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Introduction: gastrointestinal stromal tumour 
(GIST) biological background

GIST, with an annual incidence of 11–19.6 cases per 
million, is the most common malignant mesenchymal 

neoplasm (1). It arises from the interstitial cells of Cajal 

(ICCs), which extend throughout the gastrointestinal (GI) 

tract and coordinate peristaltic movements (2). Normal 

functioning of ICCs depends on activation of the receptor 
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tyrosine kinase (RTK) KIT. Gain-of-function mutations in 
KIT are the oncogenic driver for about 80% of all GISTs. 
KIT is a member of the type-III RTK family receptor, 
which includes platelet-derived growth factor receptor 
alpha (PDGFRA) and whose mutations drive about 10% of 
all GISTs (3,4).

Normal KIT activation occurs upon binding of its 
ligand, stem cell factor (SCF), that causes receptor 
homodimerization and consequent kinase activation (2). 
In GIST, KIT mutations lead to ligand-independent KIT 
activation. Two thirds of all GISTs have primary mutations 
in the juxtamembrane domain encoded by exon 11. These 
mutations hinder the ability of this domain to auto-
inhibit KIT, which it would normally do by preventing 
the activation loop from assuming the active conformation 
necessary for kinase activation (5). Occasionally, primary 
mutations occur in exon 9 that affect the extracellular loop 
of KIT (6). In rare occasions, the ATP-binding pocket 
(BP) or the activation loop are affected by KIT mutations 
in exons 13 and 17, respectively (7). GISTs driven by 
PDGFRA most commonly have primary mutations in 
exon 18, affecting the activation loop domain, but may also 
occur in exons 12 and 14 that encode, respectively, for the 
juxtamembrane and ATP-BP domain (4,8).

Upon KIT and PDGFRA mutations, the RAS/MAPK and 
PI3K/AKT/mTOR pathways are constitutively activated, 
becoming vital oncogenic pathways throughout the 
course of the disease (9-11). Importantly, the transcription 
factor (TF) ETS translocation variant 1 (ETV1) is highly 
expressed in GIST and has been shown to be essential for 
GIST tumorigenesis and progression. It is stabilised by the 
MAPK pathway upon KIT activity (12). Genomic events 
that dysregulate the RAS/MAPK pathway can supplant 
the pathway initiated by KIT, which may contribute to 
treatment resistance upon KIT-inhibition, highlighting the 
importance of this pathway (13). Additionally, the PI3K 
pathway is crucial for GIST tumorigenesis and survival, 
and it is also a key player in the clinical outcome of GIST 
treatments (9,11,14). For this reason, and to great success, 
GIST treatments have focused on exploiting this oncogenic 
addiction.

This rationale was successfully utilized in 2001 upon 
approval of the type II tyrosine kinase inhibitor (TKI) 
imatinib. A remarkable 90% of GIST patients experience 
a clinical benefit after treatment, showing a median 
progression-free survival (mPFS) of 20–24 months (15). 
While outstanding for a disease with no previous treatment, 
most patients eventually develop resistance due to the 

polyclonal expansion of tumour subpopulations harbouring 
secondary KIT mutations. These additional mutations are 
substitutions that affect two domains: the ATP-BP and the 
activation loop. ATP-BP mutations arise in exons 13 and 
14, while those affecting the activation loop in exons 17 
and 18. They are the instigators of imatinib drug resistance 
by directly interfering with drug binding to the receptor  
(16-18).  GISTs driven by PDGFRA are normally 
unresponsive to imatinib, as their most common mutation, 
D842V, disfavours imatinib binding—as well as binding of 
most approved therapies (19). Additional lines of treatment 
for GIST have focused on the development of multikinase 
inhibitors with broader activity against KIT oncoproteins to 
circumvent this resistance. Multikinase inhibitors sunitinib 
and regorafenib are the standard second-and third-line 
treatment options for metastatic GIST patients (19,20). 
Unfortunately, neither therapy offers a prolonged response, 
nor can they effectively treat PDGFRA driven GISTs. In 
2020, however, two additional therapies were approved by 
the FDA, offering a more promising outlook. Ripretinib is 
a type II TKI specifically designed to target a wide range of 
primary and secondary mutations in GIST, making it the 
first treatment that can effectively treat GISTs irrespective 
of their mutational status, though to varying degrees. On 
the other hand, avapritinib is a type I TKI that targets 
GISTs with KIT or PDGFRA mutations in the activation 
loop. Remarkably, avapritinib is able to successfully treat 
PDGFRA mutations, such as the D842V substitution, being 
the first GIST treatment to be able to do so.

