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ABSTRACT

Autophagy and apoptosis are 2 fundamental biological mechanisms that may cooperate or be antagonistic,
although both are involved in deciding the fate of cells in physiological or pathological conditions. These 2
mechanisms coexist simultaneously in cells and share common upstream signals and stimuli. Autophagy
and apoptosis play pivotal roles in cancer development. Autophagy plays a key function in maintaining
tumor cell survival by providing energy during unfavorable metabolic conditions through its recycling
mechanism, and supporting the high energy requirement for metabolism and growth. This review focuses
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on gastrointestinal stromal tumors and cell death through autophagy and apoptosis, taking into account
the involvement of both of these processes in tumor development and growth and as mechanisms of drug
resistance. We also focus on the crosstalk between autophagy and apoptosis as an emerging field with
major implications for the development of novel therapeutic options.

Introduction

Autophagy, or ‘self-eating’, and apoptosis or ‘self-killing’ are 2
distinct mechanisms that may cooperate or be antagonist in
cells, although both are involved in deciding cell fate. Auto-
phagy plays a dual role in cells, acting either as a prosurvival or
prodeath mechanism, whereas apoptosis is the best described
form of programmed cell death, determining exclusively cell
death.! Autophagy is a dynamic, evolutionarily conserved and
tightly regulated strategy developed by cells to degrade long-
lived or damaged cytosolic proteins and organelles, providing
energy and nutrients.>® Autophagy is typically a stress adapta-
tion mechanism in response to a wide variety of stimuli, includ-
ing starvation, hypoxia, endoplasmic reticulum stress, and
oxidative stress, prompting a prosurvival pathway. Indeed,
stress above a certain threshold may promote nonapoptotic
autophagic forms of cell death. Autophagy is principally cyto-
protective, defending cells from dysfunctional organelles and
protein aggregates or functioning as a recycling process. How-
ever, excessive or persistent autophagy can also lead to cytotox-
icity, promoting cell death rather than survival.* In some
instances, the 2 mechanisms are observed to coexist simulta-
neously in cells as the result of shared common upstream sig-
nals and stimuli.

The term ‘autophagy’ was first used in 1963 by de Duve and
Wattiaux to describe a process in mammals that leads to the
engulfment of cytoplasmic material that is subsequently
degraded.® To date, 3 distinct primary mechanisms of auto-
phagy have been distinguished according to the route of

delivery of the cytoplasmic material to the lysosomes and the
substrates: microautophagy, chaperone-mediated autophagy
and macroautophagy. Chaperone-mediated autophagy and
microautophagy involve the direct uptake into lysosomes of
unfolded individual soluble proteins, and the nonspecific
engulfment of cytoplasm, which may include cell organelles,
respectively.” In macroautophagy, hereafter referred to as auto-
phagy, portions of cytoplasm and intracellular organelles are
sequestered in double-membrane bound compartments, named
phagophores, that expand and mature into autophagosomes,
which ultimately are delivered to lysosomes for degradation.

Apoptosis is an evolutionarily conserved process, which is
essential for organism development, growth and tissue homeo-
stasis.” Apoptosis leads to the prompt destruction of cellular
structures and organelles and culminates with cellular shrink-
age and apoptotic body formation that avoids leakage of cellu-
lar contents, preventing inflammation and tissue destruction.
The apoptotic cascade may be activated through 2 main path-
ways: the extrinsic pathway, involving stimulation of members
of the tumor necrosis factor receptor superfamily, and the
intrinsic pathway, which involves mitochondria.

Apoptosis and autophagy in cancer

Apoptosis and autophagy are complex and interconnected cellu-
lar processes that play a major role in determining cellular fate.
These 2 processes are important in maintaining cellular homeo-
stasis and play critical functions in cancer development and
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progression. Evasion from apoptosis is one of the essential
changes in a cell that drives its malignant transformation. Apo-
ptosis was originally thought to be the only form of programmed
cell death that, once perturbed, promotes tumorigenesis and
impairs chemotherapy.”'® Autophagy was initially considered a
housekeeping process for degrading and recycling long-lived pro-
teins, cellular aggregates and damaged organelles, and has now
emerged as having a paradoxical role in cancer, acting as both
tumor promoter and tumor-suppressor, by blocking inflamma-
tion and necrosis and maintaining genomic stability.""*> Cur-
rently, this dual role is not fully understood and the underlying
mechanism has not been clarified. However, the consensus
appears to be that autophagy suppresses tumor initiation and
reduces genomic instability, but promotes the survival of estab-
lished tumors.'>'* Furthermore, although the exact mechanisms
are not totally known, it is thought that the dual role of auto-
phagy in cancer is context-dependent."" Autophagy is regulated
approximately by more than 30 autophagy-related (ATG) genes
in mammals and is finely regulated by epigenetic processes,
including methylation and miRNA deregulation.'>'® This process
serves as an alternative energy source to maintain cell homeosta-
sis and viability during metabolic stress or stimuli. Thus, auto-
phagy is thought to sustain the cell's energetic needs during
hypoxia, and in this context has emerged as a new player in the
progression and expression of a more aggressive phenotype in
hypoxic solid tumors.'>'” In general, autophagy plays a key role
in maintaining tumor cell survival by providing energy during
unfavorable metabolic conditions through its recycling mecha-
nism, and supporting the high requirement of cancer cells for
metabolism and growth. This mechanism is particularly advanta-
geous for cells located far from blood vessels and experiencing
hypoxia and paucity of nutrients.'®

