/MEK/ERK pathway activation. Almost 10% of neurofibromatosis type | patients,
which involve the germinal inactivation of NF1 gene (negative regulator of RAS/MAPK
pathway) eventually develop a GIST during their lifetime (90). Furthermore, mutations in
RAS gene, although rarely, have been found in GIST patients (91). Finally, oncogenic
BRAF mutations are found in up to 2% of all GISTs and between 5 to 15% of SHD-
positive WT GISTs (92).

This thesis exclusively explores the biology of KIT-driven GISTs and deepens into the

oncogenic program initiated by this receptor.

1.5.4. Cytogenetic progression

Oncogenic activation of KIT/PDGFRA is an early and necessary event in most GISTs.
Moreover, KIT/PDGFRA oncogenic signaling continues to be fundamental throughout
the entire course of the disease. Nonetheless, KIT/PDGFRA mutations are not sufficient
to prompt a malignant behavior, and thereby other genetic events are required for the
transformation of a micro-GIST into a malignant tumor. Monosomy of chromosome 14,
or partial loss 14q is found in up 70% of GISTs irrespective of mutation in KIT or PDGFRA
(32,93,94). Additionally, loss of the long arm of chromosome 22 is also observed in 50%
of GISTs (32,94-96). Interestingly, these alterations are found regardless the histological
grade of the tumor, suggesting that both are early events during the oncogenesis. On
the other hand, losses on chromosomes 1p, 9p, 11p and 17p, although less common,
also occur, and they are associated with malignancy. Furthermore, gains on
chromosomes 8q, 3q and 17q are relatively common among metastatic GISTs
(32,93,96,97). Some of the genes within the regions affected by these gains and losses
have been identified during the past years. Located in the chromosome 14q is MYC

associated factor X (MAX), a transcription factor involved in cell-cycle regulation. MAX
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inactivation is present in approximately 50% of all GISTs, including low risk and micro-
GISTs, emerging as an early event in the development of the tumor. MAX genomic
inactivation was associated to Cyclin Dependent Kinase Inhibitor 2A (CDNK2A) silencing
even in the absence of coding sequence deletion. Surprisingly, MAX restauration was
not associated with a significant enrichment of MYC-related expression signatures or
with altered sensitivity to MYC:MAX inhibitors (98). Additionally, inactivating mutations
in DEP Domain Containing 5, GATOR1 Subcomplex Subunit (DEPDC5), located in
chromosome 22q, has been recently reported to occur in more than 16% of GIST
patients. DPEDCS5 inactivation promotes GIST tumor growth in vitro and in vivo, and its
inhibition results in cell proliferation impairment through mTORC1 signaling pathway
suppression (99). Additionally, loss of CDKN2A, located in chromosome 9p, occurs in
approximately 50% of metastatic GISTs and it is associated with worse prognosis.
CDKNZ2A encodes for INK4A and ARF, which participate in the inhibition of CDK4 and
p53 stabilization, respectively (100—103). Finally, the loss dystrophin, encoded by DMD
gene (located in chromosome Xp), is universally present at late stages in high-risk
GISTs. Dystrophin has been described to prevent cell migration and invasion, hereby
acting as tumor suppressor. Thus, inactivation of dystrophin emerges as a crucial step

for a GISTs to undergo metastatic (104).

Further studies are warranted to elucidate new genes comprised within the regions
affected by these chromosomal changes, that participate during the malignant

transformation of GISTs.
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Figure 2. Clinical, mutational and cytogenetic progression of GIST. Modified from (60).

31



Luis Alfonso Garcia Valverde

1.5.5. Secondary mutations in KIT

As mentioned above, GISTs display an exquisite addiction to KIT/PDGFRA oncogenic
signaling (section 1.5.4). This phenomenon explains that in up to 90% of the cases the
mechanism of resistance to imatinib entails the expansion of tumor clones bearing
secondary mutations in KIT that render resistance. Resistant mutations occur in two
regions of the kinase domain: the ATP-binding pocket (encoded by exons 13 and 14)
and the activation loop (encoded by exons 17 and 18) (21,59). Therapeutic strategies for
the treatment of GIST patients after progression of imatinib seek to inhibit new KIT
mutants. Unfortunately, there is a substantial heterogeneity of secondary mutations
across different patients, and within single patients and single lesions. This heterogeneity
represents a clinical challenge, as approved drugs in second and third lines are not
effective against the entire spectrum of mutations, and they only achieve a modest
clinical benefit (57,60). The recent approval of ripretinib in fourth line of treatment
provides an additional therapeutic opportunity due to its broader activity, but patients

eventually progress with no further options.

1.5.6. Oncogenic signaling pathways in GIST

GIST exhibits a unique core of transcription factors that rely on a well-preserved
KIT/PDGFRA-driven program throughout all the stages of the disease. A wealth of
evidence support that this oncogenic program is essentially transduced through
RAS/MAPK and PI3K/AKT/mTOR pathways, which are the ultimate responsible for the
proliferation and survival of tumor cells. First evidence regarding the reliance of GIST
upon these two pathways come from tumor extracts from GIST tumors, in which both
pathways were found systematically activated (32,84,105-107). Other pathways have
been proposed to play an oncogenic function in GIST, such as STAT3, Src kinase or
AXL (108,109). However, their specific biological role is yet to be understood.
Importantly, RAS/MAPK and PI3K/AKT/mTOR activation occurs irrespective of whether
KIT/PDGFRA mutations are imatinib sensitive or imatinib resistant. The prominent role
of both pathways was further validated in several in vitro and in vivo studies over the

years, in which their potential as therapeutic target has been also explored.
RAS/MAPK. KIT autophosphorylation enables the assembly of SHC, GRB2 and SOS

scaffold proteins, which in turn, prompts the switch of RAS-GDP to RAS-GTP, herby
triggering pathway activation. MAPK pathway governs the expression of the ETS-family
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transcription factor ETV1, a linage-specific master regulator in GIST. ETV1 is critical for
the development and maintenance of ICCs, and also for GIST oncogenesis, by
regulating KIT expression (110,111). Moreover, transcriptomic studies unveiled that
several sprouty and dual-specific phosphatase (DUSP) family members — known to act
as a negative regulators of the MAPK pathway — are among the most transcriptionally
downregulated genes upon KIT inhibition (112). Furthermore, different studies have
ascertained that genomic events leading to RAS/MAPK pathway dysregulation (i.e., RAS
and RAF mutations, or NF1 inactivation) are able to supplant the oncogenic program
initiated by KIT, either acting as tumor drivers, or participating in the resistance to KIT-
targeted inhibition (90-92). Based on in vivo promising results of MAPK inhibition
combined with imatinib, a clinical phase | clinical trial was conducted testing this
combination in metastatic GIST patients (111). Herein, all patients harboring imatinib-
resistant mutations progressed withing 16 weeks (113). However, results in previously
untreated GISTs led to a phase Il trial evaluating the combination in front-line in
advanced GISTs. Promising results were recently reported, in which the combination
appears to be highly effective in treatment-naive GIST, with expected and manageable
long-term treatment-associated toxicities (114). Hence, this strategy warrants further
evaluation in a direct comparison with imatinib in front-line treatment. According to this
principle, it has been recently reported the enhanced proapoptotic activity in vitro and in
vivo of the combination of ripretinib and MEK1/2 inhibitors in a panel of imatinib-sensitive
and imatinib-resistant GIST models. Moreover, the combination prevented the
emergence of resistant population, even after long-term drug removal buttressing the

potential of this therapeutic approach (115).

PI3BK/AKT/mTOR. Similar to MAPK pathway, KIT autophosphorylation enables PI3K
recruitment and activation, thus triggering pathway activation. PI3K pathway has been
shown to be crucial in GIST for tumor initiation and survival (116). Additionally, several
preclinical studies underlined the relevance of this pathway for cell proliferation and
apoptosis evasion in GIST cells (117-119). In these studies, PI3K inhibition showed
strong anti-proliferative and proapoptotic effect - both in vitro and in vivo — either in
monotherapy or in combination with imatinib, thereby emerging as an appealing
therapeutic strategy. These observations established the preclinical rationale that
encouraged the clinical development of several PISK/mTOR pathway inhibitors that were
eventually tested in metastatic GIST patients as single-agent or in combination with

imatinib. Results of these trials published so far showed scarce clinical benefit of the
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combination in imatinib-resistant patients (120-122). However, most results are yet to
be reported. In this regard, our group undertook a study evaluating copanlisib (a pan-
PI3K inhibitor approved for the treatment of relapsed follicular lymphoma) in combination
with imatinib in imatinib-sensitive and imatinib-resistant GIST models both in vitro and in
vivo. Consistently to that observed in patients, the combination was highly effective in

imatinib-sensitive, but not in imatinib resistant models (123).

Overall, single-pathway inhibition is unlikely to effectively suppress GIST proliferation
since KIT remains active and its oncogenic signaling is funneled through the non-
suppressed pathway. In this context, combined KIT and KIT-downstream pathways
effective inhibition with either PI3K/mTOR or RAS/MPAK inhibitors arises as an attractive
therapeutic strategy in advanced or metastatic GIST patients. Nonetheless, based on
preclinical and clinical data, the use of imatinib circumscribe the clinical benefit to
patients lacking secondary resistant mutations in KIT. In this regard, the use of an agent
with a broad activity against most of KIT secondary mutations would extend this benefit

to those imatinib-resistant patients.

Concomitant inhibition of the two critical KIT downstream pathways poses as another
appealing approach because it would be potentially effective against all tumor cell
subpopulations regardless the mutational status of KIT. It would even be effective in
those subpopulations in which pathway coactivating mutations act as an oncogenic
driver or as a resistance mechanism (21,91,124,125). However, clinical development of
this strategy is challenging because the clinical dose of most of TKils is defined based
on toxicity, rather than on target inhibition. Thus, combination of TKls at their effective
doses will most likely result in enhanced overlapping adverse events, or decreased dose
intensity with the risk of combining ineffective doses of active compounds. Hence,
preclinical modeling of more creative dosing schedules will be required for its safe and

effective implementation into clinic (126).

FOXO transcription factors. The FOXO family is a subclass of Forkhead transcription
factors (TFs) characterized by a winged helix DNA binding domain known as Forkhead
box (127). In humans, the family entails four different members: FOXO1, FOXO3,
FOX04 and FOXO6. The expression of the different members is tissue-specific, and
they commonly function as transcriptional activators. They are predominantly regulated

by growth factors, of which insulin and insulin-like growth factor (IGF) are the most
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extensively studied. In the presence of insulin, or IGF, the PISK/AKT/mTOR pathway
gets activated and AKT phosphorylates FOXO TFs at specific conserved residues,
preventing their translocation into the nucleus, and leading to their subsequent
degradation via ubiquitin-proteosome system. During a starving situation,
PI3K/AKT/mTOR pathway remains inactive due to the absence of insulin or IGF. Thus,
lack of phosphorylation allows FOXO TFs to translocate to the nucleus, where they
trigger a specific transcriptional program (128-130). Beyond AKT, FOXO TFs can be
also post-translationally modified at different residues by many other proteins that
become activated upon different stimuli and in different cell contexts, including AMPK,
JNK, p38, and more remarkably ERK (131-137). Hence, FOXO TFs can initiate different
transcriptional responses depending on the protein responsible of their post-translational
modification. Accordingly, genes specifically regulated by FOXO TFs are involved in a
wide variety of biological processes, such as autophagy, metabolic homeostasis, cell

cycle and apoptosis.
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Figure 3. KIT-downstream signaling pathways. Crucial effectors in the oncogenic signaling and the main
mediators within each pathways are depicted.

Despite the prominent role that play FOXO TFs in several types of cancers, their role in
GIST remains widely unknown. In this regard, it has only been reported the role of
FOXO3 as regulator of the expression of the proapoptotic factor BIM, which participates
in the apoptotic program triggered by the specific inhibition of KIT (138). Therefore,
further studies exploring the different functions of this family of transcription factors are

needed to improve our understanding of their role in GIST.
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1.6. Mechanisms of treatment adaptation

As previously mentioned, most GIST patients experience a clinical benefit derived from
KIT targeted inhibition. Nonetheless, TKIs rarely achieve complete responses, and viable
residual GIST cells are invariably present even in responding patients, eventually leading
to the emergence of TKl-resistance. Several mechanisms have been described to
participate in the attenuation of anti-tumor activity of imatinib, such as RTK cross-

activation, or cell quiescence induction.

1.6.1. RTK cross-activation

Several studies have suggested that KIT oncogenic signaling results in an inhibition or
functional attenuation feedback of other RTKSs, such as fibroblast growth factor receptor
1 (FGFR1), MET proto-oncogene, receptor tyrosine kinase (MET) or AXL Receptor
Tyrosine Kinase (AXL). FGFR1 was found to be commonly expressed in GISTs
compared to other tumors in transcriptomics studies that included tumors from 42
different histological subtypes. Additionally, it was also expressed in a panel of primary
GIST cell lines. Under basal conditions, KIT signaling prevents FGFR1 activation through
KIT-MAPK axis. However, KIT inhibition with imatinib releases the negative feedback,
allowing FGFR1 activation via FGF2 ligand paracrine secretion. Activated FGFR1
restores MAPK signaling, mitigating the effect of imatinib. In this context, combined
inhibition of KIT and FGFR1 resulted in increased apoptosis induction in GIST cells both
in vitro and in vivo (112). This encouraging result led to the clinical evaluation of the
combination of imatinib with the pan-FGFR inhibitor BGJ398 on heavily pre-treated GIST
patients in a phase Ib trial. Results were recently published showing >32 weeks of stable
disease in 25% of patients. Unfortunately, the trial was concluded due to sponsor support
withdrawal before dosing schedule was identified (139). On the other hand, MET has
been also reported to be expressed and activated in GIST cell lines and patient samples.
In this study the authors found increased MET phosphorylation upon KIT targeted
inhibition. Moreover, combined MET and KIT inhibition resulted in enhanced anti-tumor
activity in vitro and in vivo (140). Preclinical evidence supported further clinical evaluation
of the MET inhibitor cabozantinib in a phase Il trial. Results showed 24/41 patients being
progression-free after 12 weeks of treatment. Moreover, the objective response was 14%
with an encouraging disease control of 82% (141). Besides FGFR1 and MET, AXL has
been also proposed to play a role in the adaptation of GIST cells to TKI therapy.

Specifically, AXL was found overexpressed and phosphorylated in preclinical imatinib-
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resistant models displaying low expression of KIT. The same overexpression pattern was
observed in two imatinib-resistant GIST patients showing low expression of KIT. Overall,
these findings suggest a role of AXL in the adaptation of GISTs cells to KIT targeted
inhibition (109,142).