Targeted therapies with a single agent often lead to 
emergence of resistant clones, which severely limit their 
efficacy. While targeting GIST’s oncogenic addiction has 
proven to be a successful and viable therapeutic strategy that 
must continue being exploited, there is a need for diverse 
treatment approaches. Importantly, due to the heterogeneity 
in secondary resistance mutations across patients, but also 
within individual patients and lesions, there is a need to 
develop further treatments that are independent of KIT 
mutational status (18-22).

Here, we will discuss novel strategies that have been 
developed—or that are being developed—to treat different 
cancers and explain why these approaches need to be 
explored in GIST. This is based on our own laboratory 
experience, ongoing research projects and the most 
updated literature review. Specifically, we will talk about 
the importance of the ubiquitin-proteasome system (UPS) 
in GIST and why targeting this pathway is of therapeutic 
relevance in GIST. Related, we will discuss recent 
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approaches in drug development that hijack the normal 
cellular protein homeostasis mechanisms in what is called 
targeted protein degradation and why these therapies could 
represent breakthroughs in GIST. Additionally, the role of 
the (immune) microenvironment in GIST will be discussed 
to bring forth its relevance in future GIST therapeutics. 
Lastly, we will mention recent approaches aimed at 
targeting GIST’s therapeutic adaptation and a novel drug 
that targets GIST independently of its mutational status. 
Therefore, the Achilles of heel of GIST is not a single 
agent. Instead, the arrows needed to defeat GIST are a 
combination of different approaches, targeting diverse 
parts of GIST biology. All these therapeutic strategies 
are represented in Figure 1. We present the following 
article in accordance with the Narrative Review reporting 
checklist (available at https://gist.amegroups.com/article/
view/10.21037/gist-21-11/rc).

Methods

PubMed search, all years considered but articles only in 
English language (Table 1).

UPS

Around 80–90% of intracellular protein degradation is 
undertaken by the UPS, while the remainder proteins 
are degraded by the lysosome. The components of the 
UPS are: ubiquitin (Ub), Ub-activating enzymes (E1s), 
Ub-conjugating enzymes (E2s), Ub ligases (E3s), the 
proteosome and deubiquitinases (DUBs) (23). Protein 
substrates are modified with ubiquitin, serving as a tag 
that is then recognised by 26s proteosomes responsible for 
proteolysis of the substrate. Ubiquitin is conjugated to the 
substrate via a multistep cascade involving E1, E2 and E3 

Figure 1 Novel treatments for GIST that are effective independently of GIST’s mutational status are required. For instance, targeting 
the ubiquitin proteosome system pathway is of therapeutic relevance in GIST. Moreover, developing PROTACS or LYTACS to degrade 
vital components of GIST biology (e.g., ETV1) could represent breakthroughs in GIST. Additionally, targeting the microenvironment, 
for example through CAF suppression or activation of the immune system, are therapeutic approaches that need to be explored. Lastly, 
hindering GIST’s therapeutic adaptation would result in sustained therapeutic responses. FGFR, fibroblast growth factor receptor; CAF, 
cancer-associated fibroblasts; LYTACs, lysosome-targeting chimeras; PROTACs, proteolysis targeting chimeras; GIST, gastrointestinal 
stromal tumour; ETV1, ETS translocation variant 1.
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enzymes. Concisely, E1 enzymes activate Ub through an 
ATP-dependent thioester bond between the C-terminal 
of Ub and a Cys residue in the catalytic site of the E1 
enzyme. Ub is then transferred to an E2 enzyme, forming 
also a thioester bond between them, after which, through 
cooperation between an E2 and an E3 enzyme, the activated 
Ub is transferred to a lysine (Lys) target substrate (23).