Apoptosis guarantees the integrity of many processes,
including tissue development and appropriate growth. During
cancer development, apoptosis is one of the major barriers that
have to be overcome. Cancer cells, in addition to their limitless
replicative potential, are further strengthened by evading apop-
tosis, which facilitates their survival, proliferation and drug
resistance.'” ' Several mechanisms have been identified for
cancer cell evasion of apoptosis. One of the most common
mechanisms is the loss of pro-apoptotic regulators, for example
through mutations in tumor suppressor genes, including TP53.
Another mechanism involves aberrant expression of survival
proteins, including BCL2, heat shock proteins, and inhibitor of
apoptosis (IAP) family of proteins. It is likely that each tumor
develops its own specific strategies to escape from cell death
and promote resistance to anticancer therapies.*

Autophagy and apoptosis are linked by a complex interrela-
tionship that is critical in dictating cell fate. Autophagy occurs
in response to stress or damage; however, when cellular damage
is too extensive, apoptosis is initiated in order to eliminate cells.
In cells with flawed apoptosis, autophagy may serve as a backup
strategy to stop cell processes or a strategy to promote other cell
death mechanisms, possibly including necrosis. The regulators
of both apoptosis and autophagy thus interact with each other
to determine the appropriate cellular consequence resulting
from stress and damage.

The autophagic self-cannibalization mechanism currently
represents a hot topic in cancer research, given its double-edged
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sword role both in cancer and cell death, and is an issue of great
debate. Studies are accumulating on the importance of auto-
phagy and apoptosis in cancer development; in particular,
major components of the pathways regulating both processes
are constitutively overexpressed or mutated in several solid
tumors.”> Most human cancers have either mutations in TP53
or defects in other genes of the TP53 pathway, and trp53-null
mice are highly prone to tumorigenesis.”” In addition, most
anticancer treatments work by triggering the cell to undergo
apoptosis via a mechanism often mediated by TP53. Thus, it
has been postulated that cells resistant to apoptosis, through
such means as overexpression of the anti-apoptotic protein
BCL2 or TP53 mutation, will also be resistant to chemotherapy
and radiotherapy.”**® However, whereas apoptosis is the pri-
mary mechanism for cell killing by DNA-damaging anticancer
agents in some lymphomas, this is not the case in most epithe-
lial tumors, and changing the sensitivity to apoptosis does not
alter the overall level of cell death.”””** Autophagy can also be
considered a tumor-inhibiting process, as activation of many
oncoproteins, including MTOR, AKT1, and BCL2, results in
autophagy inhibition.”>' Conversely, with an upregulation of
autophagy, cells have increased metabolism and stress toler-
ance, thus allowing their survival.>> For example, a number of
studies have suggested the catabolic process of autophagy in
breast cancer as a mechanism of resistance to chemotherapy
and targeted inhibitors.”> Therefore, strategies targeting can-
cer-type-specific cell death regulators may become an essential
option to sensitize tumor cells to anticancer drugs used alone
or most likely as a combination of target-specific compounds,
together with standard chemotherapeutic agents.>*

Autophagy and apoptosis in gastrointestinal stromal
tumors

This review aims to focus on the role of autophagy and apopto-
sis in gastrointestinal stromal tumors (GIST) as mechanisms of
treatment resistance and novel therapeutic options in GIST.

Gastrointestinal stromal tumors

GIST are the most common sarcoma of the gastrointestinal
tract arising from the interstitial cells of Cajal. Nevertheless,
they are considered rare, with an incidence in Europe of 1.5
new cases per million per year.”® Approximately 70-80% of
GIST cases harbor gain-of-function mutations in KIT, whereas
approximately 5-7% of cases display activating mutations in
PDGFRA (platelet derived growth factor receptor o.’**” Onco-
genic activation of the 2 tyrosine kinase receptors KIT and
PDGEFRA, the main molecular drivers of GIST, results in auto-
phosphorylation of tyrosine residues, with consequent activa-
tion of crucial downstream signaling cascades involved in apo-
ptosis, differentiations, neoplastic transformation, and
malignant progression. The remaining 10-15% of GIST cases
do not present any alteration of these genes and are usually
referred to as KIT-PDGFRA wild-type (WT) GIST, represent-
ing a heterogeneous family of patients with distinct molecular
hallmarks (Fig. 1).>®>” WT GIST cases exhibit distinctive char-
acteristics with respect to the KIT-PDGFRA mutant cases. The
majority of the WT GIST cases present mutations in genes for
SDH subunits A, B, C or D, BRAF, KRAS or NFI and may
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Figure 1. Schematic representation of the signaling in GIST. KIT and PDGFRA mutant GIST cases are characterized by gain-of-function mutations that activate the tyrosine
kinase receptor in a constitutive and ligand-independent manner. KIT and PDGFRA WT GIST cases do not present gain-of-function alterations but may overexpress IGF1R.
KIT, PDGFRA and IGF1R are tyrosine kinase receptors and their activation results in the promotion of downstream cascades, including PtdIns(3,4,5)Ps-MTOR, JAK-JUN and
RAS-MAPK/ERK, which lead to uncontrolled cell proliferation and growth, survival and inhibition of apoptosis. KIT and PDGFRA WT GIST, in addition, can harbor mutations
in 1 of the 4 subunits of the SDH gene, which cause loss of function. This leads to cytoplasmatic accumulation of succinate, which downregulates prolyl hydroxylase,
responsible for promoting HIF1A degradation. Succinate accumulation results in increased levels of HIFTA, which enters the nucleus and activates transcription factors.