Cross-activation of RTKs has been also reported in several other kinase-driven cancers
as a mechanism of adaptation to the treatment. Interestingly, proteolytic shedding has
been demonstrated to mediate RTK activation in several MAPK-driven tumors, such as
BRAF mutated melanoma or triple-negative breast cancer (TNBC) (143,144).
Specifically, activated MAPK signaling drives proteolytic processing of RTK that are then
secreted and exert a paracrine inhibition of different RTKs. TKl-mediated pathway
inhibition impedes proteases activation, hereby decreasing RTK proteolytic processing
and shedding. The absence of circulating RTK facilitates the eventual cross-activation of
different RTKs that restore oncogenic signaling, which enables tumor cells to evade the

apoptosis and to adapt to the treatment.

Collectively, RTK cross-activation has been shown to be responsible of oncogenic
signaling restoring in different tumor types. Thus, it emerges as a mechanism of tumor

cell adaptation that attenuates anti-tumor responses in cancer patients, including GIST.

1.6.2. Induction of cell quiescence

The induction of cell quiescence as a mechanism of adaptation to targeted therapies has
been widely reported across several cancer subtypes. In GIST, several studies have
underpinned a major role of this mechanism in the adaptation to KIT targeted inhibition.
Cell quiescence is a reversible state in which cells cease to proliferate but retain the
ability to resume cell cycle progression. The process entails a halt of cell cycle
machinery, and the accumulation of tumor cells at GO phase. It is common among some
adult stem cells, which are maintained in a quiescent state but can be rapidly activated
upon certain stimuli. Aforementioned studies demonstrated that there is a small group of
cells in GIST tumors that do not undergo apoptosis upon imatinib treatment. These cells
are not proliferative, and they display high levels of protein p27*" (a well-known
quiescence marker) and low levels of the E3 ligase SKP2 (negative regulator of p27<P")
(145). Subsequent studies also revealed the contribution of the so-called DREAM

complex (comprised by several proteins). DREAM complex mediates the inhibition of
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E2F transcription factor, which plays an important role promoting cell cycle progression
(146). Furthermore, autophagy induction has been shown to be pivotal for survival of
imatinib-induced quiescence cells. In a study performed in GIST patient samples,
imatinib treatment resulted in increased autophagosome formation, which inversely
correlated with apoptosis induction. Additional in vitro experiments demonstrated that
quiescent cells that had escaped from apoptosis displayed higher rates of
autophagosome formation, confirming the critical role of autophagy within this subset of
cells. Hence, cell cycle arrest represents a protective state that prevents apoptosis
induction on GIST cells upon KIT inhibition (147).

1.6.3. Pro-mutagenic state

As mentioned earlier, viable residual tumor cells are invariably found even in responding
GIST patients and they are thought to be the niche responsible of the emergence of
resistant populations. However, the molecular mechanism underlying the acquisition of
this resistance remains controversial. The conventional view is that tumor recurrence
occurs because resistant clones are already present before treatment initiation (148).
Accordingly, the time to relapse is merely the time needed for these resistant clones to
expand. Conversely, there is a different view that considers that resistant clones emerge
due to the selective pressure exerted by a certain drug over tumor cells. Interestingly,
several studies have recently delved into this latter view. In this regard, EGFR/BRAF
inhibition was found to down-regulate mismatch-repair (MMR) genes and homologous
repair genes (HR), while upregulate error-prone polymerases, in colorectal cancer
persister cells, both in vitro and in vivo. This mechanism would create a propitious
context for the appearance of resistant mutations that foster tumor recurrence (149). A
later study identified mTOR as one of the main drivers of the so called “stress-induced
mutagenesis”, which consists on cell cycle slowing to generate a permissive mutagenic
state defined by an up-regulation of the error-prone polymerase, and a down-regulation
of DNA-repair pathways (150). Hence, these studies provide strong evidence of the
feasibility that the emergence of drug-resistant populations can occur due to a transient
mutagenic state in tumor persister cells, that enables the acquisition of resistant

mutations.

This thesis deepens into the process of persister cell generation in GIST. Specifically, it

uncovers a new effector involved in cell quiescence induction in GIST cells, as a
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mechanism to evade apoptosis after KIT targeted inhibition. Particularly, this mediator

belongs to the ubiquitin proteosome system, highlighting the essential role of this system.

1.7.  Ubiquitin Proteosome System

The ubiquitin-proteosome system (UPS) comprises a network of enzymes that is
responsible for protein homeostasis. UPS mediates the degradation of 80-90% of
intracellular proteins, while the remainder proteins are degraded by the lysosome. The
UPS consists of ubiquitin (Ub), Ub-activating enzymes (E1), Ub-conjugating enzymes
(E2), Ub ligases (E3), deubiquitinases enzymes (DUB) and the proteosome. Protein
substrates are modified with ubiquitin, which serves as a tag for the recognition by 26s
proteosome, which is, ultimately, the responsible of substrate proteolysis. Ubiquitin is
conjugated to the substrate through a multistep cascade involving E1, E2 and E3
enzymes. Specifically, E1 enzymes activate Ub through an ATP-dependent thioester
bond between the C-terminal of Ub and a cysteine (Cys) residue in the catalytic site of
the E1 enzyme. Ub is then transferred to an E2 enzyme, also forming a thioester bond
between them, after which, through cooperation between an E2 and an E3 enzyme, the

activated Ub is transferred to a lysine within the target substrate (151) (Figure 4).

As aforementioned, 26S proteosome is responsible for the degradation of most
intracellular protein. 26S proteosome is a multiprotein complex constituted by a 20S
tube-like proteolytic core particle and two 19S regulatory particles at both ends (152).
Ubiquitin contains seven lysine (Lys) residues, all of which can covalently attach to other
ubiquitins and form linear or branched Ub chains. The lysine involved in the poly-Ub
chain formation define the consequence of the ubiquitination. Lys48-linked-poly-Ub
chains tag proteins for proteasomal degradation, while Lys63-linked-poly-Ub chains are
related with non-proteasomal signaling like endocytic trafficking, DNA replication, and

signal transduction (153).

In the human proteome there are 2 E1 enzymes, the ubiquitin activating enzyme (UAE,
also known as UBE1), which is responsible of >99% of cellular ubiquitin, and UBA61,
which is responsible for charging <1% of ubiquitin. E2 enzymes comprise 40 different
proteins, while there are more than 600 E3 enzymes. Lasts are three different groups
according to their Ub transfer mechanism from E2 enzyme to the substrate: 1) the really

interesting new gene (RING), 2) the homologous to E6-AP carboxil terminus (HECT),
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and 3) the RING-between-RING (RBR) (154). RING E3 ligases entail the largest family,
and they mediate the transfer of Ub from the E2 enzyme to the substrate without
establishing bonds with the Ub (155). They can be subdivided into single subunit or multi-
subunit. One example of the latest is the cullin-RING-Ub ligases (CRLs), which allow one
core scaffold to regulate the ubiquitylation of diverse substrates through variable

substrate recognition (156).
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Figure 4. Representation of the ubiquitin-proteosome system cascade.

1.7.1. UPS in cancer

The UPS plays an important role in different diseases, including cancer. Deregulation of
the UPS can contribute to onco-pathogenesis through several mechanisms. Among the
different members of the UPS, E3 ligases have been revealed to conduct important
functions in various cancer by regulating the degradation of tumor promoters, tumor
suppressors, or by modulating cell-cycle progression, such as the case of Mdm2, SKP2
or FBXW?7, among others (157). Hence, there is an increasing interest in the study and
characterization of the oncogenic function of this family of proteins. Furthermore, cancer
cells are more dependent on the UPS due to their increased metabolism and protein
turnover. Their higher proliferation rate is intrinsically associated with an increased rate
of misfolded or unfolded protein production. Therefore, the UPS emerges as an

appealing therapeutic target for cancer treatment.

1.7.2. UPSinGIST

Different studies have underpinned the prominent role of UPS in GIST over the years.

Heat shock protein 90 (HSP90) is a protein that belongs to chaperone family of proteins,
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and plays an essential role in cancer homeostasis by regulating conformational
maturation and stability of many oncoproteins, including KIT and PDGFRA, while
preventing proteosome degradation (158). In vitro and in vivo experiments showed that
HSP90 inhibition results in KIT destabilization and degradation, and subsequent
downstream signaling suppression regardless KIT primary or secondary mutation (159—
162). These robust preclinical studies prompted several clinical trials (phase |, Il and IlI)
testing different HSP90 inhibitors. Results from these trials evidenced generally
acceptable toxicities, but limited anti-tumor activity, restricted to some partial response
and a few disease stabilizations (163—168). Nonetheless, more selective inhibitors
development and dosage optimization might improve the response rate and limit the

potential toxicities.

Additional evidence supporting the relevance of the UPS for GIST cells come from the
prominent role of the histone protein H2AX in apoptosis induction upon imatinib
treatment. In untreated GIST cells, H2AX is maintained at low levels through KIT-
PIBK/mTOR axis, which stimulates H2AX poly-ubiquitination and subsequent
proteosome degradation. KIT inhibition after imatinib treatment suppresses KIT-
PIBK/mTOR axis, impairing UPS-mediated H2AX degradation, and causing H2AX
accumulation, which enhance cell apoptosis (169). This finding paved the way for
subsequent preclinical studies evaluating proteosome inhibition as a therapeutic strategy
for GIST patients (170). In these studies, proteosome inhibition resulted in potent
apoptosis induction, accompanied by H2AX accumulation, and unexpectedly, with a
transcriptional downregulation of KIT. Of note, the same results and mechanism of action
were obtained using different proteosome inhibitors. Nevertheless, despite the promising
results observed in vitro, the scarce clinical activity displayed by the proteosome inhibitor
bortezomib in solid tumors, together with the marked associated toxicities, such as
irreversible neuropathy, have limited the clinical development of such strategy in GIST
(171-174). Further work evaluating the activity of second-generation proteosome
inhibitors with a better safety profile, such as carfilzomib or ixazomib is required to

warrant the value of these agents for GIST treatment (175).

Collectively, these studies highlight the fundamental role of the UPS in GIST cell biology,
and hereby demonstrate its potential as a therapeutic target. Importantly, this strategy
would not be affected by KIT mutational status, thus overcoming resistance associated

with mutational heterogeneity.
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This thesis is particularly focused on the role undertaken by the E3 ligase Atrogin-1 in

the process of therapeutic adaptation of GIST cells to KIT-targeted inhibition.

1.8. Atrogin-1

Atrogin-1 was originally identified as a muscle-specific gene, and it was shown to be the
main driver of muscle atrophy (176). Atrogin-1 is a Cullin-RING E3 ubiquitin ligase. It
contains an F-box domain that is commonly found in a specific family of proteins, most
of which operate as a component of the SCF (Skip1, Cullin, F-box protein) family of
ubiquitin ligases. The F-box domain serves as an adaptor that binds to the Skp1 protein,
which in turn binds to cullin (157,177). Atrogin-1 lacks the common motifs present in
other F-box proteins that are known to interact to their substrate, such as leucine-rich
WD40 repeats. However, it contains a class-Il PDZ domain, which is thought to interact
with specific sequences at carboxyl terminus of the target protein. Additionally, Atrogin-
1 also contains two nuclear localization signals and one nuclear exporting sequence,

which enable the interaction with nuclear proteins, such as transcription factors (176).

Atrogin-1 was originally identified for being the most highly expressed gene during
muscle atrophy (176). Subsequent studies corroborated its critical participation during
muscle atrophy under different conditions, including cancer (178—-182). Accordingly, the
Eukaryotic Translation Initiation Factor 3 Subunit F (EI3F-f) and myogenic regulatory
factor D, myoD have been revealed to be two important targets of Atrogin-1 in skeletal
muscle (183—-186). In muscle cells, Atogin-1 is under the transcriptional regulation of a
member of the Forkhead box O class of transcription factors. Specifically, Atrogin-1 is
transcriptionally regulated by FOXO3A, which in turn is negatively regulated by
PISK/AKT pathway. Under basal conditions AKT phosphorylates FOXO3A in specific
residues, preventing its translocation to the nucleus and causing its subsequent
degradation. During muscle atrophy, PI3K/AKT pathway activity decreases, which
enables unphosphorylated FOXO3A to translocate into the nucleus, where it promotes
Atrogin-1 transcription (129,187-189).

Beyond muscle atrophy, few studies have explored the role of Atrogin-1 in cancer. Its

precise contribution to tumorigenesis appears to be cell context-dependent and remains

poorly understood. Atrogin-1 expression is impaired by promoter methylation in ovarian,
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esophageal and gastric carcinoma, and it is associated with shorter PFS (188,190).
Namely, in ovarian carcinoma cell lines, Atrogin-1 expression restoring prevented colony
formation and cell proliferation in vitro, and tumor growth in vivo (188). Likewise, c-MYC
was identified as a target of Atrogin-1 in ovarian and colorectal cancer cell lines. In this
study, the expression of Atrogin-1 specifically tagged c-MYC for proteasomal
degradation, which resulted in cell proliferation impairment (191). Moreover, Atrogin-1
was demonstrated to suppress tumorigenesis in breast cancer cell lines by targeting the
Krippel-like factor 4 (KLF4) for proteasomal degradation. Finally, Atrogin-1 expression
has been found to be repressed by Enhancer of Zeste 2 Polycomb Repressive Complex
2 (EZH2) in alveolar rhabdomyosarcoma, lung and breast cancer cell lines (192—194).
In these studies, Atrogin-1 expression turned out to be essential to generate apoptotic
cell-death after the inhibition of EZH2 (192,193).

Collectively, Atrogin-1 seems to act as tumor suppressor in different tumor contexts,
although its specific role remains poorly understood. This thesis dissects the role of
Atrogin-1 in a different tumor subtype, such as GIST, and deepens on its specific
regulation within this specific cell context. Of note, GIST features myogenic
differentiation and muscle-related genes, such as Dystrophin, are known to be involved
in GIST progression (104,195).
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2. HYPOTHESIS

Mutational heterogeneity and treatment adaptation currently represent two major
challenges for the treatment of GIST. Therefore, there is a compelling need to identify
novel molecular targets that can provide new treatment opportunities for these patients.
In this context, an in-depth characterization of the two main KIT-downstream pathways,
PISK/AKT/mTOR and RAS/MAPK, will allow to identify key oncogenic signaling effectors
that might serve as new therapeutic targets. Indeed, it is conceivable that certain
molecules are critically regulated by both pathways regardless the type of KIT primary
or secondary mutations, potentially playing essential functions related to GIST cell
survival. Therefore, | hypothesize that the identification and functional characterization
of these GIST-specific molecules co-regulated by both pathways through targeted
inhibition will contribute to improve our understanding of the process of tumor cell
adaptation to KIT driver blockage and may also result in new therapeutic targets to

enhance the response of GIST patients to current treatments.
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3. OBJECTIVES

In GIST, oncogenic signaling initiated by KIT is mainly driven by PISBK/AKT/mTOR and

RAS/MAPK pathways. However, the critical effectors within these two pathways are still

unknown. Likewise, elements co-regulated by both pathways and their specific role in

GIST cell biology are yet to be explored. In this context, the objectives of this Thesis are:

3.1.