Protein degradat ion is  undertaken by the 26S 
proteasome, which is a 2.5 MDa multiprotein complex. 
It contains a 20S tube-like proteolytic core particle and 
two 19S regulatory particles at either end (24). Ubiquitin 
contains seven Lys residues, all of which can covalently attach 
to other ubiquitins and form linear or branched Ub chains. 
The type of Lys residue involved in the formation of these 
poly-Ub chains dictates the consequence of the ubiquitination. 
Lys48-linked-poly-Ub chains mark proteins for proteasomal 
degradation, while Lys63-linked-poly-Ub chains are associated 
with non-proteasomal signalling like endocytic trafficking, 
DNA replication and signal transduction (25).

In the human proteome there are two E1 isoforms and 40 
E2 enzymes, while the repertoire of E3 ligases is vast, with 
an estimated 600 members. E3 enzymes are divided in three 
groups according to their Ub transfer mechanism from an 
E2 enzyme to the substrate: (I) the ‘really interesting new 
gene’ (RING) class, (II) the ‘homologous to E6-AP carboxyl 
terminus’ (HECT) class, and (III) the ‘RING-between-
RING’ (RBR) class (26). RING E3 ligases encompass the 
largest family. They mediate the transfer of Ub from the 
E2 enzyme to the substrate without forming bonds with 
Ub (27). On the other hand, HECT and RBR ligases, via 
distinct mechanisms, form intermediate thioester bonds 
with the Ub attached to the E2 to facilitate Ub transfer to 
the substrate (25,27). RING E3 ligases can be subdivided 
into single subunit or multi-subunit E3s. Cullin-RING-Ub 
ligases (CRLs) exemplify multi-subunit E3s, which allow one 

core scaffold to regulate the ubiquitylation of diverse substrates 
through variable substrate recognition modules (28).

UPS & cancer

The UPS has been implicated in different diseases, 
including cancer. Deregulation of the UPS can contribute 
to oncopathogenesis through downregulation of cell-
cycle and tumour-suppressor proteins (such as p53 and 
p27), or upregulation of oncogenic proteins (like NF-κB)  
(29,30). Remarkably, cancer cells are more susceptible 
to UPS targeting due to their increased metabolism and 
protein turnover. Thus, the UPS is of interest in cancer 
therapeutics, and, in fact, treatments already exist that are 
directed against this system. The proteasome inhibitor 
bortezomib was the first drug to be brought into clinical 
use that targets the UPS. It is a slowly reversible inhibitor 
of the 20S proteolytic core of the proteasome and serves as 
the first-line treatment in patients with multiple myeloma 
and with mantle-cell lymphoma (31). Development of drugs 
that target the different components of the UPS is ongoing.

UPS & GIST

The importance of the UPS in GIST is highlighted by its 
role under normal cellular conditions. Regulation of KIT 
activity is, in part, mediated by KIT ubiquitination that 
leads to receptor internalization and degradation (32). An 
important counter to KIT ubiquitination is heat shock 
protein 90 (HSP90), as it stabilises KIT, preventing its 
degradation (33). For this reason, GIST cell treatment with 
17-allylamino-18-demethoxy-geldanamycin (17-AAG), 
which prevents HSP90 from stabilising client proteins, has 
been shown to significantly impair KIT activity regardless 
of KIT mutational status. Upon 17-AAG treatment, 

Table 1 The search strategy summary

Items Specification

Date of search 30/04/2021

Databases and other sources searched PubMed

Search terms used GIST, UPS, ubiquitin, cancer, microenvironment, immune system

Timeframe All years considered

Inclusion criteria English only; research and review articles

Selection process Search and consensus by Iván Olivares-Rivas

GIST, gastrointestinal stromal tumour; UPS, ubiquitin-proteasome system.



Gastrointestinal Stromal Tumor, 2022 Page 5 of 12

© Gastrointestinal Stromal Tumor. All rights reserved.  Gastrointest Stromal Tumor 2022;5:3 | https://dx.doi.org/10.21037/gist-21-11

a significant reduction in phospho-KIT and total KIT 
expression was observed in imatinib-sensitive and imatinib-
resistant cell lines, leading to decreased cell proliferation and 
survival was witnessed (34). However, despite substantial 
efforts have been made, the clinical development of HSP90 
inhibition has been challenging, despite some evidences 
pointing out towards clinical benefit in these patients (35).