show IGFIR overexpression.*>*! Identification of these distinc-
tive molecular events allowed the introduction of tyrosine
kinase inhibitors (TKIs) in the medical treatment of advanced
disease. The introduction of TKIs, with imatinib as the forefa-
ther, led to a drastic improvement of both progression-free sur-
vival and overall survival.*> The response of GIST to TKIs is
strictly correlated with KIT and PDGFRA genotypes.** ™
Patients with KIT exon 11 mutations have a response rate to
imatinib of 83.5%, compared with 48% for patients with exon 9
mutations, whereas patients with the exon 18 PDGRFAP®**Y
mutation are primarily resistant to imatinib.**** KIT-PDGFRA
WT GIST cases are also resistant to imatinib, but the percent-
age of response or stable disease is variable according to differ-
ent studies. Evidence of a potential role of mutational status as
a prognostic factor has progressively emerged. The presence of
KIT exon 11 insertion/deletion involving one or both of the
Trp557 and Lys558 amino acid residues correlates with a poor
clinical outcome, whereas patients harboring a PDGFRA muta-
tion, particularly D842V, show a better prognosis than patients
with other mutations.”® Despite this knowledge, imatinib
remains the only first-line treatment available for GIST man-
agement, and after a median time of 20-24 mo, patients experi-
ence disease progression. The most common investigated

mechanism of imatinib resistance involves acquisition of KIT-
PDGFRA secondary mutations.”">* Alternative mechanisms,
extensively investigated in oncology but still poorly explored in
GIST, include pharmacogenetic***>**> and epigenetic®>®'
mechanisms of resistance to imatinib. Presently, when GIST
progression occurs, sunitinib and regorafenib represent stan-
dard second- and third-line treatments, respectively.®>*> None-
theless, GIST progression after treatment failure remains a
problem, as no new options exist, representing an area of
unmet clinical need. It is likely that autophagy is enhanced
when cancer cells face environmental stress, including ionizing
radiation, chemotherapy, TKI therapy, and nutritional
deficiency.***

Autophagy in GIST

The idea that autophagy might play a pivotal role in GIST pro-
gression has become increasingly popular over recent years
(Fig. 2). In 2008, Miselli and collaborators reported the first
strong indirect evidence that imatinib response in GIST
patients is sustained by autophagy rather than apoptosis.*® The
morphological, biochemical and immuno-phenotypical pro-
files, related to autophagy and apoptosis proteins, were ana-
lyzed in 13 surgically resected samples of GIST patients, 11 of



; [A]
» WEN
©/0 My
~ &)
)
N o
0)2.°0
L O /
.‘f \\J C\/
(@) / Iy Ty,
(&) N /
41\15_\7
GIST cells ‘

AUTOPHAGY 455

[B]

Figure 2. Autophagy as part of the molecular profile in both untreated and imatinib treated GIST cells. In untreated GIST cells (A), autophagy controls tumor cell growth.
In treated GIST cells, imatinib binds KIT-PDGFRA receptors, blocking their downstream signaling cascade (B); however, a portion of the cells undergoes quiescence and
activates autophagy-related survival mechanisms, which, in turn, may promote growth of resistant subclones, characterized by additional, imatinib-resistant mutations (C).

which were treated with imatinib and 2 of which were
untreated. Western blot analyses revealed high levels of the
pro-autophagy BECN1 (Beclin 1)-phosphatidylinositol 3-
kinase complex and LC3-II protein, and low levels of the anti-
autophagy complex BECN1-BCL2, while no apoptosis-related
protein expression was found.*® Interestingly, given the pres-
ence of autophagy-related markers in both untreated and
imatinib-treated patients, the authors hypothesized that auto-
phagy was part of the molecular profile of GIST. Based on these
data, the authors suggested 2 different mechanisms: autophagy-
controlled tumor cell growth in untreated cases, and autophagy
as a stress response in imatinib-induced starvation in treated
patients (Fig. 3). Unfortunately, the lack of suitable material
prevented a direct demonstration of autophagy, but these find-
ings paved the way to further in-depth investigations. Gupta
and coworkers later reported that a significant proportion of
cells were able to survive under imatinib therapy, entering in a
state of reversible quiescence and activating an autophagy-
dependent survival mechanism.”” The rationale that led to
investigate and prove that GIST cells survive imatinib and
undergo quiescence is based on the stable tumor burden, which
is usually observed in GIST patients. Less than 2% of imatinib-
treated patients experience complete radiographic regression
whereas more often stable disease (indicated by viable nonpro-
liferating tumor cells) is observed.®” Furthermore, using RNAi-
mediated silencing against ATG7 and ATGI2, 2 key autophagy
regulators, the authors demonstrated that ATG knockdown
synergizes with imatinib in killing GIST cells. This study repre-
sented the first experimental evidence clearly supporting the
involvement of autophagy in the survival of imatinib-treated
GIST cells. These studies led to the idea that the inability of
imatinib to kill GIST cells may promote selection and growth
of resistant subclones harboring secondary KIT mutations. Fur-
ther studies showed that autophagy inhibition by lysosomo-
tropic agents, which act by inhibiting lysosomal acidification
and consequent block of the terminal stages of autophagic pro-
teolysis, sensitize GIST cell death following imatinib treatment,