3.1.1.

3.1.2.

3.1.3.

3.2.

3.2.1.

3.2.2.

3.2.3.

3.3.

3.4.

Dissection of KIT-downstream pathways.

Ascertainment of critical effectors within PI3K/AKT/mTOR and RAS/MAPK
pathways through pharmacological screenings.

Characterization of the signaling compensatory mechanism between these
two pathways.

Design and validation of a feasible therapeutic strategy based on the
concomitant inhibition of both pathways.

Identification and characterization of common elements co-regulated
by PI3BK/AKT/mTOR and RAS/MAPK pathways.

Identification of the elements specifically co-regulated by KIT-downstream
pathways by RNAseq.

Determination of the mechanism by which these elements are regulated by
both pathways.

Functional validation of the elements found in objective 3.2.1, Identification
of the elements specifically co-regulated by KIT-downstream pathways.

Validation of the expression of the co-regulated elements in GIST
patients.

Validation of these elements as potential therapeutic targets in GIST.
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4. METHODS

4.1. Cell culture studies

Human GIST cell lines used in these studies derive from GIST patients and have been
published previously (196). GIST882 is a patient-derived cell line bearing a KIT primary
mutation in exon 13 (K642E) (36). GIST-T1 is a patient-derived cell line bearing a
mutation in exon 11 (p.Val560-Tyr578del) (197). GIST430/654 is an imatinib-resistant
cell line derived from a GIST patients bearing a KIT primary mutation in exon 11
(p.Val560-Leu576del), and a KIT secondary mutation in exon 13 (V654A) (159). GIST-
T1/670 and GIST-T1/816 are sub-cell lines derived from GIST-T1 bearing KIT secondary
mutations in exons 14 and 17, respectively (T670l1 and D816E) (198). HMC-1.1 human
mast cell line, a variant subline derived from HMC-1 harboring a mutation in KIT G560V
(donated by Prof. Margarita Martin-Andorra, Barcelona University, Spain), was cultured
in Iscove’s modified Dulbecco’s medium supplemented with 10% iron-supplemented
fetal calf serum (Sigma, Darmstadt, Germany), 2 mM L-Glutamine, and 1.2 mM a-
thioglycerol (Sigma, Darmstadt, Germany). MaMel-144a, a human melanoma cell line
bearing a mutation in KIT S476l, was cultured under the same conditions as GISTs cell
lines (donated by Prof. Dirk Schadendorf, Essen University, Germany). A673 Ewing
sarcoma cell line was grown as GIST cell lines and was shared by Prof. Enrique de
Alava. All lines shown to be Mycoplasma free and were periodically credentialed by

Sanger sequencing of known mutations.

4.2. GIST xenograft studies

Heterotopic GIST-T1, GIST-T1/670 and GIST882 xenografts were generated and
maintained as follow: Six- to 8-week-old female athymic nude mice (NMRI Foxn1/nu-
Fosn1/nu) were obtained from Janvier Laboratories and housed under specific
pathogen-free conditions. Heterotopic GIST xenografts were generated by
subcutaneous injection of 5x10° cells (GIST-T1 and GIST-T1/670) and 10x10° cells
(GIST882) in culture medium and Matrigel (Cultek SL) at 1:1 ratio] in anesthetized
animals (ketamine 100 mg/kg i.p. and xylacine 10 mg/kg i.p.). Animals were maintained
at 22 + 2°C and 35% humidity, on a 12-hour light-dark cycle. An individually positive
pressure ventilated cage system was used to house a maximum of 5 mice per cage.
Food and water were provided ad libitum. All animal studies were performed in

accordance with ARRIVE guidelines and the three Rs rule of replacement, reduction,
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and refinement principles. All in vivo work was conducted under appropriate Institutional

Animal Care and Use Committee approved protocols.

Unless indicated, randomization, based on balanced tumor volumes, and treatments
were initiated when median tumor volume reached 200 mm3 across the following
experiments involving xenografts. The treatments were not blind to the investigator.
Sample size was not calculated using any statistical method. All animal studies were
performed in accordance with ARRIVE guidelines and the three Rs rule of replacement,
reduction, and refinement principles. All in vivo work was conducted under appropriate

Institutional Animal Care and Use Committee approved protocols.

4.2.1. Combination limiting-toxicity

Mice were treated in the following treatment arms: control group, and combination of
continuous trametinib (1 mg/kg orally/every day, q.d) and GDC-0980 (5 mg/kg
orally/every day). Body weight was assessed daily, and mice were euthanized when

body weight lost exceed 20% and/or mice showed signs of stress.

4.2.2. Intermittent drug-schedule modelling

Treatment consisted of three days of the combination of trametinib and GDC-0980, and
then treatment was withdrawn. Mice were euthanized at days 0, 1 and 3 during treatment

and at days 1, 2, 3, 5 and 7 after treatment withdrawal.

4.2.3. Intermittent drug-schedule validation

Mice were treated into the following treatments arms: control, trametinib (1mg/kg, q.d),
GDC-0980 (5 mg/kg/q.d) and the combination. Tumor volumes and body weights were
assessed 3 times per week. Mice were euthanized at day 20 or when tumor volume

reached 1200 mm?.

4.2.4. Atrogin-1 overexpression in vivo.

Doxycycline 1 mg/kg (Sigma, Darmstadt, Germany) was added to water when tumor
reached 100 mm3. Tumor volume was assessed every 2 days. Mice were euthanized at
day 12.
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4.2.5. Combined inhibition of KIT and the UPS

Mice were treated in the following groups: control, imatinib (100 mg/kg, q.d, p.o.), TAK-
243 (18.75 mg/Kg, twice a week, i.v.p) and the combination of both. Tumor volume and
body weight were assessed 3 times per week. Mice were euthanized at day 21 or when

tumor volume reached 1200 mm?®.

4.3. Reagents

Imatinib, sunitinib, regorafenib, BYL-719, GDC-0941, GDC-0980, RAD001, MK-2206,
vemurafenib and trametinib were purchased from LC Laboratories (Woburn, MA, USA).
TGX-221, CAL-101, SCH722984, Doxorubicin and TAK-243 were from Selleck
Chemicals (Houston, TX, USA), and 4-OHT from Sigma-Aldrich (Darmstadt, Germany).

4.4, Plasmids

4.4.1. Atrogin-1 shRNA knock-down

pLKO.1 constructs against Atrogin-1 (shFBX032 00: TRCN0000433900, targeting
CCGGGTTCACAAAGGAAGTACTAAACTCGAGTTTAGTACTTCCTTTGTGAACTTTT

TTG and shFBXO32 80: TRCNO0000443480, targeting
CCGGGATGAGAAGAGCGGCAGTTTCCTCGAGGAAACTGCCGCTCTTCTCATCTTT
TTTG were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). pLKO.1
shControl (targeting CCTAAGGTTAAGTCGCCCTCG) was purchased from Addgene.
Lentiviruses were generated by co-transfecting shFBX0O32 hairpin constructs or pLKO.1
shControl with psPax2 and psMDG2 (Addgene) into 293T cells using Polyethyenimine
(PEIl) MW40000 (Polyscience, Warrington, PA, USA). GIST-T1 and GIST-T1/670 cell
lines were transduced with shFBX0O32 or shControl and selected with puromycin (1

Mg/mL). All the experiments were performed within the first 5 passages post-infection.

4.4.2. pINDUCER-Atrogin-1 lentiviral over-expression

pINDUCER vector was produced by recombination of pINDUCER-20 (Addgene) and
pENTR223-FBX032 (DNAsu). Lentiviruses were generated as described above.
Atrogin-1 expression was induced by adding 0.25 pl/mL doxycycline monohydrate

(Sigma, Darmstadt, Germany).
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4.4.3. Episomal FOXO3a expression

pEGFP-C3 episomal expression vector containing FOXO3a was kindly provided by Prof.
Pablo J. Fernandez, IMDEA, Madrid, and was transfected using Lipofectamine 3000
(Thermo Fisher Scientific, Waltham, MA, USA).

4.4.4. Retroviral FOXO3aER expression

pLHCX-HA retroviral vector containing FOX0O3a gene bound to estrogen receptor gene
was kindly provided by Dr. Héctor G. Palmer group, VHIO. Retroviruses were generated
by cotransfecting the vector with pUMVC and VSV-G (Addgene) into 293T cells, and
GIST cell lines were infected and selected with hygromycin (200 ug/mL). All the

experiments were performed within the first 5 passages post-infection.

4.4.5. Atrogin-1 and Atrogin-1-AF-box constitutive expression

pLV-EGFP-EF1A lentiviral vector containing Atrogin-1 gene and Atrogin-1 lacking F-box
domain (deletion from 667 to 813 of the coding sequence) was obtained from
VectorBuilder (Chicago, IL, USA). Lentiviruses were generated as described above.
Atrogin-1, Atrogin-1-AF-box, or empty vector were constitutively expressed in GIST-T1

cells were transduced and selected with puromycin (1 ug/mL).

4.5. Drug-response assays

4.5.1. Cell viability

Cell viability studies were carried out using Cell Titer-Glo (CTG) luminescent assay
(Promega, Madison, WI, USA), in which the luciferase catalyzed luciferin/ATP reaction
provides an indicator of cell number. For these studies, cell lines were plated in triplicates
at 5,000 (GIST-T1, GIST-T1/670 and GIST-T1/816) and 10,000 (GIST882, GIST430,
GIST430/654 and GIST48) cells per well in a 96-well flat-bottomed plate (Falcon), and
then incubated for 3 (GIST-T1, GIST-T1/670, GIST-T1/816 and GIST430) or 6 days
(GIST882, GIST430/654 and GIST48) with imatinib and copanlisib at different
concentrations or DMSO. The Cell Titer-Glo assay luminescence was measured with
Infinite 200 Pro Microplate Luminometer (Tecan Trading AG) and the data were

normalized to the DMSO control group. All experiments were performed in triplicates.
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4.5.2. Cell proliferation — BrdU incorporation

Cell proliferation studies were carried out using BrdU Cell Proliferation ELISA Assay
(Roche, Basel, Switzerland) according to the manufacturer’s protocol. For these studies,
cell lines at 10,000 (GIST-T1, GIST-T1/670 and GIST-T1/816) and 15,000 (GIST882,
GIST430, GIST430/654 and GIST48) cells per well in a 96-well tissue culture plate and
were incubated in media containing drugs and DMSO for 48 hours. 5-bromodeoxyuridine
(BrdU) was added and incubation was continued for 24 hours. Assay plates were
measured with Infinite 200 Pro Microplate Luminometer (Tecan Trading AG). All

experiments were performed in triplicates.

4.5.3. Apoptosis induction

Apoptosis induction studies were performed by measuring caspase-3 and caspase-7
activity with the Caspase-Glo 3/7 Assay Kit (Promega, Madison, WI, USA) according to
the manufacturer’s protocol. Cells were plated in triplicates in 96-well flat-bottomed
plates at 5,000 (GIST-T1, GIST-T1/670 and GIST-T1/816) and 10,000 (GIST882,
GIST430, GIST430/654 and GIST48) cells per well. After 24-hour culture, medium was
replaced with fresh medium (with or without respective drugs) and apoptosis was
measured according to the manufacturer’s instructions at 24 (GIST-T1, GIST-T1/670 and
GIST-T1/816) and at 48 hours (GIST882, GIST430, GIST430/654 and GIST48) with
Infinite 200 Pro Microplate Luminometer (Tecan Trading AG). All experiments were

performed in triplicates.

4.6. Immunoblotting

Preparation of whole-cell lysates, electrophoresis and band detection was performed as
follows: cultured cells were scraped in lysis buffer (1% NP40, 50 mmol/I Tris (pH 8.0),
100 mmol/l sodium fluoride, 30 mmol/l sodium PP;, 2 mmol/l sodium molybdate, 5 mmol/l
EDTA, 2 mmol/l sodium vanadate, and 10 ug/ml phenylmethylsulfonyl fluoride) and
harvested in eppendorfs. The lysates were rocked overnight at 4°C and then centrifuged
to remove insoluble material. Protein concentration was determined using DC Protein
Assay (BIO-RAD Laboratories, Hercules, CA, USA). 30 ug of protein was used as
standard. Electrophoresis was carried out in 8 to 12% polyacrylamide gels and
transferred to polyvinilydene (PVDF) nitrocellulose membranes. Bands were detected by
incubating with Immobilon Forte Western HRP Substrate (Millipore MERK KgaA) and

captured by chemiluminescence with Amer- sham Imager 600 (GE Healthcare Life
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Science) Treatment conditions are detailed in specific experiments. Information
regarding clones, vendors and catalog identifications for antibodies used in western blot

studies are summarized in table 2.

Table 2. List of antibodies used for western blot analysis.

Antibody Source Catalog Number

pKIT Y703 Cell Signaling Tech #3073
pAKT S473 Cell Signaling Tech #9271
pERK Thr202/Tyr204 Cell Signaling Tech #9101
pS6 S235/6 Cell Signaling Tech #2211
pFOXO3a Ser425 Cell Signaling Tech #64616
pFOX0O3a Thr32 Cell Signaling Tech #9464
pGSK3b Ser9 Cell Signaling Tech #9336
total AKT Cell Signaling Tech #9272
total ERK Cell Signaling Tech #9102
total FOXO3a Cell Signaling Tech #2497
S6RP1 Cell Signaling Tech #2317
Clvd. PARP Asp214 Cell Signaling Tech #9541
Clvd. Caspase 3 Asp175 Cell Signaling Tech #9664
BIM Cell Signaling Tech #2923
Cyclin A Santa Cruz Tech sc-751
p27 Santa Cruz Tech sc-11641
GSK3b Santa Cruz Tech sc-729
poly-ubiquination (PD41) Santa Cruz Tech sc-8017
SPRY4 RD Systems AF5070
cKIT DAKO A4502
Atrogin-1 Abcam ab168372
Actin Sigma A4700

4.7. Immunofluorescence

7x10° GIST-T1 cells were seeded upon cover glasses (Ref.: 0111560, Marienfeld-
Superior, Lauda-Kdnigshofen Germany) in 12-well cell culture plates and incubated for
24h before specific treatments were added. After indicated treatment times, cells were
fixed in 4% paraforimaldehyde for 30 min, followed by 15 min permeabilization in PBS
0.1% Triton X-100 (Sigma-Aldrich, Darmstadt, Germany) at room temperature (RT).
Cells were blocked for 1 hour at RT with PBS 3% BSA (Sigma-Aldrich). Primary
antibodies specific for FOXO3a (#2497), or p27 (#3686S), both from Cell Signaling
Technology (Leiden, Netherlands), were incubated (1:200) overnight at 4°C on a dark-
wet chamber. An Alexa-Fluor-488-conjugated goat anti-rabbit-IgG (#A-11008,

Invitrogen; 1:500) was used as the secondary antibody and incubated for 1h at RT.
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For BrdU immunofluorescence, BrdU labeling, and detection was performed with 5-
Bromo-2'-deoxy-uridine Labeling and Detection Kit | (Ref.: 11296736001, Sigma-

Aldrich), following manufacturer’s protocol.