Additional support of the relevance of the UPS in 
GIST comes from Liu and colleagues (36) who found a 
relationship between the histone variant H2AX and GIST. 
H2AX is a major regulator of the DNA damage cellular 
response. Pertinent to GIST, DNA replication stress can 
cause excessive accumulation of soluble H2AX, leading to 
remarkable cellular toxicity (36,37). In the study, elevated 
levels of free, soluble histone variant H2AX were observed 
in GIST cells treated with imatinib, which sensitised the 
cells to apoptosis. On the other hand, untreated cells had 
downregulated H2AX levels due to PI3K- and mTOR-
stimulated poly-ubiquitination that leads to H2AX 
proteasomal degradation (36). Therefore, H2AX was found 
to act as a tumour suppressor and the authors argue that 
inhibiting H2AX degradation with proteasomes inhibitors 
might serve as a novel GIST treatment. Indeed, building on 
these findings, they later tested the effects of the proteasome 
inhibitor bortezomib in GIST in one study and the effects 
of other proteasome inhibitors in a separate one (24,38). 
Treatment with bortezomib led to H2AX upregulation 
and, unexpectedly, to KIT transcriptional downregulation. 
The same results were seen with the additional proteasome 
inhibitors carfilzomib, ixazomib and delanzomib. Although 
the mechanism of action of bortezomib that causes KIT 
downregulation was not fully dissected, evidence was 
found that bortezomib induces a general transcriptional  
shutdown (38). This is likely thanks to the role of the UPS 
in the regulation of transcriptional activation.

Together, these results emphasise the biological relevance 
of the UPS in GIST and the potential of targeting the 
UPS, such as with proteasome inhibitors. Further research, 
however, is needed to identify novel targets of the UPS 
machinery pertinent to GIST biology. These types of 
treatments are particularly appealing as they could be used 
to treat GIST patients regardless of their KIT mutational 
status. Yet, treatments directed against the UPS are not the 
only manner that this system is relevant to GIST.

Targeted protein degradation: utilising the UPS against GIST

Using the cellular protein homeostasis system to our 

advantage in order to degrade proteins of interest has 
become possible via what is called ‘targeted protein 
degradation’. This involves the use of small molecules that, 
for example, degrade their target by hijacking the UPS. The 
primary examples of this are proteolysis targeting chimeras 
(PROTACs) and molecular glues.

PROTACS are heterobifunctional molecules that consist 
of two moieties, one binding the target protein and one an 
E3 ligase, connected by an appropriate linker. By being near 
each other, the E3 is able to induce poly-ubiquitination of 
the target protein and its consequent degradation by the 
proteasome. PROTACS tend to have a large-molecular-
weight due to their modular design, which complicates their 
clinical usability (39). On the other hand, molecular glues 
are small-weight inducers of protein-protein interactions 
that do not have measurable binding affinity to their target 
protein (40). Thalidomide and its analogues (lenalidomide 
and pomalidomide), collectively known as immune-
modulatory imide drugs (IMiDs), demonstrate the potential 
of molecular glues as therapeutics. They are used to treat 
different types of myeloma and function by inducing 
degradation of essential TFs. More specifically, their 
mechanism of action involves binding to cereblon (CRBN), 
a component of the CRBN-CRL4 ubiquitin ligase, and 
promoting interactions with the TFs IKZ1 and IKZ3, 
leading to their ubiquitination and subsequent proteasomal 
degradation (41).

Unlike PROTACs, which follow a rational drug design 
and thus makes their development more straightforward, 
discovery of molecular glues has so far been serendipitous. 
Yet, their peculiar molecular pharmacology means they can 
bind to targets deemed ‘undruggable’, such as TFs. Thus, 
generating rational approaches to develop novel molecular 
glues is of great importance.