both in vitro and in vivo.®”*® Overall, these studies suggest ima-
tinib and lysosomotropic agents as an interesting therapeutic
option with the potential to tremendously advance clinical out-
come in GIST patients. Regrettably, no further studies have
been conducted or so far reported, leaving this intriguing
opportunity unexplored and with remaining uncertainty. More
recently, Burger and coworkers proposed lysosomal sequestra-
tion as the main mechanism responsible for affecting intracel-
lular levels of imatinib.®” Using a GIST cell line model (GIST-
T1), the authors demonstrated that inhibition of imatinib lyso-
somal sequestration significantly increased apoptosis in imati-
nib-sensitive GIST-T1 cells. Together these studies suggest that
lysosomal targeting represents a promising novel strategy to
eradicate imatinib-resistant GIST. However, the exact mecha-
nism, autophagy block or lysosomal sequestration inhibition,
that leads to this anticancer activity remains to be determined.
To date, as noted above, imatinib is the only first-line treat-
ment available for GIST management. Unfortunately, the
majority of patients undergo imatinib dose escalation or switch
to sunitinib due to the emergence of secondary resistance.”"
Regrettably, most patients, in particular those harboring KIT
exon 17 secondary mutations, are less sensitive to sunitinib.>>”°
Regorafenib has demonstrated clinical benefits in imatinib/
sunitinib-resistant GIST patients and is currently the only
approved standard third-line option.®> Overall, management of
imatinib-resistant GIST is problematic, as sunitinib and regora-
fenib are only moderately well tolerated and median progres-
sion free survival remains fairly short.”" In view of this critical
scenario, research is focusing on identifying new compounds
that can address the disease progression. A study by Bauer and
colleagues reported KIT ubiquitination followed by protea-
some-mediated degradation and GIST cell apoptosis as a conse-
quence of HSP90AALI inhibition.”” Subsequently, Hsueh and
collaborators reported autophagy as one of the molecular
mechanisms partially involved in AUY922-induced KIT degra-
dation in GIST cell lines.””* In particular, they demonstrated
that AUY922, an inhibitor of the chaperone HSP90AA1, of



456 (&) G.RAVEGNINIET AL.

IMATINIB TREATED
PATIENTS

i

Pro-autophagy

T BECN1

Eelus(d 4,98 - Anti-autophagy

T l BECN1

LC3-l BCL2

!

< AUTOPHAGY ——

UNTREATED
PATIENTS

autophagy controls
the tumor cells growth

Autophagy
Pivotal --x —— + Imatinibmp APOPTOSIS

regulators

!

AUTOPHAGY & QUIESCENCE

Figure 3. GIST and autophagy signaling. GIST cells can take advantage of autophagy by 2 different mechanisms. In untreated cells, autophagy controls tumor cells
growth, whereas, in imatinib-treated cells autophagy is a stress response to starvation. In treated GIST cells, the pro-apoptotic BECN1 (Beclin 1)-PtdIns(3,4,5)Ps complex
and LC3-Il are expressed at high levels, while the anti-autophagy BECN1-BCL2 complex is at low levels. Autophagy signaling involves 2 key regulators, ATG7 and ATG12,
that drive the cells toward autophagy and quiescence. ATG7 and ATG12 inhibition in association with imatinib promotes death cell through apoptosis.

which KIT is a client, can effectively downregulate the expres-
sion of both phosphorylated- and total KIT protein levels via
autophagy, inhibiting GIST cell line growth. Although protea-
some and autophagy pathways have long been considered as 2
independent degradation machineries, these data, together with
a growing body of literature, suggest the existence of a cross-
talk between these 2 protein degradation pathways.”””” Based
on this molecular evidence, a phase II trial with AUY922 in
patients with advanced GIST who previously failed treatment
with imatinib and sunitinib (NCT01389583), is ongoing.”®