All immunofluorescence images were captured with NIS-Elements AR 4.40.00 (Nikon)

and analyzed with ImageJ software analysis using FIJI package version 2.0.0 (199).

4.8. Immunohistochemistry

Tumors excised from the sacrificed mice were immediately formalin-fixed and paraffin-

embedded for mitotic count.

Immunohistochemical (IHC) evaluation of Ki-67 in the in vitro drug-withdrawal studies
was performed as follows: tumor samples were collected immediately fixed in fresh 4%
paraformaldehyde at 4°C overnight. Cells were cultured in and treated in chamber slides
(Thermo Fisher Scientific, Waltham, MA, USA). After paraffin embedding, viable areas
from single hematoxylin and eosin slides were selected and stained for Ki-67 (Abcam,
Cambridge, UK, Ref.: ab15580). Slides were digitalized at 20X using the NanoZoomer
2.0HT (Hamamatsu Photonics). Digitalized images were uploaded into VISIOPHARM
(VIS) Image Analysis Software (Visiopharm Integrator System version 2019.02.1.6005,
Visiopharm) for the analysis. Evaluation of IHC Atrogin-1 expression was performed in a
tissue micro-array (TMA) containing pre-imatinib and/or post-imatinib tumor samples
from 92 GIST patients (200). Clinical and molecular data was available as well.
Representative sections were incubated with Atrogin-1 primary antibody (ab67866,
Abcam, Cambridge, UK) overnight at 4°C (1:100). Peroxidase-labelled secondary
antibodies and 3,3'-diaminobenzidine were applied to develop immunoreactivity,
according to manufacturer’s protocol (EnVision; Dako, Glostrup, Denmark). Atrogin-1
immunostaining was scored from 0 to 3 according to the intensity of expression. At least

1% of the cells should be stained to be considered positive.

All histopathological studies were evaluated independently by two experts.

52



Luis Alfonso Garcia Valverde

4.9. Flow cytometry

4.9.1. Annexin V/PI

GIST cells were cultured in 6-well plates. After indicated time-points of drug incubation,
1x10° cells were resuspended in Hank’s balanced salts solution (HBSS) from Thermo
Fisher Scientific and incubated with annexin V-FITC antibody (Ref.: 550475BD
Bioscience, NJ, US) for 15 min in the dark at RT. Then, cells were incubated with
propidium iodide (10 ug/mL final concentration) for 5 min RT and immediately analyzed

by flow cytometry with BD FACSCelesta™ from BD Bioscience.

4.9.2. Pyronin Y/Hoescht 3332

GIST cells were cultured in 6-well plate. After 48 hours of doxycycline incubation, 1 x10°
cells were resuspended in complete medium and incubated for 45 min with Hoescht
3332 at 7.5 ug/mL. Pyronin Y was added at 3.5 ug/mL and incubated for 15 min and

immediately analyzed by flow cytometry with BD FACSCelesta™ from BD Bioscience.

In all conditions, 10,000 cells were recorded, and analysis was performed using Flow Jo

V10 software. All experiments were performed in triplicates.

4.10. ChIP-PCR

GIST-T1 cells were cultured and treated as indicated. 3x10’ cells were crosslinked in 1%
formaldehyde for 10 min at 37°C. Crosslinking was stopped by adding glycine to a final
concentration of 125 mM for 5 min at RT. For nuclear fraction, cells were resuspended
and incubated for 15 min in cold soft-lysis buffer (50 mM Tris-HCI, 10 mM EDTA, 0.1%
NP-40, and 10% glycerol) supplemented with protease inhibitors. Samples were then
centrifuged for 15 min at 800g. Pellets were lysed with SDS-lysis buffer (50 mM Tris pH
8, 1% SDS and 10 mM EDTA) supplemented with protease inhibitors. Extracts were
sonicated with Bioruptor® (Diagenode, Belgium) to generate 100-300bp DNA
fragments, incubated on ice for 20 min, centrifuged at 20,000 x g for 10 min, and then
diluted 1:10 with dilution buffer (16.7 mM Tris pH 8, 0.01% SDS, 1.1% Triton X-100,
1.2mM EDTA and 167 mM NaCl). Primary antibody against FOXO3a (Ref.: 16162,
Abcam) or an irrelevant antibody (IgG) (Sigma) was added to the sample, and the
mixture was incubated overnight with rotation at 4 °C. Chromatin bound to the antibody

was immunoprecipitated using protein G magnetic beads (Ref.. 11710353, Fisher
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Scientific) for 3 h with rotation at 4 °C. Precipitated samples were washed three times
with low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.0,
150 mM NaCl), with high-salt buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20 mM
Tris-HCI pH 8.0, 500 mM NaCl), and twice with LiCl buffer (250 mM LiCl, 1% Nonidet P-
40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCI pH 8.0). Washed samples
were treated with elution buffer (100 mM Na2CO3 and 1% SDS) for 1 h at 37 °C and then
incubated at 65 °C overnight with the addition of a final concentration of 200 mM NaCl to
reverse the formaldehyde crosslinking. After proteinase K solution (0.4 mg/ml proteinase
K (Roche), 50 mM EDTA, 200 mM Tris-HCI pH 6.5) treatment for 1 h at 55 °C, DNA was
purified with MinElute PCR purification kit (Qiagen) and eluted in nuclease-free water.
Promoter region of Atrogin-1 (primer forward 5’- CAGTCCCTCAGCCAAAGC-3’, primer
reverse 5’- TAGCCCGTCCACTTCCTC-3') was detected by gqPCR. Results were
quantified relative to the input and the amount of irrelevant IgG immunoprecipitated in
each condition. A heterochromatin region (primer forward 5'-
TCAGCCCCTGGAATAGCT-3', primer reverse 5- TCCACCTGTACAGCCAGC-3’) was

used as a negative control. All conditions were performed in triplicates.

4.11. FOXO family gene expression in GIST patients

PRJNA521803 dataset (201) was downloaded using SRA Toolkit (V2.10.7) and FASTQ
files were rebuilt with fasterg-dump and processed with fastp (v0.20.1). Pair reads were
mapped with STAR (v2.7.3a_2020-01-23) against the transcriptome of the GRCh38. A
variant calling was performed using freebayes (v1.3.2-40-gcce27fc), which supports
RNA sequencing data as input, to characterize the different samples. Variant calls were
set up and optimized for tumor-only samples. Samples with primary pathogenic
mutations in KIT exon 11 (imatinib-sensitive) and secondary KIT resistance mutations
(imatinib-resistant) were selected for the quantification of gene expression using RSEM
(v1.3.3).

4.12. GEO data analysis

Public data from experiment GSE15966 (202) with expression arrays was downloaded
from the Gene Expression Omnibus using the GEOquery package. Only paired samples
with a mutation in KIT were kept for further analysis. A differential expression analysis
described by a paired design was conducted with limma (203), testing for differences in

gene expression between the conditions pre- and post-administration of imatinib. Prior

54



Luis Alfonso Garcia Valverde

to fitting the models, genes showing little variation or consistently low signal were filtered
out in order to reduce the number of tests, using the methods implemented in genefilter
(R package version 1.72.0), which defaults to filtering 50% of the genes (and fits our
assumptions of expressed genes). P-values were adjusted by Benjamini & Hochberg
(FDR).

4.13. Statistical Analysis

Statistical significance was calculated by two-way ANOVA followed by a Tukey’s multiple
comparison test for in vitro proliferation studies and by one-way ANOVA followed by a
Tukey’s multiple comparison test in experiments with more than one condition. Welch'’s
corrected two-tailed unpaired T test was performed to assess statistical significance in
experiments comparing two conditions and in in vivo studies at final time point. * < 0.05,
**<0.005, *** <0.001, **** <0.0001.

4.14. RNA sequencing

The quality control for quantity and quality of the total RNA was done using the Qubit®
RNA HS Assay (Life Technologies) and RNA 6000 Nano Assay on a Bioanalyzer 2100
(Agilent). The RNASeq libraries were prepared using TruSeq®Stranded mRNA LT
Sample Prep Kit (lllumina Inc., Rev.E, October 2013) and sequenced on HiSeq 4000
(lumina) in paired-end mode (2x76bp), following the manufacturer's protocol. Raw
reads were pre-processed and the quality was assessed with FastQC. Reads were
mapped to the Ensembl GRCh38 human genome reference and the annotation from
Gencode version 25 using STAR version 2.5.2a, allowing the default ratio of mismatches
in a read pair, keeping only alignments with valid splice junctions, mapping to no more
than 20 loci and a minimum overhang of 8 for spliced alignments. Gene quantification
was performed with RSEM version 1.2.28, using the same gene model used before to
guide the aligner, and handling overlapping reads as suggested in the default options.
For the differential expression analysis, we used R version 4.0.2 and limma with voom
transformation to normalize, transform, and model RNA-Seq data. A design including
one term combining the treatment and timepoint, blocking for the cell line, was used for
testing the differences in gene expression between the treatment combining the two
drugs at 24 hours and the baseline expression at 0 hours, after subtraction of the specific
effects at 24h of the drugs administered alone. Also, analyses for each cell line separate

from the others were done in parallel, using the same design (without blocking) and
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contrast of interest. P-values were adjusted by Benjamini & Hochberg (FDR), and genes
with FDR <0.01 and a fold change in expression of at least 2 were considered
differentially expressed. The molecular signatures from MSigDB were used to identify
enrichment of known gene sets, namely KEGG, GO biological processes (GOBP),
hallmarks gene sets and oncogenic signatures, using a GSEA analysis implemented in
the package clusterProfiler.

The data discussed in this Thesis have been deposited in GEO database under
accession number GSE156680.
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5. RESULTS

5.1. Conjoined signaling from KIT-downstream RAS/MAPK and PI3K/mTOR
pathways is critical for GIST cell survival and proliferation

Several pieces of evidence support RAS/MAPK and PI3BK/mTOR as the two main
pathways downstream KIT. However, the specific and relative contribution of each of the
signaling nodes within both pathways to GIST cell survival and proliferation is not fully
understood. Critical targetable nodes were pharmacologically screened in a panel of
GIST cell lines with clinically-representative KIT primary and secondary mutations (Fig.
5A; Table 3). Inhibition of MEK1/2 with trametinib resulted in the deepest impact on cell
viability irrespective of the type of KIT mutation. All cell lines also remained sensitive to
the inhibition of MEK1/2-target ERK1/2. As expected, no effect on viability was observed
upon BRAF blockage. Simultaneous inhibition of all PI3K class IA variants was
necessary to impact on cell viability in most, although not in all KIT-mutants. Abrogation
of PI3BK/mTOR pathway across all GIST models only occurred at low IC50 values with
dual blockade of PI3K class IA and mTOR, by using GDC-0980 inhibitor. Surprisingly,
little effect was derived from AKT targeting. Proliferation studies with BrdU incorporation
largely overlapped cell viability results (Fig. 5B), thereby confirming MEK1/2 and PI3K
class IA/mTOR as the most critical targetable nodes downstream KIT. Kinase inhibition
studies demonstrated on-target effect in four representative imatinib-sensitive (GIST-T1,
GIST882) and -resistant (GIST-T1/670, GIST-T1/816) GIST cell lines (Fig. 6A-D).

Table 3. List of drugs used in pharmacological screenings, their specific target, company and range of
concentrations used.

TARGET DRUG COMPANY | RANGE TESTED (nM)

PI3K/AKT/mTOR pathway relevant nodes

PI3Ka BYL-719 LC Labs 5-5,000
PI3KB TGX-221 Selleck 5-5,000
PI3Kd CAL-101 Selleck 5-5,000
PI3K IA GDC-0941 LC Labs 5-5,000
PI3K IA/mTOR GDC-0980 LC Labs 5-5,000
mTOR RADO01 LC Labs 5-5,000
AKT 1,2,3 MK-2206 LC Labs 5-5,000
RAS/MAPK pathway relevant nodes

BRAF V600E Vemurafenib LC Labs 5-5,000
MEK 1/2 Trametinib LC Labs 5-5,000
ERK 1/2 SCH722984 Selleck 5-5,000
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Figure 5. KIT-downstream pathways dissection. Heatmap depicting IC50 values from in vitro cell viability

assays (A), and in vitro cell proliferation assays (B),

performed in 7 imatinib-sensitive and -resistant GIST

cell lines against the specified signaling nodes. Specific drugs and targets are detailed in the Table 3. Cell

viability was measured by Cell Titer-Glo assay and cell proliferation was measured by BrdU incorporation.
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Figure 6. Immunoblots for kinase inhibition studies at 4 hours using imatinib, GDC-0941, GDC-0980,
RADO001 and trametinib, at the indicated doses, targeting, respectively, PI3K, PI3K/mTOR, mTOR and
MEK1/2. On-target inhibition effect for each drug is observed in imatinib-sensitive GIST-T1 (A) and GIST882
(B), and in imatinib-resistant GIST-T1/670 (C) and GIST-T1/816 (D). Ex, exon; TRAM, trametinib

However, single pathway ablation at MEK1/2 and PI3K/mTOR nodes did not result in
sustained antiproliferative effect, nor in substantial apoptosis induction (Fig. 7A,B). In
the absence of pathway cross-activation or re-activation, it is likely that KIT oncogenic
signaling through the non-inhibited pathway sustains cell survival (Fig. 8A-D).
Accordingly, concurrent blockade of KIT-downstream pathways in vitro led to a
significant inhibition of cell proliferation and apoptosis induction irrespective of the type
of KIT mutation (Fig. 7A,B, 9).
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Figure 7. A, 8-day cell proliferation studies (raw cell count) in two imatinib-sensitive cell lines, GIST-T1 and
GIST882, and two imatinib-resistant cell lines, GIST-T1/670 and GIST-T1/816; drug conditions: DMSO,
trametinib (TRAM) 100nM, GDC-0980 500nM, and the combination (CMB). B, Apoptosis studies (Caspase-
Glo) using the same treatment concentrations as in A.
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Figure 8. Immunoblots for kinase inhibition studies using trametinib 100 nM or GDC-0980 500 nM at 0, 4,
12, 24, 48 and 72 hours after single dosing in imatinib-sensitive GIST-T1 (A) and GIST882 (B), and in
imatinib-resistant GIST-T1/670 (C) and GIST-T1/816 (D). Ex, exon; TRAM, trametinib.
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Figure 9. Kinase inhibition studies at 24 hours in GIST-T1 and GIST-T1/670 using the same treatment

concentrations as in Figure 3A and B. TRAM, trametinib; Ex, exon.