Targeting of the TF ETV1 in GIST, which has been 
shown to be imperative for GIST biology, is therapeutically 
relevant. In fact, a clinical trial that aims on indirectly 
inhibiting ETV1 expression via combined imatinib/
MEK162 treatment (a MEK inhibitor) is ongoing (42,43). 
Yet, specific targeting of ETV1 would be a desirable 
approach. Development of molecular glues (or PROTACs) 
against ETV1 could lead to a significant improvement in 
GIST treatments irrespective of KIT mutational status.

KIT degradation using targeted protein degradation 
would a l so  be  a  potent ia l  therapeut ic  approach. 
Interestingly, KIT degradation appears to be mediated 
by the lysosome system rather than by the UPS (44). 
Because of this, developing lysosome-targeting chimeras 
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(LYTACs), which are a novel protein degradation modality, 
would be of interest for GIST. Briefly, LYTACs function 
by recruiting a cell-surface lysosome-targeting receptor to 
a target membrane protein, resulting in their subsequent 
lysosomal degradation, thus following the same concept 
as PROTACs and molecular glues (45). Although still in 
early experimental phases, LYTACs have potential as cancer 
therapeutics, demonstrated by their success in ablating 
EGFR and HER2 receptors in hepatocellular carcinoma 
(HCC) cells (46). Hence, LYTACs directed against KIT, or 
PDGFRA, might constitute an important player in GIST 
therapy and should be developed.

Overall, therapies against the UPS machinery or that 
hijack the normal cellular mechanisms that regulate protein 
homeostasis represent novel mechanisms to treat GIST 
patients irrespective of their mutational status.

Tumour microenvironment and the immune 
system

The immune system is in charge of protection against 
pathogens and tumour formation. Immune responses are 
initiated upon recognition of foreign invaders, leading to a 
cascade of effector functions such as immune infiltration, 
antigen presentation by antigen-presenting cells (APCs), 
activation of natural killer (NK), T and B cells, and cytokine 
and chemokine secretion (47). Although cancers arise from 
normal cells, a high level of mutations trigger a phenotypical 
diversification to the extent that they may be recognised as 
foreign by the immune system (48). This recognition occurs 
via neoantigens expressed in tumours that are presented 
on major histocompatibility class I (MHCI) molecules 
to dendritic cells (DCs) and subsequently to T cells in 
secondary lymphoid organs (48). Upon priming, T cells 
specific for the tumour-antigen become activated, provided 
there is adequate co-stimulation, few regulatory T cells 
(Tregs) and no inhibitory stimuli (49). If this is successful, 
the activated effector T cells infiltrate the tumour and, 
upon recognition of the cancer’s neoantigens, initiate their 
effector functions to kill the cancer cells (49). However, 
tumours eventually adapt to overcome this immune 
surveillance.

Immune evasion by tumours can occur in different 
manners. For example, DCs and T cells may not recognise 
tumour antigens or would treat them as self-antigens, 
eliciting a tolerogenic response (i.e., T cell differentiation 
into Tregs). This can create an immunosuppressive 
microenvironment that prevents tumour infiltration 

by T cells (48,49). Suppression of immune responses 
by tumours occurs greatly by expression of inhibitory 
immune checkpoints—molecules that activate negative 
regulatory pathways (48). Although these checkpoints serve 
to maintain immune homeostasis and prevent damage to 
self-tissues, cancers can exploit these molecules for their 
advantage. Cytotoxic T-lymphocyte protein 4 (CTLA-4) 
and programmed cell death protein 1 (PD-1) are the prime 
examples of inhibitory immune checkpoints (48). These 
receptors are expressed on the surface of activated T cells, 
but they inhibit anti-tumour responses in distinct manners. 
CTLA-4 prevents T cell proliferation in the initial phases 
of immune responses, while PD-1 inhibits T cells at later 
stages in peripheral tissues. The discovery of these immune 
checkpoint inhibitors has led to the development of 
immunotherapies against cancer, primarily employing anti-
PD1, anti-PD-L1 and anti-CTLA4 drugs (50).

GIST and the immune system

The impact of the immune system in GIST is still not 
fully understood. However, recent studies have emerged 
that show how the immune system might be an important 
component of GIST. Tumour-infiltrating cells have been 
found in the disease microenvironment and they have been 
linked not only to disease outcomes, but also to the success 
of imatinib.