Apoptosis in GIST

Apoptosis is tightly related to tumor development and as such
it has also been widely investigated in GIST (Fig. 4). Indeed,
one of the first studies linking apoptosis to GIST prognosis
dates back to almost 10 y ago, when Wang and collaborators
showed a significant negative correlation between apoptosis
and degree of GIST differentiation.”” The authors stratified
patients according to tumor status and observed that the apo-
ptotic index (evaluated by TUNEL assay) is gradually decreased
in specimens from benign GIST, potential malignant and
malignant GIST patients. Overall, the study implicated pro-
grammed cell death evasion in GIST pathogenesis. The finding

was not so obvious, considering that the KIT downstream cas-
cade has variable biological effects and the signaling pathway
data in different cancer cell models may not predict which are
critical for oncogenic behavior in GIST.”® More recently, Ma
and coworkers corroborated the involvement of apoptosis in
GIST pathogenesis, correlating KIT expression level (as deter-
mined by immunohistochemistry) with GIST development
through apoptosis inhibition and proliferation promotion.”
Specifically, the authors found KIT-positive staining in 50 out
of 68 screened cases and most of these patients (88%) presented
KIT mutations. They later showed that KIT signaling plays a
critical role in the tumor-growth rate by its relationship with
proliferation and apoptosis. KIT expression shows a positive
correlation with the cell proliferation marker MK167/Ki-67 and
a negative correlation with the pro-apoptotic protein APAFI.
APAF1, participating in the intrinsic (mitochondrial) apoptosis
pathway, associates with CYCS/cytochrome ¢ and CASP9 to
form the apoptosome, constituting a critical scaffold for CASP9
activation, and leading to apoptosis.*” Recently, Schwamb and
collaborators suggested a pro-apoptotic-tumor suppressor role
for FAM96A, by interacting with APAF1.*" The authors
revealed that FAM96A protein expression is profoundly
reduced or missing in 2 independent cohorts of GIST samples.
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Figure 4. GIST and apoptosis signaling. Survival signals can activate the PtdIns(3,4,5)Ps-AKT cascade, which phosphorylates and inactivates the pro-apoptotic BCL2-family
member BAD. In GIST, pro-apoptotic proteins, such as BAX, are downregulated and anti-apoptotic regulators are expressed. Anti-apoptotic proteins, including the anti-
apoptotic BCL2 family members and inhibitor of apoptosis (IAP) proteins, are regulated by DIABLO/SMAC, which is mutated in GIST samples. IAPs are upregulated in
GIST. XIAP/BIRC4, directly inhibits effector caspases, whereas BIRC5/survivin has indirect anti-apoptotic effects by stabilizing XIAP and inhibiting DIABLO. Apoptosis is also
regulated through the mitochondrial (intrinsic) pathway. Pro-apoptotic BCL2 family proteins, including, BAX and BCL2L11/BIM, are important mediators of these signals.
Activation of mitochondria promotes the release of CYCS/cytochrome C that binds APAF1 to form the apoptosome and subsequent activation of the initiator proCASP9.
APAF1 interacts with the pro-apoptotic tumor suppressor FAM96A, which is downregulated in GIST.

In addition, they observed FAM96A reduction in tumorigenic
interstitial cell of Cajal stem cells, indicating that loss of
FAMO96A pro-apoptotic activity occurs early in GIST oncogen-
esis.®’ Interestingly, re-establishment of FAM96A expression in
GIST cell lines increases tumor sensitivity to apoptosis. Thus,
identifying novel pro-apoptotic molecules such as FAM96A
and elucidating their mechanisms may represent an innovative
tool to fully restore mitochondrial apoptosis in GIST patients.
The ability of GIST cells to escape apoptosis may involve multi-
ple pathways. Baykara and colleagues reported a high expres-
sion of the anti-apoptotic protein BIRCS5/survivin in tumor
tissue from GIST patients.** A recent paper by Zhang and cow-
orkers corroborated the diminished apoptotic activity in GIST,
as they found expression of anti-apoptotic BCL2 and under-
expression of the pro-apoptotic BAX in the majority of GIST
patients.®> Another research group investigated the effect of
Peginterferon alfa-2b (pegylated interferon alfa-2b), alone or in
combination with imatinib on imatinib-resistant GIST cell
lines.** The combination of imatinib and Peginterferon alfa-2b
promotes significant inhibition of cell proliferation, specifically
in imatinib-resistant GIST cell lines. This effect might be due to
perturbation of the PI3K-AKT-MTOR pathway, in particular
the downregulation of the expression level of MTOR protein,
and the induction of apoptosis. Therefore, the authors