The relevance of KIT-downstream RAS/MAPK and PI3K/mTOR pathways was further

confirmed in vivo. First, an intermittent treatment schedule using off-drug periods was

modelled aiming to minimize the high toxicity associated with concurrent and continuous
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inhibition of both pathways observed in cancer models and patients, which was also
confirmed. Namely, 5 days of concomitant pathway inhibition was the maximum time
frame tolerated by mice before they had to be scarified due to treatment-related toxicities.
Of note, the proliferation rate was significantly lower in tumors from mice undergoing

concurrent pathway inhibition compared to vehicle (Fig. 10A,B).
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Figure 10. A, raw number of GIST-T1 and GIST-T1/670 xenografts sacrificed by day after continuous
concurrent administration of trametinib 1mg/kg QD and GDC-0980 5mg/kg QD. B, number of mitoses per 5
mm2 (40x) in the vehicles in comparison with treated tumors obtained at the time of sacrifice, (n = 3-10).
CMB, combination.

Two to three days of continuous concurrent RAS/MAPK and PI3K/mTOR inhibition was
needed to halt GIST cell proliferation both in vitro (Fig. 11A-B) and in vivo (Fig11C-D),
as assessed by Ki-67 immunostaining and mitotic count. Tumor regrowth after treatment
withdrawal also occurred in two to three days (Fig. 11A-D), both in vitro and in vivo.
Together, it was defined an intermittent treatment schedule consisting in cycles of three
days of continuous concurrent treatment with trametinib and GDC-0980 followed by
three or two days off-treatment in imatinib-sensitive and imatinib-resistant GIST cell

models, respectively (Fig. 11E,F).
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Figure 11. A, B, Ki-67 immunohistochemistry readouts for GIST882 (A) and GIST430/654 (B) cells treated
in vitro in chamber slides with DMSO, trametinib (TRAM) 100nM, GDC-0980 500nM and the combination
(CMB); the length of treatment before drug withdrawal was 3 days. C, D, GIST-T1 (C) and GIST-T1/670 (D)
were treated for 3 days with the combination of trametinib and GDC-0980 at the previously indicated doses
and sacrificed at the indicated time-points (n = 2-4). Proliferation is expressed as mitotic count/5 mm2. E, F,
resulting in vivo intermittent treatment schedules for GIST-T1 (E) and GIST-T1/670 (F). Ex, exon;

Subsequent intermittent combined inhibition of MEK1/2 and PISK/mTOR with trametinib
and GDC-0980, respectively, significantly reduced tumor proliferation in vivo in both
imatinib-sensitive and -resistant xenograft models compared to monotherapies (Fig.
12A,B), also resulting tolerable throughout (Fig. 12C,D). Together, these data support
that MEK1/2 and PI3K/mTOR are the most critical targetable nodes downstream KiIT,
and that their dual inhibition largely phenocopy KIT blockade regardless the
heterogeneity of primary and secondary KIT mutations.
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Figure 12. A, B, treatment response of GIST-T1 (A) and GIST-T1/670 (B) xenografts in NMRInu/nu mice.
The treatment cohorts are as follows: (i) vehicle (black); (ii) trametinib 1Tmg/kg QD given continuously (green);
(iii) GDC-0980 5mg/kg QD given continuously (red); (iv) the combination of trametinib and GDC-0980 at the
same doses following the intermittent treatment schedule of 3 days on / 3 days off in GIST-T1 and 3 days
on / 2 days off in GIST-T1/670. C, D, Animal tolerance to drug-induced toxicity was objectivized through
animal weight measurements across the experiment and expressed as percentage of weight variation (in
grams). n=4-6 per treatment arm, mean + SEM. Ex, exon; TRAM, trametinib; CMB, combination.

5.2. Atrogin-1 is a KIT-downstream node co-regulated by RAS/MAPK and
PI3K/mTOR pathways

Given the relevance of RAS/MAPK and PI3K/mTOR downstream KIT, it is conceivable
that KIT transcriptomic program is primarily conducted through the conjoined activity of
these two pathways. Thus, to uncover novel molecular targets critically regulated by KIT
in GIST, a whole-transcriptome study was conducted with the goal of identifying genes
co-regulated by RAS/MAPK and PI3K/mTOR pathways irrespective of the type of KIT
primary or secondary mutation, and whose effect could not be explained by one single
pathway. Four GIST cell lines were treated with trametinib, GDC-0980 or the combination
of both, inhibiting previously validated targetable nodes downstream KIT (Fig. 13). Gene
expression differences at 24 hours between GIST cell lines and between treatments

were evidenced in the principal component analysis (PCA) (Fig. 14).
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Figure 13. Two imatinib-sensitive (GIST-T1, GIST882) and -resistant (GIST-T1/670, GIST-T1/816) GIST cell
lines were treated in biological triplicates for 24 hours with trametinib 100nM, GDC-0980 500nM or the
combination and compared with untreated cells at baseline. RNA-seq data analysis focused on the
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identification of genes regulated by the conjoined activity of RAS/MAPK and PI3K/mTOR KIT-downstream
pathways, and therefore it was subtracted the individual effect of each agent. BL, baseline; TRAM,

trametinib; CMB, combination; IM, imatinib.
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Figure 14. Principal component analysis (PCA) from the whole transcriptome study using the top 500 most
variable genes. Cell line peculiarities are very strong (1st to 3rd components, PC1, PC2 and PC3) (A), but
drug effects are cleanly captured in the 4th component (PC4) (B). TRAM, trametinib; CMB, combination;
DMSO, dimethyl sulfoxide.

A paired design analysis combining all four cell lines and subtracting single pathway
effect yielded a total of 271 genes differentially expressed, 129 upregulated and 142
down-regulated (Fig. 15; Table 4). Genes known to be dysregulated upon KIT inhibition
with imatinib, such as SPRY4, DUSP6 or ETV5 (112), also reached the highest changes
in differential expression with the combined effect of RAS/MAPK and PISK/mTOR
inhibition. From the top 50 differentially expressed genes (adjusted p-value) co-regulated
by KIT-downstream pathways, FBXO32 showed the highest fold change increase among
those found upregulated (Fig. 15; Table 4). As explained in the introduction,
FBXO32/Atrogin-1 is a muscle-specific F-box protein regulated by the IGF-1/AKT/FOXO
axis, and it is the substrate-recognition subunit of the SCF E3 ubiquitin ligase complex
that mediates protein degradation and subsequent muscular atrophy, where it is shown
markedly upregulated. Atrogin-1 was of immediate interest giving the myogenic nature
of GIST.
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Figure 15. Volcano plot showing 271 genes significantly dysregulated across all 4 GIST cell lines (paired
design analysis, significance thresholds: FDR 1% and abs(logFC)>1). FBXO32 together with other known
genes are depicted.

Table 4. Top 10 ranked differentially expressed genes yielded from a paired design analysis combining the
4 different cell lines of MEK1/2 and PI3K/mTOR co-inhibition subtracting single-pathway effect.

Gene name logFC adj.P.Value
CTPS1 -1,1506471 8,9907E-10
CRHR2 -1,7163319 8,9907E-10
MGATS -1,0266155 4,4778E-09
NAV1 -1,325423 4,779E-09
FABP5 -1,4131465 9,3865E-09
FBX032 1,58494078 7,6775E-09
SPSB4 -1,2902041 2,1696E-08
DUSP4 -1,5376443 2,4335E-08
UBASH3B -1,9983194 1,8901E-08
HOXA-AS3 -1,236777 5,4081E-08

Individual transcriptomic analyses of each cell line were also undertaken and revealed
different subsets of genes differentially expressed (Fig. 16; Table 5). However, only four
genes were found significantly dysregulated in all four GIST cell lines, showing FBX0O32
the strongest enrichment (Fig. 17A,B). The highest induction of FBX032/Atrogin-1
expression upon combined RAS/MAPK and PI3K/mTOR inhibition compared to single
pathway ablation was further confirmed at both RNA (Fig. 18A) and protein levels (Fig.
18B).
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Figure 16. Volcano plots from individual RNA-seq analysis showing differentially expressed genes in each

cell line. Significance thresholds: FDR 1% and abs(log2FC)>1. FBXO32 is overexpressed in all cell lines
and depicted together with other known genes.
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Figure 17. A, Venn-diagram showing common differentially expressed genes across the 4 GIST cell lines.

B, A total of 4 genes, including FBXO32, were found significantly up- or down-regulated in all 4 GIST cell
lines.
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Figure 18. FBX0O32 mRNA (A) and protein (B) expression is shown significantly upregulated upon combined
inhibition of RAS/MAPK and PI3K/mTOR pathways compared to single pathway ablation. A673 cell line
expresses constitutively Atrogin-1 and is used as a positive control. TRAM, trametinib; CMB, combination;

DMSO, dimethyl sulfoxide.

Table 5. FBXO32 depicted from the results of differentially expressed genes after MEK1/2 and PI3K/mTOR

concurrent inhibition subtracting single pathway effect in the four GIST cell lines analyzed individually.

Cell line Gene logFC adj. P.Value
GIST-T1 FBX0O32 1,54613118 1,2804E-13
GIST882 FBX0O32 1,62832534 3,3288E-12
GIST-T1/670 FBX0O32 1,28484238 1,1256E-08
GIST-T1/816 FBX0O32 1,73791207 9,8352E-04

Previous data support RAS/MAPK and PI3K/mTOR as the two most critical pathways
transducing KIT and PDGFRA oncogenic program. In order to further confirm FBX0O32
dependency on KIT oncogenic signaling, RNA-seq analysis was performed in GIST-T1
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cell line treated with imatinib. FBXO32 was among the 50 highest differentially expressed

genes (Fig. 19A,B), which is in line with previously reported datasets (112,204).
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Figure 19. A, RNA-seq study and resulting volcano plot depicting genes differentially expressed in biological
triplicates of GIST-T1 cell line after 24 hours of imatinib 500nM (significance thresholds: FDR 1% and
abs(logFC)>1). B, Heatmap showing top 50 genes differentially expressed in GIST-T1 upon treatment with

imatinib 500 nM for 24 hours. Triplicates from baseline and treatment conditions are displayed.
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KIT and KIT-downstream signaling abrogation with KIT inhibitors active against specific
primary or secondary mutations resulted in a significant increase in FBXO32/Atrogin-1
expression (Fig. 20A-C), but not in the absence of KIT inhibition when imatinib was used
against imatinib-resistant GIST cell lines (Fig. 20D,E). Moreover, a significant overlap
was observed between genes differentially expressed with KIT inhibition and with
combined inhibition of KIT-downstream pathways (Fig. 21), thus reinforcing the critical

role of these two pathways in GIST oncogenic program.
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Figure 20. Targeted inhibition of KIT oncogenic signaling with specific KIT inhibitors resulted in increased
FBX032 mRNA expression (A), and protein (B-E). Targeted inhibition of KIT oncogenic signaling with
specific KIT inhibitors resulted in increased Atrogin-1 expression, while absence of KIT signaling abrogation
in imatinib-resistant GIST cell lines did not increase Atrogin-1 expression (B-E). Ewing sarcoma A673 cell
line is used as an internal control of constitutive Atrogin-1 expression. Baseline (BL); DMSO, dimethyl
sulfoxide; trametinib (TRAM); combination (CMB); imatinib (IM); sunitinib (SU); regorafenib (RE); Ex, exon.
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Figure 21. There is a significant overlap between genes differentially expressed in GIST-T1 treated with
imatinib and the combination of trametinib and GDC-0980 (hypergeometric test, p-value <2.22e-16).

These results underscore that FBXO32/Atrogin-1 is critically regulated by KIT oncogenic
signaling in GIST through the two main KIT-downstream pathways. The potential
analogy between muscular atrophy and suppression of KIT activation in a myogenic
cancer such as GIST prompted further experiments to decipher Atrogin-1 function in this

cellular context.

5.3. Atrogin-1 expression is transcriptionally regulated by FOXO3a in GIST

Regulation of Atrogin-1 in cancer is still poorly understood and diverse mechanisms have
been involved across several cancer types. Conversely, Atrogin-1 regulation in skeletal
muscle is well characterized (see section 1.5.8): under catabolic conditions, decreased
growth factor stimuli leads to AKT dephosphorylation, FOXO3a release and translocation
to the nucleus, resulting in transcriptional activation of Atrogin-1. FOXO family of
transcription factors have several regulatory phosphorylation sites, including RAS/MAPK
and PIBK/mTOR pathways (205,206). Thus, it was certainly interesting to investigate

whether Atrogin-1 regulation in muscle was paralleled in GIST.

Notably, FOXO3a demonstrated to be the predominant isoform expressed in GIST cell
lines and KIT-mutant GIST patients (Fig. 22A,B). On the other hand, GIST-T1 cells
transfected with a pEGFP-C3 expression vector containing FOXO3a showed
significantly increased FOXO3a nuclear translocation upon combined RAS/MAPK and
PIBK/mTOR pathways inhibition, either with trametinib and GDC-0980 treatment or
through KIT inhibition with imatinib, compared to single pathway ablation (Fig. 23A,B).
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Remarkably, this was accompanied with FOXO3a dephosphorylation at both ERK1/2
(Serd425) and AKT (Th32) sites after KIT or conjoined KIT-downstream pathways
suppression in GIST-T1 and GIST-T1/670 (Fig. 24A,B).
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Figure 22. FOXO3a is the main FOXO isoform expressed in GIST regardless KIT mutational status, as
shown by transcriptomic analysis performed in GIST cell lines (A) and publicly available data from GIST

patients’ samples (B).
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Figure 23. A, Representative immunofluorescence images at 20X (insets at 60X). B, Percentage of nuclear
positive cells, results from 3 observations in 3 different areas. BL, Baseline; TRAM, trametinib; CMB,
combination; IM, imatinib; DMSO, dimethyl sulfoxide.
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Figure 24. FOXO3a-specific phosphorylation residues for ERK1/2 (Ser425) and AKT1/2 (Thr32) activation
were interrogated, along with other key molecules within KIT signaling, in GIST-T1 (A) and GIST-T1/670
(B). Simultaneous dephosphorylation is predominantly observed with the combination (CMB) and upstream
KIT inhibition with imatinib (IM) and sunitinib (SU). TRAM, Trametinib.