Imatinib has been shown to activate NK cells in mice 
and humans, resulting in NK cell-dependent anti-tumour  
effects (51). One study found that increased production of 
IFN-y by peripheral-blood NK cells can serve as prognostic 
factor for progression-free survival (PFS) of GIST patients 
treated with imatinib (52). The anti-tumour effects seen 
appear to have been mediated via interleukin killing of 
tumour cells rather than by direct NK cell killing, though 
the precise mechanism remains to be elucidated.

T cells have also been shown to be important players 
in GIST upon treatment with imatinib. Treatment with 
imatinib of KIT-mutant mice that developed spontaneous 
GIST led to increased number of activated CD8+ T cells, 
while promoting apoptosis of Treg cells within the tumour. 
This was attributed to a reduction in the expression of 
indoleamine 2,3-dioxygenase (IDO), a T cell inhibitor, by 
the tumour cells. Moreover, as the authors saw increased 
infiltrating levels of CD8+ T cells, they tested if combination 
therapy of imatinib with CTLA-4 blockade would result 
in enhanced anti-tumour efficacy. This was indeed the 
case and appeared to be mediated through an increase 
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in the number of IFN-y producing CD8+ T cells (53).  
Based on these findings, a phase Ib study was designed to 
test the safety of combined KIT inhibition with CTLA-
4 blockade. However, while safe, there was no significant 
benefit of this combinatorial treatment. Of relevance, the 
authors found evidence that IDO suppression can correlate 
with efficacy of GIST treatment (54). Yet, the conclusions 
from this study are limited due to the small cohort size and 
by the fact that most patients in the study had advanced, 
extensively pre-treated GIST. Thus, additional studies are 
warranted, ideally with early-stage GIST patients whose 
tumours are likely to be less heterogeneous and thus might 
respond better to this combinatorial therapy.

While the research mentioned above suggests an anti-
tumour role of IFN-y secreted by immune cells, one study 
found evidence of a pro-tumorigenic role of this cytokine. 
Elevated levels of inhibitory receptors, especially those of 
PD-1, were found in tumour-infiltrating T cells of patients 
compared with T cells from matched blood. For this 
reason, the authors wanted to check the relevance of PD-L1  
expression on GIST. Overall, they found a variable and 
heterogeneous expression of PD-L1. Using GIST cellular 
and murine models, they found that IFN-y increased the 
levels of PD-L1 on GIST cells, which was linked to STAT-
1 activation by IFN-y. Interestingly, imatinib prevented 
this PD-L1 induction and combining imatinib with anti-
PD-1 or anti-PD-L1 led to increased efficacy of imatinib 
in their mouse model (55). Another study that analysed the 
GIST microenvironment found elevated levels of CD4+ 
and CD8+ T cells, as well as M2 macrophages. They also 
found evidence that IFN-y can indeed induce PD-L1 
expression in GIST cells (56). These contrasting results, 
with IFN-y appearing anti-oncogenic in some studies but 
pro-oncogenic in others, emphasise the intricacies of the 
immune system and the need to continue exploring its role 
in GIST.

As  we  have  ment ioned  be fore ,  there  i s  g rea t 
heterogeneity between GIST patients. Thus, it is possible 
that the different roles observed of IFN-y, as well as the 
limited efficacy of the immunotherapies tested in GIST, are 
caused by this tumour diversity. This is indeed shown in one 
study that compared the immune profiles between KIT- and 
PDGFRA-driven GISTs, with the latter having a stronger 
immune signature. They argue that this enhanced immune 
infiltration may, at least partially, explain why patients with 
PDGFRA-driven GISTs have an overall better prognosis. 
Interestingly, they also saw that PDGFRA-mutants present 
a higher number of neoantigens. Because of this, they 

suggest that PDGFRA-mutant GISTs could respond 
better to immunotherapeutic approaches (57). Therefore, 
this study shows that the heterogeneity of GIST is not 
limited to the tumour, but that it expands to the immune 
microenvironment as well. Nonetheless, cancers are 
multifaceted diseases, having not only numerous mutations 
but also different interactions with their environment, 
implying that there are more factors that influence the 
immunogenic state of GISTs.