concluded that Peginterferon alfa-2b and imatinib combination
may be an attractive therapeutic option for imatinib-resistant
GIST.** According to the studies thus far described, the ability
to escape apoptosis in response to a variety of stimuli is clearly
confirmed as a hallmark of GIST pathogenesis. In addition,
apoptosis also plays an important role in imatinib response.
Cancer cells commonly exhibit a high proliferation rate,
with an increased energy consumption and augmented glucose
uptake up to 200-fold higher compared with normal cells.*”
The glucose over-consumption is exploited in certain positron
emission tomography (PET) methods using fluorodeoxyglucose
(FDG, '®F-labeled) as a glucose analog. A study by Van den
Abbeele and collaborators showed that untreated GIST cases
are highly FDG-avid tumors, regulated by the constitutively
active KIT-PI3K-AKT pathway, and display a dramatic loss of
glucose uptake within 24 h of imatinib treatment. Overall, this
indicates a high KIT-dependent glucose turnover, allowing
early prediction of tumor response to imatinib by PET.**%
Tarn and colleagues observed a significant reduction in glucose
uptake in imatinib-treated GIST cells, mediated by a decrease
of the glucose transporter SLC2A4/GLUT4.”® The authors also
showed that glucose uptake in GIST cells, evaluated via FDG-
PET, occurs in an AKT-signaling-dependent manner in both
imatinib-sensitive and resistant cell models, as constitutively
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activated AKT1 or AKT2 isoforms are capable of reversing the
imatinib inhibitory effect on glucose uptake.”® Interestingly,
glucose uptake is prognostic of tumor response to imatinib, but
does not correlate with decreased cell growth and tumor bur-
den reduction, achieved through apoptosis, in an AKT-inde-
pendent manner. Indeed, constitutively activated AKT1 or
AKT2 isoforms do not rescue GIST cells from imatinib-
mediated apoptosis, despite the observation that glucose uptake
is not shut down. Overall, this work suggests that after imatinib
treatment, the 2 mechanisms of cell growth and glucose uptake
are mutually exclusive events in GIST, and the therapeutic
effect observed with imatinib is independent from AKT-
signaling and glucose deprivation.”® Miihlenberg and cow-
orkers also investigated the disruption of glucose metabolism
as a therapeutic approach in GIST.*® The authors used 2-deox-
yglucose (2DG), a non-metabolizable glucose analog, to show
inhibition of KIT glycosylation, which abrogates KIT signaling.
Additionally, the combination of 2DG with imatinib and
ABT263, an antagonist of the anti-apoptotic BCL2 protein,
may enhance the apoptotic response. Sustained cell growth is
one of the fundamental hallmarks of cancer. Besides aug-
mented glucose uptake many cancers also show increased need
for fatty acids as an energy source.**”" AMACR (a-methylacyl-
CoA racemase) is indispensable in the catabolism of branched
fatty acids and its overexpression, leading to a growth advan-
tage, has been reported in several carcinomas.” Recently, Li
and colleagues reported AMACR overexpression in a large
series of GIST tumor samples and cell lines. AMACR overex-
pression is in part sustained by gene amplification, also
reflected at the protein level. However, increased gene copies
were not observed in most of the samples, suggesting that alter-
native regulatory mechanisms, including miRNA downregula-
tion, are likely to contribute to AMACR overexpression.91
Interestingly, the authors found that AMACR amplification/
overexpression confers aggressiveness through enhanced cell
proliferation rather than apoptosis.”* Indeed, AMACR-silenced
GIST cell lines were found in G;-phase arrest without apopto-
sis. Nevertheless, a pro-apoptotic signal cannot be excluded, as
a recent study reported a G,/M-phase arrest and a reduced
expression of the apoptosis-inhibitor BIRC5 in prostatic tri-
fluoroibuprofen-treated cancer cells.”” As a confirmation, ima-
tinib-resistant AMACR-amplified GIST cells are susceptible to
the AMACR-inactivator ebselen oxide through decline in cell
viability, G;-phase arrest, and induction of apoptosis.”!

A further study by Liu and collaborators demonstrated that one
of the mechanisms contributing to the pro-apoptotic activity of
imatinib in GIST cells is the upregulation of soluble histone
H2AFX.” The authors proposed a model in which excessive levels
of free histone H2AFX cause chromatin aggregation, which pro-
motes impaired transcription, abrogating ongoing gene transcrip-
tion, and thereby sensitizing tumor cells to undergo apoptosis.

Returning to Fig. 2, the achievement of a disease long-term
stabilization in the presence of residual tumor, together with in
vitro studies,” undoubtedly suggests that GIST cell quiescence
plays an important role in imatinib therapy. The major regula-
tors of tumor cell quiescence have not been clearly identified;
however, a number of studies suggest the critical involvement
of the cyclin-dependent kinase inhibitor CDKN1B/p27<"®",
which is normally expressed at a low level in cells that are in

the S or G, phase of the cell cycle.” Liu and colleagues reported
that GIST cells escaping from apoptosis after imatinib treat-
ment overexpress nuclear CDKN1B/p27""", indicating that the
cells have withdrawn from the cell cycle and are quiescent.”
Mechanistically this event is associated with an imatinib-
induced modulation of the anaphase promoting complex
(ANAPC)-FZR1/CDH1 signaling axis. The ANAPC-FZR1/
CDH1 complex is essential for reinforcing Go-G,; arrest and
hence removing cells from the proliferative pool, and keeping
them in a quiescent state. The work by Liu and collaborators
provided evidence of an imatinib-mediated downregulation of
the SKP2 protein in vitro, which is associated with increased
nuclear FZR1/CDHI; the ANAPC-FZR1/CDHI complex pro-
motes CDKN1B/p27"P" accumulation and suppression of
CDK in Gy-G,.”**® Thereafter, Boichuk and coworkers corrob-
orated the involvement of the ANAPC-FZR1/CDH1-SKP2-
CDKNI1B/p27"P" signaling axis in imatinib-induced quies-
cence in vitro, and provided the same evidence in cell line and
patient-derived mouse xenografts in vivo.”” The authors also
demonstrated the involvement of the DREAM complex, a
multi-subunit complex recently identified as an additional key
regulator of quiescence. DREAM complex formation occurs in
Gy phase, negatively regulates the cell cycle, and includes RB1/
pRB (RB transcriptional corepressor 1) and the related “pocket
protein” family members, RBL1/p107 and RBL2/p130. The
RBL2 protein, whose expression is induced by imatinib treat-
ment, accumulates in G, and interacts with E2F4 to repress
E2F-dependent gene transcription.”®” Interestingly, RBL2 pro-
tein levels are also regulated by SKP2,'°>'"" emphasizing that
quiescence involves multiple interrelated pathways.