A tamoxifen-inducible (4-hydroxy-tamoxifen, 4-OHT), AKT/ERK-insensitive mutant of
FOX03a (FOXO3a3A-ERTM) (207) was expressed in GIST-T1 and GIST-T1/670.
Exogenous FOX0O3a accumulated in the nucleus after 4-OHT treatment (Fig. 25A,B),
resulting in increased FBX0O32 mRNA and protein expression (Fig. 25C-F). p27Kip1, a

known FOXO3a target gene, also showed increased expression (Fig. 25D,F).
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Figure 25. A, B, GIST-T1 cells expressing the tamoxifen-inducible FOXO3a3A-ERTM vector increased
FOXO3a nuclear translocation upon tamoxifen treatment, as shown by immunofluorescence. In GIST-T1
(C, D) and GIST-T1/670 (E, F), tamoxifen-induced FOXO3a nuclear translocation led to a significant
increase of FBXO32 mRNA (C, E) and protein (D, F) expression. GIST cells transduced with FOXO3a3A-
ERTM showed exogenous FOXO3 expression (upper band). However, increased expression of Atrogin-1
and FOXO3a-target gene p27 is only observed after nuclear translocation upon tamoxifen treatment, (n =
3). Baseline (BL); trametinib (TRAM); combination (CMB); imatinib (IM); sunitinib (SU); 4-hydroxy-tamoxifen
(40OHT); dimethyl sulfoxide (DMSO).

Finally, it was fundamental to prove that the higher levels of Atrogin-1 shown upon
FOX0O3a shuttling from the cytoplasm to the nucleus were the result of direct
transcriptional regulation. Chromatin immunoprecipitation (ChIP) assay in GIST-T1
demonstrated a significant enrichment of FOX0O3a binding to the FBX0O32 promoter after
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24 hours of treatment with either the combination of trametinib and GDC-0980, or

imatinib. A heterochromatin region was used as a negative control (Fig. 26).
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Figure 26. Chromatin immunoprecipitation (ChIP) was performed in GIST-T1 to demonstrate the
transcriptional activation of Atrogin-1 by FOXO3a after inhibition of KIT with imatinib or the combined
inhibition of KIT-downstream pathways with trametinib and GDC-0980. A heterochromatin region was used
as a negative control. Dimethyl sulfoxide (DMSO); combination (CMB); imatinib (IM).

Together, it has been demonstrated that FOXO3a shuttles from the cytoplasm to the
nucleus upon KIT and/or conjoined KIT-downstream pathways inhibition, leading to
transcriptional activation of Atrogin-1. Therefore, Atrogin-1 regulation shares similar
pathways in GIST and muscle cells, namely FOXO3a-dependent upregulation following

deprivation of growth factor signaling.

5.4. Atrogin-1 mediates apoptosis evasion to KIT targeted inhibition through
induction of cell quiescence

Atrogin-1-induced skeletal and cardiac muscle atrophy results primarily from accelerated
protein degradation through the UPS, and it is characterized by a decrease in the size
of pre-existing muscle fibers. However, Atrogin-1 function in cancer remains largely
unknown. To shed light on its role, Atrogin-1 was knocked down using short hairpin RNAs
(shRNASs) in imatinib-sensitive (GIST-T1) and imatinib-resistant (GIST-T1/670) cell
models. Blockade of Atrogin-1 upregulation in response to KIT or conjoined PISBK/mTOR
and RAS/MAPK pathways inhibition mostly resulted in enhanced apoptotic induction, as
shown by cleaved caspase immunostaining (Fig. 27A,B) and further confirmed by cell
count and Annexin V/PI staining (Fig. 28A-D).
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Figure 27. A, B, Atrogin-1 overexpression was efficiently blocked (~70% average) with two different shRNAs
(sh80 and sh00). Imatinib-sensitive GIST-T1 (A) and imatinib-resistant GIST-T1/670 (B) were treated for 24
hours with the combination of trametinib 100 nM and GDC-0980 500 nM, or specific KIT inhibitors (imatinib
and sunitinib). BL, baseline; CMB, combination; IM, imatinib; SU, sunitinib.
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Figure 28. A,B, 6 days of continuous treatment with the combination of trametinib 100 nM plus GDC-0980
500 nM, or specific KIT inhibitors (imatinib 500 nM or sunitinib 500 nM) resulted in a significantly lower
number of cells in GIST-T1 (A) and GIST-T1/670 (B) transduced with sh80 and sh00 compared to shControl.
C, D, Annexin V/PI studies were performed in GIST-T1 (C) and GIST-T1/670 (D) under the same conditions,
also showing a significant apoptosis increase in cells transduced with sh80 and sh00. CMB, combination;
IM, imatinib; SU, sunitinib.

Indeed, insufficient Atrogin-1 response sensitized GIST cells to KIT and KIT-downstream
pathways targeted inhibition, resulting in IC50 values 5- to 10-fold lower, thus highlighting
the pro-survival role of Atrogin-1 (Fig. 29A,B). Additionally, a doxycycline-inducible
vector was generated for Atrogin-1 overexpression (Fig. 29C). Transduced GIST-T1
cells with induced basal Atrogin-1 overexpression had decreased cleaved PARP and
caspase-3 levels after KIT or KIT-downstream pathways inhibition (Fig. 29D), thus

confirming its protective role against TKl-mediated apoptosis.
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Figure 29. A, B, Cell viability assays were performed in GIST-T1 (A) and GIST-T1/670 (B) using either GDC-
0980 at 100 nM and increasing concentrations of trametinib, or increasing imatinib or sunitinib
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concentrations. Lower IC50s were observed across all treatment conditions in GIST cells transduced with
sh80 and sh00. C, Atrogin-1 overexpression is induced after 24 hours of doxycycline 0.25 ug/mL. D, At 48
hours of Atrogin-1 induction with doxycycline, all empty conditions showed higher levels of cleaved PARP
and Caspase 3 apoptosis markers. E, Global ubiquitination was studied with a polyUb antibody in GIST-T1-
Atrogin-1 compared to GIST-T1-empty after 24 hours of doxycycline 0.25 ug/mL and 12 hours of MG132 5
nM for ubiquitin stabilization.

Atrogin-1 is the final effector of the ubiquitin ligase cascade and, as any E3 ligase,
regulates the fate of specific substrates through ubiquitination — something that we could
observe in GIST upon induced overexpression (Fig. 29E). However, although Atrogin-1
substrates for proteasome degradation remain largely unknown, SCF E3 ubiquitin
ligases have been widely involved in cell cycle progression (208). Therefore, it was
reasonable to explore whether the apoptosis evasion mediated by Atrogin-1 occurred
through cell cycle dysregulation. CDK inhibitor p27Kip1 was shown upregulated in vitro
upon KIT or conjoined KIT-downstream pathways inhibition in shRNA control cells (Fig.
27A,B), which is consistent with previous observations indicative of cell cycle stop
(11,12). By contrast, abrogation of Atrogin-1 response by shRNA knock-down was
associated with maintenance of cell cycle progression, as expressed by low p27Kip1
induction, which paralleled the increased cell death (Fig. 27A,B). Accordingly,
exogenous Atrogin-1 overexpression halted the cell cycle and prevented proliferation
both in vitro (Fig. 30A,B) and in vivo (Fig. 30C). This effect on the cell cycle was GIST-
specific and non-toxic, as Atrogin-1 overexpression in two different receptor tyrosine
kinase (RTK)-driven cancer models (HCC827, EGFR-mutant lung cancer; MaMel-144a,

KIT-mutant melanoma) did not affect cell proliferation (Fig. 31A,B).
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Figure 30. A, GIST-T1 cells transduced with either the empty vector or pINDUCER-Atrogin-1 were grown in
doxycycline 0.25 ug/ml and assessed for cell proliferation, expressed in raw counts. B, Cell quiescence was
evaluated through immunofluorescence staining GIST-T1 cells with BrdU and p27 after 48 hours of
doxycycline induction. C, GIST-T1 cell transfected with empty (n=9) and pINDUCER-Atrogin-1 (n=9) vectors
were xenografted and induced in vivo. Proliferation was assessed through tumor volume every 2 days.
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Figure 31. Atrogin-1 overexpression with pINDUCER-Atrogin-1 did not affect proliferation of HCC827 and
MaMel-144a cell lines compared to the empty vector, as assessed in vitro through cell count.

The low BrdU incorporation and high p27Kip1 expression pattern observed in Atrogin-1
overexpressing GIST cells is highly indicative of cell quiescence state, but not fully
definitory. Thus, flow cytometric detection of GO live cells was assessed with Hoechst
33342 and Pyronin Y co-staining. A significant increase in GO cells together with a
significant decrease in S and G2/M cells occurred after Atrogin-1 induction (Fig. 32A,B).
This process was reversible after doxycycline wash out (Fig. 32C), further confirming the
quiescence nature. Collectively, Atrogin-1 overexpression emerges as a tightly regulated
pro-survival mechanism in GIST that leads to adaptation to KIT-targeted inhibition by
apoptosis evasion through induction of cell quiescence. This mechanism is shared in
both imatinib-sensitive and -resistant GIST.
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Figure 32. A, B, Representative flow cytometry charts (A) from 3 independent experiments using
pINDUCER-Atrogin-1 and pINDUCER-empty vectors grown in doxycycline 0.25 ug/ml for 48 hours. Pyronin
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Y/Hoechst 3323 stain allows to define the cell cycle GO phase showing a significant increase in the
percentage of cells with Atrogin-1 overexpression (B). C, Reversion of the GIST-T1 cell quiescence state
induced by exogenous Atrogin-1 overexpression (pINDUCER-Atrogin-1) in vitro, in comparison with the
empty vector. Cells were grown in doxycycline 0.25 ug/mL for 5 days and then withdrawn (WD). Cell
proliferation and flow cytometry Pyronin Y/Hoechst 3323 evaluation were assessed at the indicated

timepoints.

In order to corroborate that the function of Atrogin-1 observed is determined by its
capacity of ubiquitinating specific proteins, Atroign-1, or an Atrogin-1 mutant lacking the
F-box domain were constitutively expressed in GIST-T1 cells. As expected, higher global
ubiquitination was observed in Atrogin-1 expressing cells compared to cells expressing
mutant Atrogin-1, or the control (Fig. 33A). Furthermore, constitutively expression of full-
length Atrogin-1 resulted in a significant increase of cells in GO, and in a decrease in the
number of cells in G1 and G2/M, compared to cells expressing the Atrogin-1 lacking F-
box domain (Fig. 33B). Hence, this confirms that Atrogin-1 function in GIST cells relies
on its canonical activity as E3 ubiquitin ligase, and highlights the essential role of the
UPS in GIST.
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Figure 33. A, Kinase blot of GIST-T1 cells constitutively expressing full-length Atrogin-1, Atrogin-1 lacking
F-box domain (AF-box), or control. Cells were incubated with MG132 5 uM for 8h. B, Flow cytometry values
from 3 independent experiments using cells than in A. Pyronin Y/Hoechst 3323 stain were used to define

the cell cycle GO phase.

5.5. Increase in Atrogin-1 expression is GIST-cell specific and occurs in
response to imatinib treatment in GIST patients

Oncogenic activation of KIT is the crucial driver in little neoplastic conditions besides
GIST. Therefore, we explored whether the KIT-FOXO3a-Atrogin-1 axis was also present
in other cancer types, such as systemic mastocytosis and a subset of melanomas,
represented herein by the HMC-1.1 (KIT G560V) and MaMel-144a (KIT S476l) cell lines,
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respectively. Neither the combined inhibition of RAS/MAPK and PI3K/mTOR pathways,
nor KIT blockage with imatinib led to a significant increase in Atrogin-1 expression (Fig.
34A). External damaging agents (i.e.: doxorubicin) did not induce either an unspecific
increase in Atrogin-1 levels (Fig. 34B). Therefore, KIT-FOXO3a-Atrogin-1 axis is

biologically relevant only in a GIST-cell specific context.
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Figure 34. A, 24 hours treatment with the combination (CMB) of trametinib 100 nM and GDC-0980 500 nM,
or imatinib 500 nM in HMC-1.1, MaMel-144a and GIST-T1 cell lines. B, Treatment of GIST-T1 cell line with
doxorubicin (DOXO) or imatinib (IM) at the indicated doses for 24 hours.

On the other hand, two cohorts of GIST patients were further evaluated to determine
whether Atrogin-1 expression was induced after front-line imatinib treatment. First, pre-
and post-imatinib publicly available microarray data was retrieved from KIT-mutant GIST
patients treated in a phase Il trial investigating neoadjuvant imatinib in locally-advanced
GIST (202). A statistically significant increase in FBX0O32 mRNA expression was
observed in post-imatinib tumor samples, compared to matched tumor samples before
the beginning of the treatment. This increase in FBX0O32 expression occurred in all but
one patient (Fig. 35A,B). Additionally, Atrogin-1 immunohistochemistry expression was

evaluated in a previously reported tissue-microarray from 92 locally advanced or
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metastatic GIST patients that included pre- and/or post-imatinib tumor samples.
Accordingly, a significant increase in Atrogin-1 expression was confirmed in post-imatinib

tumor samples (Fig. 35C,D).
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Figure 35. A, Publicly available microarray data (GSE 15966) from matched pre- and post-imatinib tumors
samples revealed a significantly increase in the probe intensity of FBXO32 in post-imatinib tumor samples
(p=0.00025). KIT-mutant patients were selected for this analysis. B, Bar graph displaying individual patient
data from GSE 15966 analysis. Pre- (black) and post-imatinib (gray) FBXO32 intensities are depicted,
together with the intensity ratio of the change in expression. C, Atrogin-1 immunohistochemistry expression
was assessed in a tissue micro-array containing 82 pre- and 28 post-imatinib tumor samples in duplicates
from 92 GIST patients. Atrogin-1 expression was significantly increased in post-imatinib tumor samples
(mean = SEM, 1.446 + 0.2047) compared to the pre-imatinib counterparts (mean + SEM, 1.025 +0.1128),
p=0.0326. D, Representative immunostains for Atrogin-1 in GIST tumor samples exemplifying different
scores for expression intensity (10X): no expression (score 0), weak (score 2), and moderate (score 3).

5.6. GIST reliance on the ubiquitin-proteasome system can be exploited
therapeutically to maximize imatinib therapeutic response

Previous results underscore the critical role of Atrogin-1 in the adaptation to the
therapeutic inhibition of KIT, and also highlight more broadly the relevance of the UPS
in GIST. In the absence of specific Atrogin-1 inhibitors, the aim was to prove the

relevance of targeting the ubiquitin-ligase pathway using TAK-243, a first-in-class
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inhibitor of the E1 ubiquitin-activating enzyme (UAE) that is currently being investigated
in clinical trials (209). As previously mentioned, UAE is the primary enzyme responsible
for the initiation of the ubiquitin multistep process, and therefore a key component of the
UPS (210).