These studies demonstrate that the immune system 
plays an active role in GIST. The success of imatinib as 
a treatment for GIST appears to not only be caused by 
direct KIT/PDGFRA inhibition in GIST cells, but also 
through stimulation of the immune system in different 
manners. Although there are many indicators that GIST 
patients would therefore benefit from immunotherapies 
in combination with TKIs, particularly imatinib, the few 
clinical trials undertaken have shown little success. This 
might be due to the trials being performed in patients with 
advanced GISTs, but also because it could be that only 
specific subsets of patients benefit from these therapies. All 
the above underscore the complexity of the immune system 
in GIST, as is the case with other cancers. Notably, the 
studies done so far have mostly classified different GIST 
immune profiles, but not much detail is known about the 
interplay between the immune microenvironment and 
GIST. Therefore, we need to improve our understanding of 
the immune system in GIST in order to develop therapeutic 
strategies that make use of its power. Yet, the presence of 
an active immune system suggests that targeting this system 
can result in potent therapeutic gains for GIST patients, 
especially when biomarkers are identified for those who 
could respond the most to immunotherapies.

GIST and the cancer-associated fibroblasts (CAFs)

The immune system is not the only aspect of the tumour 
microenvironment that is important. CAFs, which represent 
the most abundant cells in the tumour microenvironment, 
have been shown to promote tumour progression and drug 
resistance. A recent study found that gastric fibroblasts 
turn into CAFs via TGF-B1 secreted from GIST cells. 
This created a positive feedback loop by which CAFs 
then secreted additional TGF-B1, further increasing CAF 
levels. Moreover, TGF-B1 was found to promote GIST 
cell migration, which was abrogated upon anti-TGF-B1 
antibodies (58). Overall, this study demonstrates that 
GIST cells interact with their microenvironment and that 
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TGF-B1 might be an important player in GIST metastasis. 
Therefore, it highlights how the interplay between GIST 
and its microenvironment needs further exploration, as it 
can reveal novel therapeutic targets—in this case, TGF-B1 
inhibition to target metastasis.

Other recent approaches

Preventing therapeutic adaptation to KIT/PDGFRA 
targeted inhibition

As mentioned throughout this review, GIST therapies 
have focused on targeting its high reliance—and thus 
vulnerability—on KIT/PDGFRA oncogenic signalling. 
Yet, this selective pressure leads to the positive selection 
and expansion of clones harbouring secondary mutations, 
resulting in drug resistance. Yet, some mechanisms of 
therapeutic adaptation (ka adaptive resistance) have been 
described and appear to aid in GIST cell survival, first, 
facilitating the emergence of true resistance mechanisms 
later. For instance, it has been shown that fibroblast growth 
factor receptor (FGFR) activation upon therapeutic KIT 
inhibition diminishes the effects of imatinib by reactivating 
the MAPK pathway. Combined inhibition of KIT and 
FGFR was synergistic in suppressing GIST growth in 
preclinical models (59). It was thus hypothesised that 
combined inhibition of both receptors may suppress 
GIST growth while preventing drug resistance. This 
provided the basis for a phase I study investigating the 
combination of imatinib with BGJ398 (an FGFR inhibitor). 
Unfortunately, the trial reported significant toxicity and 
had to be prematurely stopped. Interestingly, 25% of 
patients experienced prolonged stabilisation of the disease, 
suggesting that this might be a successful approach if the 
toxicity of the treatment can be ameliorated (60).

Another compensatory mechanism that has been 
described upon KIT/PDGFRA inhibition is the expression 
of the MET oncogene. MET expression was found to be 
induced by treatment with imatinib, resulting, likely, in 
a ‘kinase switch’. Inhibition of MET with crizotinib or 
with cabozantinib resulted in increased GIST apoptosis, 
suggesting that MET is an important therapeutic  
target (61). To test this rationale, a phase II trial with 
cabozantinib was performed. To justify the further 
exploration of cabozantinib, a minimum of 21 of the first 
42 patients had to be progression-free at week 12. A total 
of 24 were found to be progression-free at week 12, thus 
supporting the preclinical evidence that MET inhibition 

is relevant clinically (62). Therefore, a larger clinical study 
should be undertaken to further explore the efficacy of 
cabozantinib/MET inhibition in GIST.