Overall, autophagy and cell quiescence safeguard GIST cells
from apoptosis.”””*** However, the role of IAPs has only recently
been investigated in GIST by Falkenhorst and coworkers.'” The
authors showed that 2 IAPs, XIAP/BIRC4 and BIRC5/survivin, are
highly expressed both at the mRNA and protein level in primary
GIST and cell line models. Interestingly, the authors also showed
that IAP inhibitors may improve the apoptotic response to KIT
inhibitors. Additional functional studies are required to draw a
definitive conclusion on the constitutive overexpression of these
IAPs in apoptotic-resistant GIST. Nevertheless, the authors showed
that IAPs, particularly XIAP and BIRC5, may co-mediate the pro-
survival signaling of oncogenic KIT.

Autophagy, apoptosis and miRNA in GIST

Nannini and collaborators recently highlighted the involvement of
miRNA, short noncoding RNA, in GIST pathogenesis and imati-
nib response.”’ To date, no studies have associated deregulated
miRNA to altered expression of autophagy genes in GIST, despite
the fact that the functions of some essential autophagy genes are
regulated by miRNA. Unlike autophagy, a different fate is reserved
for apoptosis, as 4 different studies have associated miRNA deregu-
lation with this pathway.'”'* Kim and colleagues reported an
inverse relationship between MIR494 and KIT expression in 31
GIST patients and observed a perturbation of the KIT downstream
molecular pathway in GIST cells after MIR494 treatment.'”® Addi-
tionally, MIR494 overexpression results in both cell cycle arrest and
apoptosis. Gits and coworkers showed that MIR17HG/MIR17-92
and MIR221-MIR222  cluster members are important



onco-miRNA contributing to GIST development.'* In support of
this finding, overexpression of MIR17, MIR20A, and MIR222 in 2
different GIST cell lines promote cell growth inhibition and apo-
ptosis induction. In a further study, Ihle and colleagues reported
that both MIR222 and MIR221 reduce viability and induce apopto-
sis in vitro in 3 different GIST cell lines via the KIT, AKT, and
BCL2 signaling cascade.'” Recently, Shi and collaborators reported
a correlation between MIR518A-5p and apoptosis.'” The authors
found MIR518A-5p downregulation in imatinib-resistant GIST
patients by miRNA microarray and provided evidence of a func-
tional interaction with the 3" UTR of the PIK3C2A gene. The
PIK3C2A gene belongs to the phosphatidylinositol (PtdIns)
3-kinase family, which regulates various cellular processes,
including cell growth, proliferation and apoptosis. The authors
further documented that transfection of the imatinib-resistant
GIST882 cell line with MIR518A-5p reduces cell proliferation and
promotes apoptosis. The authors showed PIK3C2A downregula-
tion, both at mRNA and protein levels, after MIR518A-5p transfec-
tion, indicating that low expression of MIR518A-5p is likely to
cause PIK3C2A upregulation, promoting cancer survival, and
prompting resistance to imatinib in GIST.'*

Concluding remarks and future perspectives

Despite the available data, many questions still remain regard-
ing both autophagy and apoptosis and these warrant more
detailed investigation. Autophagy inhibition in combination
with imatinib represents a valuable strategy to improve GIST
treatment (Table 1). Future studies should also examine the
precise mechanism that determines whether GIST cells
undergo apoptosis or quiescence.

CRISPR/Cas9 is a relatively new system that has emerged as a
powerful genome editing tool, facilitating and expanding our

Table 1. Novel therapeutic targets and imatinib combination treatments for GIST.

Autophagy-mediated mechanisms

[67]. Lysosomotropic agents * — potentiate imatinib cytoxicity via autophagy
inhibition [*e.g., antimalarials].

[67]. ATG knockdown — potentiate imatinib cytotoxicity via autophagy
inhibition

[73,76]. AUY922" — autophagy-mediated KIT degradation in imatinib/
sunititnib-resistant GIST [* in phase Il trial - NCT01389583].

Apoptosis-mediated mechanisms

[72]. HSP90AA1 inhibition® — a promising strategy to overcome imatinib
resistance via apoptosis induction [* e.g., AUY922, in phase Il trial -
NCT01389583].