TAK-243 treatment resulted in IC50s within the nanomolar range in vitro (Fig. 36A). UAE
inhibition induced an expected reduction in the global levels of polyubiquitylated chains
(Fig. 36B). Combined treatment with imatinib and TAK-243 led to a dose-dependent, 10-
to 20-fold decrease in cell viability (Fig. 36C,D), together with an increase in apoptosis
induction (Fig. 36E).
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Figure 36. A, Cell viability studies (CTG) with single-agent TAK-243. B, Loss of global polyubiquitination
(polyUb) after 24 hours of TAK-243 100 nM in GIST-T1. C, Cell viability studies (CTG) using 3 different
doses of TAK-243 and increasing doses of imatinib in GIST-T1 and GIST882. D, Resulting IC50 values from
A and C cell viability studies. E, Annexin V/PI studies assessing apoptosis induction after 48 hours of imatinib
100 nM, TAK-243 100 nM or the combination at the same doses. DMSO, dimethyl sulfoxide; UT, untreated;
IM, imatinib; ClI, cleaved; CMB, combination.

Next the combination of imatinib and TAK-243 was evaluated in vivo. Compared to
monotherapies, the addition of TAK-243 to imatinib resulted in sustained reduction in
tumor volume (Fig. 37A,B), which is consistent with in vitro data. The combination also
resulted tolerable throughout (Fig. 37C,D). Therefore, inhibition of ubiquitination in GIST
maximizes the response to imatinib treatment through enhanced apoptosis and impaired

tumor cell growth.
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Figure 37. A,B, In vivo evaluation in subcutaneous xenografts of GIST-T1 (A) and GIST882 (B) at the
indicated doses and length of treatment. n=5-7 per treatment arm in GIST-T1 and n=5 in GIST882, except
for combination (n=10), mean + SEM. Animal tolerance to drug-induced toxicity was objectivized through
animal weight measurements across the 3 weeks of experiment and expressed as percentage of weight
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6. DISCUSSION

The essential role that oncogenically-active KIT exerts in the transition from the ICCs to
clinically aggressive GIST turns this disease into a paradigmatic cancer model to study
oncogenic dependencies (60,110,211). This thesis unveils Atrogin-1 as one of the most
critical genes differentially dysregulated in GIST upon KIT and/or KIT-downstream
pathways inhibition, independently of the type of KIT primary or secondary mutation.
Atrogin-1, a muscle-specific SCF E3 ubiquitin ligase, is the crucial effector of muscle
atrophy in cachexia of any origin. Interestingly, this Thesis demonstrates that Atrogin-1
regulation is shared by GIST and skeletal muscle. Namely, FOXO3a-mediated
transcriptional activation after a decay in growth factor receptors signaling — KIT signaling
impairment in the case of GIST. Atrogin-1 overexpression turned out to be a crucial pro-
survival mechanism for therapeutic adaptation to targeted inhibition of KIT, driving
apoptosis evasion through induction of cell quiescence (Fig. 38). Consequently, ubiquitin

ligase pathway blockage with TAK-243 maximized the therapeutic activity of imatinib.

6.1. Identification of critical effectors within KIT-downstream pathways

KIT/PDGFRA oncogenic program in GIST is conserved throughout all stages of the
disease (56,59,72,110,211,212). Notably, this dependency is maintained after first-line
imatinib failure, as polyclonal emergence of KIT secondary mutations remains the main
mechanism of resistance in up to 90% of GIST, including heavily pretreated patients
(56,212). This is however a clinical challenge, since TKIs in imatinib-resistant disease
are active only against a subset of these secondary mutations (53,212). Although all
RTKs display variable degrees of pleiotropy, a wealth of evidence supports that
KIT/PDGFRA oncogenic program is primary sustained by RAS/MAPK and PISBK/mTOR
pathways, regardless the type of KIT primary or secondary mutation
(84,108,110,213,214). Herein, pharmacological screenings performed in clinically-
representative GIST cell models were performed to dissect these pathways and to

ascertain their critical effectors.

6.1.1. PI3K/AKT/mTOR pathway
Remarkably, all PI3K class IA isoforms demonstrated to be equally important for GIST

cells. This differs from what occurs in other cancer types, in which depending on the

tumor driver, or cell lineage, one specific isoform predominantly funnels the oncogenic
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signaling (215,216). On the other hand, AKT signaling has demonstrated to be crucial in
different neoplasms, such as PI3KIA-mutant, or HER2-amplified breast tumors (217).
Intriguingly, AKT inhibition did not impact on cell viability or proliferation in GIST cells.
This phenomenon could be due to the fact that other molecular mediators, besides AKT,
might be involved in the transduction of the signaling coming from PI3K, so that inhibition
of AKT alone does not have relevant consequences in terms of cell viability or cell
proliferation. Conversely, dual inhibition of PI3K and mTOR displayed the strongest
impact on GIST cell models both in cell viability and proliferation, being superior to that
observed after their individual inhibition. This poses both nodes as pivotal mediators of
the oncogenic signaling through the PISK/AKT/mTOR pathway, and suggests that
signaling through these effectors is not redundant, which is consistent to that reported in
other studies (213).

6.1.2. RAS/MAPK pathway

Interestingly, B-RAF is not essential for RAS/MAPK pathway signaling in GIST cells
since its specific inhibition did not affect cell viability or cell proliferation. This is coherent
to what has been observed in other neoplasms, such as colorectal cancer, in which B-
RAF inhibition results in scarce anti-tumor activity when there is a simultaneous
overactivation of an RTK (218). In these cases, signaling is likely maintained through the
other members of the RAF family, A-RAF and C-RAF, attenuating the consequences of
B-RAF suppression. Nonetheless, GIST cells are extremely sensitive to the inhibition of
other downstream mediators such as MEK1/2 and ERK1/2. Specifically, MEK1/2 turned
out to be the most determinant node in RAS/MAPK pathway signaling, even more than
ERK1/2. However, results suggest that these two nodes are fundamental and cannot be

circumvented by alternative mediators.

6.2. KIT- downstream pathway crosstalk

The inhibition of the critical nodes within KIT-downstream pathways identified in this
thesis, such as PI3K IA/mTOR and MEK1/2, completely abrogates the signaling on their
respective pathways. Moreover, there is no cross-reactivation between the two
pathways, and when one is suppressed, it is not reactivated by the pathway that remains
active. However, potential interactions between both pathways were observed.

Abrogation of the PI3BK/AKT/mTOR pathway causes a transient decrease in the levels of
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ERK phosphorylation. This phenomenon has already been described in other tumor
types, such as breast cancer, and could be due to an interaction between PI3K and RAS.
PI3K can interact with RAS by stabilizing it on its active conformation, RAS-GTP, so that
when PI3K is inhibited, this interaction is lost. This would decrease RAS activation
leading to a decrease in ERK phosphorylation (215,219). Nevertheless, this is a transient
decrease and its specific role in GIST biology has not been elucidated. It is also
noteworthy that low levels of AKT phosphorylation are maintained for up to 72 hours.
Interestingly, a slight recovery in the phosphorylation is observed at 24-48 hours, which
is probably insufficient for a complete pathway reactivation, but that may contribute to

the modest proapoptotic effects upon single inhibition of this pathway.

On the other hand, suppression of the RAS/MAPK pathway results in a decrease on AKT
phosphorylation levels at 12-24 hours. This can be explained because loss of
RAS/MAPK pathway signaling leads to a destabilization of the transcriptional factor
ETV1, which ultimately results in a decrease expression of KIT. The consequence is a
mild and transient diminution on the activity of KIT, and thereby in diminution on the

activation of its downstream pathways. (111).

6.3. Dual pathway suppression recapitulates KIT inhibition

6.3.1. [In vitro experiments

Despite the fact that RAS/MAPK and PI3K/AKT/mTOR are the pivotal signaling
pathways in GIST, their individual suppression does not have substantial effects in terms
of cell proliferation, except for GIST-T1, in which RAS/MAPK pathway suppression
results in a cytostatic effect, presumably due to a more pronounced reliance of this cell
line in this pathway. As mentioned before, this circumstance is not due to cross-
reactivation of any of KIT-downstream pathways that would eventually be responsible of
sustaining the entire oncogenic program. Conversely, it is most likely due to an
"oncogenic compensation" mechanism whereby the non-inhibited pathway is able to
convey the oncogenic signaling coming from KIT, while the other pathway remains
suppressed. This would explain the fact that solid antiproliferative and cytotoxic effects
are only observed after the concomitant abrogation of both pathways, and hereby after
the complete ablation of KIT-downstream pathways. Likewise, apoptosis induction was
markedly higher upon concurrent inhibition of PI3K/mTOR and RAS/MAPK pathways,
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compared to single-pathway suppression. Of note, albeit the experiment was not
designed to obtain a synergy index, the results suggest a potential synergistic effect of
simultaneous pathway suppression, as the levels of apoptosis upon the combination

exceed the sum of the effect obtained after individual pathway inhibition.

Unexpectedly, the apoptosis studies suggest that the apoptotic process in GIST cells is
more dependent on RAS/MAPK. This is in disagreement with first works exploring KIT-
oncogenic signaling in GIST cells, in which PI3K/mTOR was thought to govern the
apoptotic process. Indeed, AKT has been shown to directly interact with proteins and
factors involved in cell death such as BIM, BAD or MDM2 (220). However, the
experiments presented in this thesis show that the inhibition of PI3K/mTOR pathway
generates lower levels of apoptosis than those observed upon the abrogation of
RAS/MAPK pathway. As previously explained, inhibition of RAS/MAPK is accompanied
by an early diminution of KIT expression due to KIT-ETV1 axis disruption, which
ultimately results in a transient decrease of PI3K signaling. This phenomenon could
contribute to the differences observed in short-term apoptosis induction after single-
pathway suppression. However, there are probably other factors yet to be uncover that

determine in this process.

6.3.2. In vivo experiments

The results presented in this thesis evidence that concurrent inhibition of PI3K/mTOR
and RAS/MAPK pathways recapitulates the effects observed upon KIT-targeted
inhibition in GIST cells. Furthermore, concomitant pathway inhibition demonstrated to
have cytotoxic and pro-apoptotic effects in vitro regardless primary, or secondary
mutation in KIT. The clinical efficacy of this strategy had already been evaluated on
clinical trials in advanced solid tumors using a continuous administration schedule (126).
In these, the toxicity resulting from the combination led to the use of suboptimal doses
of each drug, hereby limiting the antitumor activity of the strategy. Herein, a creative
intermittent schedule of PISK/mTOR and MEK1/2 inhibition was designed and validated
in imatinib-sensitive and imatinib-resistant GIST models. A safety window of 2-3 days is
established in which tumor cells remain non-proliferative in the absence of drug. This
time frame allows non-transformed cells to recover, thus attenuating the treatment-
associated toxicity, and enabling the use of optimal doses of each pathway inhibitor.

Accordingly, this therapeutic strategy was effective delaying tumor growth in vivo in mice
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GIST xenografts, independently of KIT mutation. Strikingly, little toxicity associated to
the combination was observed. Hence, the in vitro and in vivo studies presented in this
thesis serve as a proof-of-concept regarding the feasibility of this type of strategy, which
doubtlessly merit to be further explored in the clinical setting due to its therapeutic

potential independently of the primary or secondary mutations in KIT.

6.4. Atrogin-1 is the most up-regulated gene upon KIT or KIT - downstream
pathways inhibition

The oncogenic compensatory signaling observed between KIT-downstream pathways is
at least partially due to common genes co-regulated by both pathways. In this regard,
transcriptomic studies performed in clinically-representative GIST cell models unveiled
FBX032 among the most differentially expressed genes after concurrent inhibition of
RAS/MAPK and PI3K/mTOR pathways, thus emerging as one of the main genes
conjointly regulated by these two pathways in GIST cells. Likewise, upstream KIT
suppression also resulted in a prominent upregulation of FBX0O32. Indeed, additional
transcriptomic analysis in GIST-T1 showed FBX032 as a top-ranked dysregulated gene
after KIT targeted inhibition with imatinib, which agrees with previously reported data
(112,204). Notably, there exists a significant overlap between genes dysregulated by
both imatinib and KIT-downstream pathways inhibition, which emphasizes the major role

of these two pathways funneling KIT oncogenic signaling.

6.4.1. Atrogin-1 regulation in GIST cells shares similarities with its regulation in

muscle cells upon atrophy induction.

Atrogin-1 function, and regulation has been extensively studied in muscle cells, in which
it exerts a critical role during muscle atrophy of any origin, including cancer. Of note, the
mechanism by which the expression of Atrogin-1 is regulated in GIST cells shares
striking similarities with the mechanism of regulation in muscle cells, since its expression
mainly relies on the transcription factor FOXO3a in both cell contexts. However, there
are some particularities. In GIST cells FOXO3a function is tightly regulated by KIT
through RAS/MAPK and PI3K/mTOR pathways, in which ERK and AKT phosphorylate
the transcription factor at specific residues (Ser425 and Thr32, respectively), controlling
its subcellular location. Instead, in muscle cells this regulation exclusively relies on PI3K
pathway, and ultimately, on AKT phosphorylation. The fact that one protein that exerts a

prominent role in muscle cells is one of the main genes expressed upon KIT inhibition in
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GIST cells, together with the similarities on the mechanism of regulation shared by both
cell-contexts result extremely interesting and could be explained by the embryogenic
origin of GIST cells. As explained in the introduction of this Thesis (1.2. Origin), GIST
cells are thought to originate from ICCs, which share a common progenitor with smooth
muscle cells of the longitudinal muscular layer of the gastrointestinal tract. Accordingly,
GIST tumors display myogenic traits and they are usually grouped among tumors of
muscular origin (104,195). Therefore, this is a very intriguing example in which tumor
cells express, or recover the expression, of genes or transcriptional programs that are
relevant in other cellular contexts, with which share embryonic origin. Herein, it is the
case of Atrogin-1, but also of the transcription factor FOX0O3a, which is the predominant
isoform of FOXO TFs family in GIST, and has been shown to play a prominent role in a
muscular cell context. It would certainly be interesting to explore whether both, Atrogin-
1 and FOXO3a, have a function in differentiated ICCs, and also, whether Atrogin-1 plays

a role in tumors of muscular origin, such as rhabdosarcoma or leiomyosarcoma.