While the studies above have shown mixed results, it 
is worth noticing that they were performed on patients 
with advanced GISTs. Therefore, these regimes may have 
underperformed because of the patients existing resistance 
to imatinib. Consequently, it would be relevant to test these 
novel approaches in previously non-treated GISTs. They 
might prove more successful and help prevent, or at least 
significantly delay, the onset of secondary mutations and 
thus the need for alternative/2nd–4th lines of treatments.

We recently tested preclinically a combinatorial 
treatment of ripretinib and MAPK inhibition, akin to the 
study that combined with MAPK inhibitors to suppress 
ETV1 and maximise treatment response. Combination of 
ripretinb with MEKi showed superior efficacy than imatinib 
in different cellular models, particularly in imatinib-
resistant cell lines (63). As ripretinib has a broader KIT/
PDGFRA spectrum that it can target compared to imatinib, 
combination of ripretinib, rather than imatinib, with MEK 
inhibitors could be more clinically relevant if successful in 
clinical trials. Likewise, we have recently identified the E3 
ubiquitin ligase FBXO32 (Atrogin-1) as a critical mediator 
of therapeutic adaptation to KIT/PDGFRA-targeted 
agents. Remarkably, blockage of the ubiquitin ligase 
cascade with UAE inhibitor TAK-243 prevents treatment 
adaptation and substantially induces cell death (64).

Using G protein-coupled receptor 20 (GPR20) as Trojan 
horse to target GIST

Therapeutic approaches against GIST that are independent 
of their mutational status will result in significant progress 
in GIST management. With this in mind, Iida et al. found 
GPR20 to be almost ubiquitously expressed in GIST 
apparently irrespective of their mutational driver (e.g., KIT/
PDGFRA driven, NF1-related, SDH-deficient, etc.). For this 
reason, they produced DS-6157a, an anti-GPR20 antibody-
drug conjugate with a tetrapeptide-based linker and DNA 
topoisomerase I inhibitor exatecan-derivative (DXd). They 
tested this drug in xenograft models and found high anti-
tumour activity in GIST, including in models resistant to 
imatinib, sunitinib and regorafenib. As expected, efficacy of 
DS-6157a was dependent on GPR20 expression. Moreover, 
favourable pharmacokinetics and safety profiles were noted 
pre-clinically, supporting the further development of this 
drug (65). Interestingly, despite the prominence of GPR20 
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expression in GIST cells, its function is yet to be elucidated. 
These findings are especially promising as GPR20 is 
expressed in different GISTs regardless of their molecular 
classification, thus this approach holds great potential to 
treat most—if not all—GIST patients.

Concluding remarks

Management of GIST has improved dramatically upon 
imatinib approval. This success led to the development 
of additional KIT/PDGFRA inhibitors, resulting in a 
significant improvement in the survival of GIST patients. 
However, most patients develop resistance to imatinib 
and eventually become resistant to all further approved 
treatments. For this reason, novel therapeutics are needed, 
especially those that can circumvent this resistance. 
Additionally, treatments are needed that can target GISTs 
no matter their mutational driver. One approach being 
studied is the use of combinatorial treatments to overcome 
adaptive resistance. Still more experimental, but with 
promise, is the targeting of GIST via the ubiquitously 
expressed GPR20. We hereby also discussed possible 
alternative directions in the treatment of GIST such as 
targeting of the UPS (or hijacking it), for example through 
development of HSP90 inhibitors or ETV1 degraders. 
Additionally, targeting the tumour microenvironment to 
enhance immune responses or to prevent metastasis are 
potential treatment options that could greatly benefit GIST 
patients. All of these approaches, however, merit further 
investigation before they become a clinical reality. Likewise, 
the great majority of these novel perspectives apply to KIT/
PDGFRA-mutant GIST, and therefore, further research 
should be done in other molecular subtypes. Therefore, 
the Achilles heel of GIST is multifaceted and will require 
the development of diverse approaches that can target this 
disease from different angles.
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