[81]. FAM96A — tumor suppressive protein as novel target

[82]. BIRC5/survivin — anti-apoptotic protein as novel target

[84]. Peginterferon alfa-2b — in combination with imatinib to restore drug
sensitivity via the downregulation of the MTOR pathway

[86]. 2DG + ABT263 — in combination with imatinib to enhance apoptotic
response

[93]. H2AFX — tumor suppressive protein as novel target

[103]. MIR494 — mimics as a promising approach

[104,105]. MIR17, MIR20A, MIR221-MIR222 — mimics as a promising approach
in TKl-resistant GIST

[106]. MIR518A-5p — mimics to restore imatinib sensitivity

[106]. PIK3C2A® — downregulation to restore imatinib sensitivity [*MIR518A-
5p target]

Escaping apoptosis and entering quiescence

[95]. ANAPC-FZR1/CDH1-SKP2-CDKN1B/p27""P" axis — explore compounds
that modulate this pathway

[99]. DREAM complex — inhibition for efficient imatinib

Molecular mechanism to clarify

[91] AMACR — antiproliferative and possibly pro-apoptotic
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capacity to engineer mammalian genomes. Such a system would be
very helpful in GIST, considering that the cell models, which are
not commercially available and accessible only upon request to the
laboratory that developed the line, are not representative of the
complexity of GIST. In particular, there are no established
PDGFRA mutated, KIT WT or PDGFRA WT GIST lines. The pos-
sibility to introduce specific and clinically relevant mutations has
the potential to create powerful in vitro models of the disease, pos-
sibly introducing a new era of drug discovery and validation. This
aspect is of particular interest in GIST, as KIT and PDGFRA WT
GIST may be regarded as therapeutic orphans, and considering
that the only available treatment option involves TKIs.

The studies conducted so far have identified many promis-
ing therapeutic targets as new treatment options and suggested
new combination strategies to improve the effectiveness of ima-
tinib treatment and improve patient response. Another signifi-
cant application of the CRISPR/Cas9 system will be the
knockout of specific genes, such as the IAPs XIAP/BIRC4 and
BIRC5 and the autophagic regulators AGT7 and AGTI2. In
view of the extensive crosstalk between autophagy and apopto-
sis, it is likely that proteins involved in the intersections of these
pathways, including BECNI1-BCL2, AGTI12-ATG3 and
ATGI12-MCL1, may have particular importance in GIST.
Therefore, a further interesting strategy is to exploit gene edit-
ing to generate knockin and knockout models of these genes.
These finding have the potential to be critical for the successful
development of novel therapeutic strategies in GIST.

Abbreviations

2DG 2-deoxyglucose

AKT1 AKT serine/threonine kinase 1

AKT2 AKT serine/threonine kinase 2

AMACR a-methylacyl-CoA racemase

APAF1 apoptotic peptidase activating factor 1

ANAPC anaphase promoting complex

ATG7 autophagy-related 7

ATGI12 autophagy-related 12

BAD BCL2 associated agonist of cell death

BAX BCL2 associated X, apoptosis regulator

BCL2L1 BCL2 like 1

BCL2, BCL2 apoptosis regulator

BECN1 Beclin 1

BIM BCL2 like 11

BIRC5/survivin baculoviral IAP repeat containing 5

BRAF B-Raf proto-oncogene, serine/threo-
nine kinase

Cas9 CRISPR associated protein 9

FZR1/CDH1 fizzy/cell division cycle 20 related 1

CDK cyclin-dependent kinase

CDKN1B/p27"! cyclin-dependent kinase inhibitor 1B

CRISPR clustered regularly-interspaced short
palindromic repeats

CYCS cytochrome c, somatic

DIABLO/SMAC diablo IAP-binding mitochondrial
protein

DREAM, DP, RB-like

ELK1, ELK1

E2F4 and MuvB multisubunit protein
complex
ETS transcription factor
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E2F4, E2F
FAM96A

FDG

FZR1

GIST

GRB2
HIF1A/HIFlo
HSP90AA1

H2AFX/H2AX
IAP

IGFIR

JAK

JUN

KIT, KIT

KRAS
MAPI1LC3-II/LC3-1I

MTOR
MYC

NF1
PDGFRA

Peginterferon alfa-2b
PET
PIK3C2A

PtdIns3P

RAF

RAS

SDH

SKP2
SLC2A4/GLUT4
SOS

STAT3

TKI
TKR
TP53
TUNEL

WT
XIAP/BIRC4

transcription factor 4

family with sequence similarity 96
member A

fluorodeoxyglucose

fizzy/cell division cycle 20 related 1
gastrointestinal stromal tumor

growth factor receptor bound protein 2
hypoxia inducible factor 1 & subunit
heat shock protein 90 o family class A
member 1

H2A histone family member X
inhibitor of apoptosis

Insulin like growth factor 1 receptor
Janus Kinase

Jun proto-oncogene, AP-1 transcrip-
tion factor subunit
proto-oncogene
kinase

KRAS proto-oncogene, GTPase
microtubule associated protein 1 light
chain 3

mechanistic target of rapamycin (ser-
ine/threonine kinase)

v-myc avian myelocytomatosis viral
oncogene homolog

neurofibromin 1

platelet derived growth factor receptor
o

pegylated interferon alfa-2b

positron emission tomography
phosphatidylinositol-4-phosphate ~ 3-
kinase catalytic subunit type 2
phosphatidylinositol-3-phosphate

RAF family

RAS type GTPase family

succinate dehydrogenase

S-phase kinase associated protein 2
solute carrier family 2 member 4

SOS Ras/Rac guanine nucleotide
exchange factor

signal transducer and activator of tran-
scription 3

tyrosine kinase inhibitor

tyrosine kinase receptor

tumor protein p53

terminal nucleotidyl transferase-medi-
ated nick end labelling

wild type

X-linked inhibitor of apoptosis

receptor  tyrosine
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