6.4.2. Minor differences observed in Atrogin-1 expression upon single-pathway

inhibition

As aforementioned, Atrogin-1 is tightly regulated in GIST by both, RAS/MAPK and
PIBK/mTOR pathways. Nevertheless, single-pathway abrogation does not result in a
strong induction of Atrogin-1 expression. This is because FOXO3a is still phosphorylated
by the non-suppressed pathway, which limits the presence of the transcription factor
inside the nucleus. Interestingly, RAS/MAPK inhibition consistently results in higher
levels of Atrogin-1 expression, compared to PISK/mTOR blockade. This could be
explained by the fact that, as previously explained (6.3.1), RAS/MAPK suppression
entails the disruption of KT-ETV1 axis, which leads to a mild, and transient decrease of
KIT expression, and thereby a transient decrease of PI3K/mTOR pathway. This
phenomenon could resemble to the effect obtained after concomitant inhibition of both
pathways and could explain the differences in Atrogin-1 expression observed upon
single-pathway suppression. However, there were no differences regarding nuclear
presence of FOXO3a after individual inhibition of each pathway. Therefore, it is possible
that the difference in Atrogin-1 expression after single-pathway suppression is
determined by the transcriptional activity of FOXO3a, that may differ depending on which
residues are phosphorylated, rather than by its nuclear translocation. Thus,
phosphorylation of FOXO3a in Ser425 by ERK1/2 could hamper at higher extent its
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transcriptional activity over Atrogin-1 than phosphorylation at Thr32 undertaken by AKT.
Nonetheless, only concurrent inhibition of both pathways yields strong and consistent

expression of Atrogin-1 among the different GIST-cell line models.

6.4.3. KIT-induced Atrogin-1 expression is restricted to a GIST specific context

Noteworthy, KIT regulation of Atrogin-1 expression is exclusive of a GIST-cell specific
context. Accordingly, KIT or KIT-downstream pathway inhibition in other KIT-driven
diseases did not result in Atrogin-1 expression. Hence, Atrogin-1 belongs to a subset of
essential genes for GIST-cell biology that are integrated within an oncogenic program
initiated by KIT, and that is restricted to GIST cells (110,211,221).

6.4.4. The pivotal role of Atrogin-1 in cell quiescence induction

Atrogin-1, as an E3 ubiquitin ligase, acts at the last step of the ubiquitin transfer cascade
and its overexpression in skeletal muscle results in accelerated proteasome-mediated
degradation of key specific proteins (176,183,184,187). Conversely, data regarding the
function of Atrogin-1 in cancer is limited and its specific role is still poorly understood
(176,222). In this thesis, it has been thoroughly demonstrated through several in vitro
and in vivo experiments that Atrogin-1 is a critical mediator for the adaptation of GIST
cells to KIT-targeted inhibition. Accordingly, Atrogin-1 overexpression drives GIST cells
into a cell-quiescent state, in which cells remain arrested in GO phase as a protective

mechanism to prevent cell death upon KIT inhibition.

Cell quiescence is a well-known mechanism of cancer cells to evade drug-induced
apoptosis, hereby creating a niche favorable for the emergence of drug-resistant
subpopulations. Previous studies in GIST showed that imatinib induces cell quiescence
in those tumor cells that do not undergo apoptosis. In this regard, different mechanisms
have been revealed to be involved in this process, such as APC/CDH1-SKP-p27XP1, the
DREAM complex, and autophagy (1.6.2). Thus, it is conceivable that such an important
process for GIST cells is the result of the interaction of several players. Nonetheless,
the main findings presented in this Thesis demonstrate that Atrogin-1 plays a pivotal role
in cell-quiescence induction: first, FBX0O32/Atrogin-1 is the top-ranked gene derepressed
upon suppression of KIT, and emerges at a very early timepoint; second, Atrogin-1

expression is tightly regulated within the KIT-FOXO3a axis in the unique GIST-cell
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context; third, microarray and immunohistochemistry results from GIST patients treated
with imatinib evidence that Atrogin-1 overexpression is sustained over time; and fourth,
ubiquitin pathway inhibition hinders the adaptation to KIT suppression with imatinib and
enhances the apoptosis response. Together, we can speculate that Atrogin-1 is likely
the first and more persistent mediator of cell quiescence induction for TKIl-mediated
apoptosis evasion in GIST, while several other known and unknown mechanisms
buttress the quiescence state shortly thereafter (112,145,146,204).

6.4.5. Atrogin-1, tumor suppressor or oncogene?

As discussed above, only few studies have explored the role of Atrogin-1 in
tumorigenesis, and thus it remains poorly understood. Intriguingly, Atrogin-1 promoter is
hypermethylated in several cancers cell lines, such as rhabdomyosarcoma, breast,
ovarian, esophageal, and colorectal carcinoma (190,194,222,223). In these, Atroign-1
overexpression hampers cell proliferation in vitro and prevents tumor growth in vivo.
Indeed, Atrogin-1 was shown to hinder cell proliferation in an ovarian and breast cancer
cell line by catalyzing the ubiquitination of the oncogenic transcription factor c-MYC, and
KLF4, respectively, prompting their proteosome-mediated degradation (191,224). On the
other hand, Atrogin-1 was found to participate in cell apoptosis induced by EZH2
inhibition in colorectal carcinoma cell lines. Surprisingly, in this study Atrogin-1
overexpression did not have any consequence for cancer cells by itself, and its role was
contingent upon the inhibition of EZH2 protein (192,193). Collectively, these studies
suggest that Atrogin-1 may play a tumor suppressor role in cancer, although it might be

cell-context dependent.

The results presented in this Thesis are consistent with those previously mentioned,
regarding the consequences of Atrogin-1 expression in cancer cells. Namely, Atrogin-1
overexpression in GIST cells leads to cell-quiescence induction, characterized by an
accumulation of cells in phase G0. Nonetheless, in GIST cells, this cell cycle arrest
serves as a protective mechanism that prevents tumor cells from drug-induced cell-death
and favors their adaptation. Hence, although Atrogin-1 expression impairs cell
proliferation in vitro, and prevents tumor growth in vivo, which would suggest a tumor
suppressor role, this entails a treatment-adaptation mechanisms that protect tumors cells
from apoptosis induced by KIT inhibition. Accordingly, unlike other tumors, Atrogin-1

plays an oncogenic role in GIST cells.
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A major difference between other tumors and GIST, which might explain the different
role of Atrogin-1, is that in most of those tumors Atrogin-1 expression is repressed by
promoter hypermethylation. Specifically, EZH2 protein has been reported to
epigenetically regulate Atrogin-1 expression in several tumor types, such as
rhabdomyosarcoma, esophageal, ovarian, and colorectal carcinoma. EZH2 protein is a
methyltransferase commonly overexpressed in several types of cancer, in which is
responsible of the repression of many tumor suppressors. Thus, while in other tumors
Atrogin-1 expression is controlled by a generic mechanism of gene expression
regulation, in GIST its expression is specifically governed by the oncogenic driver, and
hereby is part of a particular oncogenic transcriptional program. This could explain why
the expression of the same protein in two different cellular contexts, despite having the

same consequences, plays very different, even opposite, roles.

6.4.6. Atrogin-1 targets

Several different targets of Atrogin-1 have been identified in different cellular contexts.
As previously explained, Atrogin-1 was first identified as critical effector in the induction
of muscular atrophy of any origin. In this cell context, myoD and EI3F were identified as
the main targets of Atrogin-1, both being degraded after Atrogin-1-mediated K48-linked
poly-ubiquitination during muscle atrophy (183,184). Of note, FOX0O3a was also
identified as a target of Atrogin-1 in murine cardiomyocytes. In these, Atrogin-1-mediated
K63-linked ubiquitination of FOXO3a prompted its nuclear retention, boosting its
transcriptional activity (189). This is extremely interesting in the context of this Thesis for
three different reasons: first, it is an example of the K63-linked ubiquitination signaling
activity of Atrogin-1; second, the consequences of the enhancement of FOXO3a
transcriptional activity would be consistent with the phenotype observed upon Atrogin-1
overexpression in GIST cells, as many of the transcriptional targets of FOXO3a are
involved in cell cycle arrest, such as p27"‘p; and third, it is a muscular cell context and it
has been shown herein, that Atrogin-1 regulation in GIST cells share strong similarities
with its regulation in muscle cells, particularly regarding FOXO3a participation. Hence,
the possibility that FOXO3a is a target of Atrogin-1 in GIST cells merits to be further

explored in the future.

Beyond muscular cells, several targets of Atrogin-1 have been uncovered in ovarian, and

especially in breast cancer cell models. In ovarian carcinoma cell lines, Atrogin-1 was
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shown to specifically target c-MYC for proteosome-mediated degradation, leading to cell
proliferation impairment (191). Likewise, Atrogin-1 was shown to target the transcription
factor KLF4 for proteosome-mediated degradation in breast cancer cells, hindering their
tumorigenic potential (224). Also in breast cancer cell models, IKBa was identified to be
specifically targeted by Atrogin-1 for proteosome-mediated degradation upon a
genotoxic stress, which triggers NFKB pathway activation, contributing to the activation
of cell cycle checkpoints and DNA repair pathways (225). Finally, Atrogin-1 was shown
to stabilize the transcriptional co-regulator factor CtBP1 through K63-linked
ubiquitination during epithelial to mesenchymal transition in a murine breast cancer
model (226).

Based on the results presented in this thesis, it is likely that the targets of Atrogin-1 in
GIST cells are involved in cell cycle. Accordingly, different F-box E3 ubiquitin ligases
have been shown to regulate many of the main mediators of cell cycle progression, such
as Cyclin D1, Cyclin E, Cyclin A, Cyclin B, p27, or p21 among others (227). Therefore, it
is conceivable that Atrogin-1 elicits a reversible cell cycle arrest by mediating the
proteosome-degradation of a specific protein involved in cell cycle progression. As
previously mentioned, other non-excluding possibility that merits to be further explored
is that in GIST, as it has been already shown in cardiomyocytes, Atrogin-1 enhances
FOXO3a transcriptional activity by prompting its nuclear retention by mediating its K63-
linked ubiquitination. This would lead to a stabilization of the expression of specific genes
regulated by FOX0O3a, such as p27, which is a well-known negative regulator of cyclin-
dependent kinases 4 and 6 (CDK4 and CDK®, respectively).

Collectively, several targets, of Atrogin-1 have been identified in different cellular and
pathological context. Further studies looking for specific Atrogin-1 targets in GIST are
warranted to expand the understanding of the role of this E3 ubiquitin ligase in GIST

cells.

6.4.7. Targeting Atrogin-1 and the UPS in GIST

Due to its pivotal role as a mediator in the adaptation of GIST cells to targeted KIT
inhibition, Atrogin-1 raises as a very appealing therapeutic target to enhance the anti-
tumor action exerted by imatinib, or any other KIT inhibitor. Accordingly, the combination

of a specific Atrogin-1 inhibitor with imatinib would hinder the adaptation mechanisms of
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GIST cells to KIT inhibition, and consequently, the potential emergence of drug-resistant

subpopulations.

Atrogin-1 is the F-box component of SCF E3 ligases that recognizes degron domains
with the highest specify, and there is an increasing interest in targeting specific
components of the ubiquitin ligase cascade, given their higher substrate specificity over
the proteasome, and their involvement on several critical human biological processes,
such as cancer (208). Therefore, the use of specific Atrogin-1 inhibitors in combination
with imatinib would be clinically more feasible than using agents with broader activity
such as proteasome inhibitors. Regrettably, Atrogin-1 crystallographic structure has not
been yet resolved and specific inhibitors are not available. However, the critical role of
Atrogin-1 in GIST cell survival emphasizes the fundamental role of UPS in GIST cells,
and the therapeutic potential of co-targeting this pathway and KIT to render GIST cells
to TKI-mediated cell apoptosis and thus overcome adaptive resistance. Herein, the
combination of imatinib and TAK-243 yield striking results in vitro and in vivo in terms of
anti-tumor activity, and thus, may serve as a solid proof-of-concept of the therapeutic
potential of this strategy. Nonetheless, it should be considered that TAK-243 causes a
broad inhibition of cellular ubiquitination, and hereby toxicity- associated problems may

emerge, similar to other UPS inhibitors (209).

6.4.8. UPS as a weapon, rather than a target

Over the last few years, there has been an increasing interest of controlling the UPS to
specifically degrade proteins. In this regard, the development of the proteolysis targeting
chimeras (PROTACS) represents the onset of a new class of drugs. PROTACS are
heterobifunctional molecules that consist of two moieties, one binding to the target
protein and the other to an E3 ligase, both connected by a linker. The proximity with the
E3 ligase enables the ubiquitylation of the target and its subsequent degradation (228).
Based on this rationale, other agents are being developed, such as lysosome-targeting
chimeras (LYTACS), which prompts lysosome degradation of a specific membrane
protein, such as KIT receptor. These strategy results extremely appealing for the
treatment of GIST, since it brings the opportunity to target essential proteins for GIST
cell biology, that have been historically considered undruggable, such in the case of

ETV1. Likewise, this strategy would enable to specifically target Atrogin-1, hampering
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adaptive resistance to KIT-targeted inhibition. Hence, this approach is one of the most

promising strategies in the coming years for the treatment of GIST patients.

KIT KIT

KIT targeted
inhibition

cytoplasm

FOX03A
I\I\JQI\‘/\VI

Nucleus Nucleus@

Cell quiescence —— Apoptosis evasion

Figure 38. Model of the role of Atrogin-1 in GIST. Left, under KIT constitutive activation, KIT-downstream
pathways phosphorylate and retain FOXO3a in the cytoplasm. Right, KIT and KIT-downstream pathways
inactivation upon KIT-targeted inhibition results in FOXO3a dephosphorylation, which in turn shuttles to the
nucleus and activates the transcription of Atrogin-1, eventually resulting in cell quiescence and apoptosis
evasion. Created with BioRender.
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7. CONCLUSIONS

7.1.

7.2.

7.3.

7.4.

7.5.

7.6.

PISKIA/mTOR and MEK1/2 are the most critical signaling nodes within KIT-
downstream PI3K/AKT/mTOR and RAS/MAPK pathways, respectively.

Intermittent concurrent inhibition of PISBKIA/mTOR and MEK1/2 is an effective
and well tolerated therapeutic strategy to overcome the heterogeneity of
resistant KIT secondary mutations.

FBXO32/Atrogin-1 is the most differentially up-regulated gene after KIT, or
KIT-downstream pathways suppression.

Atrogin-1 is tightly regulated in GIST cells through the KIT-ERK/AKT-
FOXO3a axis and emerge as a crucial mediator of adaptive resistance to KIT-
targeted inhibition.

Atrogin-1 drives the induction of cell-quiescence in GIST cells as a pro-
survival mechanism to evade apoptosis immediately after KIT inhibition.

Combined inhibition of KIT and the ubiquitination cascade is an
extraordinarily effective anti-tumor strategy that also hinders therapeutic
adaptation of tumor cells. However, the specific inhibition of critical mediators
within the system, such as Atrogin-1, would decrease potentially associated
toxicities, while maintaining the anti-tumor activity.
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